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4. ABSTRACT
Research efforts in the pulp and paper industry have focused on tailoring unit operations
and product properties to environmental regulations and changing market demands. Over
the past several years, growing concerns over the use of chlorine and chlorine-containing
chemicals have forced the pulp and paper industry to tailor bleaching processes to have
minimal impact on the environment. Wood utilization practices have also come to the
research forefront as the availability of and accessibility to inexpensive fibers will
diminish in the long run. More recently, research efforts have focused on tailoring fiber
properties to specific end uses. A considerable amount of attention has been given to
developing methods to adapt pulp fiber strength and surface properties for this cause.
However, pulp production utilizing the kraft pulping process addresses many of the
physical strength properties that are of concern. Despite this, one area that has not
received a considerable amount of attention has been tailoring optical properties to
specific end uses. The production of dark colored pulps from the kraft pulping process
has been a problem since the inception of this technology in 1879 by C.F. Dahl.
This research project was consequential in furthering the fundamental knowledge of
chromophore formation during kraft pulping. In this research, a method was developed
to obtain the chromophore content of lignocellulosic materials based on the dilution pulp
method. This measurement is known as the total visible absorption of the material and is
based on the absorption coefficient. A second method was developed and shown to be
commensurate in measuring the chromophore content of lignocellulosic materials. This
method is known as the chromophore index and is based on the Kubelka-Munk remission
function. These methods showed that the brightness is not a suitable measure of the
chromophore content of lignocellulosic materials.
Kraft pulping experiments were carried out at varying levels of effective alkali, sulfidity,
and maximum cooking temperature utilizing a central composite design with the goal of
determining the importance of these variables on the chromophore content of kraft pulps.
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The effective alkali and sulfidity were statistically significant while the maximum
cooking temperature was not statistically significant at the 95% confidence level. A low
EA, high sulfidity condition resulted in a high pulp chromophore index while a high EA,
low sulfidity condition resulted in a low pulp chromophore index. Hexenuronic acids
may have a role in chromophore formation, but there was no clear relationship with the
pulp chromophore index in this study. Although carbohydrates may contribute to the
chromophore index, this was not surprising since their contribution to the overall
chromophore development during kraft pulping is presumably small. The extractives had
a significant impact on the pulp chromophore index. However, their contribution to the
overall chromophoric content of the kraft pulps used in this study is likely small.
Further investigation elucidated the mechanism of chromophore formation and removal
during kraft pulping. A series of high and low chromophore index pulps with varying
lignin contents (3-22%) were examined and found to vary greatly in both the hexenuronic
and carboxylic acid group content, indicating that these pulps varied drastically in
physical and chemical properties. Chromophores were removed at a faster rate for kraft
pulps produced under a high EA, low sulfidity condition than for a low EA, high sulfidity
condition. The amount of sodium hydroxide consumed during the kraft cook was found
to be linearly related to the pulp chromophore index. The chemistry of chromophore
formation is likely related to the chemistry of the initial phase of kraft pulping. Lower
energy (longer wavelength) chromophores were formed in pulps produced from low EA,
high sulfidity conditions when compared to those from high EA, low sulfidity conditions.
Potential chromophores in kraft pulps were examined through advanced NMR and
UV/vis techniques. This study also provided the first direct evidence that residual lignin
is responsible for the majority of the chromophoric properties of unbleached kraft pulps.
The results of this research showed that quinones, catechols, biphenyls, and carbonyl
functionalities contribute to the chromophore content of kraft pulps.
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In addition,

substituents on these chromophores can have a detrimental impact on the final
chromophoric properties of unbleached kraft pulps.
The influence of transition and alkaline earth metals on the chromophore content of
unbleached kraft pulps was also examined. A cold acid treatment was performed to
liberate metal cations and retain hexenuronic acids. This study indicated that the pulp
chromophore index decreased significantly as a result of metals removal. The cold acid
treatment did not remove all of the chromophores in the unbleached pulps, indicating that
functionalities other than metals are responsible for more than 50% of the color of
unbleached kraft pulps at a 30 kappa number. A mechanism for the formation of the
chromophores removed by the cold acid treatment was proposed. The majority of the
loss in chromophore index was accounted for by the loss in three different alkaline earth
metals. Acid and chelation treatments on wood chips were also investigated as possible
means to eliminate metal cations before kraft pulping. These studies indicated that a
chelation treatment was more effective at removing metals than an acid treatment at the
same temperature. These results also indicated that metals removal prior to kraft pulping
can have a significant impact on the chromophoric properties of unbleached kraft pulps.
The influence of certain pulping additives on the chromophoric properties of unbleached
kraft pulps was also investigated. The chromophoric properties of polysulfide (PS),
anthraquinone (AQ), PS/AQ and normal kraft pulps were examined. The data suggested
that PS pulps had a lower chromophore index than the other pulps in this study. The
residual and dissolved kraft lignins were isolated and characterized employing advanced
NMR and differential ionization UV/vis spectroscopy. Differential ionization UV/vis
spectroscopy indicated an increased amount of conjugated and unconjugated phenolics in
the dissolved kraft lignins, with PS/AQ dissolved kraft lignin having the greatest
concentration of conjugated and unconjugated phenolics, followed by PS, AQ and
conventional kraft dissolved lignin. The differential ionization UV/vis spectra were also
utilized to characterize some of the chromophores present in residual and dissolved kraft
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lignins. The data suggested that phenolic α-carbonyl structures correlated well with the
chromophore index of the four pulps investigated and may be a critical factor in
determining the overall color or color differences between conventional kraft,
polysulfide, anthraquinone, and PS/AQ kraft pulps.
Methods were also investigated for their feasibility in reducing or eliminating the
chromophore content of wood. This research utilized a laccase pretreatment of wood
chips to destroy possible chromophoric and leucochromophoric structures prior to kraft
pulping. These studies were the first of their kind in demonstrating the potential of
laccase-mediator systems as a pretreatment to improve kraft pulping properties. The 1hydroxybenzotriazole bio-pretreatments had the greatest impact on kraft pulping,
enhancing delignification while concomitantly increasing pulping yield.

These

pretreatments also improved the chromophoric properties of the unbleached kraft pulps
relative to the conventional kraft pulp.
Additional studies were performed utilizing several oxidative and reductive chemistries
used to eliminate the chromophoric and leucochromophoric structures prior to kraft
pulping. These studies showed that alkaline hydrogen peroxide, sodium borohydride, and
chelation pretreatments effectively reduced the pulp chromophore index. Mechanisms
behind each pretreatment were proposed. Different pulping conditions yielded different
responses to these pretreatments.

Generally, the low effective alkali, high sulfidity

conditions yielded a better response to the pretreatments than a high effective alkali, low
sulfidity condition. This is perhaps due to the higher metals content and enrichment of
hydroxyl-substituted carbonyl structures in the low effective alkali, high sulfidity pulping
conditions. Multiple pretreatments decreased the chromophore index to a greater extent
than a single pretreatment. However, the extent of this reduction was dependent on the
pulping condition, with the low effective alkali, high sulfidity pulps having the greatest
response to the multiple pretreatments. Overall, these pretreatments may provide further
insight into the causes for chromophore formation during kraft pulping.
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5. INTRODUCTION
Chemical pulping is a means of removing lignin from wood by chemically altering it to
produce soluble fragments of the polymer. The removal of lignin allows individual fibers
to be freed from the wood matrix with mild mechanical treatment. Pulping must be able
to remove lignin from fibers through chemical degradation, while minimizing damage to
the cellulosic portion of the fibers to maintain strength [1]. In 2001, the world pulp
production was over 180 million metric tons. The United States produced 53 million
metric tons; 85 percent of this was from chemical pulping. The kraft pulping process was
the most commonly used chemical pulping process, accounting for 98 percent of
chemical pulp production in the United States and 92 percent of chemical pulp
production in the world [2].
Although in use since 1879, the kraft pulping process remains the dominant commercial
pulping process today. One major reason for its predominance is that the kraft process
produces stronger pulps than any other pulping process. In addition, it is insensitive to
the presence of bark and high amounts of extractives and has been found to be adaptable
to both hardwood and softwood tree species. The kraft process requires shorter cooking
times than other chemical pulping processes. Finally, efficient recovery of pulping
chemicals and the production of heat and valuable materials from by-products such as tall
oil and turpentine from pine species has been a strong asset to the kraft pulping process.
However, there are several disadvantages to kraft pulping which include high capital
investments, high reaction temperatures, low pulp yields, the foul odor generated by
degradation products, and the dark color of the resulting pulps. The production of high
value paper products relies on removing lignin and chromophores to produce high
brightness pulps. In fact, 71% of kraft pulp production in the world results in fully
bleached kraft pulp [2]. Therefore, knowledge of the fundamental chemistry of both
chromophore formation and delignification stages is crucial.
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Kraft color may be defined as the characteristic red-brown color of pulp obtained by
cooking wood with a solution containing sodium hydroxide and sodium sulfide. This
color varies in intensity and shade according to the species of wood cooked and the
degree of cooking. Kuettel performed the first study on the chemical nature of the
coloring matter in kraft pulps in 1933 [3]. He believed that the acid-insoluble materials
isolated from black liquors were oxidation or condensation products from tannins and
that lignin, flavones, and sulfur dyes have only a secondary effect on the overall color of
black liquor. Holzer [4] isolated colored material from pine kraft pulp and the black
liquor; the products from both sources seemed to be very similar. Unlike Kuettel, Holzer
found that the presence of sulfur darkens the color of kraft pulp more than that of a
comparable soda pulp. In 1941, Bard [5] investigated the color of kraft pulps and found
that a dark pulp could be obtained by digesting an α-cellulose pulp in kraft black liquor.
He concluded that kraft color may be produced by adsorption or absorption of colored
material from the black liquor.
Pigman and Csellak were among the first to pin-point lignin and its degradation products
as responsible for the bulk of the color found in kraft pulps [6].

However, these

researchers agreed that there was a possibility for the carbohydrate fraction in the
holocellulose to undergo a reaction that considerably decreases the brightness of the pulp
[7]. Numerous investigations have since been made to determine the cause of the color in
kraft pulps.

However, these investigators have linked the chemical nature of the

chromophores to almost every wood component. Recent studies have indicated that
either carbohydrates or lignin cause the dark color of kraft pulps [8-17].
Hartler and Norrström [8, 18] indirectly determined the contribution of the pulp
components to the overall color of kraft pulp. They accomplished this by determining the
specific absorption coefficient of each component and of the pulp as a whole. Since
holocellulose cooked with wood showed a large contribution from lignin in its specific
absorption coefficient, holocellulose was cooked under corresponding conditions in the
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absence of wood as a model for the behavior of wood carbohydrates during kraft pulping.
The specific absorption coefficient of the pulp increased up to the maximum cooking
temperature, or around 70% yield.

After reaching a maximum at 63% yield, the

absorption coefficient decreases and is clearly dependent on the alkali charge. Overall,
the contribution from carbohydrates is low throughout the cook [8, 18].
A number of structures have been implicated as chromophores in kraft pulps, including:
metal-catechol complexes [19-22], coniferaldehyde [19, 22, 23], quinone methides [22],
stable radicals [22], and quinones [19, 21, 22, 24-27]. Since lignin is rather difficult to
study due to its complex nature and the number of possible reaction sites, most of these
studies were performed on lignin model compounds or isolated lignins. In spite of the
obvious practical importance of chromophore formation, little is known about the nature
or mechanisms of chromophore formation during kraft pulping. The overall goal of this
research was to understand the fundamental nature of chromophore formation during
kraft pulping. A second goal of this research was to obtain a better understanding of and
define the particular functionalities responsible for color formation in kraft pulps. This
understanding could lead to improved handling and management of raw materials,
reductions in bleaching chemical usage, production of pulps with product specifications,
decreased production costs, and further optimization of the modern kraft pulping process.
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6. LITERATURE REVIEW
6.1 Lignin
Wood is composed of many chemical components, primarily extractives, carbohydrates,
and lignin, which are distributed nonuniformly as the result of anatomical structure.
Lignin is derived from the Latin term lignum, which means wood [28]. Anselme Payen
(1838) was the first to recognize the composite nature of wood and referred to a carbonrich substance as the “encrusting material” which embedded cellulose in the wood.
Schulze (1865) later defined this encrusting material as lignin. Lignin has been described
as a random, three-dimensional network polymer comprised of variously linked
phenylpropane units [29]. Lignin is the second most abundant biological material on the
planet, exceeded only by cellulose and hemicellulose, and comprises 15-25% of the dry
weight of woody plants. This macromolecule plays a vital role in providing mechanical
support to bind plant fibers together. Lignin also decreases the permeation of water
through the cell walls of the xylem, thereby playing an intricate role in the transport of
water and nutrients. Finally, lignin plays an important function in a plant’s natural
defense against degradation by impeding penetration of destructive enzymes through the
cell wall [28, 29].

Although lignin is necessary to trees, it is undesirable in most

chemical papermaking fibers and is removed by pulping and bleaching processes.
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6.1.1 Biosynthesis
Plant lignins can be broadly divided into three classes:

softwood (gymnosperm),

hardwood (angiosperm) and grass or annual plant (graminaceous) lignin [30]. Three
different phenylpropane units, or monolignols, are responsible for lignin biosynthesis
[31]. Guaiacyl lignin is composed principally of coniferyl alcohol units, while guaiacylsyringyl lignin contains monomeric units from coniferyl and sinapyl alcohol. In general,
guaiacyl lignin is found in softwoods while guaiacyl-syringyl lignin is present in
hardwoods.

Graminaceous lignin is composed mainly of p-coumaryl alcohol units.

These three lignin precursors are shown in Figure 1 [28-31]. The principles employed in
Figure 1 to denote carbon atoms in the side chain will hold throughout this paper.
γ CH 2OH
β CH

R1 =OMe, R2 =H: Coniferyl alcohol/guaiacyl
R1 =R2 =OMe:
Sinapyl alcohol/syringyl
R1 =R2 =H:
p-Coumaryl alcohol

α CH
6

1

5
R2

2
3

4

R1

OH

Figure 1.

The three building blocks of lignin [28, 29, 31].

Lignin polymerization is initiated by oxidation of the phenylpropane phenolic hydroxyl
groups. Freudenberg has shown that lignin precursors undergo dimerization through
enzymatic dehydrogenation, which is initiated by an electron transfer and yields
resonance-stabilized phenoxy radicals [31]. Figure 2 shows an example of a phenoxy
radical formed from coniferyl alcohol and its resonance forms [29]. Stabilization of the
radical occurs by coupling to another radical in any of the positions of the unpaired
electron.
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Coniferyl alcohol

Figure 2. Formation of resonance-stabilized phenoxyl radicals by enzymatic
dehydrogenation of coniferyl alcohol [29].

A monolignol free radical can then undergo radical coupling reactions, producing a
variety of dimers, termed dilignols. The combination of monomeric radicals through
only β-O-4 and β-5 coupling would lead to a linear polymer. However, branching of the
polymer may take place through subsequent nucleophilic attack by water, alcohols or
phenolic hydroxyl groups on the benzyl carbon of the quinone methide intermediate. The
dilignols then undergo further endwise polymerization [28], instead of combining with
one another [29]. Figure 3 shows an example of endwise polymerization during lignin
biosynthesis.
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Endwise polymerization during lignin biosynthesis [29].
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6.1.2 Structure
After many years of study, the structure of native lignin still remains unclear. However,
the dominant structures in lignin have been elucidated as the methods for identification of
the degradation products and for the synthesis of model compounds have improved. The
results from these numerous studies have yielded what is believed to be an accurate
representation of the structure of lignin. Examples of the elucidated structural features of
lignin include the dominant linkages between the phenylpropane units and their
abundance, as well as the abundance and frequency of some functional groups [29].
Linkages between the phenylpropane units and the various functional groups on these
units give lignin a unique and very complex structure.

Figure 4 shows some of the common linkages found in softwood lignin. The dominant
linkage is the β-O-4 linkage. In 1995, Karhunen et al. [32, 33] discovered a new 8membered ring linkage in softwood lignin called dibenzodioxocin. This linkage was
found through advanced 2-D NMR techniques and is now proposed to be the main
branching point in softwood lignin [32-34]. The percent abundance of this and other
linkages found in softwood lignin has been determined and is shown in Table 1 [29, 3237].
The lignin macromolecule also contains a variety of functional groups that have an
impact on its reactivity. Lignin mostly contains methoxyl groups, phenolic hydroxyl
groups, and few terminal aldehyde groups. Only a small proportion of the phenolic
hydroxyl groups are free since most are occupied in linkages to neighboring
phenylpropane linkages. Carbonyl and alcoholic hydroxyl groups are incorporated into
the lignin structure during enzymatic dehydrogenation. Table 2 illustrates the frequency
of some common functional groups found in lignin [29].
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Table 1.

Linkages found in softwood lignin [29, 32-34, 36, 37].

Linkage Type

Dimer Structure

Percent of
Total Linkages (%)

β-O-4

Phenylpropane β−aryl ether

45-50

5-5

Biphenyl and Dibenzodioxocin

18-25

β -5

Phenylcoumaran

9-12

β-1

1,2-Diaryl propane

7-10

α-O-4

Phenylpropane α−aryl ether

6-8

4-O-5

Diaryl ether

4-8

β-β

β-β-linked structures

Table 2.

3

Functional groups in softwood lignin per 100 phenyl propane units [29].

Functional Group

Abundance per 100 C9 units

Carbonyl

10-15

Benzyl alcohol

15-20

Phenolic hydroxyl (free)

15-30

Methoxyl

92-96

The nature of the lignin polymerization reactions results in the formation of a threedimensional, highly-branched, interlocking network of essentially infinite molecular
weight. Figure 5 is a schematic representation of a softwood lignin proposed by Adler
[38] and later modified by Karhunen et al. [32, 33]. This model was constructed based
on the analysis of various linkages and functional groups. The phenylpropane (C9 or
C6C3) units in lignin are connected by C-C and ether (C-O-C) linkages. The frequency of
such linkages is believed to have significant consequences on the lignin’s overall
reactivity toward the delignification process. It is important to note that the model
proposed by Adler and Karhunen et al. does not depict the actual structure of lignin.
Instead, it serves as a tool to visualize the linkages and functional groups believed to
occur in lignin.
44

Figure 5.

Structural model of softwood lignin [32, 38].
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Studies have also suggested that covalent linkages between lignin and hemicelluloses
exist in native wood [39-43].

These structures are typically referred to as lignin-

carbohydrate complexes or simply LCCs.

The lignin is covalently bound to the

hemicellulose which, in turn, is bound to cellulose through extensive hydrogen bonding.
Lignin-carbohydrate complexes could be very important when considering pulping of
wood since lignin is chemically bound to the cellulose.

6.2 Kraft Pulping
6.2.1 Brief Overview
Chemical pulping is a means of removing lignin from wood (delignification) by
chemically altering it to produce soluble fragments of the polymer. The removal of
lignin allows individual fibers to be freed from the wood matrix with mild mechanical
treatment.

Pulping must be able to remove lignin from fibers through chemical

degradation, while minimizing damage to the cellulosic portion of the fibers to maintain
strength [1]. In 2001, the world pulp production was over 180 million metric tons. The
United States produced 53 million metric tons; 85 percent of this was from chemical
pulping. The kraft pulping process was the most commonly used chemical pulping
process, accounting for 98 percent of chemical pulp production in the United States and
92 percent of chemical pulp production in the world [2].
In an effort to help industrialize the modern papermaking process, Hugh and Burgess
developed and patented an alkaline pulping process in 1854 that utilized wood as the raw
material, since wood was rather inexpensive and was in ample supply. This alkaline
pulping process involved treating wood shavings with sodium hydroxide under elevated
temperature conditions. Since the source of sodium hydroxide was from caustic soda,
this alkaline pulping process was called the soda process. C.F. Dahl, a German chemist,
later developed the sulfate or kraft process in 1879 when he replaced the sodium
carbonate or soda ash in the recovery cycle with sodium sulfate. The sodium sulfate was
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reduced by the burning of organic matter to sodium sulfide and was then used in this
form to prepare the pulping liquor.

The pulp produced from this alkaline pulping

process, although dark in color, made a paper that was far stronger than any paper up to
this time. The paper, and the process for making it, was hence given the name “kraft”
which means strength or power in Swedish and German.
Although in use since 1879, the kraft pulping process remains the dominant commercial
pulping process today. One major reason for its predominance is that the kraft process
produces stronger pulps than any other pulping process. In addition, it is insensitive to
the presence of bark and high amounts of extractives and has been found to be adaptable
to both hardwood and softwood tree species. The kraft process requires shorter cooking
times than other chemical pulping processes. Finally, efficient recovery of pulping
chemicals and the production of heat and valuable materials from by-products such as tall
oil and turpentine from pine species has been a strong asset to the kraft pulping process.
However, there are several disadvantages to kraft pulping which include high capital
investments, high reaction temperatures, low pulp yields, the foul odor generated by
degradation products, and the dark color of the resulting pulps.
During the kraft pulping process, wood chips are treated with a mixture of sodium sulfide
(Na2S) and sodium hydroxide (NaOH), also known as white liquor, at elevated
temperatures to produce a pulp suitable for the manufacture of paper and related products
[1]. The white liquor and the wood chips are charged to a large pressure vessel called a
digester. The temperature in the digester is increased to approximately 170°C for roughly
two hours, depending on the degree of delignification desired.

The hydroxide and

hydrosulfide anions react with lignin during this treatment, causing he polymer to
fragment into smaller alkali/water soluble fragments. The sulfide accelerates the pulping
process; therefore, the wood chips are exposed to high temperatures and alkaline
conditions for a shorter period of time than in other alkaline pulping processes like the
soda process, thereby producing a pulp that is much stronger than soda pulp [1, 44].
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Kraft delignification occurs by modifying the structure of lignin in two different ways to
enhance its dissolution. The first is to degrade the lignin into smaller units by cleaving
interunit linkages. The second is to introduce hydrophilic groups into the polymer and
cleaved fragments, making the lignin more soluble in the cooking liquor.

These

phenomena occur when linkages holding the phenylpropane units together are cleaved,
thereby generating free phenolic hydroxyl groups.

The presence of these hydroxyl

groups increases the hydrophilicity of the lignin and lignin fragments.

Thus, the

solubility of the lignin in the cooking liquor is increased. Meanwhile, the carbon-carbon
linkages, being more stable, tend to survive the kraft pulping process [29].
There are three fairly distinct phases of delignification during kraft pulping which include
the initial phase, bulk phase, and residual or final phase.

The three phases of

delignification are shown in Figure 6 [29, 44, 45]. The initial phase of delignification,
taking place at temperatures below 150°C, has been characterized as a rather unspecific
alkaline extraction leading to the dissolution of approximately 15-20% lignin and 20-25%
of the carbohydrates present in the wood. The delignification rate during this phase is
first order with respect to lignin concentration and independent of the hydroxide and
hydrosulfide ion concentrations, provided minimum threshold amounts of these ions are
used. The activation energy of the initial delignification (61 kJ/mol) indicates that the
rate of the process is diffusion- rather than chemically controlled. As the cook proceeds
above 150°C, the bulk phase of delignification begins. The bulk phase includes the
heating period from 150°C to 170°C and the cooking treatment at 170°C, and results in
the dissolution of the main portion (about 60%) of the lignin present in wood. Bulk
delignification is first order with respect to lignin concentration, almost linearly
dependent on the hydroxide, but only slightly dependent on the hydrosulfide ion
concentration. The activation energy of this phase of lignin degradation was found to be
150 kJ/mol, which is of the magnitude typically encountered in chemical reactions. The
residual phase of delignification includes the final treatment at 170°C and leads to
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dissolution of roughly 10-15% of the lignin originally present in wood. This process is
very slow, the rate being dependent on the temperature and hydroxide ion concentration,
but almost independent of the hydrosulfide ion concentration. The activation energy was
found to be about 120 kJ/mol.

The selectivity for lignin in this phase is poor, as

evidenced from an increased degradation of carbohydrates relative to the rate of
delignification [46-48]. The cook should be terminated at this point to prevent significant
loss of pulp strength, and the remaining residual lignin should be removed using
alternative delignification techniques, such as bleaching [44].

Figure 6. Lignin content (% on wood) versus reaction time for conventional
softwood kraft pulping [45].
The residual or remaining lignin content of a typical conventional softwood kraft cook is
in the range of 4-5% or 27-33 kappa number. Pulping to lower lignin content under these
conditions causes severe degradation of the carbohydrate fraction, resulting in a pulp with
poor papermaking qualities. The low rate of lignin dissolution could possibly be ascribed
to the fact that while reactions in the residual phase require high alkalinity, the
concentration of alkali at this stage of pulping is considerably lower than during the
preceding phases due to neutralization reactions with various degradation products,
particularly those arising from carbohydrates. Acids formed during the degradation of
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carbohydrate degradation consume 60-70% of the charged alkali while 10% of the added
alkali is used to neutralize uronic and acetic acids and 20-30% is consumed in
solubilizing the degradation products of lignin. It is also possible that the degree of
swelling decreases as a result of alkali shortage. A fiber wall in an unswelled state may
resist diffusion. It has also been shown that dissolved lignin is precipitated inside the
fibers when the alkalinity is lowered. It is therefore possible that a partially reversible
precipitation of degraded but not dissolved lignins occurs when the alkalinity is lowered.
Another reason for the poor selectivity of the residual phase of delignification is that the
structure of the residual lignin that remains in the fiber at the end of the cook has a low
reactivity toward the pulping chemicals, thereby making fragmentation and dissolution
difficult [49, 50]. Alternatively, several researchers have proposed that lignin dissolution
is hindered by the attachment of the residual lignin to carbohydrates [51, 52].

6.2.2 Delignification Chemistry
The primary reactions of lignins during kraft pulping can be divided into two classes,
degradation and condensation reactions. Degradation reactions lead to the liberation of
lignin fragments and ultimately to their dissolution. These degradation reactions are
therefore desirable to kraft pulping. Condensation reactions lead to the formation of
alkali-stable linkages, thereby increasing the molecular size of lignin fragments and may
result in their precipitation. Although having an opposite effect, these two types of
reactions are intimately connected with each other by proceeding via common
intermediates. There are other types of reactions occurring during kraft pulping. These
reactions do not involve any net fragmentation of the lignin macromolecule, yet yield
alkali-stable structures that make additional fragmentation difficult.

Carbohydrates

undergo similar reactions to lignin during the kraft pulping process.

The reactions

undergone by lignin and carbohydrates during the kraft pulping process allow both
polymers to become partially hydrophilic, thereby enabling solubilization of polymer
fragments into the alkaline liquor during kraft pulping. The following is a general
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overview of the degradation, condensation, and other types of reactions that occur during
kraft pulping [47, 48, 53].

6.2.2.1 Degradation reactions
Degradation or fragmentation reactions are the most important reactions occurring during
kraft pulping because these reactions assist in the fragmentation and dissolution of the
lignin polymer. The most prevalent degradation reactions occurring during kraft pulping
include the cleavage of α-aryl ether and β-aryl ether bonds. However, the reactivity of
such linkages is sensitive to the type of moiety (i.e., free or etherified phenolic group)
present at the para position relative to the propane side chain. The α-aryl ether linkage is
readily cleaved, the reaction involving an alkali-assisted rearrangement of the phenolate
structure to the corresponding quinone methide structure with elimination of the α-aroxy
substituent. Figure 7 illustrates this type of cleavage. Since no hydrosulfide ions are
involved in the cleavage of α-aryl ether bonds, the rate of reaction is also independent of
the concentration of these ions [47, 48, 53].
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Figure 7. Alkaline cleavage of α-aryl ether bonds in phenolic phenylpropane units
[47, 48, 53].
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As is true for the cleavage of α-aryl ether bonds, the cleavage of β-aryl ether bonds in
phenolic units proceeds rapidly, with the initial conversion into the quinone methide
constituting the rate determining step in the overall reaction. Phenolic β-aryl ether
structures can also undergo an alkali-assisted transformation into a quinone methide,
provided a suitable leaving group exists at the α-position of the propane side chain. The
quinone methide intermediate can then react in different ways to restore the aromaticity
of the aromatic ring. The quinone methide could be converted into an alkali-stable enol
ether structure through the elimination of the terminal hydroxymethyl group as
formaldehyde. This reaction is more prominent in the absence of hydrosulfide ions, as is
the case during soda pulping. However, enol ether structures have been detected in kraft
residual lignin and this reaction pathway is therefore possible.
Under kraft pulping conditions, the hydrosulfide ion, which is a stronger nucleophile than
hydroxide ion, readily reacts with the quinone methide intermediate to restore the
aromaticity of the aromatic ring. The reversible addition of hydrosulfide ions results in
the formation of a benzyl mercaptide structure. This mercaptide anion can then attack the
β-carbon, through a neighboring group participation reaction, thereby forming a thiirane
intermediate and eliminating the β-aroxy substituent. The intermediary thiirane structure
can then lose elemental sulfur, generating a coniferyl alcohol-type structure. Although
the presence of hydrosulfide ions is believed to influence the reaction pathway resulting
in the fragmentation of the aryl ether linkage, enol structures have been detected in kraft
residual lignin, suggesting that both reaction pathways in Figure 8 can occur during kraft
pulping. The initial phase of delignification is characterized by diffusion-control and low
activation energy (61 kJ/mol). Therefore, any fragmentation reactions that occur during
this phase must occur at the same or higher rate than diffusion. This requirement is met
by the cleavage of α- and β-aryl ether linkages in phenolic units. Thus, the degradation
of lignin during the initial phase, involving only phenolic units, may continue until it
reaches units which are not of the α- or β−aryl ether type (peeling of lignin) [47, 48, 53].
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Figure 8. Sulfidolytic cleavage of β-aryl ether bonds in phenolic phenylpropane
units and conversion into enol-ether units [47].
When all phenolic units of the α- and β−aryl ether types, both those originally present
and those liberated during the initial phase, have reacted, further lignin degradation
requires more drastic conditions such as those prevailing during the bulk phase of
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delignification. Cleavage of α− and β-aryl ether linkages in phenolic units, proceeding
much faster, cannot be rate-determining during this phase.

Instead, on account of

similarities between the kinetic data, the cleavage of β-aryl ether bonds in non-phenolic
units may be considered as the rate determining reaction in the overall bulk
delignification. The cleavage of β-aryl ether linkages in non-phenolic structures is a
relatively slow reaction that is dependent on the phenylpropane units having a hydroxyl
group on the α− or γ-carbon.

This group can dissociate under extreme alkaline

conditions, forming an alkoxide anion. A nucleophilic attack on the β-carbon, through a
neighboring group participation reaction, results in an oxirane intermediate with
concomitant elimination of the β−aroxy substituent.

Subsequent attack by the

nucleophiles found in the cooking liquor (hydroxide and hydrosulfide ions) breaks the
epoxide ring, producing diols or thioglycol-type structures as shown in Figure 9. Since
hydrosulfide ions do not participate to an appreciable extent, the rate of cleavage of nonphenolic β-aryl ether linkages is independent of their concentration [47].
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Figure 9. Alkaline cleavage of β-aryl ether bonds in non-phenolic phenylpropane
units [47].
Cleavage of β-aryl ether linkages in non-phenolic units also liberates new phenolic
structures that may constitute the starting point for the two types of cleavage reactions
operating during the initial phase, i.e., cleavage of α- and β-aryl ether bonds in phenolic
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units. As a result of these reactions, lignin degradation during the bulk phase, initiated by
the rate determining cleavage of β-aryl ether bonds in non-phenolic units, is extended to
the point where dissolution takes place. Thus the subsequent fast reactions have no
influence on the rate, but a great influence on the extent of lignin degradation. In this
way, they contribute extensively to the rate of lignin dissolution during the bulk phase.
Unlike the fragmentation reactions of ether linkages, the cleavage of carbon-carbon
bonds during kraft pulping accounts for only a small amount of the total lignin
fragmentation. This cleavage occurs in side chains and between side chains and aromatic
nuclei, often resulting in the formation of new carbonyl linkages. An example of the
cleavage of carbon-carbon linkages is illustrated in Figure 10 with the retrograde aldol
reactions [47, 48, 53].
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Figure 10. Alkaline cleavage of carbon-carbon linkages by retrograde aldol
reactions [47].

55

6.2.2.2 Condensation reactions
The degradation and fragmentation reactions are believed to be counter-balanced by
condensation reactions during kraft pulping. Primary condensation reactions occur when
quinone methide intermediates are formed by the elimination of an α-substituent while
secondary condensation reactions occur with quinone methide structures formed after an
initial ether cleavage. Condensation reactions may be viewed as conjugate additions
(Michael reactions) in which quinone methides, extended quinone methides or side chain
enone structures function as acceptors, and carbanions from phenolic or enolic units serve
as

adding
HC

nucleophiles.

HC

HC
H +CH 2 O

H 3CO

H 3CO
O

HC

H
H 3CO

O

CH 2O

H 3CO

O

CH 2OH
O

-OH
HC

H

HC

HC

HC

H 3CO
H
CH 2

O
OCH3

H 3CO
O

O
-H

O

+

HC

HC

CH 2
OCH3

H 3CO
O

CH 2

H 3CO

O

56

Figure 11 illustrates the alkali-promoted condensation of phenolic units.

In these

reactions, formaldehyde, liberated from quinone methide intermediates, constitutes
another important acceptor for carbanions from phenolic structures. A hydroxybenzyl
alcohol is generated from the addition of a carbanion to a quinone methide intermediate.
This primary addition product is converted to the corresponding o-quinone methide.
Another carbanion reacts with the o-quinone methide, affording the corresponding
diarylmethane structure.
The external nucleophiles (hydroxide and hydrosulfide ions) present in the cooking liquor
have to compete with internal nucleophiles, in particular carbanions from phenolic and
enolic structures, for quinone methide structures. The addition step of the nucleophile to
the quinone methide is reversible and is therefore dependent on not only the
nucleophilicity of the species, but also the ability of the addition product to undergo a fast
irreversible reaction. Thus, in structures containing a good leaving group (e.g. the aroxy
substituent or R=OAr) at the β−carbon, fragmentation by neighboring group participation
reactions will outweigh condensation reactions by virtue of the greater nucleophilicity of
the external nucleophile (hydroxide and hydrosulfide ions) compared to the internal
competitors or carbanions. However, if the quinone methide structure has a β-substituent
that cannot be readily eliminated (e.g. alkyl or aryl groups), the addition of an internal
nucleophile, like cyclohexadienone, is followed by a fast, irreversible proton abstraction
and subsequent rearomatization reaction step.

This competitive addition between

external and internal nucleophiles is outlined in Figure 12.

Thus, the external

nucleophiles, although stronger in some cases than their internal counterparts, do not
prevent, but possibly retard condensation reactions [54-57].
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In general, condensation reactions counteract lignin degradation and fragmentation
reactions. However, in certain instances, the initial condensation may be followed by a
fragmentation step. Figure 13 depicts possible fragmentation reactions that occur after
condensation reactions. Gierer et al. [54-56] found that primary condensation products
may subsequently undergo neighboring group participation reactions, resulting in
cleavage of the β-aryl ether linkage. There are several types of fragmentation reactions
that have been observed with condensation products from β-aryl ether structures. In
these products, the original condensed phenolic structure, in its ionized form, attacks the
β-carbon atom and eliminates the β-aroxy substituent. As a result these aryl (upper
reaction in Figure 13) and phenolate ion (lower reaction in Figure 13) participation
reactions give rise to stilbene and phenylcoumaran, respectively.
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Figure 13. β-Aryl cleavage with participation of condensed phenolic structures [5456].
Gierer et al. [54-56] have shown that fragmentation reactions may follow the initial
condensation reactions through model compound studies and by cooking extracted spruce
wood meal in the presence of xylenol under conditions similar to a kraft cook (white
liquor, heated to 170°C). They found that there are several requirements to be met if the
neighboring group participation reactions after condensation are to occur. First, the
structure must contain a free phenolic hydroxyl group and an α-substituent that can be
eliminated to give a quinone methide intermediate. Second, the added phenol has to
compete successfully with external nucleophiles present in the cooking liquor for the
quinone methide intermediate. Finally, the phenolic β-aryl ether structure must not be
condensed to an adjacent phenyl propane unit at the C5 position.
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Condensation reactions in kraft pulping have been the subject of much debate. Axegard
and Wiken [45] knew of the possibility that formaldehyde, which is formed during a kraft
cook, might cause lignin condensation, as depicted in Figure 11. These researchers tested
this hypothesis by soaking wood chips in formaldehyde. Their results indicated that
residual lignin is not caused by formaldehyde condensation. Meanwhile, Robert et al.
[58] investigated structural changes in dissolved kraft lignins to further elucidate the
chemistry of the kraft cooking process. In this research, it was not possible to find any
clear indication of condensation reactions assumed to contribute to the slow rate of
delignification in the residual phase of the kraft cook.

Studies by Gellerstedt and

Lindfors [49, 50, 59-62] on the structural changes of lignin during kraft pulping showed
that no comprehensive condensation involving the aromatic rings of the residual lignin
had taken place during the cook. The same conclusion seemed also valid for a soda pulp
that gave analytical data very similar to those for the kraft pulps. Gellerstedt suggests
that electron transfer reactions are taking place between the residual fiber lignin and
dissolved phenols present in the pulping liquor during the residual phase of the kraft
cook. These reactions could increase cause an increase in molecular weight of the
residual lignin, as observed during the residual phase of kraft pulping.

6.2.2.3 Other lignin reactions
Besides degradation and condensation reactions, there are a variety of other reactions that
occur in kraft pulping that are believed to contribute to the low reactivity of residual
lignin. These reactions do not assist in the fragmentation and dissolution of lignin. Enol
ethers and stilbenes can also be formed during pulping, as shown in Figure 14. These
structures are, to a large extent, alkali-stable and are not desirable in kraft pulping. The
formation of these structures involves the elimination of the terminal hydroxymethyl
group as formaldehyde [63]. Stilbenes may be formed from phenolic phenylcoumaran
structures by alkali-promoted opening of the five-membered coumaran ring, followed by
formaldehyde elimination from the resulting quinone methide as shown in Figure 15.
Stilbene structures should constitute important structural elements in dissolved as well as
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residual lignins.

These ring-conjugated structures are important to consider when

studying the structure of residual and dissolved lignins because their presence, although
in small quantities, may contribute to the dark color of kraft pulp. A variety of reduced
structures have been suggested to be present in the residual and dissolved lignins, as
evidenced by the increase in the number of methylene and methine groups in the residual
and kraft lignins. However, the formation of these structures is not well understood [57].
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Figure 14. Formation of enol ethers/stilbene by the elimination of formaldehyde
from a quinone methide intermediate structure [57].
Another reaction that occurs in kraft pulping involves the cleavage of methyl aryl ether
bonds. Hydrosulfide ions, possessing a strong nucleophilic character, bring about this
type of cleavage. The products of this reaction, generated after demethylation, are methyl
mercaptan and a catechol. The methyl mercaptide ion may cleave another methyl aryl
ether bond (methoxy group) to generate dimethyl sulfide, or it may get oxidized to yield
dimethyl disulfide. An example of these demethylation reactions by hydrosulfide and
methyl mercaptide ions is illustrated in Figure 16 [47].
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6.2.2.4 Carbohydrate reactions
The process of delignification during kraft pulping is accompanied to varying extents by
degradation of the carbohydrate constituents, i.e., cellulose and hemicelluloses. One type
of reaction that is responsible for this degradation, namely the peeling reaction, starts at
temperatures of about 100°C and may lead to considerable losses in pulp yield. The
peeling reaction, like the cleavage of α-aryl ether linkages in phenolic units, commences
under the relatively mild conditions of the initial phase. In the peeling reaction, a
stepwise depolymerization of the carbohydrate occurs at the reducing end sites of the
polymer chain, as shown in Figure 17. The reaction generates a monosaccharide that
undergoes a benzilic acid rearrangement (BAR) to form an isosaccharinic acid. The
reaction also forms a new reducing end on the remainder of the polymer, which can
undergo further peeling reactions. The carbohydrate material lost in the peeling reaction
is converted to various hydroxy acids that consume alkali and reduce the effective
concentration of the pulping liquor.
The peeling reaction continues in carbohydrates until the introduction of a carboxyl group
at the reducing end. This stopping reaction stabilizes the carbohydrate against further
peeling. During the stopping reaction, the diketone intermediate rearranges via a BAR
scheme to create a carboxylic acid group on the terminal end of the polymer chain. The
carbohydrate chain no longer has a terminal carbonyl group, and the peeling reaction
cannot proceed, as outlined in Figure 18.
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Considering all these analogies between the alkaline degradation reactions of both lignin
and carbohydrate polymers, the selectivity of alkaline delignification could be interpreted
in terms of differences in the state of order or crystallinity of these substrates. However,
there are purely chemical reasons for this selectivity. Namely, aroxy anions, due to their
polarizability and weaker basicity, constitute more efficient leaving groups in the
cleavage via oxiranes than do alkoxide anions. In addition, lignin degradation during
both the initial and bulk phase is partly due to the sulfidolytic cleavage of β-aryl ether
linkages, a reaction that has no parallel in carbohydrate degradation reactions. Finally,
the alkaline cleavage of a-aryl ether bonds does not have to compete with a stabilizing
reaction, as the peeling reaction competes with the stopping reaction for carbohydrates
[64-66].
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involving carbohydrates [1].
Another important reaction involving carbohydrates is the formation of hexenuronic acids
during kraft pulping. Clayton [67] initially postulated the formation of hexenuronic acids
during kraft pulping. He proposed that the removal of the 4-O-methyl-α-D-glucuronic
acid groups could be initiated by β-elimination of methanol during the alkaline pulping of
wood. Later, Johansson and Samuelson [68] employed 2-O-(4-O-methyl-α-D-glucopyranosyluronic acid)-D-xylitol as a model compound to provide evidence for the
formation of hexenuronic acids upon treatment with alkali at elevated temperatures, as
well as its slow degradation with time.
Although it has been clear from the literature that 4-O-methyl-D-glucuronic acid must
undergo β-elimination during kraft pulping, the occurrence of hexenuronic acid in kraft
pulps or in the dissolved xylans was not verified until 1995 [69].

After these

investigations, it became readily apparent that hexenuronic acids contributed to pulp
bleachability [70, 71], influenced the retention of non-process elements in kraft pulps [72,
73], and impacted pulp brightness values [74]. In addition, the amount of hexenuronic
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acids in kraft pulp is strongly affected by the pulping conditions [75-78] and attention has
therefore been given to monitoring the existence and changes of hexenuronic acid during
kraft pulping. The formation of hexenuronic acids during kraft pulping is illustrated in
Figure 19. During this reaction, β-elimination of methanol results in the formation of
hexenuronic acid.
Hexenuronic acid
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Figure 19. Formation of hexenuronic acids during kraft pulping [79].

6.2.2.5 Lignin-Carbohydrate Complexes
Lignin-carbohydrate complexes (LCCs) are believed to be present in the native wood
lignin [39-43, 51]. There are possibly several different linkage types between lignin and
carbohydrates. These linkage types can be generalized as either alkali-stable or alkalisensitive. The alkali-sensitive linkages are readily cleaved under the harsh alkaline
conditions of the kraft cook while the alkali-stable linkages survive the kraft cook and
have been suggested to be present in kraft pulps [51, 80]. By surviving the kraft cook,
these alkali-stable linkages may be enriched and contribute to the difficulty in removing
lignin at the end of the cook [80]. In addition to the native alkali-stable LCCs surviving
the cook, alkali-stable LCCs may be formed during the cook [43, 51, 52, 81]. This has
been demonstrated in model compound studies of both phenolic and non-phenolic model
compounds and by analysis of the lignin-carbohydrate bonds present in dissolved kraft
lignins. Iversen et al. [43, 51] performed a methylation analysis of a material enriched in
residual lignin and isolated by enzyme-catalyzed hydrolysis of the polysaccharides. The
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results of these studies indicated the presence of alkali-stable lignin bonds, mainly to
cellulose, but also to other polysaccharides.
Alkaline cleavage of β-aryl ether bonds in non-phenolic units, the dominant reaction
during kraft pulping, may also result in the formation of covalent ether bonds between
lignin and carbohydrate constituents of wood. Such bonds may prevent lignin fractions
from being dissolved in the final or residual phase of the kraft cook. The formation of an
LCC with a non-phenolic β-aryl ether-type structure is believed to occur by a
carbohydrate hydroxyl group, acting as a nucleophile, reacting with an epoxide that is
formed during the elimination of the β-aroxy substituent, as shown in. Thus, the reaction
has to compete with the alkaline-mediated opening of oxirane intermediates in lignin.
The lignin fragment of the native LCCs is believed to be linked exclusively with
hemicelluloses, while the lignin fragment of the LCCs that are formed during pulping
may be more frequently linked to cellulose.
The formation of lignin-carbohydrate complexes requires predissociation of alcoholic
hydroxyl groups followed by nucleophilic attack to form the oxirane intermediate. The
presence of a nucleophilic species stronger than alkoxide ions, such as the hydrosulfide
ion, will inhibit or reduce the formation of LCC linkages. Thus, the hydrosulfide ions not
only facilitate lignin fragmentation via sulfidolytic cleavage of the β-aryl ether units, but
also scavenge reactive intermediates of the oxirane type and prevent these from
undergoing coupling reactions with carbohydrates. Thus, a high sulfidity during the
transition stage from the initial to the bulk phase is desired. The reason for this is
because at this stage of the kraft cook, extensive lignin fragmentation takes place through
cleavage of β-aryl ether linkages in non-phenolic units. Thus, the conditions for the
formation of lignin-carbohydrate complexes involving the reaction between oxirane
intermediates and ionized hydroxyl groups in carbohydrates are favorable at this stage of
the kraft cook.
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6.3 Analysis of Residual Lignin in Kraft Pulps
The residual lignin of chemical pulps, which is the lignin left in the fibers after pulping,
has been the subject of numerous investigations over the last few years. The aim of these
investigations has been to gain further knowledge about the pulping reactions and about
the structures and properties of residual lignins. Characterizing the structural features of
residual lignin has significantly advanced the chemistry of kraft delignification.

In

addition, monitoring the structural changes in lignin during pulping can provide valuable
insight into the chemical reactions that contribute to the fragmentation and dissolution of
69

lignin and the poor reactivity of residual lignin. Finally, understanding the structure of
residual lignin could yield some clues on the formation of color during the kraft pulping
process.

6.3.1 Analysis Methods
Numerous studies have been conducted to elucidate the chemical nature of residual
lignin, mainly by two different approaches.

One approach involves wet chemical

analysis methods in which the residual lignin is analyzed directly from the kraft pulp.
Meanwhile, the other approach involves isolating the residual lignin from the kraft pulp,
with subsequent analyses by nuclear magnetic resonance (NMR) spectroscopy,
ultraviolet-visible

(UV-vis)

spectroscopy,

Fourier-Transform

Infrared

(FTIR)

spectroscopy, molar mass, or wet chemical analysis techniques. The following sections
discuss three commonly used methods of analyzing residual lignin directly from kraft
pulps as well as the primary techniques utilized for isolating residual lignin from kraft
pulps.

6.3.1.1 Wet Chemical Methods
6.3.1.1.1 Aminolysis
Residual lignin has been investigated directly from the pulps using chemical reactions
typical of the characterization of lignins in general. Aminolysis provides a direct method
of analyzing residual lignin in kraft pulps. Selective determination of phenolic hydroxyl
groups by aminolysis utilizes the fact that there is a large difference in the rates of
deacetylation of aromatic and aliphatic acetates in the presence of pyrrolidine. A rapid
and quantitative formation of acetylpyrrolidine takes place in an amount corresponding to
the amount of aromatic acetyl groups originally present in the sample. The formation of
1-acetylpyrrolidine is then followed as a function of time through gas chromatographic
analysis utilizing 1-propionylpyrrolidine as an internal standard. The method has been
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used on acetylated lignin model compounds, on milled wood lignin [82], and on various
kraft lignins [58, 82]. Mansson has also demonstrated that under more severe reaction
conditions, the addition of pyrrolidine makes it possible to eliminate virtually all types of
acetyl groups present in the sample.

This can be utilized for the quantitative

determination of the content of acetyl groups in wood. The major drawback with the
aminolysis method is that all the different steps involved, including the calibration of the
gas chromatography peaks with appropriate standards, makes it time-consuming and
sensitive to experimental errors.
Two major difficulties arise in solid materials such as wood and pulps. These difficulties
involve the achievement of complete acetylation of all the phenolic hydroxyl groups and
the selective deacetylation of these phenolic hydroxyl groups in the presence of a large
amount of acetyl groups present in both lignin and carbohydrates.

Gellerstedt and

Lindfors [60] have shown that acetylated cellulose yielded a small amount of
acetylpyrrolidine when treated with pyrrolidine under mild conditions. Approximately
one equivalent of acetylpyrrolidine was formed from β-glucose pentaacetate whereas the
formation of acetylpyrrolidine from sorbitol hexaacetate was negligible. These results
demonstrated that the reducing end groups present in polysaccharides are able to undergo
aminolysis of their acetates at rates that are comparable with those of aromatic acetates.
Thus, it is necessary to eliminate all reducing end groups in wood and pulp samples by
sodium borohydride reduction prior to acetylation.

6.3.1.1.2 Permanganate/hydrogen peroxide degradation
Gellerstedt et al. [50, 59] employed an oxidative degradation technique to investigate
changes in the chemical structure of residual lignin. This degradative method is known
as the permanganate/hydrogen peroxide method. In this procedure, kraft pulp is reacted
with diethyl sulfate in order to convert all free phenolic hydroxyl groups into ethoxy
groups.

The resulting material is oxidized in two steps employing potassium

permanganate and hydrogen peroxide, respectively, yielding a mixture of ethoxylated
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aromatic carboxylic acid groups. These carboxylic acid groups are then esterified and
analyzed by gas chromatography. This analytical technique was originally optimized and
extensively used for the structural analysis of milled wood lignins [83-85], but has also
been used for lignins degraded by fungi [86] and native lignins in wood [87]. From this
data, it is possible to calculate the frequency of linkages connecting together
phenylpropane units in lignin [88-90] and thus to draw conclusions about the structural
changes in comparison to a reference. Obviously, a limitation of this technique is that
only those aromatic lignin structures originally containing a free phenolic hydroxyl group
are converted into well-defined low molecular mass compounds.

However, this

limitation also makes it possible to calculate the approximate number of free phenolic
hydroxyl groups in the material.

6.3.1.1.3 Thioacidolysis
Another direct method of analyzing residual lignin in kraft pulp is by thioacidolysis.
Thioacidolysis, or solvolysis in dioxane-ethanethiol with boron trifluoride etherate, is an
acid-catalyzed reaction where boron trifluoride etherate acts as a hard Lewis acid and
ethanethiol is a soft nucleophile [91, 92]. The method may be utilized to estimate the
amount and composition of uncondensed alkyl aryl ether structures, with the exception of
methyl aryl ethers, i.e., methoxyl substituents in lignin. On thioacidolysis, lignin is
degraded into lower molecular weight organic solvent-soluble products, while
carbohydrates remain largely intact. Some interunit linkages, particularly α- and β-aryl
ethers, are broken, leading to monomeric thioacidolysis product formation. Most other
common interunit linkages in lignin, namely the biphenyl, biphenyl ether, and
phenylcoumaran units, are not cleaved in thioacidolysis, although structural
modifications may occur [93]. As a consequence, the lignin thioacidolysis product will
contain both monomers and high molecular weight products. The molecular weight
distribution of the thioacidolysis products can thus be used to yield a measure of the
proportion of reactive to unreactive or condensed bonds in the lignin. Thus, a greater
proportion of high molecular weight material in the thioacidolysis product yields a high
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proportion of unreactive linkages in the lignin [94]. The molecular weight distribution of
thioacidolysis products can be readily analyzed by high performance gel permeation
chromatography (GPC) on polystyrene columns. In this way, monomeric thiacidolysis
products may be separated from dimeric and other higher molecular weight materials.
The main limitation of this procedure concerns samples with very few β-O-4 aryl ether
bonds (i.e., industrial lignins) since this characterization would then only concern a small
moiety of the polymer and the results cannot be necessarily extrapolated to the whole
polymer [95]. However, the value of this method is that generally bonds that are cleaved
during kraft pulping are also cleaved during thioacidolysis. Thus, the molecular weight
distribution of the thioacidolysis product will give an indication of its reactivity towards
kraft pulping. Gellerstedt et al. found that enol ethers are one exception to this, since
enol ethers react only slowly under kraft pulping conditions [96], but are degraded on
thioacidolysis [97].

6.3.1.2 Lignin Isolation Methods
Several different enzymatic, chemical and mechanical methods have been developed for
the isolation of lignin from wood and pulp. However, due to the heterogeneous nature of
wood and pulp fibers and the heterogeneity that exists between individual fibers, no
method is currently available for the quantitative isolation of native or residual lignin
without the risk of structural changes during the isolation. Even if the perfect isolation
technique could be found, the product would at best represent the average structure of
native or residual lignin components.

However, the information gained about the

chemical reactivity and structure of isolated lignin is valuable. Thus, the three most
commonly employed methods for isolating residual lignin are described below.
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6.3.1.2.1 Enzymatic hydrolysis
Yamasaki et al. [80] first developed a technique for isolating residual lignin from kraft
pulp by enzymatic hydrolysis. This procedure is based on selective hydrolysis and
dissolution of carbohydrates in pulp by commercial cellulolytic enzymes, leaving lignin
behind as an insoluble residue.

Pulps are typically subjected to several successive

enzyme treatments to ensure complete dissolution of the carbohydrates and to increase
the amount of recovered insoluble lignin residue. The residual lignin from this isolation
method is typically obtained in good yield, especially from unbleached kraft pulps.
Hortling et al. [98, 99] used cellulase and β-glucosidase to isolate residual lignin from a
series of kraft pulps. These laboratory-produced kraft pulps varied from 93 to 14 kappa
number. The enzymes employed in this enzymatic hydrolysis technique are effective
enough to hydrolyze practically all pulp polysaccharides in one enzyme treatment. The
insoluble lignin residue remaining after enzymatic hydrolysis was subsequently extracted
with 0.5 M sodium hydroxide and the soluble fraction was acid-precipitated, yielding the
residual lignin sample.

Little or no lignin was water-soluble after the enzymatic

treatment of the pulps in the 93-58 kappa number range, while 20-60% of the lignin was
dissolved during enzymatic hydrolysis for pulps with lower kappa numbers. The results
indicated that the residual lignin samples contained 65-80% lignin, 7-8% carbohydrates,
and the remaining impurities from proteins acquired during the enzymatic treatment. The
content of protein impurities was higher in the portion of the sample that was soluble in
sodium hydroxide than in the insoluble fraction, suggesting that the proteins have an
affinity for the residual lignin. Although the molecular weights of the residual lignin
were found to decrease with increasing degree of delignification, the authors suggested
that the difficulty of removing residual lignin from pulps is due partly to insoluble
fractions of the residual lignin and/or strong bonds between lignin and carbohydrates
rather than to the higher molecular weight of the residual lignin.
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There are several drawbacks of utilizing the enzymatic hydrolysis method for isolating
residual lignin.

All residual lignins isolated with this procedure contain some

carbohydrates that cannot be removed by prolonged and repetitive enzymatic treatments
or by purification methods that are commonly employed for milled wood lignins. This is
believed to originate from the limited ability of enzymes to hydrolyze lignincarbohydrate linkages [41, 43, 51, 52, 80, 81, 100]. Typical carbohydrate contents of
residual lignins isolated from unbleached and semi-bleached pulps are in the range of 37% [80, 101]. In addition, residual lignin sample obtained by this method contain protein
impurities originating from the enzymes used in the hydrolysis stage. Thus, the samples
need to be purified to remove most of these protein impurities. Typical nitrogen content
values after purification are 0.6 and 2.3% for residual lignins isolated from unbleached
and semi-beached pulps, respectively [101].

In addition, the time required for the

enzymatic hydrolysis procedure is much greater than chemical isolation techniques, such
as acid hydrolysis.

The carbohydrate and protein impurities from the enzymatic

hydrolysis method complicate subsequent analyses of the lignin structure. However, the
residual lignin obtained from this isolation technique is considered to be chemically
unchanged and the yield is quite good.

6.3.1.2.2 Acid hydrolysis
A common method for chemically isolating residual lignin involves extraction via acidic
dioxane. Prior to using this lignin isolation technique, kraft pulps are typically extracted
with acetone to remove extractives. The extracted pulp is then refluxed under an inert
atmosphere (i.e., nitrogen or argon) with 0.1 M HCl in 9:1 dioxane:water (azeotrope
boiling point of 88°C). The solubilized lignin is then recovered from solution. This
technique offers a residual lignin that is free from carbohydrates and other impurities.
The acid hydrolysis isolation method is a comparatively rapid way of obtaining pure
residual lignin for further analysis when compared to enzymatic hydrolysis.
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The mechanism believed to be responsible for the liberation of lignin is the hydrolysis of
covalent linkages between lignin and carbohydrates.

Repeating the acid hydrolysis

procedure in the absence of an acid catalyst failed to release any lignin into solution
thereby supporting the proposed lignin-carbohydrate complex acid hydrolysis mechanism
[102]. One drawback encountered in this method is the rather strong acidic conditions
that are necessary to liberate the lignin from pulp fibers. The acid hydrolysis conditions
can be expected to cause some structural modifications to the lignins including the
cleavage of some α-aryl and α-alkyl ethers as well as β-aryl ethers in benzyl alcohol
units [103]. The cleavage of the aryl ethers would result in the creation of phenolic
hydroxyl groups, causing the content of this functional group to be higher than the actual
amount present in the wood or pulp.

Lignin condensation reactions under acidic

conditions are also possible but believed not occur during the isolation, at least for
residual lignin in kraft pulp [104]. One reason for the apparently low tendency to form a
condensed lignin under these strongly acidic conditions could be the low amount of
residual benzyl alcohol and benzyl ether structures in the lignin after a completed kraft
cook. Jiang and Argyropoulos [105] compared residual lignins from the acid hydrolysis
process using flow-through and batch reactors. These researchers found that the structure
of lignin isolated from a flow-through process was similar to the residual lignin isolated
from a batch process. These results provide additional evidence that the structure of
residual lignin in kraft pulps is not significantly altered during the acid hydrolysis
procedure. Another drawback to this isolation technique is that the yield is rather low
compared to enzymatic hydrolysis (40-60%) and is dependent on the severity of the
isolation conditions. Increasing the yield requires that more severe conditions be used
(i.e., higher acid concentration and longer reaction times), suggesting that optimal
isolation conditions are necessary.
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6.3.1.2.3 Two-step hydrolysis
Recently, a two-step method was proposed to isolate residual lignin from kraft pulps
[106].

This procedure first utilizes a single enzymatic treatment to hydrolyze and

dissolve most of the carbohydrates. The mild enzymatic treatment exposes the cellular
structure of the pulp. The lignin-rich solid residues are then subjected to a mild acid
hydrolysis step.

Instead of employing a 0.1 M HCl solution as in a typical acid

hydrolysis, this mild acid hydrolysis stage employs a 0.05 M HCl in 9:1 dioxane:water.
The mild acid hydrolysis stage cleaves most of the remaining lignin-carbohydrate
linkages which would otherwise survive the enzymatic hydrolysis stage.
While developing this method, Argyropoulos et al. proposed that the components of the
fiber should be exposed when isolating residual lignin from pulp [106].

These

researchers validated this hypothesis by performing a three-stage hydrolysis, involving a
mild acid hydrolysis, followed by enzymatic hydrolysis and then another acid hydrolysis
step. The results of these experiments indicated that an additional 33% lignin was
obtained from the second acid hydrolysis step which could not have been liberated if the
components of the fiber wall had not been exposed by the enzymatic hydrolysis step.
Compared to the acid hydrolysis method, this two-step method offers a relatively high
yield (~70%).

In addition, relatively low protein impurities are observed (~2-3%)

compared to the enzymatic hydrolysis procedure.

While the mild acid hydrolysis

conditions provided little or no structural changes to the residual lignin compared to a
typical acid hydrolysis method, the extent of the initial enzymatic hydrolysis was found
to be critical to the success of this two-stage procedure. Although this method offers
improvements in yield compared to acid hydrolysis and reduced levels of contamination
compared to enzymatic hydrolysis, this process has yet to be applied to hardwood
species. In addition, the residual lignin isolated from this procedure may or may not be
more representative of the lignin in the starting pulp when compared to the acid
hydrolysis or enzymatic hydrolysis procedures.
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6.3.2 Structural Features of Residual Lignin
The chemical structure of residual lignin can be envisioned to fall between that of native
lignin and dissolved kraft lignin [48, 60, 80]. The reactivity and properties of residual
lignin during subsequent delignification or bleaching stages are highly dependent on
structural features or functional groups in the lignin. Changes in lignin functional groups
during kraft pulping were found to coincide with the transition points from the initial to
the bulk and the bulk to residual delignification phases [61]. The following sections
discuss the occurrence and importance of several functional groups which determine the
reactivity and chemical structure of residual lignin kraft pulps. These functional groups
include, but are not limited to, phenolic hydroxyl groups, β-aryl ether and enol ether
structures, condensed lignin structures, and lignin-carbohydrate complexes.

6.3.2.1 Phenolic hydroxyl groups
The phenolic hydroxyl group is one of the most important functionalities influencing the
physical and chemical properties of lignin [38]. Free phenolic groups help promote the
solubility of lignin by increasing the hydrophilicity of the macromolecule [107]. These
functional groups lead to the formation of intermediate quinone methide structures under
the alkaline conditions of kraft pulping, thereby promoting fragmentation reactions of αand β-aryl ether linkages.
phenolic groups [47].

The fragmentation reactions result in new reactive free

Thus, quantitative measurement of phenolic hydroxyl groups

provides pertinent information relating to the structure and reactivity of lignin and to the
mechanism and extent of lignin degradation.
The content of phenolic hydroxyl groups in kraft and residual lignin has been determined
in a variety of studies [58, 60, 80, 82, 102, 108-116]. Yang et al. [115] estimated the
abundance of phenolic hydroxyl content of spruce wood to be 13 and 16 per 100 C9 units
for wood from the secondary and middle lamella lignin of the fiber, respectively.
Yamasaki et al. [80] found that loblolly pine milled wood lignin, which has the closest
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known structural resemblance to native wood lignin, contained 16 phenolic groups per
100 C9 units. Gellerstedt and Lindfors [60] found through the aminolysis technique that
wood from Pinus silvestris contained 13 phenolic hydroxyl groups per 100 C9 units,
which is in excellent agreement with Yang et al. and Yamasaki et al. Meanwhile,
dissolved lignins contain much higher levels of phenolic hydroxyl groups, possibly since
a certain level of hydroxyl groups are necessary in order for the lignin to become soluble.
Robert et al. [58] showed by aminolysis that the phenolic content of a series of dissolved
lignins from normal and flow-through kraft cooks varied from 55 to 75 per 100 C9 units.
Mansson [82] had similar results for kraft lignin utilizing an aminolysis technique. A
recent International Round Robin of lignin samples utilized 1H and 31P NMR as well as
FT-IR spectroscopic techniques to illustrate that the same dissolved kraft lignin sample
contained approximately 52-72 phenolic groups per 100 C9 units, depending on the
technique employed [114]. Residual lignin has a phenolic content that is intermediate to
native wood lignin and dissolved kraft lignin. Gellerstedt and Lindfors [60] estimated the
phenolic hydroxyl group content for a Pinus silvestris bleachable-grade (kappa number
=31.4) and linerboard-grade (kappa number = 95.3) kraft pulps to be 27 and 20 per 100
C9 units, respectively.
Gellerstedt and Lindfors [59] analyzed a series of wood and kraft pulp samples from
Pinus silvestris to investigate the structural changes in lignin during kraft pulping. They
used the permanganate/hydrogen peroxide oxidative degradation technique to estimate
the amount of phenolic hydroxyl groups in kraft pulps prepared in yields of 90% to 45%.
The amount of free phenolic hydroxyl groups in the pulp increased with increasing
delignification to a pulp yield of 51.1% (kappa number of 45.3 in these studies).
However, further delignification to 44.8% yield (kappa number of 22) resulted in a rapid
decrease in the phenolic hydroxyl group content.
In a subsequent study utilizing the same Pinus silvestris kraft pulps, Gellerstedt and
Lindfors [60] again investigated the structure and reactivity of residual lignin. In this
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study, aminolysis was utilized to quantify the phenolic hydroxyl group content in residual
and dissolved kraft lignins. The results of this study are shown in Figure 21 where the
frequency of phenolic groups is plotted as a function of the cooking time and
temperature. Especially noteworthy is the large difference in phenolic content between
the residual lignins and the corresponding dissolved kraft lignins. The phenolic hydroxyl
content of the dissolved lignins is more than twice as much as that of the residual lignin
at the same kraft pulping conditions. One interpretation for the discrepancy in the
phenolic content of kraft and residual lignins is that a certain amount of phenolic groups
is necessary in order for the lignin to become soluble. This minimum quantity is not
reached in the residual lignins. A slight drop in the phenolic hydroxyl content was
observed at the beginning of bulk delignification, i.e., when the cook reaches its
maximum temperature. Gellerstedt and Lindfors attributed this to a reduction in the
sulfidity during this point of the cook, which may lead to both greater amounts of vinyl
aryl ether structures and less fragmentation of β-aryl ether structures in the residual and
kraft lignin. Towards the end of the cook, the content of phenolic hydroxyl groups seems
to level off. Gellerstedt and Lindfors attributed this observation to a decreasing amount
of β-aryl ether structures available in the residual lignin for fragmentation reactions and
to decreasing concentrations of hydroxide ions in the cooking liquor.
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Figure 21. Frequency of phenolic hydroxyl groups as a function of cooking time in
wood and in the residual lignin in kraft pulps (○) and corresponding dissolved lignins (●) [60].
More recently, Lai et al. [109] extended the studies performed by Gellerstedt and
Lindfors on the variation of phenolic hydroxyl group content in unbleached kraft pulps.
This extended study was performed on unbleached kraft pulps with kappa numbers from
10-40, while Gellerstedt and Lindfors only showed data for a kappa number as low as
31.3 [60]. The results of this study are found in Figure 22, where the phenolic hydroxyl
content is plotted as a function of the unbleached pulp kappa number. The data in Figure
22 indicate that the phenolic hydroxyl content remains constant from a kappa number of
40 to approximately a 20 kappa number. Gellerstedt and Lindfors also noted that towards
the end of the cook, the phenolic hydroxyl content seemed to level off [60]. However,
Lai et al. observed a gradual increase in phenolic content as the delignification proceeded
beyond a 20 kappa number [109]. Yang and Lai [116] investigated the influence of white
liquor sulfidity on the chemical nature of residual lignin. These researchers also noted a
gradual increase in phenolic content with a decrease in the reference pulp kappa number
at 25% sulfidity. Although similar trends were observed at 40% sulfidity, the results
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indicated that the high sulfidity pulp had a lower phenolic hydroxyl group content than
the reference pulp at the same kappa number.

Figure 22. The phenolic hydroxyl content of residual lignin as related to the kappa
number of unbleached pine kraft pulp [109].
The phenolic hydroxyl content is not only impacted by pulping conditions, but also by
pulping technologies. Froass et al. [117] estimated the phenolic hydroxyl content in
dissolved and residual lignins by

31

P and 1H NMR techniques. These residual and

dissolved kraft lignins were obtained from pulps produced from the same loblolly pine
tree and cooked to kappa numbers of approximately 28, 18.5 and 13. As observed earlier
[60, 80], the dissolved lignin had a much higher phenolic hydroxyl group content than the
residual lignin [118]. The phenolic hydroxyl content of the conventional kraft residual
lignins increased from 2.1 to 2.5 mmol/g lignin as the kappa number was decreased from
29 to 18, while further delignification caused the phenolic content to level off.
Meanwhile, extended modified continuous kraft pulping conditions caused a relatively
minor increase in the phenolic hydroxyl content from 29 to 18 kappa number from 2.1 to
2.2 mmol/g lignin, but a dramatic increase to 2.6 mmol/g lignin was observed as the
kappa number decreased to 14 [117].
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Several other researchers have reported similar findings for the phenolic hydroxyl group
content of conventional kraft pulps. Wang et al. [119] estimated the total phenolic
content by

31

P NMR to be 1.8 mmol/g lignin in a residual lignin isolated from a 28.9

kappa number black spruce kraft pulp. Jiang et al. [105] reported a similar value for the
total phenolic hydroxyl content (2.0 mmol/g lignin) in residual lignin isolated from a 29.4
kappa number black spruce kraft pulp. Moe and Ragauskas [120] found that residual
lignin isolated from a conventional 23.3 kappa Norway spruce kraft pulp contained 2.2
mmol phenolics/g lignin. Similarly, Chakar and Ragauskas reported 1.84 mmol/g lignin
as the total phenolic content in residual lignin isolated from a conventional 33.8 kappa
loblolly pine kraft pulp [121].

6.3.2.2 Beta-aryl ether and enol ether structures
β-aryl ether linkages are one of the most important structural features of kraft and
residual lignins.

Extensive studies have shown that during kraft pulping, the most

important lignin-degrading reactions involve β-aryl ether linkages [47]. Cleavage of
these linkages leads to fragmentation of the macromolecule and assists in the dissolution
of lignin by creating new phenolic hydroxyl groups. These prevailing fragmentation
reactions are believed to occur mainly by reaction of hydrosulfide ions with intermediate
quinone methide structures.

However, in the absence of hydrosulfide during soda

pulping or when the hydrosulfide ion concentration is sufficiently diminished during kraft
pulping, the quinone methide intermediate instead loses formaldehyde to form an enol
ether structure.

Enol ether formation is not desirable since these structures do not

promote lignin fragmentation reactions nor do they generate phenolic hydroxyl groups.
The content of β-aryl ether structures in wood and pulp is critically important in
determining the reactivity of lignin during subsequent delignification stages. In native
wood lignin, almost every other linkage between subunits of lignin is of the β-aryl ether
type. Indeed, 45-50% of all interunit linkages in softwood are phenylpropane β-aryl
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ethers [29]. Gellerstedt et al. estimated the amount of β-aryl ether structures in wood
meal from Pinus silvestris through an acidolysis technique. They found that pinewood
contains approximately 700 µmol/g lignin [50]. Meanwhile, Lapierre et al. [122] used a
thioacidolysis technique to determine that the β-aryl ether content of wood from spruce
and pine was 1230 and 1270 µmol/g lignin. The differences between the results obtained
from Gellerstedt et al. and Lapierre et al. can be expected since thioacidolysis is equally
as selective as acidolysis to cleave alkyl-aryl ether bonds, but has a higher reaction yield
[123, 124]. In addition, preliminary results [125] with poplar and pine lignins and
dimeric model compounds strongly suggested that thioacidolysis gave better quantitative
results than acidolysis performed according to Lundquist [126].
Kraft and residual lignins have a significantly decreased content of β-aryl ether linkages
after being exposed to pulping conditions for an extended period of time. Dissolved kraft
lignin usually contains fewer β-aryl ether linkages than residual lignin since these
linkages are cleaved during pulping. Gellerstedt et al. showed that the β-aryl ether
content of dissolved kraft lignin from spruce varied from 100 µmol/g lignin to 400
µmol/g lignin; the maximum occurred in the initial phase of the cook and the minimum
occurred at the end of the cook. Pasco and Suckling [94, 127] had similar results for
dissolved kraft lignin utilizing a thioacidolysis technique on samples from radiata pine
kraft black liquor. Residual lignin has a β-aryl ether content that is intermediate to native
wood lignin and dissolved kraft lignin. Gellerstedt et al. [49, 50] estimated the β-aryl
ether content for Pinus silvestris bleachable-grade (kappa number = 31.4) and linerboardgrade (kappa number = 95.3) kraft pulps to be 350 µmol/g lignin and 100 µmol/g lignin,
respectively.
Gellerstedt et al. investigated β-aryl ether structures in conventional pine kraft pulp,
dissolved kraft lignin, and in lignin from a flow-through cook by means of acidolysis [49,
50]. The results of this investigation are illustrated in Figure 23. Figure 23 shows the
amount of uncondensed β-aryl ether structures as a function of pulping time and
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temperature. Uncondensed β-aryl ethers are either phenolic or linked at C4 to the α- or
β-position of an adjacent unit [93]. The results indicate that the dissolved lignins contain
almost identical amounts of β-aryl ether structures, whether they come from a
conventional series of kraft pulps or from a flow-through cook.

In addition, the

difference between the amounts of β-aryl ether structures present in the residual and
dissolved lignins reflects the extent of β-aryl ether cleavage necessary to render the lignin
water-soluble.

Figure 23. Amount of noncondensed β-aryl ether structures in residual lignin in
kraft pulp (○), corresponding dissolved kraft lignin (•) and dissolved lignin (■) from
a flow through cook as a function of time [49].
The level of uncondensed β-aryl ether units in the residual lignin decreases in an almost
linear fashion with decreasing lignin content during kraft pulping. The β-aryl ether
content of the dissolved lignin is relatively low at the beginning of the cook and increases
slightly until the bulk phase of delignification. Subsequently, the levels of uncondensed
β-aryl ethers in the dissolved lignins fall in an almost linear fashion with the decrease in
lignin content of the corresponding pulp, although the rate of decrease was slower than in
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the residual lignin. The three curves approach each other toward the end of the kraft
cook, indicating that the possibility for β-aryl ether cleavage has now decreased. One
possible explanation for this may be due to the low concentration of alkali present in the
cooking liquor at the end of the cook. It is also noteworthy that the residual lignin
contains an appreciable amount of uncondensed β-aryl ether structures in the pulp at the
end of the cook [49, 50]. Pasco and Suckling [94, 127] noted corresponding results in
their thioacidolysis studies on isolated residual and dissolved lignin of the kraft pulp and
spent liquor from radiata pine. However, they also noted that initially the levels of β-aryl
ethers in the dissolved kraft lignins were lower than in the residual lignin, but at high
levels of delignification the dissolved kraft lignins contained more uncondensed β−aryl
ethers than the corresponding residual lignins.
Kringstad and Morck [128] investigated the presence of β-aryl ethers in spruce kraft
lignins, isolated from different stages of the kraft cook, using qualitative

13

C NMR

spectroscopy. The study involved determining the 13C NMR chemical shifts of 60 lignin
model compounds, including the β-aryl ether type. The spectra from the kraft lignins
were interpreted by making reference to these lignin model compounds. Kringstad and
Morck found that the signal intensity arising from β-aryl ether structures in kraft lignin
decrease as the kraft cook proceeds. In addition, they observed that the erythro form of
β-aryl ethers decreases much more rapidly than the threo form of β-aryl ethers. Miksche
et al. [129, 130] made similar observations from studies on the degradation of lignin
model compounds under alkaline conditions. Jiang and Argyropoulos [110] showed
analogous effects when they employed

31

P NMR spectroscopy to study dissolved kraft

lignins from black spruce spent liquor.
Gustavsson et al. [77] examined the influence of pulping conditions on the chemical
structure of Pinus silvestris kraft pulp.

These researchers utilized thioacidolysis to

estimate the amount of β-aryl ether structures in the residual lignin. The results of these
studies are shown in Figure 24 where the β-aryl ether content is plotted as a function of
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the H-factor. As anticipated, the results indicated that the β-aryl ether content decreased
rapidly until an H-factor of 3000 was achieved, after which the decrease was
insignificant. They also found that pulping at lower temperatures with low hydroxide and
hydrosulfide ion concentrations causes more degradation of the lignin and therefore a
lower content of β-aryl ether structures in the residual lignin.

Figure 24. β-aryl ether content in residual lignins from pine kraft pulps cooked
under various pulping conditions as a function of H-factor [77].
As with the phenolic hydroxyl group content, β-aryl ethers linkages are impacted not
only by pulping conditions but also by pulping technologies.

Froass et al. [117]

investigated residual lignins from a series of softwood kraft pulps utilizing

13

C NMR.

The results of this analysis are illustrated in Figure 25, which plots the Cγ in β-aryl ether
structures as a function of the pulp kappa number. This study indicated that the content
of β-aryl ether structures decreases with a kappa number decrease from 30 to 14 for both
conventional and extended kraft pulping technologies. The residual lignin from the
extended modified continuous kraft pulps had a slightly greater β-aryl ether content than
the residual lignins from conventional kraft pulps at comparable kappa numbers. As with
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the aforementioned studies on β-aryl ether structures, the results of this investigation
indicated that there remains a detectable amount of β-aryl ether structures even after
prolonged cooking at high temperatures [117].

Figure 25. Residual lignin content of β-aryl ether content measured by 13C NMR
from conventional (○) and extended modified continuous (□) kraft pulps as a
function of unbleached kappa number [117].
Degradation of phenolic β-aryl ether structures under kraft pulping conditions proceeds
mainly via sulfidolytic cleavage of the β-aryl ether bonds (Figure 8). However, alkalistable enol ether structures are formed to some extent as a result of alkali-promoted
elimination of the γ-hydroxymethyl groups. Kringstad and Morck [128] found evidence
for the presence of enol ether structures in dissolved kraft lignins using

13

C NMR.

Gellerstedt and Lindfors [49, 50] used acidolysis to determine and quantify enol ether
structures in residual and dissolved kraft lignins. The results of this study are illustrated
in Figure 26.

Figure 26 shows the uncondensed enol ether structure content in

conventional kraft pulps, dissolved kraft lignins, and in lignin from a flow-through cook
as a function of the pulping time and temperature [49].
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Figure 26. Amount of noncondensed enol ether structures in residual lignin in
kraft pulp (○), corresponding dissolved kraft lignin (•) and dissolved lignin (■) from
a flow through cook as a function of time [49].
The results of this study indicated that small amounts of enol ether units are formed in the
residual lignin during the start of the bulk phase of kraft pulping. The results also
showed that there is a maximum in the formation of enol ether structures in both the
dissolved and residual lignins approximately when the cook has reached its maximum
cooking temperature. This was attributed to a deficiency of hydrosulfide ions in the fiber
at this stage of the cook. The levels of enol ether units in lignins isolated from spent
liquors increased during the bulk phase of delignification and then decreased slowly later
in the cook. This indicated that enol ether units are formed in dissolved lignins during
kraft pulping to a greater extent than in the residual lignin. Apparently, the deficiency of
hydrosulfide ions in the liquor during the bulk phase of kraft delignification is much
greater than that which occurs in the fiber [49]. Comparable results were observed by
Pasco and Suckling when they employed thioacidolysis on a series of radiata pine kraft
pulps and spent liquors [49, 94, 127]. In general, the enol ether content of residual and
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dissolved kraft lignins decreases toward the end of the cook.

Using lignin model

compounds, Dimmel and Bovee found that it is possible for enol ether structures to
slowly degrade since they are in equilibrium with intermediate quinone methide
structures [96].
Pulping conditions also impact the enol ether content of kraft pulps. The aforementioned
studies [49, 127] indicated that alkali-stable enol ether structures are formed when the
hydrosulfide ion concentration is sufficiently low during the kraft cook. Despite these
results, Gustavsson et al. [77] observed that a higher amount of enol ethers are present in
the pulp after pulping with higher chemical charges, i.e., shorter cooking time, to a
constant kappa number. Also, pulps produced with low chemical charges, i.e., longer
cooking times, to reach the same kappa number resulted in low contents of enol ether
structures.

6.3.2.3 Condensed lignin structures
Condensed lignin structures describe lignin that has an alkyl or aryl substituent at the C5
and/or C6 position of the aromatic ring. Native wood lignin contains some condensed
structures, such as the 5-5, β-5, β-1, and 4-O-5 structures, as depicted in Figure 4.
Results from lignin model compound studies indicate that condensation reactions
involving intermediary coniferyl alcohol structures, generated after initial cleavage of
phenolic β-aryl ether linkages, occur in homogeneous solutions of lignin under kraft
pulping conditions [46, 56, 131-134]. However, no direct evidence has been found to
suggest that condensation reactions occur in the lignin that remains in the fiber.
Yamasaki et al. [80] investigated a series of residual and dissolved kraft lignins from
kraft cooking of loblolly pine. These researchers found that the residual lignin was
relatively high in molecular weight compared to both dissolved kraft lignin and milled
wood lignin. Nevertheless, they found that the residual lignin is completely soluble in a
0.1 N sodium hydroxide solution. This signified that the residual lignin is soluble in the
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cooking liquor despite a higher molecular weight.

In addition, even if extensive

condensation reactions exist under kraft pulping conditions, the residual lignin remains
soluble in the cooking liquor. Meanwhile, Pasco and Suckling [94, 127] analyzed a
series of kraft pulps by thioacidolysis and gel permeation chromatography to investigate
the degree of condensation of residual and dissolved kraft lignins. The results of this
study indicated that the proportion of higher molecular weight material increased as
pulping proceeds. The authors attributed this to a loss of β-aryl ether interunit linkages
during pulping, leaving the residual lignin with a higher proportion of less reactive
linkages. Also, some condensation may have occurred during kraft pulping. Pasco and
Suckling [127] found that dissolved kraft lignin contains a greater proportion of high
molecular weight compounds than residual lignin, again indicating that the structure of
residual lignin is intermediate in structure between the starting wood and the
corresponding dissolved kraft lignin.
Robert et al. [58] investigated the structural changes of dissolved kraft lignins during
conventional and flow-through kraft pulping. They found that the average molecular size
of the flow-through kraft lignins increases as the cook proceeds. However, there were no
major differences in the molecular size distribution when a flow-through kraft lignin
withdrawn towards the end of the cook was compared to a normal kraft lignin subjected
to the entire cooking cycle. These results suggest that the number of secondary reactions
taking place after lignin dissolution is rather low.
In their pulping studies utilizing permanganate/hydrogen peroxide oxidative degradation,
Gellerstedt and Lindfors [50, 59, 60] found that the number of biphenyl and biphenyl
ether structures in pulp residual lignins were enriched at the beginning of the cook since
new phenolic groups become liberated. However, these structures again decrease in
number toward the end of the cook. The authors suggested that the results obtained in
this study did not imply that any extensive condensation reactions involving the aromatic
rings of residual lignin had taken place during the cook.
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Gellerstedt and Robert [135] examined the structure of three dissolved kraft lignins by
13

C NMR spectroscopy.

These dissolved kraft lignins originated from kraft cooks

performed with Pinus silvestris. One of the dissolved kraft lignin samples was from a
normal batch cook carried out to 70% delignification while the other two samples were
from a flow-through kraft cook. They found a sharp signal at δ 29.7 ppm in the 13C NMR
spectra originating from each cook, although the peak intensity was greatest in the
dissolved kraft lignin from the batch cook. This peak was attributed to the methylene
groups in diarylmethane structures.

This peak assignment has been subsequently

contested since no signal above the noise level in a 2-D HSQC NMR spectra could be
detected [136]. Gellerstedt and Robert estimated that the number of methylene carbons
from diarylmethane structures amounted to 0.04 per aromatic ring. Kringstad and Morck
also investigated the structure of dissolved kraft lignin by 13C NMR spectroscopy. They
found a large number of signals representing methine and methylene carbons located at
about δ 25-50 ppm in the

13

C NMR spectra of kraft lignins, suggesting that

diphenylmethane structures are formed during kraft pulping [128].

Gellerstedt and

Robert also found that kraft lignins contained a higher content of methine carbons than
milled wood lignin. The methine carbons have a chemical shift from δ 55-0 ppm in the
13

C NMR spectrum [135]. Kringstad and Morck also found evidence for increasing

signal intensity in this region of the

13

C NMR spectrum, suggesting that new carbon-

carbon linkages could be formed during kraft pulping [128]. The formation of these
carbon-carbon linkages is indicative of condensation reactions occurring during kraft
pulping, but could also be due to an enrichment of these structures from native wood
lignin caused by depletion of aryl-ether linkages during pulping and not necessarily by
condensation reactions.
Froass et al. [117, 118] have investigated the content of condensed structures in residual
lignins from conventional and extended modified kraft pulps by 13C NMR spectroscopy.
The results indicated that the residual lignin contained more substituted aromatic rings as
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the kappa number decreased from 30 to 14. In addition, they found that the residual
lignins from extended modified kraft pulps contained less substituted aromatic rings than
those from conventional kraft pulps at comparable kappa numbers.
Gellerstedt and Gustafsson [61] examined structural changes in dissolved kraft lignins by
means of permanganate/hydrogen peroxide oxidative degradation. They investigated a
series of dissolved kraft lignins after conventional kraft cooking of pine to varying yield
levels and after a flow-through kraft cook. Throughout the cook, the amount of guaiacyl
end groups was greater in the dissolved kraft lignins, while the frequency of 5-5 and 4-O5 structures was greater in the residual lignins. The 5-5 and 4-O-5 structures in the
residual lignins accounted for 25% and 18%, respectively, of the total amount of aromatic
products analyzed. These structures are resistant to alkali and are difficult to dissolve
from pulp, which explains their greater frequency and possible enrichment in the residual
lignin. The content of C5-substituted aromatic units (which suggests the presence of β-5
and monophenolic biphenyl structures) in the dissolved kraft lignins was found to
increase in frequency at the end of the cook, suggesting the possibility of condensation
reactions occurring in the dissolved lignins (in addition to the lignin dissolved at the end
of the cook being more condensed). Further comparisons between dissolved lignins from
soda and kraft pulps indicated that if condensation reactions involving C5 positions in
aromatic rings do take place during soda pulping, they are of the same magnitude as in
kraft cooking.

Thus, such reactions cannot explain the differences in the rate of

delignification between the soda and kraft pulping processes.
Argyropoulos [137, 138] and Granata and Argyropoulos [111] determined and quantified
condensed structures during kraft pulping of black spruce by examining a series of
dissolved kraft lignins isolated at different degrees of delignification. These researchers
employed

31

P NMR spectroscopy, which is capable of quantifying the content of C5

condensed aromatic structures. They determined that as the degree of delignification is
increased, the samples contained increasing levels of condensed phenolic groups. This
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result is in agreement with the permanganate/hydrogen peroxide oxidative degradation
studies performed by Gellerstedt and Gustafsson [61].
Smit et al. [139] employed a thioacidolysis procedure followed by

31

P NMR

spectroscopy to investigate the C5 condensed structures of dissolved kraft lignins from
radiata pine kraft pulp. The results of this study indicated that 45% of the phenolic
structures present in the dissolved kraft lignin were condensed at the C5 position,
compared with 36% condensed structures in the wood. However, the concentration of
condensed units in the dissolved kraft lignin was almost identical to that observed in
wood. These researchers concluded that the increase in the proportion of condensed
structures was actually due to a decrease in the observed uncondensed guaiacyl units.
Froass et al. [102] investigated structural characteristics of residual lignin from
conventional and modified kraft pulps by employing

31

P NMR spectroscopy.

By

employing this technique, they were able to quantify the primary, secondary and aromatic
hydroxyl groups present in loblolly pinewood lignin, an interrupted modified residual
lignin (kappa number of 98.4), a modified residual lignin (kappa number of 17.9), and a
conventional kraft residual lignin (kappa number of 27.4). The residual lignins from the
modified and conventional kraft pulps differed substantially from the wood lignin. In
addition, the residual lignin from the modified kraft pulps differed from the conventional
kraft pulps. The content of guaiacyl hydroxyl groups was comparable for all four lignin
samples, yet the total phenolic hydroxyl groups differed substantially. The difference in
aromatic hydroxyl group content arises from the biphenyl/condensed phenolic groups.
The biphenyl/condensed phenolic content for wood lignin was 0.37 mmol/g lignin while
the interrupted modified cook was much higher (0.57 mmol/g lignin) and the
conventional and modified kraft pulps had essentially the same content of these structures
(0.63 mmol/g lignin and 0.66 mmol/g lignin, respectively). This suggests that either such
structures originate in the wood lignin and are enriched in the residual lignins, or that
such structures are formed during kraft pulping. The wood lignin contained a high
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content of primary hydroxyl groups (1.51 mmol/g lignin), which arise primarily from the
hydroxyl group on the gamma carbons. The primary hydroxyl group content can be
expected to decrease during pulping because of the known reactions in which the gamma
carbon is eliminated as formaldehyde (Figure 8). The residual lignin from the interrupted
modified kraft cook had a similar primary hydroxyl group content, suggesting that it is
not until well into the cook before significant elimination of this terminal group occurs in
the residual lignin.

6.3.2.4 Other functional groups in lignin
A variety of other functional groups exist in residual and dissolved kraft lignins.
Although the frequency of these functional groups in residual lignin may be small, they
may significantly impact the chromophore content or bleachability of kraft pulps.
Gellerstedt and Robert [97] summarized a variety of functional groups existing in wood,
residual, and dissolved kraft lignins from Pinus silvestris. Table 3 summarizes the results
of this study. Gellerstedt and Robert used 13C NMR spectroscopy along with elemental
and methoxyl analysis to quantify the amount of carbonyl, carboxyl, olefinic and
substituted carbons, aliphatic, and methoxyl groups.
Table 3.
Number of functional groups per 100 carbon atoms in milled wood
lignin (MWL) from spruce and in the residual and dissolved lignin after a kraft
cook of pine (The residual lignin was isolated after acid hydrolysis of the pulp) [97].
Type of Carbon
Native lignin
Kraft cook to kappa number 30.5
(MWL)

Residual lignin

Dissolved lignin

Carbonyl

0.8

-

0.3

Carboxyl

-

2.1

1.5

Olefinic + Substituted
Aromatic C
Aliphatic CHx-OR

39

54

39

23.6

9.5

10.1

Methoxyl

11.2

9.1

8.9

Aliphatic CHx

4.9

10.4

8.3
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The results of this study indicated that residual lignin has a high content of substituted
aromatic carbons, which is indicative of the presence of β-5, 5-5 and 4-O-5 structures. In
addition, the amount of unreactive aliphatic CHx-structures increases as a result of kraft
pulping. Although these results may be attributed to condensation reactions occurring
during kraft pulping, it has not yet been established whether or not condensation takes
place during kraft pulping. This increase may simply be a result of enrichment due to a
depletion of aryl ether moieties. Carboxylic acid groups and carbonyl structures are also
found in residual and dissolved kraft lignins, although the concentration of these moieties
is rather low. The decreasing content of methoxyl groups is likely due to demethylation
reactions, which are believed to increase the content of catechol structures in residual and
dissolved kraft lignins. Also, one of the major changes in the wood lignin during kraft
pulping is the apparent conversion of aliphatic carbons with oxygen substituents to
hydrogen and carbon substituents [97].
Yamasaki et al. [80] employed ionization difference ultraviolet spectroscopy to quantify
the stilbene structures in residual and dissolved kraft lignins. Stilbene structures are
mainly responsible for the absorption maximum at 377 nm. Yamasaki et al. estimated
that dissolved kraft lignin contained 6-7 stilbene structures per 100 C9 units while
residual lignin contained approximately 3 per 100 C9 units. The amount of p,o’-stilbenes
in kraft lignin has been estimated at between 7-8 per 100 C9 units [140, 141].
Meanwhile, the p,p’-stilbenes may be formed from β-1 structures [141] and eventually
also in condensation and subsequent aryl participation reactions of β-aryl ethers [54, 55]
under kraft pulping conditions.
A number of studies have investigated the formation of catechol structures during kraft
pulping [59, 61, 142, 143].

Catechol structures are formed from the well-known

demethylation reactions during kraft pulping (Figure 16).

This reaction, caused by

nucleophilic attack of hydrosulfide ions has been shown, however, to require a high
temperature [144].

Catechol structures, together with hydroquinone structures also
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present in lignin, constitute strong leucochromophoric structures able to chelate with
transition metal ions or to react with oxygen to form various types of quinones.
Gellerstedt and Lindfors [59] monitored the amount of one catechol structure by
ethylation instead of methylation in the permanganate/hydrogen peroxide oxidative
degradation procedure. The amount of catechol was found to decrease in the residual
lignin during the initial part of the cook, since such structures constitute part of the low
molecular weight lignin, which is dissolved early in the cook.

As delignification

proceeds, the amount of catechol structures is increased. This was attributed to the
demethylation of aromatic methoxy moieties. The amount of catechol structures present
in the residual lignin are calculated on a per 1000 C9 basis instead of a per 100 C9 basis.
These researchers concluded that there are only trace amounts of catechol structures
present in the residual lignin. Meanwhile, the amount of catechol structures present in
the kraft lignin was found to be 6-7 per 100 C9 units. Gellerstedt and Gustafsson [61]
found similar results in their studies employing conventional and flow-through kraft
cooks. Meanwhile, Berthold and Gellerstedt [142, 143] proposed that these structures
may also be present in native wood lignin.
Native wood lignin is known to contain trace amounts of hydroquinone and catechol
structures [19, 145]. These types of structures are easily oxidized by oxygen to the
corresponding quinones [146]. Quinonoid structures are proposed to contribute to the
color of kraft pulp and dissolved lignins [141]. Iiyama and Nakano [147, 148] estimated
the amount of o-quinone structures in softwood kraft lignin to be 3-4 per 100 C9 units.
They observed that sodium borohydride and sodium hydrosulfite reduction of softwood
kraft lignin resulted in a 100% decrease in the molar extinction coefficient, indicating that
all of the color of softwood kraft lignin is due to quinonoid structures. Furman [149] and
Furman and Lonsky [24-26, 150] estimated the o-quinone content of dissolved kraft
lignin isolated after a conventional kraft cook of loblolly pine (kappa number of 39).
Furman and Lonsky determined the concentration of quinones in their laboratory lignin
through a carbon-14 labeling technique. They acetylated the kraft lignin twice and
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subsequently reductively acetylated the lignin carbon-14 labeled with pyridine/acetic
anhydride (CH3*CO)2O.

The preacetylation steps were necessary to prevent free

hydroxyl groups from being acetylated during the reductive acetylation step. The activity
of the lignin was, therefore, directly related to the quinone concentration of the kraft
lignin. These researchers found that the o-quinone content of softwood kraft lignin is
approximately 3 per 100 C9 units [24-26, 149, 150]. Zawadzki [151] and Zawadzki et al.
[152] used a trimethylphosphite derivatization procedure followed by

31

P NMR

spectroscopy to quantify the combined ortho- and para-quinone content of residual
lignin. The residual lignin was isolated by acid hydrolysis from a loblolly pine kraft pulp
(kappa number 30.5). The combined ortho- and para-quinone concentration of the
brownstock residual lignin was found to be 0.088 mmol/g lignin, or 1.6 quinones per 100
C9 units (assuming the average molecular weight of a C9 unit is 183 g/mol). Although
the content of quinonoid structures in residual and dissolved kraft lignin is low, the
visible absorbance intensity of these structures may have a critical role in determining the
optical properties of kraft pulps.

6.4 Distribution of Residual Lignin in Softwood Kraft Fibers
Successful pulping requires removal of the material cementing the fibers together.
Therefore, the chemical composition of the middle lamella and the distribution of
residual lignin are of key importance in chemical pulping. From ultraviolet data, Wood
et al. have shown that the middle lamella lignin appears chemically more resistant than
that in the secondary wall. These researchers believed that the preferential removal of
lignin from the secondary wall during kraft pulping was related to differences in the
lignin chemical reactivity, porosity differences in the middle lamella and cell wall, or to
lignin-carbohydrate complexes [153].
Wood and Goring [154] investigated the distribution of lignin in spruce kraft pulp fibers
with ultraviolet microscopy. The ultraviolet absorbance at 222 nm was measured for the
primary wall, cell wall corner, and the secondary wall of unbleached kraft pulp fibers
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with kappa numbers from 25 to 56 (3.9% to 8.6% lignin). Wood and Goring found that
the proportion of total lignin remaining in the fiber was the greatest in the secondary wall,
followed by the primary wall and cell wall corner. As the pulp kappa number decreased
from 50 to 25, the proportion of total residual lignin in the secondary wall increased
while that in the primary wall and cell corner decreased. Moreover, these researchers
observed that the concentration of lignin in the primary cell wall and cell wall corners
was much higher than that found in the secondary wall. Yet, the concentration of lignin
in the primary wall approaches that of the secondary wall while that of the cell wall
corners decreases rapidly toward the end of the kraft cook (kappa number of 25). Wood
and Goring concluded that residual lignin is distributed uniformly across the fiber wall at
the end of the cook; nevertheless, differences in bleachability for these pulps were
attributed to differences in the chemical nature of residual lignin rather than to high lignin
concentrations on the pulp fiber surface.
Parham [155] made qualitative estimates of the distribution of lignin across the fiber wall
of white spruce kraft pulp by using electron microscopy of lignin skeletons (created by
the removal of carbohydrates) and potassium permanganate staining. Consistent with the
results obtained by Wood and Goring through ultraviolet microscopy, Parham
demonstrated a uniform loss of lignin from the secondary wall. The middle lamella
region was degraded rapidly, but only in the latter stages of the cook. Finally, Parham
also found that the last stronghold of lignin in the pulp was from the intercellular middle
lamella in the cell corners.
Saka et al. [156] studied the distribution of lignin in kraft pulp fibers by treating two
pulps (kappa numbers of 100 and 27) with bromine. The brominated pulp fibers were
analyzed by scanning electron microscopy combined with energy-dispersive analysis of
x-rays (SEM-EDXA). The kraft pulp fibers showed a high lignin concentration in the
outermost portion and a low lignin concentration in the innermost portion of the fiber
wall. They also observed that cell corner lignin was still present in kraft pulp fibers with

99

a low lignin content. Saka et al. [157] later confirmed the results they obtained with
SEM-EDXA by utilizing electron microscopy of permanganate-stained samples. They
proposed that during kraft pulping, diffusion of cooking liquor is predominantly from the
lumen to the middle lamella region. Thus, the middle lamella and primary wall are not as
accessible to the pulping chemicals as the fiber walls adjacent to the lumen. Hence, the
residual lignin distribution appears to be the result of accessibility to the pulping
chemicals as well as the type of chemical degradation reactions.

6.4.1 Redeposition of Lignin
Redeposition or reprecipitation of lignin during kraft pulping occurs mainly at the end of
the cook, when the alkalinity is low. Hartler developed a process, known as sorption
cooking, that involved the redeposition of lignin onto the fiber after an ordinary kraft
cook [158]. Simonson [159-162] observed that lignin redeposition is preceded by the
redeposition of dissolved xylan and further proposed that some of the deposited lignin is
chemically bound to the xylan. Yllner cooked wood chips and cotton linters in a single
vessel and found that dissolved xylan is adsorbed onto the cotton linters. In addition, the
amount of adsorbed xylan is dependent on the concentration of xylan in the cooking
liquor [163]. Surewicz [159, 160] found that changing the cooking liquor to fresh white
liquor during the cook could counteract the lignin redeposition and result in a 6-8%
brightness increase.
Janson and Palenius [164, 165] performed through-flow and batch cooks with Pinus
silvestris wood chips in the presence of fully bleached kraft pulp. They found that the
lignin redeposited on the fibers at the end of the cook is much darker than the residual
lignin left in the pulp. These researchers attributed the redeposition of lignin to a high
concentration of lignin in solution and a low hydroxyl concentration, thereby reducing
the solubility of lignin in solution.

Thus, the redeposition may be a physical

precipitation. Janson and Palenius also found that since the hydroxyl concentration in a
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flow-through cook does not diminish, the lignin concentration in solution remains low.
Thus, there is very little redeposition of lignin in a flow-through cook.

6.4.2 Origins of Surface Lignin
A number of studies have alluded to the origins of surface lignin in kraft pulps. Several
investigations have shown that middle lamella lignin is primarily responsible for surface
lignin while other studies have proposed that lignin is redeposited or reprecipitated onto
the fiber. The surface of kraft pulp fibers is especially important when considering the
accessibility and/or reactivity of the fibers to chemicals during pulping or subsequent
bleaching stages. In addition, the surface of kraft pulp fibers could have an influence on
the overall color characteristics of kraft pulps. Li and Reeve [166] recently investigated
the origins of surface lignin using x-ray photoelectron spectroscopy (XPS) or electron
spectroscopy for chemical analysis (ESCA). They found that the middle lamella material
was almost completely dissolved from aspen during kraft pulping. As a result, they
proposed that middle lamella material had little impact on the high lignin concentration
of kraft pulp fiber surfaces.

In addition, these researchers performed adsorption

experiments where cotton, rayon, and dissolving pulp were pulped with aspen wood chips
and later examined with XPS. They found that the bulk lignin concentration of these
fibers was ~1% while the lignin concentration on the fiber surface was an order of
magnitude higher than that of the bulk fiber. Since these fibers have no middle lamella
material, Li and Reeve suggested that the higher concentration on the fiber surface than
in the bulk fiber was due to the adsorption of dissolved lignin back onto the fiber surface
from spent liquor during pulping and/or subsequent pulp washing.
More recently, Li and Reeve [167] performed adsorption experiments on fully bleached
kraft pulps and pine dissolved kraft lignin. These experiments showed that the apparent
adsorption activation energy was 1.5 kJ/mol, which is far below the typical activation
energy of a chemical reaction (~150 kJ/mol), suggesting a physical adsorption
mechanism. Li and Reeve found that lignin adsorption occurs under conditions found in
101

both kraft pulping and pulp washing, and that the predominant factor affecting lignin
adsorption is the lignin concentration in the liquid phase. Also, lignin adsorption on the
fiber surface is faster than adsorption in the bulk fiber, while temperature does not
significantly impact lignin adsorption.

Interestingly, these researchers found that,

regardless of lignin concentration or temperature, the adsorbed lignin concentration
reached a maximum level at 15-18%, which results in an adsorbed lignin layer that is two
nanometers thick. Li and Reeve also found that calcium ions have a critical role in
surface lignin, causing both an increased amount of adsorbed lignin and also coagulation
of the lignin, leading to increased lignin precipitation on the fiber surface [167]. Sundin
and Hartler recently reported that the presence of certain metal ions, especially
magnesium and calcium, led to a significant increase of lignin deposition on the fiber
[168]. Meanwhile, Maximova and Stenius [169] found that calcium and aluminum
increases the amount of lignin adsorption on bleached kraft pulp by inducing
precipitation of lignin flocs onto the fibers.

6.4.3 Isolation of Surface Material and Surface Lignin
There are few available analytical techniques to study the surfaces of kraft pulp fibers. In
addition, few procedures can differentiate between the bulk fiber and surface fiber
properties of kraft pulps. For this reason, several researchers have developed methods of
isolating surface material from kraft pulps. The two primary methods used to remove
material from the surface of kraft pulps involve mechanical and enzymatic isolation
procedures.

6.4.3.1 Mechanical methods
There are several different mechanical means of isolating surface material from kraft
pulps. Heijnesson et al. [170] performed an extensive study to determine the optimal
mechanical treatment for removing surface material from unbleached softwood kraft
pulps. A 32 kappa number (6.2% lignin) softwood kraft pulp was treated mechanically in
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a PFI-mill, high-intensity mixer, and a British disintegrator while varying the number of
revolutions and pulp concentration. The removal of surface material was followed by
chemical and microscopical analyses, revealing that lignin was enriched in the fiber
surface material. The amount of fines created and the lignin content of the fines differed
according to the equipment and employed treatment conditions. The lignin content of the
surface material depended on the mechanical treatment and varied from 15% to 27%,
while the yield of fines was 0.19-1.8% based on pulp. Heijnesson et al. found that the
PFI-mill was the most effective at removing surface material from unbleached kraft pulp;
however, the British disintegrator provided efficient removal of surface material while
minimizing damage to the fiber wall [170].

6.4.3.2 Enzymatic methods
Due to their specificity, enzymes can also be utilized for isolating surface material from
kraft pulps. Buchert et al. [171] used high dosages of xylanase to selectively peel pine
kraft pulp fibers for subsequent surface characterization. XPS analysis indicated an
increase in the surface coverage of lignin after the xylanase treatment, indicating that the
surface lignin is preferentially located under the xylan in kraft pulp. A later study by
Suurnäkki et al. [172] compared mechanically peeled material from pine kraft pulp to
material hydrolyzed with a low xylanase dosage. The peeled material from the xylanase
treatment was significantly different in chemical composition compared to the
mechanically peeled surface material, owing to the different mechanisms of the surface
material isolation methods. The xylanase was observed to attack both the outer surface
layer and the cell wall of the pine kraft fibers, while mechanical peeling removed only the
outer fiber surface layer. In addition, the mechanically peeled surface material was rich
in lignin while the material isolated by xylanase treatment consisted mostly of
hemicellulose.

These researchers concluded that the mechanically peeled surface

material was more representative of kraft fiber surface material than the material isolated
with xylanase.
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6.4.4 Characterization of Softwood Kraft Pulp Surfaces
The physical and chemical properties of the surface material isolated from kraft pulp help
determine the accessibility and reactivity of the fibers. The concentration of lignin at the
fiber surface has been measured to be up to five times the concentration of the bulk fiber
[170, 171, 173-193].

However, there are a number of other studies that further

characterize the surface and/or surface material of kraft pulps. Heijnesson et al. isolated
surface material from a softwood kraft pulp (kappa number 21.5). They found significant
increases in the transition metal ion content of the primary fines and surface material
when compared to the reference pulps. The results obtained in this study were consistent
with earlier results [170] on kraft pulp fibers. Studies performed on wood [194, 195]
indicated that the middle lamella, the ray cells, and the tori exhibit an enrichment in metal
ions, especially for calcium, iron, and manganese ions. The middle lamella and primary
wall (which are known together as the compound middle lamella) forms the surface of
kraft pulp fibers and it is noteworthy that pulp fibers have a similar metal ion distribution
as the wood fibers [196].

Table 4.
Metal ion concentration of the reference pulp, primary fines, and
surface material from a pine kraft pulp [197].
Mn

Fe

Cu

Mg

Ca

(ppm)

(ppm)

(ppm)

(ppm)

(ppm)

Reference pulp

100

12

1.2

270

2631

Primary fines

178

146

25

587

1771

Surface material

132

189

30

464

1308

Pulp Fraction

Suurnäkki et al. [198] investigated the chemical composition of the mechanically peeled
surface material from pine kraft pulp.

Although the lignin concentration of the

mechanically peeled surface material was much higher than in the pulp, the relative
composition of carbohydrates in the surface material and in the bulk was almost the
same, indicating that cellulose and hemicellulose were rather evenly distributed in
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different fractions of the pulp. In addition, these researchers found that the xylan content
of the pine kraft pulp surface material was only slightly higher than that of the bulk,
indicating that no extensive relocalization of xylan had occurred. However, the results
obtained by Sjöberg et al. [179, 182] indicate that the surface of softwood kraft pulp was
enriched in lignin and xylan. In addition, the content of hexenuronic acids in the surface
layer xylan was lower than in the xylan from the inner layers of the kraft pulps.
Kleen et al. [199] compared the surface material and peeled fibers of softwood kraft
pulps (kappa number of 21) by measuring the phenolic hydroxyl group content and the
molar mass distribution. The residual lignin in the fiber surface material was found to
contain less phenolic hydroxyl groups and a much higher proportion of high molecular
weight material (Mw > 150,000) than the corresponding peeled fiber lignin. However,
these results may be complicated due to linkages with carbohydrates. Tamminen et al.
also observed a higher molecular weight for the kraft pulp surface material, but found no
clear structural difference between the surface lignin and the lignin in the fiber [200].
Laine et al. [201, 202] characterized the surface of pine kraft pulp using potentiometric
titrations and polyelectrolyte titrations. The polyelectrolyte titrations yield information
on the accessibility of carboxyl groups. By varying the molecular weight of the adsorbed
polyelectrolyte, different portions of the fiber will be accessible to the individual
polymer. In this way, the adsorbed polyelectrolyte can estimate the total charge and
surface charge of cellulosic fibers [203, 204].

Meanwhile, potentiometric titrations

estimate the total amount of acidic groups or surface potential of cellulosic fibers.
Potentiometric titrations can also be used to determine dissociation constants of surface
groups [201]. Laine et al. estimated the amounts and the accessibilities of different
carboxylic acid groups on the surface of untreated and xylanase treated kraft fibers [183,
205]. The potentiometric titration indicated that softwood kraft pulp contains two distinct
types of acidic groups, one with a pKa ≈ 3.3 and another with a pKa ≈ 5.5. Laine et al.
proposed that the lower pK-value correlates well with the estimated pK-value of uronic
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acids in xylan, while the weaker acid group appears to be carboxylic acid groups on
lignin [201].
Several researchers have recently investigated the surface structure of kraft pulps using
atomic force microscopy (AFM) or scanning probe microscopy (SPM). Okamato and
Meshitsuka [206] have observed both fibrillar areas and areas where the fibers were
covered by non-fibrillar material. Meanwhile, Pereira [207, 208] and Boras [209] have
suggested that lignin appears as regular or irregular patches on the fiber surface. Simola
et al. recently characterized the surface of pine kraft pulp. The results of this study
indicated that as delignification proceeded, a granular surface structure was gradually
replaced by a fibrillar structure containing various disruptions.

These researchers

concluded that the granular structures likely consisted of lignin [184]. Maximova et al.
[210] found similar granular structures on cellulose structures while studying lignin
adsorption. More recently, Gustafsson et al. [185] used XPS in conjunction with AFM to
characterize the surface of spruce kraft pulps. These researchers found highly granular
surfaces from kraft pulps cooked for 15-30 minutes at 170°C. The granular phase was
attributed to mainly lignin and extractives. However, dark granules in the AFM phase
images represented amorphous hemicellulose. Further cooking to 45 minutes at 170°C
resulted in a structure that was still mainly granular but approximately 20% of the surface
appeared fibrillar. Cooking to 120 minutes revealed that the majority of the fiber surface
contained non-fibrillar amorphous material. This amorphous material was attributed to
hemicellulose.

However, the fraction of fibrillar surface structures increased after

acetone extraction, indicating an increase in the amount of carbohydrates. In addition,
Gustafsson et al. estimated that the thickness of a hydrophobic layer on the surface of
kraft pulps was 5 nm. This layer was so thin that the fibrillar structure underneath this
layer was clearly resolved. However, these researchers would not conclude whether the
thin layer represents lignin or extractives since complete extraction is demanding and
certain extractives may remain on the surface. Laine and Stenius [177] and Li and Reeve
[166] made similar observations using x-ray photoelectron microscopy.
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6.5 Interactions of Light with Lignocellulosic Materials or Components
Light is a form of electromagnetic radiation.

The early Greeks believed that light

consisted of particles or of a wave, although the two views seemed incompatible at the
time. Newton published a theory on light in 1704. Newton’s theory treated light as a
stream of corpuscles, or particles emitted by a light source, reflected by objects, and
detected upon entering the eye. Since Newton had authority in other fields, this theory
dominated for over a century. The main criterion supporting this view was that light
appeared to travel in straight lines and did not seem to show the bending usually observed
with waves. Inconsistencies in Newton’s theory led people to view light as a pure wave
in the early 19th century. The wave spreading phenomena had not been noticed earlier by
Newton since the wavelength was unexpectedly small. However, experimental results
soon revealed that light could no longer be explained as a pure wave. Max Planck (1900)
and Albert Einstein (1905) explained light in terms of quantum theory. Quantum theory
is a detailed mathematical formulation that can be used to explain all electromagnetic
phenomena and includes both particle and wave effects. In this theory, light acts as if it
were a transverse electromagnetic wave that is controlled by a set of wave equations, but
it can also act as if it were a particle called a quantum, the motion of which is dictated by
the same set of wave equations.
Light is characterized by a wavelength (λ) and a frequency (ν) interrelated by Equation
6-1.

ν =

c

λ

Equation 6-1. Relationship between frequency (ν), wavelength (λ) and the speed of
light (c = 3 x 108 m/s).
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Equation 6-1 shows that the frequency of radiation is directly proportional to the speed of
light (3 x 108 m/s) and inversely proportional to the wavelength of light. Light in the
strictest sense is that part of the electromagnetic spectrum that is perceived by the eye,
with wavelengths between about 400 and 700 nm, as shown in Figure 27.

The

electromagnetic spectrum extends into the infrared region and into the radio-wave
spectrum, microwaves, induction heating and on to ordinary alternating current at longer
wavelengths.

At shorter wavelengths, the electromagnetic spectrum extends to the

ultraviolet region, x-rays, gamma rays and cosmic rays. As the frequency increases, the
wavelength decreases and the energy per quantum increases. A quantum is the smallest
unit or interval of electromagnetic radiation, also called a photon when dealing only with
light.

Figure 27. The electromagnetic spectrum; Hz is one cycle per second [211].
Various measurement units are used for the electromagnetic spectrum, based either on
wavelength units, such as the nanometer, frequency in Hertz, or in energy units, such as
the electron Volt. Table 5 summarizes the various measurement units for light as well as
some useful conversions [211].
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Table 5.

Conversions for spectral light units [211].
(Energy in eV) x (Wavelength in nm)

=1239.9

Wavenumber

ν in cm-1

=1 x 107/λ (in nm)

Frequency

ν in Hertz

=ν x 2.998 x 1010

Energy in

eV (electron Volts)

=ν x 1.240 x 10-4

Energy in

ergs

=ν x 1.986 x 10-16

Energy in

Joules

=ν x 1.986 x 10-23

Energy in

calories

=ν x 4.748 x 10-24

Energy in

cals/mol

=ν x 2.857

Figure 28 illustrates some of the interactions of light with a semi-transparent substance.
Part of the incoming light is reflected at A in two ways: if the surface is very smooth, a
mirror-like or specular reflection will occur. In this case, the angle of incidence will
equal the angle of reflection. If the surface has some roughness to it, as in lignocellulosic
materials, there will be some diffuse reflected light scattered from the surface. Diffuse
reflected light reveals its color more strongly than does the specularly reflected light.
However, if the surface is extremely rough, as in a fine powder, the light is almost
completely scattered at the air-particle interfaces so that little penetration occurs and
almost no color is seen. The light that is not reflected or scattered at A enters the
material. Some of this light is absorbed and some is scattered inside the material.
Meanwhile, part of the light may be internally reflected at point B. In the case of
absorption, energy is transferred to the molecules of the material. Absorption of energy
must occur in integral units, or quanta. The relationship between energy and quanta can
be expressed by the Einstein-Bohr frequency condition. According to this condition, the
energy differences, ∆E, of the ground and excited states are directly proportional to the
observed frequency ν (i.e. inversely proportional to the wavelength of the absorbed light).
The Einstein-Bohr frequency condition is shown in Equation 6-2.
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∆E = hν =

hc

λ

Equation 6-2. The Einstein-Bohr frequency condition. The energy difference
between the ground and excited states is directly proportional to Planck’s constant
(h=6.626 x 10-34 J-s) and the frequency of radiation.
In Equation 6-2, ∆E is the energy absorbed in an electronic transition in a molecule from
a low-energy state (ground state) to a high-energy state (excited state), h is Planck’s
constant (6.626 X 10-34 J-s), ν is the frequency and λ is the wavelength. The energy
absorbed is dependent on the energy difference between the ground state and the excited
state; the smaller the difference in energy, the longer the wavelength of absorption. Some
of the absorbed light is converted into heat while some may be re-emitted as fluorescence
[211, 212]. The following sections describe the interactions of light with matter in more
detail. Specifically, these sections involve light scattering, light absorption, fluorescence
and phosphorescence phenomena.

Figure 28. The adventures of a beam of light passing through a block of semitransparent material [211-214].
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6.5.1 Light Scattering
Light scattering is the deflection of a light ray due to the presence of a particle or optical
discontinuity in the vicinity of the light ray. The mechanism by which light is scattered
may be considered reflection and refraction at the air-solid interface, refraction due to
optical discontinuities, and diffraction of the light around the boundaries of a solid object.
The scattering coefficient depends on the number of optical discontinuities, the ratio of
the particle diameter to the wavelength of light, the ratio of the refractive indices of the
particle and the surrounding medium, and the particle shape [213].

6.5.1.1 Types of light scattering
John William Strutt (or Lord Rayleigh) developed a theory of light scattering for particles
much smaller than the wavelength of light. This type of light scattering, called Rayleigh
scattering, occurs when light travels in transparent solids or liquids, but is most
prominently seen in gases. Lord Rayleigh showed that even fluctuations in the refractive
index of an otherwise homogeneous material could cause scattering. The ratio of the
intensity of scattered light (Is) to the incident light intensity (Io) for small particles is
found in Equation 6-3.

(
(

) (
)
2

I s ⎛ 9π 2V 2 ⎞ ⎡ m 2 − 1 ⎤
2
= ⎜⎜ 2 4 ⎟⎟ ⎢ 2
⎥ 1 + cos θ
I o ⎝ 2r λ ⎠ ⎣ m + 2 ⎦

)

Equation 6-3. Theory of Rayleigh scattering.

In Equation 6-3, Is is the intensity of the scattered light; Io is the incident light intensity; V
is the volume of scattering particles; r is the distance from the optical discontinuity; λ is
the wavelength of light; θ is the angle between the incident beam and the direction of the
scattered beam; and m is the relative refractive index of the particle, or the ratio of the
refractive index of the particle to that of the surrounding medium. As the formula shows,
shorter wavelengths are more strongly scattered than longer wavelengths; that is, blue
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light is scattered much more than red light.

In fact, light at 400 nm is scattered

approximately 9.3 times more than light at 700 nm.

Rayleigh later compared

measurements of scattering with the theoretical results, showing that molecules alone
could operate as optical discontinuities. Therefore, even the purest gas still showed light
scattering properties. In addition, Rayleigh’s theory allowed later scientists to estimate
the molecular size and number of molecules present in a unit volume of gas. These
values allowed researchers to estimate Avogadro’s number and the molar mass of gases
[213].
The first complete theory for light scattering by spherical particles was developed by
Gustav Mie, a German physicist, in 1908. As in Rayleigh scattering, each photon was
assumed to be scattered only once. However, Mie scattering theory explains the behavior
of light when Rayleigh scattering no longer applies. Mie scattering refers to scattering by
particles which are somewhat larger than those for which Rayleigh scattering is valid.
Typically, the diameters of these particles are one third the wavelength of light or more.
In Mie scattering theory, scattering becomes more intense and much more prominent in
the forward direction; it is also much less strongly dependent on the wavelength, but in a
much more complex manner.
When light encounters particles in the air, the predominant mode of scattering is elastic
scattering, called Rayleigh scattering. It is also possible for the incident photons to
interact with the molecules in such a way that energy is either gained or lost so that the
scattered photons are shifted in frequency. Such inelastic scattering is called Raman
scattering. Raman scattering was first observed in 1928 in India by C.V. Raman [215].
Like Rayleigh scattering, the Raman scattering depends upon the polarizability of the
molecules. For polarizable molecules, the incident photon energy can excite vibrational
modes of the molecules, yielding scattered photons which are diminished in energy by
the amount of the vibrational transition energies. A spectral analysis of the scattered light
under these circumstances will reveal spectral satellite lines below the Rayleigh
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scattering peak at the incident frequency. Such lines are called "Stokes lines". If there is
significant excitation of vibrational excited states of the scattering molecules, then it is
also possible to observe scattering at frequencies above the incident frequency as the
vibrational energy is added to the incident photon energy. These lines, generally weaker,
are called anti-Stokes lines. Since the Raman effect depends upon the polarizability of
the molecule, it can be observed for molecules which have no net dipole moment and
therefore produce no pure rotational spectrum. This process can yield information about
the moment of inertia and hence the structure of the molecule [216].

6.5.1.2 Light scattering in lignocellulosics
A sheet of paper made from wood pulp fibers is a very complex material on a
microscopic scale.

There may be more or less whole pulp fibers, fiber fragments,

inorganic pigments and fillers, and various adhesives present in the sheet which are
distributed in a nonuniform and unknown manner.

The structure is simplified

considerably by utilizing only pulp fibers. When light strikes a sheet of paper, a number
of different optical phenomena occur. Light is reflected at the fiber surfaces in the
surface layer and inside the paper structure. The light also penetrates into the fiber and
changes direction. Some light is absorbed, but the remainder passes into the air and is
reflected and refracted again by new pulp fibers. After a number of reflections and
refractions, a certain amount of the light reaches the paper surface again and is then
reflected at all possible angles from the surface.

We do not perceive the multiple

reflections and refractions which take place inside the paper structure. Instead, the
different optical phenomena occurring when light strikes paper is perceived as a diffuse
surface reflection. Diffraction is another aspect of light scattering in paper. Diffraction
occurs when the light meets particles or pores which are as large as or smaller than the
wavelength of light, i.e., particles that are smaller than one micrometer. These small
elements oscillate with the light oscillation and then function as new light sources. The
diffraction increases when the particles or pores are smaller than half the wavelength of
light [217].
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The amount of light reflected, refracted, and scattered by paper is determined by the
number, size and shape of the individual constituents of the paper, by the indices of
refraction of these constituents, and the amount of optical contact between them and by
the wavelength of light. The proportion of light that is reflected at a boundary between
two media (i.e., paper and air) is larger the greater the difference between the refractive
indices of the two materials. As calculated by Giertz [218], the refractive index is higher
for crystalline cellulose than for amorphous hemicellulose, resulting in a difference in
scattering of about 10 percent.

However, differences that are due to the chemical

composition of the cellulose material are negligible. Also, when dealing with light
scattering elements of a small size in paper, such as filler particles, free fibrils, and
capillaries in the cell wall, the scattering of light increases with decreasing dimensions.
An optimum value is obtained when the dimension is about one half the wavelength of
light, after which the scattering effect ceases rapidly [219].

Figure 29. Schematic illustration of the effect of particle size on the relative
scattering coefficient [213].
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This phenomenon is best depicted in Figure 29, which shows the relative scattering
coefficient as a function of the relative diameter of the particle. The relative diameter is
defined as the particle diameter divided by the wavelength of light while the relative
scattering coefficient is the ratio of the scattering coefficient at a relative diameter of 1.0
to that at other relative diameters. The maximum scattering occurs when the particle
diameter is about half the wavelength of light, after which the scattering coefficient drops
rapidly [213].
As early as 1940, Davis [220] suggested that the specific scattering coefficient was
proportional to the surface area per unit mass of the material. Parsons [221] was the first
to obtain proof of this when he used this concept to find the relative bonded area in a
sheet of paper. This researcher found that the specific scattering coefficient at 600 nm
was linearly related to the external surface area of a pulp, which was determined by the
Clark silvering technique [222]. He also found that the linear curve extrapolated to a
positive intercept on the specific scattering coefficient plot at zero specific surface area.
Ratliff [223] utilized the same silvering method as Parsons and verified that a linear
relationship exists between the specific surface area and the specific scattering
coefficient. However, the results obtained by Ratliff indicated that the linear curve
extrapolated to a zero intercept on the specific scattering coefficient plot. Leech [224]
also found a linear relationship between the specific scattering coefficient and the specific
surface area while performing similar experiments to that of Parsons and Ratliff.
Haselton [225, 226] compared the specific scattering coefficient at 600 nm with the
nitrogen adsorption specific surface area for spruce bleached sulfite pulp. The nitrogen
adsorption method for determining specific surface area was adapted from a method by
Brunauer, Emmett and Teller for adsorption on substances like charcoal, silica gel, and a
variety of other substances [227]. The procedure is sometimes referred to as the BET
nitrogen gas adsorption method. The pulp was refined and wet pressed to different levels
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of bonding. The surface area accessible to nitrogen molecules is approximately 4.3
angstroms in thickness. Since the internal and external portions of the fiber actually
involved in bonding are separated by distances of 1-5 angstroms, it is reasonable to
assume that nitrogen is not adsorbed on areas involved in bonding. Haselton [225, 226]
found a linear correlation between the specific scattering coefficient and the nitrogen
adsorption specific surface area. The correlation showed a linear slope of 0.045 (or 45.0
based on m2/kg scattering and m2/g specific surface area units) when the scattering
coefficient was plotted as a function of specific surface area. Thus, Haselton found that
pulps which had been refined to different extents and also pulps which had been wet
pressed to varying amounts exhibited this same specific scattering coefficient versus
surface area relationship.
Later studies by Ingmanson and Thode [228, 229], Swanson and Steber [230] and Arnold
[231] indicated that in some cases the relationship between scattering coefficient and the
specific surface area can be non-linear. Ingmanson and Thode [228, 229] demonstrated
that the presence of small particles can have a profound effect on the scattering behavior
of pulp sheets. They determined the specific scattering coefficient from pulps refined to
varying extents. Parts of the sheets were solvent exchanged during the sheet formation
and dried from butanol. The remaining sheets were formed in a similar manner but dried
from water. Drying sheets from butanol allows the cellulose to retain an expanded
configuration and the fibrils and small fiber elements are not bonded onto the fibers to
any great extent. Therefore, there are many small fiber elements that can engage in light
scattering. Meanwhile, fibers dried from water usually collapse, and the majority of the
fiber elements are bonded onto the larger fibers because of hydrogen bonding and due to
the high surface tension forces of water. The small elements retained in the butanol-dried
sheets tended to scatter in accordance with Rayleigh’s law. The scattering coefficients of
the butanol sheets were much higher than the corresponding scattering coefficients of
water-dried sheets for several reasons.

First, the unbonded fibrils and small fiber

elements of the butanol-dried sheets create more air-solid interfaces for scattering than
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the water-dried sheets. Second, the small fibrils and fiber elements in the butanol-dried
sheets, particularly those whose size is on the order of a wavelength of light, exhibit a
greater scattering per unit volume than the fibers dried from water.

However, the

Ingmanson and Thode indicated that there is a great deal of scatter in their data, so the
non-linear relationship that was observed may not be statistically significant. There are
also the complications associated with solvent exchanging the handsheets first with
acetone and then with butanol, which may result in a loss of fines to an unknown and
uncontrolled extent [228, 229].
Swanson and Steber [230] employed bleached sulfite, unbleached kraft, and bleached
gum pulp handsheets under varying levels of refining and wet pressing to investigate the
relationship between the scattering coefficient and the nitrogen adsorption specific
surface area. They found that each type of pulp has a unique nitrogen adsorption specific
surface area/scattering coefficient relationship; however, the relationship approached a
similar value of 0.044 (or 440 based on m2/kg scattering and m2/g specific surface area
units) for the linear slope at higher wavelengths of light (650 nm). Interestingly, Van den
Akker told these researchers that 0.044 is approximately the value which would be
expected by application of Fresnel’s law of reflection to a diffusely reflecting body of
randomly oriented fibers [230]. In this research, the various degrees of refining altered
the size and shape of pulp fibers. Perhaps one reason for the non-linear relationship
between the specific scattering coefficient and the specific surface area was that the
sheets contained particles whose size was in the region where geometric optics
approximations break down. This is reasonable since refined pulps can contain particles
whose size may range from 10 angstroms up to about 85 µm in diameter. The larger
particles would tend to scatter in the manner described by geometric optics while the
smaller particles would scatter in a more complex manner, as described by Rayleigh’s
law [230].
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Rennel [232] investigated the light scattering behavior of bleached softwood kraft and
groundwood pulps under various combinations of refining and wet pressing. The results
of this study indicated that unique linear relationships between the scattering coefficient
and specific surface area existed for each of the pulps. These linear relationships were
obtained regardless of whether the unbonded surface area had been changed by refining
or wet pressing.

However, the magnitude of light scattering for each pulp varied

drastically. For example, a 1 m2/gram change in surface area resulted in a 40 percent
greater increase in the light scattering coefficient for a bleached Douglas fir kraft pulp
compared to a groundwood pulp.
Arnold [231] investigated light scattering in glass and nylon fiber sheets both
theoretically and experimentally. He found that the relationship between the specific
scattering coefficient and the specific surface area was non-linear. Arnold argued that
any pulp treatment that would change the ratio of small to large particles, the size, the
shape, or the optical properties of the particles would be expected to modify the
relationship between the light scattering coefficient and surface area. Any of these
properties may be altered by refining, wet pressing, or even some chemical treatments.
Rennel [233] also investigated light scattering behavior using cylindrical model glass
fibers. The results from this study indicated that a unique linear relationship existed
between the light scattering coefficient and the specific surface area, as long as the fibers
were greater than 1 µm in diameter, or the specific surface area approximately below 1.5
m2/g. The light scattering coefficient displayed an approximately linear variation with
the surface area, being inversely proportional to the diameter for the thickest fibers; for
these fibers, the light scattering is caused by regular reflection and refraction of light at
the surface. However, when the diameter of the fiber was decreased further, the rate of
increase in light scattering became greater. Rennel proposed that the fiber is not large
enough to reflect incident light regularly, but will break up the wave front of incident
radiation when the relative index of refraction is large. Rennel argued that the fiber
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became a new source of incident radiation, which is now scattered by diffraction.
Meanwhile, at the smallest diameters, the increase in the scattering coefficient diminishes
and for higher wavelengths it tends to become constant. For diameters greater than one
micrometer, there is only a weak correlation between the scattering coefficient and
wavelength; the longer wavelengths of the visible spectrum tend to scatter more than the
shorter ones. Meanwhile, diameters of less than one micrometer scattered the shorter
wavelengths to a much greater extent than the longer wavelengths [233].
The effect of particle shape on the scattering efficacy of various types of fibers was
studied first by Arnold [231], who showed that the light scattering coefficient was greater
for dog-bone shaped fibers than circular ones. Later this was confirmed by Rennel [233],
who utilized rayon fibers with variable cross-sectional shapes and showed that each shape
represented unique nitrogen absorption specific surface area and light scattering
relationships (at 557 nm wavelength of light and a specific surface area range between
0.2 m2/g to 0.37 m2/g). The reason for this type of behavior was attributed to the possible
variable pore size distribution in the sheet. Later, it was assumed that the specific surface
area detection ability of light in a pulp sheet is approximately a half wavelength of light,
based on paint, coating and filler optical research [234-237].
However, there are indications that the ability to detect surface area is limited by the
wavelength of light used in the scattering coefficient determination. Parsons [221] found
a decrease in the specific scattering coefficient with an increasing wavelength. FreyWyssling [238] showed a decrease in the index of refraction of cellulose fibers with
increasing wavelength. Meanwhile, the decrease in the index of refraction of ramie fiber
is from 1.6083 at 486 nm to 1.5969 at 656 nm. Parsons argued that such a small change
in the index of refraction likely would not account for the relatively large change in the
observed specific scattering coefficient. Instead, Parsons believed that some scattering of
light may actually take place within the fiber. Therefore, the Rayleigh law of scattering
would hold here, in part at least, since the particle size of the structural units within the
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fiber are of the same magnitude as the wavelength of light, or smaller. Thus, Parsons
argued that the specific scattering coefficient may decrease with increasing wavelength
since Rayleigh scattering is inversely proportional with the fourth power of the
wavelength. Several other researchers have also observed this phenomenon. Ingmanson
and Thode [228, 229], Swanson and Steber [230] and Arnold [231] showed that by using
lower wavelengths of light the measured scattering coefficient increased, depending on
the pulp used. The results obtained by Swanson and Steber [230] indicated that the
specific scattering coefficient of the bleached gum kraft pulp had little variation from 440
nm to 650 nm. However, the scattering coefficient decreased slightly for the softwood
bleached sulfite from 440 nm to 650 nm while that of the unbleached softwood kraft pulp
increased with increased with increasing wavelength.
The microporosity approach of paper, measured with mercury intrusion, considers paper
to be a continuous solid phase containing air voids that are the light scattering elements.
Using this approach, Alince et al [237], Fineman et al [236], and Rundlof et al. [239],
have shown that there is a correlation between the void specific surface area and
scattering coefficient in paper; however, the correlation is better when void pores smaller
than 100-200 nm are excluded from the data.

This is believed to be due to the

experimental observations that only voids with the size in the proximity of the
wavelength of visible light are optically effective [234, 240].

Interestingly, the

relationship between the cumulative specific pore area above 200 nm and scattering
coefficient from the data from Alince et al. produces a linear correlation following the
approximate slope of 0.045 (up to approximately 1.5 m2/g mercury intrusion specific
surface area, after which a slight curvature appears). This indicates that the minimum
optically-effective pore sizes are in the range of 200 nm. However, these results are not
in agreement with the BET nitrogen adsorption results, wherein similar slopes between
scattering coefficient and specific surface area were detected. The detection ability of the
nitrogen adsorption method is related to the size of the nitrogen molecule, and thus pores
down to the size of 3.4 Å should be detected.
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Scallan and Borch [241] used a multilayer Stokes approach for determining the scattering
coefficient in paper. These researchers attempted to clarify the scattering process in
paper in terms of the physical properties of the individual fibers, i.e., size, shape, and
refractive index, and the way in which the fibers are put together in the sheet. They also
wanted to separate the elementary processes of scattering and absorption. Scallan and
Borch saw a paper sheet as a pile of spaced parallel layers, each consisting of a number of
bonded cell walls. The reflectance was considered a result of a number of simple
reflection and absorption processes within the model. The fraction of the light flux
reflected at each interaction of the light beam with an interface was found to be a function
of the angle of incidence and the refractive index difference at the interface. They
proposed that light is reduced in intensity to a fraction, f, by absorption in each passage
through a layer. The term f was termed the transmittivity of the layer and was dependent
on the path length, t, through a layer through Equation 6-4.
f = e − at
Equation 6-4. Transmittivity of a single layer of a sheet in the Scallan-Borch theory
of light scattering [241].

In Equation 6-4, the transmittivity, f, was related to the path length, t, and the absorption
coefficient, a, through an exponential decay function. The model was also based on the
reflectivity, r, which is dependent on the refractive index of the material making up the
layers. Equation 6-5 relates the reflectivity, r, with the refractive index, n.
2
(
n − 1)
r=
(n + 1)2

Equation 6-5. The relationship between reflectivity and the refractive index in the
Scallan-Borch model of light scattering [241].
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The Scallan-Borch model of light scattering [241] was also based on the number of
effective reflecting layers in the sheet.

This was determined by dividing the total

unbonded area, as determined by nitrogen gas adsorption, by it superficial surface area.
The superficial surface area is twice the reciprocal of the basis weight. For pulps with
negligible absorption, the scattering coefficient and specific surface area are related
according to Equation 6-6.
s=

r
A
(1 − r ) 0

Equation 6-6. Relationship between the scattering coefficient, reflectivity, and
specific surface area for the Scallan-Borch theory of light scattering [241].

In Equation 6-6, s is the specific scattering coefficient, r the reflectivity of the material
(fiber) and A0 is the specific surface area of the structure. This model was then compared
to experimental results from a series of bleached kraft pulps, bleached soda pulp of
esparto grass, and a bleached sulfite pulp. The experimental results indicated rather good
agreement with the theoretical model, indicating that the model does have some merit.
However, several assumptions were made in this model. For example, a constant value
for reflectivity (r = 0.09) was used throughout the model validation process. The model
was highly dependent on small changes in the reflectivity. However, a pulp containing
very little lignin (bleached pulps) may have a different refractive index than a pulp
containing a significant amount of lignin (mechanical pulps), thereby influencing the
reflectivity for each pulp.

Also, the surface roughness may have a critical role in

determining the scattering within layers. The surface roughness was not considered in
this model. Although Scallan and Borch set out to describe the process of light scattering
in terms of independent physical parameters, the model still contains a composite term, f,
which includes the absorption coefficient and layer thickness of the material [241].
In a subsequent study, Scallan and Borch [242] further validated their theoretical model
with experimental results from a series of refined fully-bleached kraft pulps, rayon, semibleached soda pulps, a soda unbleached pulp, and from a groundwood pulp.
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The

experimental results were in good agreement with the theoretical values. They found
limitations in the optical properties based on physical parameters of the sheet. For
example, a number of fully-bleached pulps fell close to a line of constant absorption
coefficient of a = 1 cm-1. They proposed that an absorption coefficient of 1 cm-1 is very
close to the absorption coefficient of pure cellulose. In addition, they found that the
maximum layer thickness from a sheet of pure cellulose is 40 µm at 60 g/m2. At this
layer thickness, the sheet is fully bonded and is composed of one layer. Meanwhile, they
proposed that the minimum layer thickness was on the order of 1 µm, corresponding to a
lightly-bonded sheet of uncollapsed fibers with very thin cell walls. Scallan and Borch
also found that refining and wet pressing increased the effective layer thickness while
maintaining the same absorption coefficient. This is to be expected, since refining and
wet pressing modify the properties of handsheets by increasing the extent of interfiber
bonding.

6.5.2 Light Absorption
Light scattering, reflection, and transmission of light occur because the frequencies of the
light waves striking the material do not match the natural frequencies of vibration of the
object. When light of these frequencies strike an object, the electrons in the atoms of the
object begin vibrating.

Instead of vibrating in resonance at a large amplitude, the

electrons vibrate for brief periods of time with small amplitudes of vibration; then the
light is reemitted as a light wave. If a light wave of a given frequency strikes a material
with electrons having the same vibrational frequencies, then those electrons will absorb
the energy of the light wave, either in whole or in part, and transform it into vibrational
motion. Absorption of energy occurs in quanta and according to the Einstein-Bohr
frequency condition in Equation 6-2.

Light absorption causes a molecule to jump,

usually from a ground-state energy transition level to a higher energy transition. Dye
molecules, transition metal ions, small metal particles, and a variety conjugated organic
molecules are able to absorb light.
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The measurement of an absorption spectrum is based on two fundamental laws. The first
law, or Lambert’s Law, states that the proportion of light absorbed by a medium is
independent of the initial intensity, I0 [243]. Lambert’s law applies when atoms or
molecules having the ability to absorb light are distributed uniformly throughout the bulk
phase of a material. Lambert’s law is stated mathematically in Equation 6-7 where I is
the intensity leaving a plate of absorbing centers, I0 is the incident intensity, l is the plate
thickness in meters, and αa is the linear absorption coefficient (m-1). The degree of
absorption will vary across the visible region of the spectrum and molecules having the
ability to absorb light show a pronounced maximum absorption at a particular wavelength
λmax [213].
I = I 0 exp(− α al )
Equation 6-7. Lambert’s law of light absorption.

The other fundamental law, or Beer’s Law, states that the amount of light absorbed is
proportional to the concentration of absorbing molecules in the light path. The amount
related to absorption that is conventionally measured is known as the optical density and
is defined as the log(I0/It), where I0 is the incident light intensity while It is the
transmitted light intensity. The two fundamental laws governing absorption spectra are
typically combined and known as the Beer-Lambert Law. The Beer-Lambert law is
stated mathematically in Equation 6-8 where log(I0/It) is the optical density, l is the path
length of the sample, c is the concentration of absorbing material and ε is the molar
extinction coefficient.

The molar extinction coefficient is a fundamental molecular

property and is independent of concentration and path length as long as Lambert’s and
Beer’s laws hold. The units of ε are typically l mol-1 cm-1 [243]. The optical density or
absorbance is related to the transmittance as seen in Equation 6-9 where A is the
absorbance and T is the transmittance.
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log(I 0 I t ) = ε × l × c
Equation 6-8. Beer-Lambert Law of light absorption.

log T = − A
Equation 6-9. Relationship between transmittance and absorbance.

Reflection, scattering, and absorption can all give rise to the world of color around us
[213]. The color of an object is largely due to the way that the object interacts with light
and ultimately how the object reflects or transmits light to our eyes. The color of an
object is not actually within the object itself; rather, the color is in the light which shines
upon it that ultimately becomes reflected or transmitted to our eyes. The origin of color
still remained a mystery by the seventeenth century. Most theories attributed color to
some sort of modification of light that was thought to occur when light interacted with
matter. Light, in its purest form, was thought to be essentially colorless. But, for
example, as light from the setting sun passed through the many additional miles of the
earth’s atmosphere the light was thought to be modified by the atmosphere into a redorange color. Or, if light reflected from a green surface, the surface was supposed to
have modified the light so that it became green. Exactly how this modification was
carried out was not clearly explained [244].
Isaac Newton made the first real progress in understanding color from 1665-1666.
Newton began his experiments with a narrow beam of white light, which he produced by
allowing sunlight to pass through a small hole in an otherwise darkened window. The
light beam was allowed to fall on a glass prism. Newton observed that the light coming
out the other side of the prism was spread out into a spectrum of colors from red to violet.
Although this was a well known fact at the time, Newton continued his experiments. He
used a narrow slit to block off most of the color coming through the prism and selected
on particular color. This color was allowed to pass through a second prism. Newton
found that the second prism had no effect on the color of the light. He was able to
125

conclude that colors were not the result of the prism actually changing the light. Instead,
Newton postulated that normal white light already contained all the colors of the
spectrum, and the prism only served to separate these colors from each other. Newton
tested this theory using a second inverted prism. He found that the original beam of white
light emerged from the second prism. He also performed experiments with objects of
various colors directly in the patch of the colored light coming through the prism. He
found that a green object, for example, would reflect green light but would appear nearly
black when illuminated by red or blue light. Thus, it became clear that objects have color
because they selectively reflect certain colors of the spectrum while absorbing light of
other colors [244].
A more extensive review on color, the causes of color, and measuring color as it pertains
to the pulp and paper industry is covered in Sections 6.6, 6.7, and 6.8.

6.5.2.1 Fates of absorption
The most common vibrational level for most molecules at room temperature is the
ground state, or S0 as shown in Figure 30. However, a transition to a higher electronic
state takes place when a molecule absorbs a quantum of light. The molecule absorbs
light in about 10-15 seconds. Absorption of light energy raises an electron from the
ground state to an unstable excited singlet state (S1, S2, etc.). These ground to singlet
state transitions create visible and ultraviolet absorption spectra for molecules [245].
Once a molecule has absorbed energy in the form of electromagnetic radiation, there are
a number of routes by which it can return to the ground state. The excited molecule may
contain some energy which exceeds the lowest vibrational energy. This excess energy is
rapidly lost through collisions with other molecules or internal conversion, causing the
electron to descend to the lowest vibrational level of the excited singlet state. Once the
molecule is in the lowest vibrational level of the excited state, it can undergo any of three
different processes. First, all of the energy may be dissipated through photochemical
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reactions, further collisions with other molecules (quenching), or by vibrational
relaxation, causing the molecule to return to the ground state. Vibrational relaxation is
the most common type of radiationless deactivation since it occurs very quickly (less than
1 x 10-12 seconds) and is enhanced by physical contact of an excited molecule with other
particles. This means that most excited state molecules never emit any energy because in
liquid samples the solvent or, in gas samples, other gas phase molecules that are present,
“steal” the energy before other deactivation processes can occur. However, the electron
may also return to the ground state by emission of energy. This event is known as
fluorescence. The lifetimes of fluorescent states are very short (1 x 10-5 to 10-8 seconds).
Fluorescent lifetimes are typically four orders of magnitude slower than vibrational
relaxation, giving the molecules sufficient time to achieve a thermally equilibrated lower
energy excited state prior to fluorescence emission [243, 245-247].

Figure 30. Jablonski energy level diagram for a diatomic molecule. Collisional
deactivation includes all radiationless deactivation processes, including vibrational
relaxation, quenching, photochemical reactions, and internal conversion [245].
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Finally, the molecule may relax to the lowest level of the corresponding triplet state (T1)
by means of intersystem-crossing. The triplet state is slightly lower in energy and more
stable than the singlet state. The electron undergoes internal conversion when moving
from the singlet to triplet state, resulting in electron-spin reversal. At this point, the
molecule may undergo vibrational relaxation, quenching, photochemical reactions, or
internal conversion.

However, the electron may also return to the ground state by

emitting radiation. This phenomenon is known as phosphorescence. The lifetimes of
phosphorescent states are somewhat longer (1 x 10-4 seconds to minutes or even hours)
than fluorescent states. Because some energy is lost in the brief period before emission
can occur, the emitted energy from fluorescence and phosphorescence is of longer
wavelength than the energy that was absorbed.

This effect is more pronounced in

phosphorescence spectra because the energy gap between T1 and S0 is smaller than
between S1 and S0. In other words, phosphorescence is not only a longer lasting process
than fluorescence, but also takes place at longer wavelengths [246, 247].

6.5.3 Fluorescence
Olmstead and Gray provide an excellent review on the basic principles of fluorescence
and the literature on fluorescence observed from cellulose, lignin model compounds, and
isolated lignins [248].

Chromophores present in lignin absorb light of specific

wavelengths to give excited states. These excited chromophores may lose their energy by
reacting chemically, by thermal processes, or they may emit light by means of
fluorescence or phosphorescence. Toner and Plitt [249] found that the production of
carbonyl and carboxyl groups cellulose through reaction with periodic acid, sodium
chlorite, potassium dichromate, and sodium hypochlorite decreased the fluorescent
intensity of cellulose samples. Meanwhile, sodium borohydride reduction of carbonyl
groups to alcohols increased the fluorescent intensity. Toner and Plitt concluded that
carbonyl groups, especially those of the quinonoid type, tend to quench fluorescence.
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Lundquist and coworkers [250] investigated the source of fluorescence emission from
lignin by performing a comprehensive study on a large number of lignin model
compounds. These researchers found that coniferyl alcohol groups and some extended
conjugated systems exhibit strong fluorescent emission due to their high molar extinction
coefficients.

However, the highest emission intensities were observed fro

phenylcoumaran. Lundquist attributed this to the high absorbance, high quantum yield
(fluorescence efficiency), and the structure of the benzofuran system. Lundquist et al.
also performed studies on milled wood lignin and industrial lignins. These studies
showed that sodium borohydride reduction of milled wood lignin resulted in a six fold
increase in fluorescence emission intensity.

They also found that the maximum in

fluorescence spectrum of lignin was independent of the exciting wavelength, indicating
that a single chromophore is responsible for the fluorescence emission in lignin. Based
on these results, Lundquist et al. proposed that this single chromophore corresponded to
compounds having coniferyl alcohol end groups and phenylcoumaran structures. They
also concluded that the emission maximum of industrial lignins fit best with stilbene
models while quinones in lignin quenched fluorescence, and the emission intensity was
highly dependent on these groups.
The research performed by Castellan et al. [251, 252] disputed the conclusions of
Lundquist’s single chromophore concept to a solid matrix. Castellan and coworkers
incorporated milled wood lignin in hydroxypropylcellulose (HPC) films and attempted to
correlate the fluorescence emission spectra to changes brought about by different
chemical treatments. They found that reductive treatment led to increased quantum
efficiency and intensity at 400 nm (blue region of spectrum) while irradiation quenched
fluorescence in this region and produced emission at a 500 nm wavelength. These
researchers attributed the fluorescence of milled wood lignin to a benzoquinone-type
system, where the quinone is included in a condensed aromatic structure with hydroxyl
groups hydrogen bonded to the quinone oxygen groups. Sodium borohydride reduction
of milled wood lignin led to significant (two orders of magnitude) increases in the
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quantum yield and quenched the long-wavelength emission.

The new emission

maximum at 390-400 nm was attributed to biphenyls and stilbene chromophores.
Meanwhile, hydrogen/Pd elimination had a more pronounced effect on the quantum yield
and the emission was attributed to biphenyl structures. Irradiation of the milled wood
lignin/HPC films increased the emission intensity at 500 nm.

This emission was

attributed to coniferaldehyde photoproducts of 5,5’ phenolic biphenyl compounds.

6.6 Defining Color

Merriam Webster defines color as “a phenomenon of light or visual perception that
enables one to differentiate otherwise identical objects.” Since color is a sensation
unrelated to anything else, it is essentially impossible to give a meaningful definition
except indirectly and circularly; for example: “Color is that aspect of perception which
distinguishes red from green, etc.” A useful functional definition might be: “Color is
that part of perception that is carried to us from our surroundings by differences in
wavelengths of light, is perceived by the eye, and is interpreted by the brain.” Again, we
could say: “Our brain perceives color when a non-white distribution of light is received
by the eye.” Yet it is easy to find flaws in and exceptions to any such definition (Nassau
book).
The term color describes at least three subtly different aspects of reality. First, it denotes
a property of an object, as in “green grass.” Second, it refers to a characteristic of light
rays, as in “grass efficiently reflects green light while absorbing light of other colors
more or less completely”. And third, it specifies a class of sensations, as in “the brain’s
interpretation of green”. By careful wording one could always indicate which of these
three meanings is intended in any given usage. In practice, the distinction among such
usages of color is not usually made, nor is any effort made here to do so. The mere
awareness that such different aspects exist enables one to identify the intended meaning
and save the use of many additional words [253]. Judd [254] defined color as that aspect
of the appearance of objects and lights which depends upon the spectral composition of
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the radiant energy reaching the retina of the eye and upon the temporal and spatial
distribution herein.
Newton coined the term spectrum in 1672 when he performed light experiments with a
prism and observed that the prism produced a variety of intense colors. He chose seven
different colors to designate this sequence: red, orange, yellow, green, blue, indigo, and
violet. When he recombined these colors with a lens or another prism, white light was
once again obtained, thus providing evidence that white sunlight consists of a mixture of
colors.
When light is transmitted, reflected, or scattered toward our eye by a white (i.e. colorless)
object, there is usually no change in color. A colored object, however, absorbs some of
the spectral wavelengths. An orange object illuminated by white light may absorb all
spectral colors except a narrow band centered around 600 nm. This remaining orange
light is then reflected and scattered to our eye to be perceived as orange. If all the
spectral colors except the range from about 580 nm yellow to the 700 nm limit of red are
absorbed by another object, this could give precisely the same perception of orange to the
eye, and so on.
A concept that is basic to much of what follows is the energy diagram. Figure 31 shows
the relationship between energy in electron volts, eV; wavelength in nanometers, nm;
frequency in hertz, Hz; and the perceived color for that part of the electromagnetic
spectrum. Quantum theory applies when the energy of a photon is absorbed or emitted
by an electron, atom, or group of atoms. Such a system usually can only exist at certain
energy levels. It can therefore absorb or emit only certain quantities of energy and we
can represent such a system by an energy diagram as shown in Figure 32. Energy is
needed to raise the system up to a higher energy level; energy is again released when the
system returns downward. An easily visualized equivalent is the energy diagram of a ball
being carried up a flight of irregular height steps and rolling back downward as at the
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right in Figure 32. In the gravitational field of the earth, the ball gains energy when it is
raised and loses energy when it falls downward [212, 214].

Figure 31. The spectrum with several descriptions [253].

Figure 32. Energy level scheme (left) of a quantum system that can only exist at
discrete energy levels; some transitions are allowed (solid arrows), others are
forbidden (dotted arrows); schematic equivalent (right) [212, 214].
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6.6.1 Color from Organic Compounds
Investigations into the correlations between chemical constitution and the color of
organic compounds began in the early days of dyestuff chemistry.

Graebe and

Liebermann recognized that all dyes contain a system of conjugated double bonds [255].
The first comprehensive theory was developed on an empirical basis by Witt in 1876
[256]. More than 125 years later, it can be stated that the majority of all empirical
theories are based on that of Witt, and they have either verified or expanded the
principles he put forward. Witt postulated that a compound is colored due to the presence
of particular groups, the chromophores, which must be attached or linked to the system of
conjugated double bonds. Potential chromophoric particles may become colored if socalled auxochromic groups are introduced. The auxochromes are electron donors (e.g.,
NH2, OH, O-), anti-auxochromes are electron acceptors (CO2H, NH3+, NO2) and
chromophores are linear or cyclic systems of conjugated double bonds. The combination
of these three basic structural entities is sometimes referred to as a chromogen [246, 247].
A conjugated organic compound is one that contains alternating single and double bonds
in chains and/or rings of carbon atoms. In such an arrangement, there are “pi-bonded”
electrons located in molecular orbitals which belong to the whole chain and/or ring
system. The electrons located in the π molecular orbitals are less strongly bonded than
the σ molecular orbitals. These π molecular orbitals can be more easily excited into π
anti-bonding (π*) molecular orbitals since conjugation lowers the ∆E between the π and
π* molecular orbitals. Thus, conjugated systems absorb light of correspondingly longer
wavelength, i.e. light of lower energy. The excited states of the π electrons occur at
energies similar to those of the unpaired electrons in transition metal compounds and can
therefore absorb and emit photons in the visible region. Figure 33 summarizes the
electronic energy levels for molecules [246, 247]. As shown in Figure 33, compounds
like type A require less energy for a transition from the non-bonding n orbital to the anti-
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bonding π* orbital compared to the corresponding transition from the highest occupied π
orbital to the π* orbital.

Thus, the n → π* transitions generally occur at longer

wavelengths (lower energy). However, in the case of compounds like B that have an
additional occupied π orbital, the π1 and π2 levels are split. Thus, the longest wavelength
absorption band corresponds to a π → π* transition.

Figure 33. Designation of molecular orbitals. Schematic representation of energy
levels, (A) for a molecule with one σ, one π and one n electron pair and (B) for a
molecule with one σ, one n and two conjugated π electron pairs (number of s
electrons not specified).

The longer the conjugated chain, the more the transition energies move from the
ultraviolet into the visible region. The absorptions of the conjugated cyclic benzene C6H6
or the linear 2,4-hexadiene C6H10, CH3-CH=CH-CH=CH-CH3 are still in the ultraviolet,
but with the conjugated linear ten carbon chain 2,4,6,8-decatetraene C10C14, the
absorption has moved into the blue end of the spectrum and produces a complementary
pale yellow color. These bathochromic shifts of the absorptions to lower energies can be
obtained in several ways in addition to extending the length of the conjugated chain [212,
214, 257]. The bathochromic shifts are produced by the presence of electron donor
groups which push electrons into the conjugated system, such as the –NH2 or –OH
134

groups, or by electron acceptor groups which pull electrons out of the conjugated system,
such as the NO2 group [212, 257]. If the conjugated framework of an organic colorant
molecule is destroyed, then the color will be lost. This can happen in bleaching by the
chlorine or peroxide in chemical bleaches. These substances add to both ends of a double
bond, converting it to a single bond.

6.6.1.1 Influence of substituents
When an aromatic compound carries a substituent with additional π orbitals (e.g., NO2 or
CO2H) in a position adjacent to an aromatic carbon atom, π overlapping can occur. This
usually leads to new bonding and antibonding electronic states. The same effect occurs
on substitution with atoms that possess lone-pair p-orbitals (e.g., OH, NH2, SO2R) that
can overlap with aromatic π orbitals as well. When an absorption maximum is moved to
a longer or shorter wavelength, this is called a bathochromic or hypsochromic shift,
respectively.

Also, an increase or a decrease in the magnitude of the extinction

coefficient (strength of absorption) is termed a hyperchromic or hypochromic change,
respectively. The auxochromes or electron donors are generally bathochromic, but also
tend to be hyperchromic, thus providing both intensification and the desired shift to
longer wavelengths (lower energy). Figure 34 illustrates the possible wavelength shifts
or changes in absorption coefficient of absorption bands.

Figure 34. Designations of possible wavelength shifts and changes of extinction
coefficient of absorption bands [246, 247].
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The introduction of a second donor substituent into benzenes of the 1,4-donor/acceptor
type causes increasing bathochromic shifts according to the substitution pattern shown in
Figure 35. This is called the “rule of the distribution of auxochromes,” known since 1911
[246, 247].
A

A

A

A

D

D
A = Electron acceptor
D

D

D

D = Electron donor
D

D

Increasing bathochromic shift

Figure 35. Rule of the distribution of auxochromes.

6.6.2 Color from Transition Metals
The color of metal to ligand complexes may be due to either the d-d interactions, the
charge transfer between the metal ions and the ligand, the conjugated ligand, or all of the
above. The d-d transitions depend largely on the metal ion and the donor atom of the
ligand. They are low in energy, hence the absorption is in the visible region. The spectra
related with charge transfer may result from relatively higher energy electronic
transitions and is in the ultraviolet region. However, in some cases such as the ferric ion
and catechol complex, the energy of the electronic transitions related with the charge
transfer is reduced significantly due to an increase in the resonance system afforded by
the aromatic ring, thus increasing the overall absorbance in the visible region. Also, an
increase in the resonating system of the conjugated ligand would tend to release the
restraint on the electrons causing the absorption band [258].
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6.7 Measuring Color of Paper/Pulps

Most of the sources of light associated with colorimetry produce a continuous spectrum;
that is, light of all wavelengths from 400 nm to 700 nm is present simultaneously. The
problem of color measurement thus presents the necessity of finding out how much light
of each wavelength is received by the eye. According to Hardy [259], the point of view
of the physicist is: “The color of a light is adequately described when we know the
amount of energy that it radiates at every wavelength; the color of transparent (or opaque)
material, when we know the amount transmitted (or reflected) at each wavelength.”
There are various systems for describing colors and for measuring and specifying color
stimuli, the most suitable one for a given case depending on the problem at hand. The
simplest method is to have a certain name for each color.

However, when it is

remembered that there are thousands of perceptibly different colors, that a number of
different individuals may have various conceptions of the sensation excited by a single
stimulus, and that an individual’s perception of a color may change from day to day, it is
obvious that some system of color measurement and specification must be universally
adopted before the evaluation of color and the specification of tolerances can be
established on a consistent and comparable basis [260, 261].
When a paper sheet is irradiated, the light is absorbed, scattered, or reflected. The color
and brightness of the pulp or paper sheet are determined by the relative amount of
absorbed and scattered light and its spectral distribution. Light absorption is caused by
chromophoric groups in the pulp while scattering is caused by solid-air interfaces of the
individual fibers [8].
In the ultraviolet and visible region, the solid-air interfaces of the fibers are no longer
small compared with the wavelength. For this reason, scattering exceeds the absorption
so greatly that it is no longer possible to obtain a useful transmission spectrum without
taking scattering into account. The question then remains whether it is possible from
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measured diffuse reflectance of a simultaneously scattering and absorbing layer to obtain
the absorption spectrum of the material under investigation. This question is of great
practical interest for characterizing and standardizing not only paper, but also a variety of
other industrial products including paints, textiles, pigments, and plastics [262].

6.7.1 Kubelka-Munk Equation
A number of theories have been developed to separate the effect of scattering from
absorption on the spectroscopic composition of the radiation flux reflected or transmitted
from a scattering and absorbing layer such as paper. These theories all begin with the
transmittance and reflectance of monochromatic radiation in an infinitesimal layer. The
differential equations are then integrated over the total thickness of the layer, thereby
leading to a suitable formula which can be tested experimentally [262]. One such theory
was developed in 1931 by Kubelka and Munk [263]. Although this theory was originally
developed for paint films, it is the most commonly used and most widely accepted theory
for estimating optical constants in pulp and paper [264-268].
In Kubelka-Munk theory, light flux is treated as two separate but dependent parameters,
and their intensity is determined by the light scattering coefficient (s) and the light
absorption coefficient (k). The scattering coefficient of a pulp is influenced by such
factors as particle size and shape, the degree of bonding between fibers, and the indices
of refraction of the fibers. The scattering coefficient depends more on fiber area than on
fiber length alone. Scattering is also influenced by the pulping conditions and most of the
papermaking operations. The absorption coefficient is influenced to some extent by the
degree of bonding between fibers and the indices of refraction, but to a much greater
extent by changes in the cooking process, the degree of bleaching and brightness
reversion; during papermaking operations, it is primarily influenced only by the addition
of dyes, clay, dirt, and soluble impurities such as iron compounds [219]. This means that
the light absorption and scattering coefficients give pertinent information when studying
chemical and physical changes in a material.
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Steele [264, 269] was the first to reproduce the Kubelka-Munk equations in their entirety.
Kubelka [219, 270, 271] later made new contributions by developing new formulas
which were adapted for more practical use and by nonhomogeneous turbid systems. In
the Kubelka-Munk theory, there is one radiation flux due to incident light and a second
flux, in the opposite direction, due to light scattering. Reflectance is the ratio of the
reflected flux to the incident flux at the sample surface.

This model leads to two

differential equations that can be solved for the boundary condition that the sample is
sufficiently thick to be opaque.

The solution to these differential equations is the

Kubelka-Munk remission function, as shown in Equation 6-10 [272-274]. In Equation
6-10, k is the light absorption coefficient in m2/kg, s is the light scattering coefficient in
m2/kg, and R∞ is the measured reflectance of an optically thick or opaque sample.
However, R∞ is not related to separate values of k and s, but to the ratio of the absorption
and scattering coefficients.
k (1 − R∞ )
=
s
2 R∞

2

Equation 6-10. Relationship of the Kubelka-Munk remission function with the
measured reflectance.

The absorption coefficient is given by Equation 6-11 where λ is the wavelength of
measurement, ε is the Beer-Lambert extinction coefficient, and C is the chromophore
concentration.
k (λ ) = 2ε (λ )C

Equation 6-11.
Relationship between the absorption coefficient and the
chromophore concentration.
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However, if more than one chromophore absorbs at one wavelength, as is often the case
in wood, mechanical, and chemical pulps, the absorption coefficient will be the sum of
the absorption of each chromophore as shown in Equation 6-12.
k (λ ) = 2∑ ε (λ )C
i

Equation 6-12. Relationship between absorption coefficient and chromophore
concentration when more than one chromophore absorbs at a given wavelength.

The amount and type of light absorbing materials or chromophores can be characterized
by the Kubelka-Munk light absorption coefficient at different wavelengths. Cellulose
and hemicellulose have been shown to have a relatively low absorption in both the visible
and the ultraviolet regions. Lignin, on the other hand, has an absorption that is low in the
visible wavelength region but increases rapidly with decreasing wavelength into the
ultraviolet regions [8, 18].
Judd [254, 275] has critically examined the Kubelka-Munk theory and experimentally
verified its applicability to paper sheets. This has been confirmed by further work by
Judd [266] and Stenius [276-280]. These researchers found small differences between
the optical properties predicted by the Kubelka Munk theory and the experimental values.
The order of magnitude of these differences was about 1% difference between the
experimental and theoretical values.
The agreement between experimental and theoretical values indicates that the
assumptions in the Kubelka-Munk theory are nearly correct. The main assumption used
to solve the coupled differential equations is that the light scattering and light absorption
coefficients are uniform throughout the sheet.

This means that either the light

distribution incident on each sheet layer is constant or that the scattering and absorption
coefficients are independent of the light distribution.

Another assumption of the

Kubelka-Munk theory is that the medium is homogeneous and sufficiently thick to be
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opaque.

In other words, chromophores and scattering bodies should be uniformly

distributed throughout the layers. In addition, the reflectance should be determined for
completely diffuse illumination in the absence of gloss. Finally, the only reciprocal
action between the light and the sample should be absorption and scattering and the
coefficients, s and k, should behave independently of each other.

6.7.1.1 Measuring k and s
The Kubelka-Munk remission function (Equation 6-10) can be used for characterizing a
color change in a particular pulp or paper brought about by an arbitrary treatment that
results in a change in the absorption coefficient, but does not affect the scattering
coefficient. For example, Tongren [281], Giertz [282], Paulsson et al. [283] and Li and
Ragauskas [284-288] have used this kind of expression for the study of certain changes in
pulps after aging in the form of the “Post Color” number (or PC number). The PC
number is the difference between k/s values before (a) and after (b) aging, as shown in
Equation 6-13. The term ‘Post Color Number’ is used when the values are determined at
a single wavelength (usually λ = 457 nm). However, the term ‘Relative Decoloration
Number’ is used when the difference between the Kubelka-Munk remission values before
and after aging are employed at a variety of wavelengths [289].
PC = 100[(k s )a − (k s )b ]
Equation 6-13. Definition of the Post Color number.

Although the Kubelka-Munk remission function can be useful for characterizing color
changes in pulp and paper samples, it also has its limitations. That is, the chromophore
distribution must be uniform in both samples. In addition, the process contributing to the
change in the absorption coefficient must not alter the scattering coefficient. There are
other instances where researchers may only be interested in studying the Kubelka-Munk
scattering coefficient, such as when studying the relative bonded area of a paper sheet.
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Other such examples were discussed in the section entitled “Light scattering in
lignocellulosics.” To address the limitations in the Kubelka-Munk remission function,
the scattering coefficient can be calculated according to Equation 6-14. In Equation 6-14,
s is the scattering coefficient in m2/kg, w is the basis weight in kg/m2, R∞ is the
reflectance of an optically thick sample, and R0 is the reflectance of a single transmitting
sheet suspended over a non-reflecting black background.

s=

⎡ ⎛ 1 − R∞ R0 ⎞⎤
⎟⎥
ln ⎢ R∞ ⎜⎜
w(1 R∞ − R∞ ) ⎣⎢ ⎝ R∞ − R0 ⎟⎠⎦⎥
1

Equation 6-14. Definition of the Kubelka-Munk scattering coefficient involving
optically thick samples and a single transmitting sheet.

Another method of calculating the scattering coefficient involves measuring the
reflectance of a sample over a white and black background, as shown in Equation 6-15
and Equation 6-16. In Equation 6-15 and Equation 6-16, s is the scattering coefficient in
m2/kg, w is the basis weight in kg/m2, R∞ is the reflectance of an optically thick sample,
RGW is the reflectance for the white background, RGS is the reflectance for the black
background, RW is the reflectance for the sample over a white background, and RS is the
reflectance for the sample over a black. In this second method, an optically thick sample
is not necessarily needed to find the Kubelka-Munk scattering coefficient. However,
both techniques provide a method of finding the light scattering coefficient by means of
reflectance measurements.

The absorption coefficient can be estimated through the

Kubelka-Munk remission function, as in Equation 6-10.

s=

(1 − RW R∞ )(R∞ − RGW )
w(1 R∞ − R∞ ) (1 − RGW R∞ )(R∞ − RW )
1

ln

Equation 6-15. Definition of the Kubelka-Munk scattering coefficient involving
reflectance measurements over a white and black background.
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(R − RGS )(1 + RW RS ) − (RW − RS )(1 + RGW RGS )
1
+ R∞ = GW
R∞
RS RGW − RW RGW
Equation 6-16. Definition of the infinite reflectance of a paper sample calculated
with reflectance measurements over a white and black background.

Van den Akker [267] proposed that the basis weight, rather than the thickness, be used in
the Kubelka-Munk calculation for the scattering coefficient. There are several reasons
Van den Akker proposed this idea. First, basis weight is more accurately determined than
thickness. However, if it were possible to determine the thickness in a more accurate
manner, the use of thickness would still be awkward in the Kubelka-Munk equation. For
example, when using the thickness parameter, there would be an apparent change in
scattering and absorption coefficients when the density changes in a manner that the
scattering and absorption power remain the same (scattering and absorption power are
equal to the thickness multiplied by the scattering and absorption coefficients,
respectively). In addition, there would be a problem when studying the fibrous and
nonfibrous components of the sheet, or even mixtures of pulps, since these would depend
on weights of the components along with the thickness parameter.
The Scallan-Borch theory of light scattering [242] has strong similarities with the
Kubelka-Munk theory.

According to the Kubelka-Munk theory, refining causes a

decrease in the scattering coefficient while keeping the absorption coefficient constant.
In the Scallan-Borch theory, refining increases the layer thickness while keeping the
absorption constant. Thus, both theories interpret reflectance from a sheet of paper in
terms of a light scattering variable and a light absorption variable. At high brightness
values, these two theories strongly agree on the absorption and scattering properties of
paper.

However, there are increasing divergences between theories toward low

brightness and high opacity values. Foote [260, 261] questioned the validity of the
Kubelka-Munk theory in this region. However, the Scallan-Borch [242] theory also fails
to accurately describe the behavior of the sheet in this region. The overall agreement
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between the two theories in describing paper over the majority of optical properties is
interesting. This means that the structure of paper does not deviate significantly from the
Kubelka-Munk model to produce “non Kubelka-Munk” behavior. However, the ScallanBorch theory can be used to relate such properties as the refractive index, cell wall
thickness of a paper sheet.

6.7.1.2 The Foote effect
Foote [260, 261] investigated the fundamental assumptions of extending the KubelkaMunk equation from homogeneous media to more complex systems containing pulp and
one or more dye additions. The results from this study indicated that the pulp and dye do
not absorb light independently of each other. In other words, one gram of dye on kraft
pulp absorbed more light than one gram of dye on unbleached sulfite pulp. In addition,
the absorption coefficient per gram of dye was greater for unbleached sulfite pulp than on
bleached sulfite pulp. Foote also found that the scattering coefficient of a dyed handsheet
is almost independent of the dye since the undyed and lightly dyed sheets had similar
scattering coefficients. Another interesting observation was that measurements made at
the wavelength maximum of the dye showed that the scattering coefficient tended to be
smaller for the more heavily dyed handsheets than for the undyed sheets. Although Foote
was intrigued by this observation, no reason was provided for the phenomenon. Foote
also observed that the absorption coefficient and the ratio of k to the scattering coefficient
were not directly proportional to the dye concentration. The k and k/s varied linearly with
the dye concentration only for low dye weights. As the dye concentration increased
above these levels, the k and k/s values increased at a much smaller rate [260, 261]. Van
den Akker later referred to this phenomenon as the “Foote effect” [290].
Nordman et al. [291] found that dyeing a fully bleached pulp with a neutral gray dye that
has almost a constant absorption over the entire wavelength range resulted in a
displacement toward lower values in the scattering coefficient. However, if the pulp is
colored with a dye that has a specific absorption over a certain wavelength range, the
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scattering coefficient decreases over the same wavelength range. These results indicate
that the presence of absorbing or coloring matter causes a decrease in the scattering
coefficient over the same range in which the absorption coefficient is high. These
researchers believed that if pulp had no coloring matter that it would have a higher
scattering coefficient in the blue wavelength region [291].

This observation was

consistent with that first noted by Foote. Olf referred to the observations by Nordman et
al. as the NAM anomaly [292, 293].
Rundlöf and Bristow [294] investigated the dependence of the measured scattering
coefficient on the measured absorption coefficient over the entire visible wavelength
range. This study included a series of mechanical pulp handsheets containing different
proportions of fines and a set of sheets colored to different shades. Rundlöf and Bristow
observed no change in the scattering coefficient above a wavelength of 520 nm for a
sheet intensely colored with a yellow dye. However, the scattering coefficient decreased
significantly in the wavelength region where the absorption coefficient increased due to
the added colorant. This decrease in scattering coefficient became more apparent as the
amount of colorant in the sheet increased, i.e. with increasing absorption coefficient. As
Foote [260, 261] and Nordman et al. [291] previously observed, there was a decrease in
the measured scattering coefficient in the region corresponding to an increase in
absorption coefficient, regardless of the wavelength at which the increase in absorption
coefficient occurred [294].
Rundlöf and Bristow [294] studied this phenomenon in more detail by estimating the
deviation, ∆s, from the scattering coefficient. This ∆s value was found as the difference
between the measured scattering coefficient and the linear extrapolation of the scattering
coefficient values that are not affected by the color of the sheets. In this way, these
researchers could find the limiting absorption coefficient where a significant deviation in
scattering coefficient begins to appear. They applied this idea to a series of unbleached
and bleached mechanical pulp handsheets and found that the ∆s value becomes

145

significant at an absorption coefficient greater than 7-8 m2/kg. Rundlöf and Bristow
argued that a chromophoric material with a high absorption coefficient interferes with the
ability of the material to scatter light, yielding an inaccurate value for the scattering
coefficient.

These researchers argued further that the linear extrapolation of the

scattering coefficient values where the absorption is not significant yields the correct
scattering coefficient of the material.
It is not clear whether this significant decrease in scattering coefficient at higher
absorption is an intrinsic error in the Kubelka-Munk theory or an actual physical material
property. Van den Akker [295] attributed the Foote effect to a nonuniform distribution of
absorption and scattering elements in the sheet. In addition, others have observed that
this nonuniform distribution is a result of variation in formation and basis weight [292,
293, 296]. In a separate paper, Van den Akker [297, 298] proposed that dyed fibers do
not meet all of the criteria of the Kubelka-Munk equation. The failure for dyed fibers,
according to Van den Akker, is that dyed fibers do not have an absorbing power in a
given volume fraction that is small compared with the scattering power.
Koukoulas and Jordan [299] extended the studies on the interdependence of the scattering
and absorption coefficients using model systems of dyed cellophane and dyed paper.
These studies showed that changes in the scattering coefficient are a combination of two
phenomena: the influence of the absorption on the surface reflectivity of the cell wall
and the absorption of light internal to the cell wall. In regions of strong absorption, they
observed that the decrease in the internal reflectance accounted for approximately 80% of
the decrease in the layer reflectance. The decrease in the layer reflectance of cellophane
sheets coincided with the decrease in the specific scattering coefficient for dyed sheets.
From this data, Koukoulas and Jordan argued that the decrease of light flux within the
cell wall is the primary cause of the Foote effect or NAM anomaly. In dyed sheets, the
light flux is decreased in the cell wall by the absorption component of the dye, thereby
decreasing scattering opportunities inside the cell wall. Koukoulas and Jordan also found
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that changes in the scattering coefficient were not influenced by variations in the sheet
basis weight, as proposed earlier by Olf [292, 293] and Borch and Scallan [296].
Granberg and Edström [300] argued that the Foote effect is due to an intrinsic error in the
Kubelka-Munk theory. According to Van den Akker [295], the intrinsic error in the
Kubelka-Munk theory depends on the fact that oblique rays suffer grater absorption than
rays propagating along the normal in a plane parallel medium. The slight orientation of
the light fluxes perpendicular to the sheet induced by light absorption alters the optical
response of the medium. This is an intrinsic error in the Kubelka-Munk theory since this
model does not consider any change in the angular distribution of light fluxes. Granberg
and Edström [300] compared the light scattering calculations from the Kubelka-Munk
theory with those obtained from a discrete ordinate radiative transfer (DORT) model.
This DORT model has the ability to calculate the angle-dependent diffuse reflectance and
transmittance from a bulk material. Even with this model, however, these researchers
were only able to explain ~20% of the interdependence of the Kubelka-Munk coefficients
for heavily dyed paper sheets.

6.7.1.3 Single transmitting sheet method
Schmidt and Heitner [272, 274, 301-308] recognized that the Kubelka-Munk remission
function has its limitations. One such limitation observed by these researchers was that
the distribution of chromophores was not homogeneous throughout the opaque sample,
especially under conditions of light-induced yellowing of lignin-containing pulps. Since
light is strongly attenuated on passing through the sheet, these researchers believed that
the chromophores formed as a result of photochemical reactions would be concentrated
on the sample surface. Schmidt and Heitner found that if a sheet is too thick, very little
light will penetrate the backing and situations may arise where R0 is greater than R∞.
This leads to singularities in Equation 6-14. For this reason, they developed a method of
producing very low basis weight (10 g/m2) sheets that maintain a homogeneous
chromophore concentration in light-induced yellowing experiments.
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However, a

potential problem of using sheets of such low basis weight is that formation may be
nonuniform over the area probed by the spectrophotometer beam. Schmidt and Heitner
believed that the impact of anomalous measurements would be lessened by averaging the
results from four to six samples [272, 274, 305]. However, these researchers did not
discuss any incorrectness in the absorption or scattering coefficient values due to too high
of an absorption coefficient. They also did not include any scattering coefficient data or
illustrations in their papers [272, 274, 301-308].

6.7.1.4 Dilution method
The high absorption of lignin in the ultraviolet region can make it difficult to detect
differences in the reflectance and to determine correct absorption coefficient values in
this region for wood, mechanical pulps, and chemical pulps. When the light absorption
of a material is high, the light scattering coefficient (s) and the light absorption
coefficient (k) no longer behave independently of one another [294].

One of the

conditions that have to be met when using the Kubelka-Munk theory is that the light
absorption and light scattering coefficients behave independently of each other; thus this
theory cannot be directly used for wood, mechanical pulps, and chemical pulps. In other
words, the light absorption coefficient of the paper sheet must be decreased so that the
Kubelka-Munk equation is valid. One way of lowering the absorption coefficient of a
material is simply to decrease the grammage of the sheets being analyzed. However, thin
sheets of dark material [272, 274, 301-308] do not fulfill the requirements of the
Kubelka-Munk equation since the scattering coefficient is still strongly dependent on the
absorption coefficient. Another method of decreasing the light absorption of a material
involves diluting the pulp with a very bright pulp. In this way, the light absorption
coefficient of the pulp under investigation can be calculated from the results of
reflectance measurements on the mixture and dilution pulps [309]. According to Teder
and Tormund [310], the absorption coefficient values obtained after dilution with a
brighter pulp are more reliable than those obtained with undiluted pulp since the validity
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of the Kubelka-Munk equations is doubtful when the absorption coefficient is extremely
high.
One of the assumptions involved in the dilution method for estimating the absorption
coefficient is that the light absorption coefficient of the mixture and dilution pulps is
additive. Several researchers have explored the additive properties of the Kubelka-Munk
coefficients. Parsons [221] was one of the first investigators to explore the additive
properties of the specific scattering and absorption coefficients. This researcher used a
50/50 mixture of bleached spruce sulfite and lightly bleached kraft pulp as well as a
50/50 mixture of bleached spruce sulfite and groundwood pulps. The calculated specific
scattering and absorption coefficients were found by taking the scattering and absorption
coefficient for each fraction of pulp in the mixture, multiplying the value by the
percentage of that fraction in the mixture pulp, and adding the products obtained for each
fraction. Parsons found that there was good agreement with the observed and calculated
scattering and absorption values, especially when the sheets were made up without fines.
These observations led Parsons to believe that the scattering and absorption coefficients
of mixtures of pulps or pulp fractions are additive.
Foote [311] used the additive properties of the Kubelka-Munk equation for predicting the
brightness of mixed fiber furnishes of groundwood and bleached sulfite pulps.

He

utilized a simplified treatment of the Kubelka-Munk equations, as in Equation 6-17.

(K S )

mixture

( S ) + C (K S )

= C1 K

1

2

2

Equation 6-17. Simplified treatment of the Kubelka-Munk equation involving a
mixture of pulps [311].

In Equation 6-17, the C represents the fraction of each component present in the mixture
and the subscript refers to the first and second component. The results indicated that the
Kubelka-Munk equation could be accurately utilized for predicting the brightness of a
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mixture of pulps. However, the method was only valid for pulp handsheets and could not
be used to find the loss in brightness occurring on the paper machine. In addition, Foote
[311] found that this method could not be utilized for pulps containing fillers like
titanium dioxide or calcium carbonate since these refractive materials have scattering
coefficients that are of an entirely different magnitude than the scattering coefficients of
the pulps. Instead, Foote proposed Equation 6-18 as a more accurate representation of a
mixture of pulps. Equation 6-18 is more accurate than Equation 6-17 provided that the
components absorb and scatter light independently of each other. However, Equation
6-18 must be used in the place of Equation 6-17 in any case where the scattering
coefficients of the components are not of the same order of magnitude.

(K S )

1, 2 ,...n

=

K1 + K 2 + .........K n
S1 + S 2 + ...........S n

Equation 6-18. A more accurate representation of the Kubelka-Munk equation
relating the K/S of a mixture to the K/S of the components as proposed by Foote
[311].

Johansson and Gellerstedt [312] used the dilution pulp method along with relatively low
basis weight (20 g/m2) sheets when they examined the chromophores and
leucochromophores in wood and mechanical pulp. They employed a pure dissolving
pulp as the dilution pulp. The pulp mixtures contained only 2.5% thermomechanical pulp
and wood meal, respectively. With such a high dilution factor, Johansson and Gellerstedt
could assume that the scattering coefficient of the mixture was essentially the same as
that of the dilution pulp (smixture ≈ sdilution). They used a similar equation to that used by
Foote in Equation 6-17 to determine the actual absorption coefficient of the wood or
TMP. These researchers found that when wood is converted into TMP, the greatest
changes in the light absorption coefficient takes place in the first refining stage, with a
predominant increase in the region below 400 nm.
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Sjöström and Teder [309] employed 60 g/m2 handsheets to investigate the changes in the
light absorption coefficient spectra as a result of TCF bleaching. Sheets were prepared
using either 100% of the pulp to be examined or by diluting the pulp to be examined with
a highly bleached softwood acid sulfite pulp so that the dilution pulp accounted for 90%
of the handsheet mass. The first goal of this research was to determine what values of the
absorption coefficient are valid for the conditions employed in this study. Rundlöf and
Bristow [294] showed that a decrease in the scattering coefficient corresponded to an
increase in the absorption coefficient for mechanical pulps with varying amounts of fines
and with dyed sheets of paper. Moldenius [313] also found that the scattering coefficient
values for mechanical pulps at short wavelengths in the visible region may be incorrect
due to too high an absorption at these wavelengths. Sjöström and Teder [309] estimated
the scattering coefficient values of the dilution and mixture pulps in the 200-400 nm
range due to the simultaneous decrease in the measured scattering and absorption
coefficient values with increasing absorption value and the lack of correlation to the
wavelength in the 400-700 nm wavelength range. Sjöström and Teder found that the
shape of the absorption coefficient spectra did not differ drastically when the scattering
coefficient values estimated from the measurements or the theoretically correct scattering
values were used to find the absorption coefficient values. In addition, the shape did not
differ greatly depending on the dilution pulp employed. They also found no significant
differences between the shapes of the absorption coefficient spectra for the different pulp
types that could explain the known differences in bleachability of the pulp types.
However, levels of the absorption spectra after oxygen delignification could be correlated
to the known differences in bleachability between the pulps. In this study, the KubelkaMunk equation was found to be valid for absorption coefficient values up to 10 m2/kg.
At higher absorption coefficient levels, the scattering coefficient began to deviate due to
too high a light absorption.
Boutelje and Moldenius [314] tested the validity of the Kubelka-Munk equation relating
the light absorption coefficient to the intrinsic absorption coefficient according to the
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Beer-Lambert law. They prepared handsheets with 100, 50, and 10% of Pinus silvestris
kraft pulp with respectively 0, 50, and 90% of a highly bleached sulfite pulp used as the
dilution pulp.

These researchers found that the Kubelka-Munk light absorption

coefficient should not be determined solely by the intrinsic absorption coefficient of the
fiber.
Pan et al. [315] employed both low basis weight (10 g/m2) sheets and a fully bleached
hardwood kraft pulp as the dilution pulp (50:50 mixture) when studying the impact of
novel bleaching agents on wheat straw refiner mechanical pulp. By using the dilution
pulp method, these researchers were able to examine the wavelengths of interest where a
high absorption coefficient may influence the scattering coefficient and vice versa.
However, the authors did not observe variations in distribution or formation due to the
low basis weight sheets. This is perhaps due to the nature of the wheat straw mechanical
pulp, the dilution pulp, or to the interaction between these pulps.

6.7.1.5 Examples in pulp and paper
Judd [266] was one of the first researchers to test the validity of the Kubelka-Munk
equation on paper. In this study, Judd examined rag, newsprint, book, and writing paper.
He also investigated enamel, cold-water paint, and dental silicate cements. In all cases,
Judd found no significant deviations of theory from the actual experimental scattering
coefficient and R∞ values. Furthermore, these results of this study indicated that the
scattering coefficient and R∞ values agreed with the theoretical value within 1%. Judd
argued that corrections for the light reflected from the edges of the material are
negligible.
Herbst and Krässig [316] developed a method for determining the relative absorption and
scattering coefficients of a dye, based on a plot of the k/s values versus the amount of dye
added. Typically thin sheets are employed for absorption and scattering measurements.
However, thick sheets were employed for this study for several reasons. First, the
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procedure to make thick sheets is easier and more convenient than that employed for thin
sheets. Second, thin sheets typically involve a loss of fines, which is reduced to a
minimum with thick sheets. Judd [254, 275] tentatively attributed inconsistencies in
experimental results to loss of fines. Finally, there are several accounts in the literature to
inconsistencies as a result of the basis weight. Judd [254, 275] found that reflectivities
and scattering coefficients were slightly lower at low basis weights than at higher basis
weights.

However, Giertz [317] found that high scattering coefficient values were

obtained when the basis weight was less than 35 g/m2. Furthermore, Stenius [276] found
that the measured reflectance was high in relation to the measurements on thin sheets,
and that the scattering coefficient decreased with decreasing basis weight.

Stenius

suggested that this phenomenon may be due to a higher scattering coefficient in the
center of the sheet than on the outside.
Herbst and Krässig [316] found that the slope of the k/s versus the amount of dye added
plot yields the relative scattering coefficient, and the relative absorption coefficient is
calculated from the relative scattering coefficient and R∞ for the undyed material. These
researchers also attempted their method on dark pulps. The results of this study indicated
that R∞ or k/s is a satisfactory measure of the amount of color in pulps only under
circumstances when the scattering coefficient has small variations. However, if these
circumstances do not exist, the absorption coefficient is the only satisfactory parameter
indicating the concentration of coloring matter in the pulp.
Starr and Young [318, 319] used the Kubelka-Munk equation to accurately determine the
light scattering and absorption coefficient for a series of paper, pigmented coatings, and
filler pigment samples. For this study, the scattering and absorption coefficients of a
filled sheet were assumed to be a linear function of the weight fraction of the pigment and
pulp present.

However, since the pigment in question may not have a scattering

coefficient of the same order of the pulp, errors in the calculated versus actual scattering
and absorption coefficients may appear.

Starr and Young found that coating films
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behaved in the same manner as paper overlays on a substrate in that low weights or
opacity levels gave rise to erroneous R∞ calculations. They found that a minimum level
of coating opacity was necessary for a particular substrate in order to accurately calculate
the R∞ value. Therefore, the coating opacity in this study was reduced by using a low
opacity paper substrate. Starr and Young also found that the scattering coefficients for
paper, paper coatings, and pigments varied with changes in weight. This observation has
also been made by others. Wells et al. [320] found that the scattering coefficient of a
coating would not remain constant as the weight is increased. Likewise, Dalal and Kline
[321] reported that the scattering of a paper coating would increase rapidly with coat
weight until a continuous layer was formed. Starr and Young [318] attributed their errors
in scattering coefficient to the low opacity levels, allowing excessive show-through of the
backings. In addition, they found that excessive opacity caused the basic scattering
coefficient equation to fail since the reflectance was essentially at R∞. They found it
necessary that a scattering coefficient value be calculated with an optimum coating
weight or opacity range particular to each material. In this sense, Starr and Young
indirectly found that errors may appear in the scattering coefficient as a result of using
pigments or coatings.
Norrström [8, 18] suggested a linear model to describe the contribution from lignin,
carbohydrates, and extractives to the absorption coefficient of pulp. This linear model
was based on Equation 6-17 where the absorption coefficient of a mixture of pulps equals
the sum of the specific absorption coefficients of the components multiplied by the
weight fraction of the component. In this way, Norrström was able to relate the specific
absorption coefficient of the pulp to the specific absorption coefficient of the pulp
components.

Equation 6-19 summarizes this relationship where k is the specific

absorption coefficient (cm2/g) and x is the weight percentage of the particular component.
The subscripts denote P = pulp, W = wood, C = carbohydrates, L = lignin, and E =
extractives. The specific absorption coefficient of carbohydrates, kC, was determined by
measuring the specific absorption coefficient of holocellulose. Meanwhile, the wood kC
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value was determined to be zero since native carbohydrates contain very few
chromophores.

k P (kW ) = (kC • xC / 100 ) + (k L • xL / 100) + (k E • xE / 100)
Equation 6-19. Relationship between the absorption coefficient of wood or pulp and
its components, according to Norrström [8, 18].

Jordan et al. [322] observed opacity differences when measuring one side of a paper
sheet compared to the other side. They illustrated this by using a Japanese opal glass tile
with both a mat and a glossy side. When the glossy side of the opal glass was used as a
background in the measurement of a single sheet of paper, the assembly showed a high
reflectance than the same sheet of paper backed by the mat side. This was despite the
fact that the reflectance of the mat side of the opal glass was larger than that of the glossy
side. Jordan and coworkers attributed part of this opacity sidedness to the effects of
surface reflectance from both the specimen and the backing. The magnitude from this
cause is dependent on the colorimeter.

This source of opacity sidedness does not

challenge the Kubelka-Munk theory. These researchers found that another cause of the
differences in opacity from one side to another was attributed to the structure or the
properties of the sheet rather than to the measurement conditions. This evidence into the
opacity sidedness of a pulp or paper sheet does challenge the Kubelka-Munk theory.
Granberg et al. [323] recently argued that the structure of the paper surface facing the
detector may have a significant effect on the instrument reflectance readings depending
on whether the sample is glossy or reflects diffusely from the surface. They proposed
that a more appropriate approach to the Kubelka-Munk theory would be to correct for the
external diffuse reflectance from the top surface of the sample when calibrating the
measuring instrument.

They presented a reflectance model with a surface-induced

nonuniform reflectance to account for the reflectance that does not reach the detector in

155

instrument geometries used to measure the diffuse reflectance of a paper sheet. Granberg
and coworkers found that this nonuniform reflectance is strongly coupled to surface
treatments like coating and calendaring. They also found that the model predicts a shift
when considering layered structures such as coated substrates or a sheet over a glossy
backing. Later, Granberg et al. [324] performed a systematic study of the way the diffuse
reflectance of coated substrates varies with different coat weight in an attempt to further
validate their model for nonuniform reflectance. They utilized transparent film, a base
paper, and a synteape film, for evaluating their model predictions. They argued that the
reflectance shift predicted by the model for coated substrates was due to a nonuniform
angular reflectance distribution.

Furthermore, Granberg et al. proposed that this

nonuniformity is the major reason for the apparent decrease of the scattering coefficient
of coatings with increasing coat weight. They also proposed that one needs to consider
not only bulk structure effects but also the nonuniform reflectance caused by surface
microtopography when optimizing the whiteness and opacity of coated papers.

6.7.2 Brightness
The traditional method of measuring optical properties in the pulp and paper industry has
been to evaluate the ISO brightness. Brightness is defined as the reflectance of an
optically thick paper sheet measured at a narrow wavelength band (centered at λ = 457
nm) in the blue region of the visible spectrum. Brightness was initially designed to
measure the efficacy of bleaching. It is still the only reflectance measurement performed
at some mills, yielding only enough information in daily routine studies of how a pulp or
paper grade changes from day to day in the production process. The brightness of paper
depends not only on the absorption, but also on the scattering coefficient. As shown by
Equation 6-20 and Equation 6-21, the ratio k/s, or the Kubelka-Munk remission function
at 457 nm wavelength, determines the sheet brightness (B) in percent.

Thus, all

papermaking operations that lower the scattering coefficient of the paper, such as
refining, pressing, and calendering will automatically decrease the brightness, although
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the absorption coefficient does not change. In the same way, the color of a paper shows
up more intensively as the paper becomes denser.

k (1 − [B 100])
=
s
2(B 100)

2

Equation 6-20. Relationship between the Kubelka-Munk remission function at 457
nm wavelength and brightness

B
k
⎛k⎞ ⎛k⎞
= 1 + − 2⎜ ⎟ + ⎜ ⎟
100
s
⎝s⎠ ⎝s⎠

2

Equation 6-21. Relationship between the brightness and the Kubelka-Munk
remission function at 457 nm wavelength.

The chromophore concentration has also been shown to directly correlate with the
Kubelka-Munk remission function. Equation 6-22 summarizes this relationship where
k/s is the Kubelka-Munk remission function, s is the scattering coefficient in m2/kg, c is
the chromophore concentration, and q is a proportionality constant.

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠
Equation 6-22. Relationship between the Kubelka-Munk remission function and the
chromophore concentration.

Figure 36 shows the theoretical relationship between the brightness and the KubelkaMunk remission function at 457 nm wavelength. The reduction in the chromophore
concentration is not directly proportional to a change in the brightness. It takes only a
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small amount of chromophores or colorant to reduce the reflectance of a very bright pulp
or paper sheet. Meanwhile, at low brightness values, a significant reduction in the
amount of chromophores does not produce a significant change in the pulp or paper
brightness. If the Kubelka-Munk remission values are found before and after certain
pulping or bleaching stages, the ratio of the k/s values is often utilized to approximate the
fraction of chromophores surviving the particular pulping or bleaching stage.

For

example, if the ratio of the k/s values before and after a chlorine dioxide stage is 0.2, then
80% of the chromophores entering the chlorine dioxide stage have been removed. Figure
37 shows the theoretical relationship between the brightness and the fraction of the
chromophores removed from a pulp having an initial brightness of 15%. The increase in
brightness is almost linear up to 60% chromophore removal. However, the brightness

Brightness, %

increases much more quickly as the last chromophores are removed [325].
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Figure 36. Theoretical relationship
concentration expressed as k/s [325].
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Figure 37. Theoretical relationship between brightness and chromophore removal
[325].

Figure 38 shows the brightness as a logarithmic function of the chromophores remaining
in a pulp with initial brightness of 15%.

When only 0.32% of the chromophore

concentration remains (logarithmic value of -2.5), the brightness exceeds 88.5%; when

Brightness, %

half of that chromophore remnant is removed, the brightness exceeds 92% [325].
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Figure 38. Theoretical relationship between brightness and the logarithm of
chromophore removal [325].
159

The brightness of a material is dependent on both the light absorption and light scattering
coefficients, as shown in Equation 6-20, indicating that a change in the brightness does
not really reflect what has happened to the material. This is illustrated in Figure 39
where the Kubelka-Munk theory has been utilized to theoretically calculate the
absorption coefficient at three different levels of the scattering coefficient. Therefore,
increasing the light scattering coefficient causes an increase in brightness at the same
absorption coefficient. On the other hand, increasing the light absorption coefficient
typically involves increasing the concentration of chromophores in the material without
significantly impacting the scattering coefficient. As a result, the brightness decreases.
Another way to look at these results is that a pulp with 20% more scattering can also
contain a 20% higher chromophore concentration and exhibit the same brightness or
reflectance. For example, a thermomechanical pulp can have twice the chromophore
concentration as a kraft pulp having the same brightness since mechanical pulps often
have a much higher scattering coefficient than kraft pulps due to the presence of a large
amount of fines [325]. A number of studies have attempted to calculate the brightness
after the absorption coefficient at 457 nm wavelength was determined. For example,
Axelsson et al. [326] and Gustavsson et al. [77] used a constant scattering coefficient of
40 m2/kg while Sjöström [309] used a constant scattering coefficient of 35 m2/kg in their
studies with a series of unbleached and bleached kraft pulps. These estimates for the
scattering coefficient could lead to erroneous conclusions since the scattering coefficient
is affected slightly by different pulping and bleaching conditions.
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Figure 39. Theoretical relationship between brightness and k and s. It is possible
to increase the brightness of a material by lowering its light absorption and/or
increasing its light scattering [312].

6.8 The Color of Kraft Pulp

6.8.1 General Overview
Kraft color may be defined as the characteristic red-brown color of pulp obtained by
cooking wood with a liquor containing sodium hydroxide and sodium sulfide. This color
varies in intensity and shade according to the species of wood cooked and the degree of
cooking. It was not until 1933 that the first study was made on the chemical nature of the
coloring matter in kraft pulp. Prior to this time, many investigators had proposed various
theories to explain the nature of the kraft coloration. In 1921, Wells [327] suggested that
the difficulty in kraft bleaching is due to coloring matter present in the wood or produced
during digestion, which is very small in amount but high in intensity. Griffin [328]
suggested that the discoloration of pulps cooked by the alkaline process is caused by the
crude resinous soaps in the black liquor; in the washing process, these soaps may be
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hydrolyzed and fixed on the fiber as filmy resinous residues which discolor as a result of
oxidation.
The first experimental work on the coloring matter of kraft pulps was done by Kuettel [3]
who isolated small amounts of acid-insoluble colored materials from black liquors
produced by the kraft process from slash pine.

He believed these materials were

oxidation or condensation products of a tannin and that lignin, flavones, and sulfur dyes
have only a secondary effect on the overall color of kraft pulp.
Holzer [4] isolated colored material from pine kraft pulp and the black liquor; the
products from both sources seemed to be very similar. The coloring material, which was
extracted from the pulp, was believed to be identical with the product isolated by Kuettel
from black liquor, as evidenced by its absorption spectra and by the similarity of change
of color with change of pH. He also showed that the presence of sulfur darkens the color
of kraft pulp more than that of a comparable soda pulp.
Through the rest of the 1920s and 1930s the sources of kraft color were proposed
including tannins and phlobaphenes, along with the condensation products between
tannins and alkali-labile carbohydrates; sulfur dyes; lignin and its reaction products; and
carbohydrate degradation products. In 1941, Bard [5] investigated the color of kraft
pulps and found that a dark pulp could be obtained by digesting an α-cellulose pulp in
kraft black liquor. The resulting dark pulp was only slightly lighter in color than the
unbleached pulp from the same black liquor. He concluded that kraft color may be
produced by adsorption or absorption of colored material from the black liquor. By 1948
Pigman and Csellak [7] were among the first to conclude that lignin and its degradation
products are responsible for the bulk of the color found in kraft pulps. Pigman and
Csellak performed kraft cooks on holocellulose to determine if carbohydrates and their
degradation products played an important role in causing kraft color. The brightness of
the holocellulose decreased from 65.2% to 43.7%, but the color was not especially
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resistant to bleaching. Wood chips cooked under the same pulping conditions resulted in
a much darker pulp. Also, the authors argued that the light brown color obtained on
pulping holocellulose may be due to the small amount of residual lignin (0.5%)
remaining in the holocellulose. However, Pigman and Csellak agreed that there was a
possibility for the carbohydrate fraction in the holocellulose to undergo a reaction that
considerably decreases the brightness of the pulp [7].
Subsequent research has centered on identifying the individual chemical structures or
groupings of structures which are responsible for this color. Although some of these
structures may be incorporated into the lignin macromolecule during the original
lignification in the tree, many are known to result from various degradation and
condensation reactions the lignin participates in during the kraft pulping process.
Rothenberg et al. [329-335] used lignin model compounds in their research to find the
cause of color in kraft pulps.

They reacted syringyl alcohol under kraft cooking

conditions and found that colored quinone compounds were formed. In addition, they
subjected the syringyl alcohol to kraft cooking conditions in the presence of oxygen and
in the presence of nitrogen in separate experiments. Rothenberg et al. found that the
reaction product remained colorless in the absence of oxygen while the reaction product
obtained in the presence of oxygen had an intense brown color. They also found that
steric hindrance or shielding of the phenolic hydroxyl group has a profound effect on the
formation of color. In fact, shielding of the hydroxyl group with methyl groups tended to
prevent color formation in lignin model compounds. In addition, demethylation of lignin
model compounds resulted in the formation of catechol derivatives. Catechol structures
are readily oxidized under mild conditions with air to form ortho-quinones of various
reddish shades [329-335].
Falkehag et al. [141] noted that the presence of oxygen or the presence of carbohydrates
is not a prerequisite for the formation of chromophores during kraft pulping. They
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showed this by kraft cooking spruce milled wood lignin in a nitrogen atmosphere. The
cooked milled wood lignin gave a similar color and almost identical visible absorption
spectrum as a commercial dissolved kraft lignin. They suggested that quinone methides,
which are intermediates in kraft pulping, could act as oxidizing agents.
Janson and Palenius supported the claim by Gierer that lignin was responsible for the
formation of chromophoric systems during pulping [53, 336]. They said the redeposition
of lignin during kraft pulping mainly occurs at the end of the cook, when the alkalinity is
low. Lignin redeposition is preceded by the redeposition of dissolved xylan, and it is
likely that some of the deposited lignin is chemically bound to the xylan [161, 162].
Changing the cooking liquor to fresh white liquor during the cook can counteract the
redeposition of lignin. This was done by Mroz and Surewicz, resulting in a 6-8%
increase in brightness [159, 160, 337].
Cellulose in the form of cotton linters has at times been used in kraft pulping for the
uptake of different components in the cooking liquor, mainly xylan. Lignin is also taken
up to some extent, as becomes obvious from the appearance of the cotton during the
cook. The sorption of lignin is partly irreversible, and might to some extent be explained
as the “grafting” of lignin on to the polysaccharides. Experiments of pulp cooking in
alkaline catechol solutions seemed to indicate that phenolics or related groups formed in
the alkaline lignin degradation are instrumental in grafting lignin to polysaccharides
[337].
Janson and Palenius [164] observed that flow-through cooks resulted in a lower lignin
content than batch cooks, probably by reason of the high alkalinity at the end of the cook
and the low concentration of lignin in solution. The highest reflectance observed (R∞ in
blue light, λmax= 457 nm) was 66.4 and 43.3 for the flow-through and batch pulps cooked
to similar lignin contents, respectively. In addition, the batch pulps darkened as the cook
proceeded and did so particularly rapidly at the end of the cook. However, the flow-

164

through pulps reached a relatively low absorption coefficient for lignin and remained
constant throughout the cook.
Janson and Palenius [164] also showed that the lignin redeposited on the fibers at the end
of a batch cook is much darker than the residual lignin in the pulp at the same pulping
time. The specific absorption coefficients were found to differ by a factor of 4-5 times
between batch and flow-through pulps at the same lignin content. These researchers
argued that the redeposition of lignin may be attributable to the lignin concentration in
the solution being rather high at the same time as the hydroxide ion concentration is
considerably diminished, thereby reducing the solubility of lignin. Consequently, Janson
and Palenius proposed the redeposition might be essentially a process of physical
precipitation. In a flow-through cook, the hydroxide ion concentration does not diminish
and the lignin concentration in the solution is always low, since the dissolved lignin is
removed steadily. Thus, only minimal physical precipitation occurs in a flow-through
cook.
Hartler and Norrström [8, 18] investigated the light absorbing properties of pulp and
paper components. They recognized that lignins dissolved during the cook tend to
redeposit on the pulp, as reported by other investigators [159, 337].

Hartler and

Norrström also found that deposition occurs on holocellulose present during the cook.
This was shown by analyzing holocellulose cooked together with wood. In the early
stages of the cook, the highly modified holocellulose lignin rapidly goes into solution.
However, when holocellulose is cooked with wood chips, some of the dissolved lignin
becomes absorbed on the holocellulose as the chips become delignified and the dissolved
lignin content of the cooking liquor increases.

In fact, the lignin content of the

holocellulose increases throughout the cook; toward the end the increase is steeper [8,
18]. Nilsson and Norrström [9] found that the lignins in the spent liquor of a kraft cook
are darker than the lignin remaining in the pulp. These researchers found that treating
kraft lignins under kraft cooking conditions led to increased absorptivity in the ultraviolet
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and visible regions of the spectrum.

These results supported their hypothesis that

differences in the absorptivity between residual and dissolved kraft lignins are due to
reactions occurring in the cooking liquor.
In addition, Hartler and Norrström [8, 18] determined the contribution of the pulp
components to the overall color of kraft pulp. They accomplished this by determining the
specific absorption coefficient of each component and of the pulp as a whole. Since
holocellulose cooked with wood showed a large contribution from lignin in its specific
absorption coefficient, holocellulose was cooked under corresponding conditions in the
absence of wood as a model for the behavior of wood carbohydrates during kraft pulping.
The specific absorption coefficient of the pulp increased up to the maximum cooking
temperature, or around 70% yield.

After reaching a maximum at 63% yield, the

absorption coefficient decreases and is clearly dependent on the alkali charge. Overall,
the contribution from carbohydrates is low throughout the cook.

The absorption

coefficient of the lignin followed that obtained for the pulp. Hartler and Norrström
determined that different alkali charges produce no deviations in the relative
contributions of the components until below 70% yield. When the yield is less than 70%,
pulps produced with more alkali show a somewhat lower contribution from lignin. [8,
18].
In other work, Norrström [338] studied the ultraviolet and visible spectra of lignins from
pulp and spent liquor. He found that the visible spectra of lignin isolated from kraft pulp
and from spent liquor showed increased absorptivity with decreasing wavelength (Figure
40 and Figure 41). In addition, the most marked changes with delignification were noted
towards shorter wavelengths. All lignin samples showed a much higher absorption than
the wood lignin sample. Since all visible spectra showed a continuous increase in
absorptivity with decreasing wavelength, Norrström concluded that there must be heavy
overlapping of the visible and near UV bands [338].

166

Figure 40. Visible spectra of lignin from wood and from kraft pulps in successive
stages of the cook. Lignin from wood =A, lignin from kraft pulp at 6.9% lignin dissolved =B, at 15.9% =C and at 25.8% =D [338].
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Figure 41. Visible spectra of lignin from wood and from kraft spent liquor in
successive stages of the cook. Lignin from wood =A, lignin from spent liquor at
6.9% lignin dissolved =B, at 15.9% =C and at 25.8% =D [338].

In the ultraviolet region of the spectrum, the different lignins showed great similarities
between 200 and 250 nm (Figure 42 and Figure 43). Lignin from kraft pulp showed a
broader maximum at 280 nm than lignin from wood. This tendency was even more
marked in the lignin from spent liquor. In addition, lignin from kraft pulp showed a
systematic decrease in absorptivity at 280 nm as the delignification proceeded. In the
beginning of the cook, the dissolved lignin had a slightly higher absorptivity than residual
lignin from the pulp and the absorptivity increased with delignification. The absorptivity
of the shoulder at 360 nm in lignin from the spent liquor was about twice that of lignin
from wood or kraft pulp [338].
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Figure 42. Ultraviolet spectra of lignin from wood and from kraft pulps in
successive stages of the cook. Lignin from wood =D, lignin from kraft pulp at 6.9%
lignin dissolved =C, at 15.9% =B and at 25.8% =A. Note that the ordinates are
displaced to separate the curves [338].

Figure 43. Ultraviolet spectra of lignin from wood and from kraft spent liquor in
successive stages of the cook. Lignin from wood =D, lignin from kraft pulp at 6.9%
lignin dissolved =C, at 15.9% =B and at 25.8% =A. Note that the ordinates are
displaced to separate the curves [338].
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Norrström [8] continued his research into light absorption of pulp and pulp components.
He investigated how the pulp components contribute to light absorption of pulp and
which chromophores are responsible for this absorption. Like Janson and Palenius,
Norrström supported Gierer’s claim that new chromophores are developed during the
pulping process. Condensation reactions give diarylmethane structures. In addition,
catechol structures are formed by the cleavage of methyl aryl ether bonds.

These

catechol structures are not colored themselves, but form intensely colored complexes
with transition metal ions and are also easily oxidized to o-quinone structures [53, 336].
Norrström cooked holocellulose in the absence and presence of wood ships. In the
absence of wood chips the holocellulose contained zero percent lignin at the end of the
cook and had minimal visible absorption. Meanwhile, the holocellulose cooked in the
presence of wood had approximately 2% lignin. According to Norrström, most of the
lignin sorption occurred near the end of the cook [8].
Janson and coworkers [165] continued their research into the color of kraft pulp. They
investigated the influence of batch cooking conditions (time, alkalinity, and sulfide
content) upon the amount, color and solubility of the dissolved lignin. This research
involved a bleached pine kraft pulp in order to study the adsorption of kraft lignin on to
the fibers. Janson and Palenius found that the amount of lignin redeposited during batch
cooks increased with cooking time. In addition, the lignin deposition begins at a very
early stage and proceeds throughout the cook. Janson and Palenius also performed
experiments with alkali washing. These experiments indicated that about one half the
amount of redeposited lignin was extractable with 1 M NaOH solution, with the other
half apparently chemically bound to the fiber. They also found that lignin deposited on
the fiber had less color when it was absorbed from strongly alkaline liquors; an increase
in the amount of sulfide charged to the cook resulted in further darkening of the lignin.
Heating the precipitated lignin caused the lignin to become darker. In addition, the color
of the pulp increased at 557 nm as the sulfide charge increased. The details of the
absorbances at other wavelengths were not included in this study. Also, the favorable
brightness of flow-through pulps appeared only at a relatively low lignin content [165].
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A variety of process conditions impact the color of kraft pulp.

One of the first

investigations dealing with the practical aspects of the color of kraft pulp is that by
Migita and coworkers [339, 340]. They found that the amount of time at the maximum
cooking temperature as well as the amount of time taken to reach this maximum
temperature is critical in determining the color of unbleached kraft pulp; the shorter this
amount of time to reach the maximum color, the darker the color. Mroz and Surewicz
[341] found that feasible changes in the pulping process parameters do not significantly
impact the unbleached pulp brightness.

However, the parameters having the most

influence on brightness included the added active alkali followed by the maximum
cooking temperature.

Meanwhile, the cooking liquor sulfidity and the time at the

maximum cooking temperature had an insignificant effect on the unbleached pulp
brightness.

However, Norrström [10] found a slight decrease in unbleached pulp

brightness with elevated levels of sulfidity in the cooking liquor or by addition of
polysulfide. Hartler and Norrström [18] observed that the absorption coefficient of the
fiber increased rapidly up to the maximum cooking temperature and then decreased as the
amount of lignin in the pulp decreased. Meanwhile, the absorption coefficient of lignin
continued to increase throughout the cook, rising from 290 cm2/g in the initial wood to
around 5000 cm2/g at the end of the cook.
The alkali charge has also been found to significantly impact the pulp brightness, with a
higher residual alkali giving a brighter pulp at the same kappa number [10, 18, 77, 78,
164, 326, 342-352]. It has also been found that an increase in the maximum cooking
temperature decreases the absorption coefficient at low residual alkali concentrations [77,
326]. Sjöström [78] observed that an increase in ionic strength resulted in a darker
unbleached pulp, expressed as the absorption coefficient normalized by the kappa
number.

Differences in brightness have been attributed to lignin which has been

solubilized in the pulping liquor redepositing back onto internal and external surfaces of
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the pulp fiber when the alkalinity is low. Since this soluble lignin is darker than the
lignin remaining in the fiber [9], redeposition will lead to darkening of the fiber.
Al-Dajani and Gellerstedt [353] investigated the impact of variations in cooking
conditions in order to investigate the importance of the light absorption coefficient on
unbleached kraft pulp. From the results, these researchers concluded that the lower the
content of residual alkali as the pulping process proceeds, the higher the light absorption
coefficient of the resulting pulp. The maximum cooking temperature had little impact on
the unbleached brightness [345]. They also attributed a high light absorption coefficient
in the unbleached pulp to a high content of calcium ions in the fibers. Al-Dajani and
Gellerstedt proposed that the presence of calcium in the fibers leads to the precipitation of
dissolved lignin on to the fiber [353].
Pasco and Suckling [354] examined the effect of pulping conditions on chromophore
formation of cooked pine milled wood lignin. The results of this study showed that the
absorbance of the milled wood lignin at 400 nm increased almost 7-fold on kraft cooking
at 180°C, and almost 11-fold at 465 nm. In general, the absorbance of the cooked milled
wood lignin increased as the treatment temperature was raised. Meanwhile, the alkali
concentration had very little effect on the absorbance of the cooked milled wood lignin
under the conditions employed in this study.

The addition of sulfide reduced the

darkening observed at higher temperatures. Pasco and Suckling also investigated the
difference spectra of the cooked and uncooked milled wood lignin. This showed that
most of the darkening occurred on heating at 130°C, and that higher cooking
temperatures had little effect on the absorbance. Hence, the color arising from cooked
milled wood lignin was thought to arise from degradation of reactive substructures, rather
than from secondary reactions occurring at high temperatures.

Pasco and Suckling

proposed that the darker pulps produced during kraft cooking to a low residual alkali
concentration may be due not only to redeposition of the lignin from black liquor back
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onto the pulp, but also to greater darkening of the residual lignin under these conditions
[354].

6.8.2 Contribution from Wood
Wood is a fairly good absorber of light and is capable of interacting with a range of
wavelengths of electromagnetic radiation because of the wide range of chromophoric
groups associated with its basic components [355-357]. Van den Akker et al. [358]
demonstrated through experiments on cellulose and lignin that photochemical reactions
are primarily due to the chromophoric groups present in lignin. Nolan et al. [359, 360]
concluded that lignin is the primary contributor to photoyellowing of wood. These
researchers based this conclusion on the similarity in shape of the spectral sensitivity
curve of groundwood and the UV absorption curve of lignin.
Several researchers have investigated the brightness or absorption coefficient of spruce
through reflectance measurements on thin wood sections.

Gupta and Mutton [361]

proposed that the brightness of most wood species indicates that the lignin present in its
native form in wood must also have a relatively light color.

These researchers

investigated the color of wood and groundwood from spruce by measuring the optical
properties of thin wood shavings. In this work, thin samples of wood shavings were
obtained from fresh logs of black spruce using a carpenter’s plane. The optical properties
were determined using a black and a white background at 457 nm wavelength. Gupta
and Mutton found, after corrections because of non-uniformities in basis weight and the
distribution of color material in the wood shavings, that the approximate values for the
absorption and scattering coefficient of wood were 32 and 250 cm2/g, respectively.
Meanwhile, the corresponding absorption and scattering coefficients for spruce
groundwood were 55 and 650 cm2/g, respectively. The authors attributed the difference
between scattering coefficients of wood and groundwood to the large increase in surface
area which takes place during grinding. The difference in absorption coefficients was
attributed to heat, addition of metal ions from equipment, or oxidation of lignin and/or
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extractives during the grinding process [361]. The results from Norrström [362] indicate
that the range of absorption coefficient values for spruce is 30 to 60 cm2/g at 457 nm.
Wilcox [363-365] used a similar procedure to that of Gupta and Mutton [361] and found
that the light absorption coefficient of loblolly pine was approximately 45-50 cm2/g at
457 nm.
In another series of experiments, Norrström [366] showed that the polysaccharides and
dichloromethane extracted material have only a minor contribution to the light absorption
of spruce wood at 457 nm. Norrström concluded that the color of wood results primarily
from chromophoric structures present in lignin. Extractives have also been mentioned as
possible contributors to the color of wood. They usually have the ability to absorb light
in the 300 to 400 nm range of the spectrum [356, 357]. Although minor constituents, it
has been reported that extractives contribute to the natural yellowish to reddish-brown
color of wood [367, 368].
As suggested, the primary cause of color in wood is due to chromophores present in the
lignin macromolecule. However, lignin is rather difficult to study due to its complex
structure and the number of possible reaction sites.

In general, there are several

configurations in lignin responsible for light absorption including ring conjugated
carbonyls, aliphatic double bonds, quinones, quinone methides, free radicals, and
transition metal complexes with catechol structures.
It has been reported that of all the structural units identified so far which are present in
native lignin from spruce, only coniferaldehyde may explain the absorption of visible
light [31, 369]. Approximately 4% of C9 units in lignin are of the coniferaldehyde-type
[370] and 25% of these carry free phenolics hydroxyl groups [371, 372]. Pew and
Connors [373] observed that coniferaldehyde groups are major contributors to the color
of native lignin in wood.

Both carbonyl groups and α-β double bonds have been

implicated for causing the color in native lignin. Gellerstedt and Pettersson [374] have
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shown in model compound studies that conjugated double bonds are susceptible to
photooxidation reactions. Meanwhile, Lin and Kringstad [375-377] have found that the
photo-induced degradation and discoloration of lignin are mainly initiated by the
absorption of light by α-carbonyl groups.
Quinones and quinone methide structures are also mentioned as possible contributors to
the color of native wood lignin. Imsgard et al. [19] have shown in studies with spruce
milled wood lignin that ortho-quinonoid structures are present in small amounts and that
these structures could account for as much as 35-60% of the light absorption at 457 nm.
Agarwal and Landucci [378] recently provided direct evidence for the presence of pquinone structures in wood, mechanical pulp, and milled wood lignin. These researchers
used Fourier Transform (FT) Raman spectroscopy to show a direct correlation between
the bleaching related brightness increase and the decrease in p-quinone Raman intensity.
In addition, Agarwal proposed a mechanism for the formation of p-quinones, which
indicates that these groups are produced as a result of direct photooxidation of
hydroquinones – the groups that are present in wood, mechanical pulp, and milled wood
lignin [379]. Meanwhile, Harkin suggested that lignin may contain 3 stable quinone
methide structures per 100 C9 units [380]. Heitner and co-workers [381] observed that
heating of wood in 0.25 mol/L sodium hydroxide at temperatures up to 150°C led to the
formation of two chromophores absorbing in the visible region of the spectrum. The
precursor to one of these chromophores contained a carbonyl, or was conjugated to a
carbonyl, since pretreatment with borohydride reduced the darkening on alkali cooking.
Quinones or coniferaldehyde were not considered to be precursors, as pretreatment of the
wood with hydrosulfide had little impact on the alkali darkening [381].

These

researchers also found that air has a significant effect on the absorption properties of
wood treated with alkali. Bolker et al. [382] removed the air from the alkali-treated
samples and found significant decreases in the absorption coefficient from 460 nm to 640
nm. Quinone methides are known to have a high molar extinction coefficient in the blue
region of the spectrum [19].
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Phenoxy radicals may also contribute to the visible absorption of lignin since they exhibit
absorption in the 500-600 nm range of the electromagnetic spectrum. However, the
existence of intrinsic free radicals in wood is not well established. Rex [383] and Ranby

et al. [384] found that free radicals do not exist in native lignin. In addition, Hon [385,
386] found no evidence for the existence of intrinsic free radicals in green wood from
loblolly pine. Hon suggested that the intrinsic free radicals may well be an artifact
created during mechanical preparations as well as from exposure to electromagnetic
radiation.
There is some evidence that transition metal ions are responsible for some of the color in
native wood lignin. Metals are necessary for metabolism in all plant materials. Oxygen
atoms or carbon-carbon double bonds that occur in the lignin macromolecule are suitable
donors that can form ligand-type bonds with transition metals like iron or manganese.
These resulting complexes are capable of absorbing long wavelength radiation.
Minor and Smith [387] performed a series of wood pretreatments to better understand the
formation and nature of chromophores in kraft pulps.

They found that a sodium

borohydride reduction of wood wafers significantly reduced the early formation of
chromophores in alkali treatment of wood. As the borohydride treated wood was pulped,
Minor and Smith observed a generation of new chromophores, but these formed at a
slower rate than they did in untreated wood. In addition, the chromophores from the
pulps produced from borohydride pretreated wood did not exhibit any maxima in the
visible range. Using Fourier Transform (FT) Raman spectroscopy, these researchers
observed new peaks in untreated spruce wood wafers at 1559 and 1632 cm-1. They
assigned the peak at 1559 cm-1 to ortho-quinones or products of ortho-quinones and the
band at 1632 cm-1 to stilbene-type products, based on previous model compound work
[388].

The new peaks observed in the FT Raman spectra of kraft pulp were also
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generated from wafers pretreated with sodium borohydride. These new peaks were at the
same position as in the control, but in much lower concentration [387].

6.8.3 Role of Extractives
Several studies have indicated that extractives have a vital role in the overall color of
wood and pulp. Hillis [389] studied the contribution of polyphenolic wood extractives to
pulp color. Polyphenols are present in all types of wood. However, their composition
and reactivity during pulping vary, depending on the tree species. The presence of a
large amount of phenolic extractives in wood has the effect of lowering the pulp yield,
consuming alkali during alkaline pulping processes, and adversely affecting chemical
recovery. Bowman and Nelson [390] found that the brightness values of kraft pulps
prepared from seven different eucalypt species were related to the extractives content.
They found that the removal of extractives before pulping resulted in improved
brightness. Although wood of a higher extractives content tended to yield pulps with
lower brightness, the results suggested that the composition of the polymerized tannins in
a species is also a significant factor.
Hillis [389, 391, 392] reacted different polyphenols with eucalyptus milled wood lignin
and kraft pulping liquors under different conditions. The results of this study indicated
that the alkali-soluble extractives are carried into the cell wall during the early stages of
delignification and pulping. In addition, Hillis found that the reaction of eucalyptus
polyphenolic extractives with alkaline pulping liquor yields much more color than the
reaction of lignin with alkaline pulping liquor. Eucalypt extractives darken in alkali
partly due to oxidative reactions that may involve quinine formation, ring opening, and
polymerization of reactive structures. However, the higher the alkalinity of the pulping
liquor, the lower the intensity of the color of the extractives. Hillis also found that the
presence of air increased the color intensity of the reaction mixture [389, 391, 392].
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Nelson et al. [393] also investigated the impact of extractives on kraft pulping of
eucalyptus. These researchers found that removing the hot water-soluble extractives
prior to pulping resulted in a savings of cooking chemicals and in a better unbleached
color and brightness. However, this removal of extractives made little difference on
subsequent bleaching. In addition, when compared at the same yield based on untreated
wood, pulps from both the unextracted and extracted wood had approximately the same
kappa number.

6.8.4 Role of Carbohydrates
While the chromophores in kraft pulp are generally considered to be formed by the
degradation of lignin during the pulping process, carbohydrate degradation products have
also been suggested to contribute to the color of kraft pulps and spent liquors. Graef
reported as early as 1939 that kraft cooking of cotton linters in the presence of glucose
gave a brown fiber, suggesting that degradation products from alkaline digestion of
sugars gave colors similar to those of unbleached kraft pulps and that they may be
responsible for the color of kraft pulp [394]. Hartler and Norrström [8, 18] compared the
absorbance of kraft pulps at 457 nm to the absorbance of kraft-cooked holocellulose and
concluded that, in the chemical pulp range, lignin contributed 90% and carbohydrates
10% to the absorbance of the pulp.
More recently, Forsskahl et al. [17] and Theander [395] studied the formation of aromatic
structures from carbohydrates in alkaline conditions.

Among the compounds these

researchers isolated were catechol structures. Catechol structures can either form colored
complexes with transition metals or be oxidized to form highly colored benzoquinone
structures. Forsskahl et al. and Theander proposed that catechol structures are likely to
be formed in peeling reactions from the reducing end groups of polysaccharides during
kraft pulping. Furthermore, these researchers argued that since even small amounts of
some chromophoric compounds can give an intense color, it is not necessary they
contribute to the weight of the so-called residual lignin in kraft pulps. Thus, sugar
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degradation products formed under kraft pulping conditions could be intermediates in
color formation.
Ziobro [11] reported that acidification of the liquor from kraft cooking of glucose gave a
dark precipitate which showed similar spectral properties to the material isolated from
kraft cooking of wood. Ziobro subjected simple sugars to kraft pulping conditions and
found that a mixture of high molecular weight colored materials can be produced and that
these polymers contain aromatic residues. In a later study [12], he found that kraft
cooked glucose was the most intensely colored material, having a high absorptivity at 280
nm and 254 nm. Ziobro proposed that if the chromophores of kraft black liquor are
lignin related, then CE bleaching should decrease the absorptivities at all the measured
wavelengths. However, this study showed that the absorptivity at 465 nm, which is well
into the visible range of wavelengths and where the tails of most chromophore spectra
occur, remained constant. On this basis, Ziobro rejected the idea that the chromophores
responsible for kraft color are lignin-related.

Furthermore, he proposed that the

termination of kraft peeling reactions could result in terminal keto-enols and that these
enols are responsible for kraft color. Figure 44 shows some examples of the family of
chromophores proposed by Ziobro.

He concluded that carbohydrate degradation

products produced by kraft cooking of sugars were primarily responsible for kraft color
[12, 396].
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Figure 44. Some proposed chromophoric structures
carbohydrates along with their absorbance maxima [12].

originating

from

Chirat et al. and Mateo et al. [13, 397] also investigated the role of carbohydrates as
potential chromophores in kraft pulp. They carried out different cooking treatments on a
fully bleached pine kraft pulp. The results of this study indicated that alkaline cooking of
the pine bleached kraft pulp led to a loss of several brightness units, with a portion of the
brightness loss being attributed to only heating the sample to kraft cooking conditions. In
addition, a viscose pulp containing almost no hemicellulose, gave a lower brightness
when subjected to kraft cooking conditions, indicating that chromophores could be
formed from cellulose. These researchers found that adding lignin or wood chips to the
cook led to a much greater loss in brightness, although the kappa number had minimal
increases. Thus, Chirat et al. concluded that other chromophores, originating from the
lignin, may have been formed and fixed on the pulp. They also concluded that cooking
of bleached pulps leads to the creation of chromophores, as indicated by the loss of
brightness [13, 397].
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Chirat et al. [13, 397] also used sodium borohydride as a reducing agent for the fully
bleached kraft pulp and the same pulp subjected to kraft pulping conditions. They were
able to increase the brightness of both the uncooked and bleached kraft cooked pulps, but
the cooked pulp was unable to reach its starting brightness. Therefore, these researchers
argued that some chromophores in bleached kraft pulp do not contain carbonyls. Overall,
Chirat et al. concluded that carbohydrates from a kraft cook could lead to the formation
of chromophores during alkaline pulping.

In an effort to further investigate these

chromophores, Chirat et al. employed electron paramagnetic resonance (EPR) or electron
spin resonance (ESR) spectroscopy to analyze the nature of the remaining chromophores
in kraft pulp. EPR spectroscopy is often used to detect the presence of radicals in
solution or a substrate. These researchers analyzed pure cellulose by means of EPR
spectroscopy and found that no signal was detected. However, an intense peak appeared
in the fully bleached kraft pulp subjected to kraft pulping conditions and after the pure
cellulose was subjected to an alkaline treatment. Also, the form of the alkali-treated
cellulose was similar to the one obtained for cooked bleached pulp. The presence of
these radicals suggests that cellulose may contribute to the formation of chromophores
during kraft pulping [13, 397].
Cardona-Barrau et al. [398] utilized electron spin resonance (ESR) spectroscopy to
investigate several pulp components with regard to carbohydrate radicals. They found
that Whatman cellulose powder contained no detectable signal, owing to the non-radical
nature of pure cellulose. However, as was seen by Chirat et al. and Mateo et al. [13,
397], alkaline cooking of the pure cellulose led to a signal exhibiting two shoulders,
attributed to coupling between the radical center (R•) and neighboring protons. Alkaline
treatment of a fully bleached kraft pulp resulted in a decreased brightness and a
detectable signal similar to that observed after alkaline treatment of pure cellulose. These
researchers attributed the formation of these radicals to a degradation mechanism which
led to a viscosity decrease and some color development [398].
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Suckling and Pasco [14, 399] tried to determine the contribution of carbohydrate-derived
material to the absorbance of kraft lignin. To do this, they performed kraft cooks on
wood and wood-derived components and then isolated the pulping liquors through
acidification. These materials were then compared in terms of their absorption spectra,
the amount produced and how their absorption spectra responded to a number of
treatments. Figure 45 compares the absorption spectra of a sample of spent liquor from
kraft pulping of radiata pine (Pinus radiata) chips to kappa number 37.1 to that of the
same liquor after acidification to pH 2 and removal of the precipitate. This showed that
almost all the absorbance in the spent liquor was associated with the acid-insoluble
material. For example, at 400 nm, greater than 99% of the absorbance was removed from
the liquor on acidification, along with 95% of the absorbance at 280 nm. The absorption
spectrum of the kraft lignin was very similar to that of the original black liquor when
redissolved in the solvent mixture at the same concentration it was present at in the parent
spent liquor. Suckling and Pasco attributed the discrepancy of the spent liquor and that of
the kraft lignin plus the filtrate to losses during isolation and/or impurities in kraft lignin
[14, 399].
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Figure 45. Comparison of absorption spectra of kraft black liquor, filtrate formed
on acidification of this material to pH 2 and the resulting precipitated kraft lignin
(KL), corrected for the volumes of acid and water added during acidification.
Solvent was a 1:1 methoxyethanol:pH 6.5 phosphate buffer [14, 399].

Figure 46 compares the absorption spectra of the acid-insoluble materials produced from
kraft cooking of wood and isolated wood components at equal concentrations (0.05
mg/L) in 1:1 methoxymethanol:water. This showed that kraft cooked glucose (KG)
absorbed more strongly in the visible region of the spectrum than kraft lignin (KL) or
kraft cooked milled-wood lignin (KMWL). The similarity of the absorption spectrum of
kraft lignin and kraft milled-wood lignin and the higher absorbance of the spectrum of
kraft glucose in the visible region suggests that the color of kraft lignin is mainly ligninderived. Addition of glycine during kraft cooking of glucose (KGGI) had no significant
effect on either the amount of acid-insoluble material produced or on its absorption
spectrum.

These results suggested that Malliard-type reactions do not contribute

significantly to the color of kraft black liquors. On this basis, however, Suckling and
Pasco did not rule out a small contribution from carbohydrate-derived materials [14,
399].
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Figure 46. Absorption spectra of the acid-insoluble material from kraft cooking of
wood and wood components. KL is kraft lignin; KMWL is kraft cooked milled
wood lignin; KG is kraft cooked glucose; KGGI is kraft cooked glucose + glycine;
and KH is kraft cooked holocellulose [14, 399].

Figure 47. Effect of reduction with NaBH4 on the absorption spectra. KL is kraft
lignin; KMWL is kraft cooked milled wood lignin; KG is kraft cooked glucose;
KGGI is kraft cooked glucose + glycine; and KH is kraft cooked holocellulose [14,
399].
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Suckling and Pasco [14, 399] also tested the effects of sodium borohydride on the
absorption spectra of kraft lignin, kraft milled-wood lignin and kraft glucose. Figure 47
shows that KMWL responded similarly to kraft lignin on reduction with borohydride,
whereas KG behaved significantly differently, consistent with KL being mainly ligninderived. Figure 48 compares the amount of color produced at 400 nm during kraft
cooking of isolated wood components to that produced during kraft cooking of wood.
The KGGI is kraft cooked glucose with glycine (an amino acid) while KH is kraft cooked
holocellulose. These values were determined from the product of the mass proportions of
the various pulping runs and the absorbances of the corresponding precipitates at 400 nm.
This suggests that degraded carbohydrates could potentially contribute a small extent to
the color of kraft lignin at 400 nm, but that most of the color is lignin-derived. The
amount of color produced on kraft cooking of holocellulose probably gives a better
indication as to the levels of carbohydrate-derived color produced than kraft cooking of
glucose, as holocellulose is much more similar to the carbohydrates actually present in
the pulp. Even then, the holocellulose cook may overestimate the carbohydrate-derived
color, as the holocellulose still contained a small amount of lignin, and the color could
originate from this material [14, 399].
The comparisons between the absorption spectra of the kraft lignin and precipitates
derived from the kraft cooking of wood components, plus the results of the various
chemical treatments on these materials, were all consistent with chromophores in the
kraft lignin being mainly, or totally, lignin-derived [14, 399]. Overall, Suckling and
Pasco concluded that while dark colored material can be produced on kraft cooking of
sugars, there was no evidence to indicate that such material contributed significantly to
the color of kraft pulping liquor.
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Figure 48. Relative amount of color produced at 400 nm during kraft pulping of
radiata pine wood and isolated wood components. KL is kraft lignin; KMWL is
kraft cooked milled wood lignin; KG is kraft cooked glucose; KGGI is kraft cooked
glucose + glycine; and KH is kraft cooked holocellulose [14, 399].

6.8.5 Role of Lignin
Lignin contains a number of unsaturated functional groups that absorb light in the
ultraviolet portion of the spectrum. These groups include carbonyl, aromatic rings and
carbon-carbon double bonds. When the unsaturated functional groups are conjugated
with other unsaturated structures, the absorption bands may shift into the visible region of
the spectrum [20, 289, 400-402]. Substituent effects and the local chemical environment
may influence the absorption maximum.

Simple prototypes for the chromophoric

structures in kraft pulp and lignin are given in Figure 49. Structures referred to as
leucochromophores are potential chromophores that can be converted into chromophores
upon oxidation [29, 400]. A number of structures have been identified as sources of
color in kraft pulp and lignin. These structures include: transition metal complexes,
unsaturated conjugated systems, quinones, charge transfer complexes, and quinone
methides.
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Chromophoric structures:

coniferaldehyde

p–quinone

o-quinone

(~340 nm)

(420–460 nm)

(500–580 nm)

p–quinone
methide
(~310 nm)

o–quinone
methide
(~400 nm)

p,p'–stilbene
quinone
(~478 nm)

Leucochromophoric structures:

hydroquinone

catechol

p–hydroxy
benzyl alcohol

diphenylmethane

dihydroxystilbene
(330 nm)

Figure 49. Lignin derived chromophoric and leucochromophoric structures and
their associated absorbances [400].

6.8.5.1 Color of charge transfer complexes
Charge transfer complexes are molecular complexes formed by the weak interaction
between electron donors and electron acceptors. An electron donor may be defined as a
molecule possessing a relatively high-localized electron density. Conversely, an electron
acceptor is relatively deficient in electrons. Charge transfer complexes are also termed
electron donor-acceptor complexes [24-26, 149, 150].
Charge transfer complexes exist in two states: a ground state and an excited state. In the
ground state, the two molecules composing the complex undergo the normal physical
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forces expected between two molecules which are in close proximity to each other.
These forces include London dispersion forces and any electrostatic interactions, such as
those between dipole moments. In addition to these normal forces, a small amount of
charge is transferred from the donor to the acceptor. This contributes some additional
binding energy to the complex [24-26, 149, 150].
The excited state of the complex occurs when the ground state complex absorbs a photon
of light having the appropriate frequency. In the excited state, the electron which had
only been slightly shifted toward the acceptor in the ground state is almost totally
transferred. Depending on the structural features of both the donor and the acceptor, the
wavelength of light absorbed may be in the visible range of the electromagnetic
spectrum. In many cases, charge transfer complexes (CTCs) are colored substances [2426, 149, 150].
Complexes involving π-donors with π-acceptors appear to present the most obvious
candidates for charge transfer complexes in kraft lignin.

Both π-donating and π-

accepting structures are present in kraft lignin. Good examples of these structures are
phenols and quinones, respectively. Thus, quinones may actually play a dual role in kraft
pulp; they are colored substances by themselves, but additional color may be created by
their participation as acceptor moieties in charge transfer complexes [403, 404].
CTCs can exist as intermolecular complexes, where the interaction takes place between
two molecules, or as intramolecular complexes, where both the donor and acceptor
moieties are contained within the molecule. For charge transfer interactions to occur, the
donor and acceptor components must be close enough for their differences in electron
density to be felt. For unrestrained complexes, distances between the components of 3.04.0 Å, or slightly less than the Van der Waal’s distances, are common [403, 404].
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The occurrence of a charge transfer interaction usually requires some amount of overlap
between the molecular orbitals of the donor and the acceptor. Normally, the interaction is
between the highest occupied molecular orbital (HOMO) of the donor with the lowest
unoccupied molecular orbital (LUMO) of the acceptor.

This overlap principle is

certainly true for intermolecular complexes. However, for intramolecular complexes,
examples are also known of indirect, through-bond interactions, besides the direct,
through-space interactions [24-26, 149, 150].
The amount of overlap between the donor and the acceptor plays a critical role in the
magnitude of the charge-transfer interaction observed. Constraints resulting from steric
hindrances are major factors in this regard. For example, methyl groups may cause steric
hindrances. For highly substituted molecules, steric hindrance may well prevent the close
approach necessary in order for charge transfer complexes to take place [24-26, 149,
150].
Electronic absorption spectra or ultraviolet-visible spectroscopy is widely used for the
study of charge transfer complexes, since charge-transfer interactions involve the transfer
of an electron to an excited state. In general, the spectrum of a charge transfer complex
retains the individual absorption bands of its donor and acceptor components, possibly in
a somewhat modified form. In addition, however, there are one or more absorption bands
due to the complex as a whole. In cases where more than one charge transfer band is
present, the multiplicity may be caused by electron donation from more than one energy
level in the donor, from acceptance at more than one energy level in the acceptor, from
differences in interaction energies or from combinations of all of these [405].
Charge transfer absorptions are usually intense, broad and featureless.

Molar

absorptivities may be as high as 50,000 but as low as 500 or less. Charge transfer bands
are frequently asymmetrical, being broader on the low wavelength side. For complexes
having multiple charge-transfer bands, the individual charge-transfer bands may overlap,
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making the spectrum appear as a single band with a large half-width. Sometimes the
charge-transfer band may be hidden or obscured by the absorption bands of the individual
donors and acceptors [406].
Furman and Lonsky [24-26, 149, 150] performed a detailed investigation of charge
transfer complexes in kraft lignin. They used sodium borohydride, NaBH4, to reduce the
carbonyl groups in the kraft lignin. This resulted in a decreased absorption in the visible
region, as shown in Figure 50. The decrease in visible absorbance was attributed to the
removal of quinone and charge transfer complex chromophores. However, only 33% of
the absorbance decrease could be accounted for by quinones. The remaining 67% of the
decrease was assigned to the disruption of charge transfer complexes.

Figure 50. Visible absorption spectra for original and NaBH4 reduced kraft
lignins; concentration, 7.6 mg/25 mL 2-methoxyethanol [24-26, 149, 150].
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Furman and Lonsky [24-26, 149, 150] also found that when a kraft lignin was amended
with quinone model compounds, a charge transfer absorption band was observed.
Acetylation of kraft lignin reduced the charge transfer complex absorption band.
Acetylation derivatizes both phenolic (donor) and ortho-quinone (acceptor) structures
and thus reduces only the charge transfer band while sodium borohydride treatment
reduces carbonyl (quinone) structures.

The spectra resulting from the sodium

borohydride reduction of the lignin, which removed lignin and therefore also CTCs, was
used to calculate the total absorbance due to both the quinones and CTCs. The difference
spectrum resulting from the subtraction of a NaBH4 reduced lignin from the original kraft
lignin appears in Figure 51. Sodium borohydride reduction of the kraft lignin resulted in
a 40% reduction of the visible region absorption. Furman and Lonsky attributed twothirds of this absorption decrease to removal of charge transfer complexes. They also
estimated that if every quinone is assumed to be participating in a CTC, the molar
absorptivity of the complex should be 1163 liters/mol-cm.

This assumption seems

reasonable, considering the relatively low quinone and high phenol concentrations in the
original kraft lignin [24-26, 149, 150].
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Figure 51. Original kraft lignin minus sodium borohydride reduced kraft lignin; 2methoxyethanol as solvent [24-26, 149, 150].

More recently, Barsberg et al. [407] provided evidence for the formation of charge
transfer states in pulp. They treated filter paper and thermomechanical (TMP) pulp fibers
with an aqueous solution of p-benzoquinone. The UV-vis remission function relative to
the control samples indicated that the quinone causes two main absorption bands: a highenergy band with an onset ~400nm and a broad, structureless, lower energy band with a
maximum absorption ~500nm, but with an onset located at much smaller energy. The
intensity of these bands increased with increasing amounts of adsorbed quinone.
However, Barsberg et al. also observed a relatively higher increase of the high-energy
band with increasing adsorbed quinone. The low energy band did not, however, have any
corresponding transition of the quinone in solution, or on filter paper, to which it could be
assigned. The authors attributed this band to electronic interactions with other molecular
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substructures in the fibers. Thus, these results showed the formation of low-energy
lignin-quinone charge transfer states in pulp [407].

6.8.5.2 Color of extended conjugated systems
Kraft pulp and lignin contains various unsaturated functional groups, including carbonyls
and carbon-carbon double bonds. Individually, these functional groups absorb light in
the ultraviolet portion of the spectrum. Absorption bands appearing between 300 and 350
nm are typical for lignin model compounds containing carbonyls or carbon-carbon
double bonds [408]. Based on model compounds, the shoulder appearing at 340 nm in
the kraft lignin spectrum has been attributed to stilbene structures. While these individual
structures do not contribute to the visible absorbance of kraft lignin, conjugation with
other unsaturated structures could lead to an extension of the absorption bands into the
visible region of the spectrum [141].
Both o,p’- and p,p’-dihydroxystilbene structures have been shown to form from model
compounds under kraft pulping conditions. The p,p’-dihydroxystilbenes have also been
isolated from kraft cooking liquors. In addition, o,p’-dihydroxystilbene structures are
formed from phenyl coumaran-type structures via quinone methide intermediates as
shown in Figure 52. Figure 53 similarly shows the formation of o,p’-dihydroxystilbenes
from 1,2-diarylpropane-1,3-diol structures.
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Figure 52. Formation of o,p’-dihydroxystilbenes.
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Figure 53. Formation of p,p’-dihydroxystilbenes.

The dihydroxystilbenes absorb only in the UV portion of the spectrum, but they are
readily oxidized to red-colored stilbenequinones upon standing in air [21]. Various metal
ions including Fe3+ and Cu2+ catalyze this reaction. Quinone methides, which are known
oxidizing agents, could perform this oxidation in kraft pulping liquors.
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Diarylmethane structures are known to be formed by the phenol-formaldehyde reaction,
as shown in Figure 11 [409]. Formation of diarylmethane structures has been reported
from the alkaline treatment of guaiacylglycerol-β-aryl ether model compounds [410].
Also, vanillyl alcohol has been reported to undergo condensation via a quinone methide
intermediate to give diarylmethane structures [411, 412]. Diarylmethane structures have
been shown to undergo air oxidation to give chromophoric extended quinone methide
structures stable to borohydride reduction [410-412]. Zawadzki and Ragauskas [413]
reported a substantial increase in diarylmethane structures upon treating kraft pulp with
oxygen/alkali.
Yamasaki et al. [80] employed ionization difference ultraviolet spectroscopy to quantify
the stilbene structures in residual and dissolved kraft lignins. Stilbene structures are
mainly responsible for the absorption maximum at 377 nm. Yamasaki et al. estimated
that dissolved kraft lignin contained 6-7 stilbene structures per 100 C9 units while
residual lignin contained approximately 3 per 100 C9 units. The amount of p,o’-stilbenes
in kraft lignin has been estimated at between 7-8 per 100 C9 units [140, 141].
Meanwhile, the p,p’-stilbenes may be formed from β-1 structures [141] and eventually
also in condensation and subsequent aryl participation reactions of β-aryl ethers [54, 55]
under kraft pulping conditions. Similarly, the specific amount of p,p’-dihydroxystilbene
structures was estimated to be 5 per 1000 C9 units [141]. Finally, there is the possibility
of two or more chromophores joined together by conjugation to form extended
conjugated systems. Such extended systems are also expected to have absorptions in the
visible region of the spectrum.
Pasco and Suckling [354] examined the contribution of extended conjugated systems to
the color of lignin. They used spectral simulations and ionization difference spectra to
determine that increases in the levels of simple phenolics stilbenes and α-carbonyls could
explain much of the increase in the near ultraviolet region of the spectrum on kraft
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cooking of milled wood lignin. They compared the absorbance of milled wood lignin
cooked under kraft conditions to that cooked under soda conditions. The results of this
study showed that the higher absorbance of the kraft cooks in the ultraviolet region was
primarily due to the presence of higher levels of stilbenes.
Furman and Lonsky [24-26, 149, 150] examined the color contribution from extended
chromophores by hydrogenating their connecting carbon-carbon double bonds, thereby
interrupting the conjugation in these systems. The hydrogenation was carried out with
diimide in order to avoid catalyst poisoning, steric restrictions involved with the approach
to the catalyst surface, and nonspecificity of reductions. Figure 54 shows the mechanism
of diimide hydrogenation. A large decrease in the lignin’s UV absorbance was observed,
but no decrease in the lignin’s visible absorbance was detected. The maximum decrease
in absorbance occurred at about 340 nm. Thus, Furman and Lonsky concluded that
extended conjugated systems do not contribute to the visible absorption spectrum of the
laboratory kraft lignin [24-26, 149, 150].
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Figure 54. Mechanism of diimide hydrogenation [149].

Quinone methides are important intermediates, both during lignin biosynthesis and in
pulping reactions. They may play a role in contributing to the color of kraft pulp in one
of two ways. First, the role of quinone methides as possible oxidizing agents for other
precursors (catechols and dihydroxystilbenes) has already been mentioned. Secondly,
Harkin [380] pointed out that resonance stabilized quinone methides that could result
from the dehydrogenation of dihydroxy-diphenylmethane structures are yellow colored
chromophores in their own right and could be responsible for some of the color in kraft
lignin.
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6.8.5.3 Color of transition metal complexes
The content of non-process elements in wood material used for pulping varies with
species, locality, soil composition, age, and the bark and sand content in wood chips.
Although there are great variations, wood chips are normally the main source for most
non-process elements in a kraft pulp mill [414]. Various transition metals are found in
kraft pulp, calcium usually being the most abundant. The metals may be present in the
original wood source or may become associated with the lignin from contact with various
process waters or machinery. Metal ions in wood exist in three different forms: one
involves exchangeable ions bound to carboxylic acid groups in hemicellulose, pectin,
lignin, and extractives. Transition metals can also be attached to lignin and extractives by
complex formation. Finally, metals may exist in wood as metal salts with low solubilities
[415]. Transition metals are able to form complexes with certain structures in the lignin
molecule, most notably phenols and catechols. These complexes should be considered as
potentially important contributors to the color of kraft lignin and pulp, since they absorb
light in the visible region of the electromagnetic spectrum.
Table 6 compares typical values of stability constants for a typical alkaline earth metal
cation (calcium) and a typical transition metal cation (manganese) with each of these
types of binding sites on water-soluble organic matter. Phenolic hydroxyl groups (ArOH) bind several orders of magnitude more strongly than aliphatic hydroxyl groups (ROH) or carboxylic acid groups of either type (Ar-COOH or R-COOH). The phenolic
hydroxyl groups are the dominant binding sites in brownstock washers and bleach plant
effluents where lignin degradation products are prevalent.
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Table 6.
Typical first stability constants at 25oC for divalent calcium and
manganese cations [416].
Stability Constantsa with

Functional Group

Ca2+

Mn2+

Ar-OH

~104

~108

Ar-COOH

~102

~103

R-OH

~101

~101

R-COOH

~101

~101

a

KM,1 = [ML+]/([M2+][L-])

Brelid et al. [417] investigated the removal and redistribution of metal ions in spruce
wood chips during kraft pulping. These researchers found that during kraft pulping,
calcium is precipitated as calcium carbonate when the temperature approaches the
cooking temperature. Brelid et al. proposed that a part of the precipitation occurs in the
wood chips.

Their results showed that calcium is not removed during washing or

bleaching, implying that calcium is strongly attached to the fiber, perhaps as precipitates
in the fiber wall. Manganese, however, is extracted from the pulp fibers by dissolved
lignin or other organic compounds released during pulping, washing, and bleaching.
Further studies examined the transfer of calcium and manganese ions from cooking liquor
to wood chips during pulping. In this study, untreated and acid pretreated wood chips
were cooked under kraft pulping conditions. The acid pretreatment removed most of the
calcium and manganese from the wood chips. The pulp produced from these wood chips
had a much lower concentration of calcium and manganese than the pulp obtained from
untreated wood chips. From this, Brelid et al. concluded that calcium and manganese in
the cooking liquor do not end up as strongly attached metal ions in the pulp [417].
Metal-lignin complexes have been studied by the use of model compounds. Polcin and
Rapson [418] determined the absorption spectra of various metal ions with catechols and
flavone-type structures. From these spectra, they were able to conclude iron complexes
gave longer wavelength absorptions than other metal complexes such as manganese,
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copper, and aluminum complexes. Furthermore, ferric ions (Fe3+) were found to be the
most effective in color formation, whereas ferrous ions (Fe2+) had little or no effect on
color. Imsgard et al. [19] and Marton et al. [419] determined the absorption spectra of
various lignin model catechols and phenols with ferric ions. In general, these spectra
showed the complexes had absorption maxima between 550 and 590 nm, with molar
absorptivities ranging up to 2000 liters/mol-cm.
Several researchers have complexed ferric ions with kraft lignin and observed subsequent
increases in its absorption spectrum, centered at 560 nm. The magnitude of this increase,
together with the known molar absorptivities of model catechol complexes were then
used to estimate the catechol content of lignin. According to these calculations, kraft
lignin contains 6-7 catechol structures per 100 C6C3 units [19, 141]. However, the
residual lignin actually contains only trace amounts of catechol structures [60].
Another approach has been to remove metal ions from kraft lignin using chelating agents
and then to examine the resulting absorption spectra for the decreases in absorbance.
Meshitsuka and Nakano [420] found iron was the only significant metal present in kraft
lignin with respect to a contribution toward its color.

Removal of the iron by

ethylenediamine tetraacetic acid (EDTA) chelation resulted in a decrease in absorption of
the kraft lignin spectrum centered around 500 nm. The percentage decrease in the
absorbance of the lignin was found to be about 5% at 450 nm, approximately 15% at 500
nm, and reached a maximum of about 20% at 700 nm.
The iron content of the kraft lignin used by Furman and Lonsky [24-26, 149, 150] was
37.67±12 ppm. Chromium, nickel, and copper were present in amounts less than 10 ppm
while cobalt was approximately 0.5 ppm. The contribution of the metal complexes to the
visible absorption spectrum was investigated by removal of these metals. This was
accomplished by chelating with EDTA, followed by the extraction of metal chelates from
the lignin via electrodialysis. The iron content of this chelated lignin was 9.33 ppm.
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Figure 55 demonstrates that the metal removal did not produce a detectable drop in
absorbance and in fact may have caused a slight increase in absorbance toward shorter
wavelengths. This increase may have been caused by the reoxidation of some of the
reduced quinones during the electrodialysis procedure.

Furman and Lonsky also

investigated an industrial kraft lignin (Indulin AT). This lignin showed significantly
higher levels of metals (iron, 176 ppm and manganese, 56.7 ppm). The same EDTA and
electrodialysis treatment as above resulted in a decrease in the long wavelength portion of
the spectrum centered at approximately 520 nm, as shown in Figure 56 [24-26, 149, 150].

Figure 55. Visible absorption spectra of (a) NaBH4 reduced, N2H2 hydrogenated,
and EDTA treated kraft lignin (9.33 ppm Fe) and (b) NaBH4 reduced, N2H2
hydrogenated kraft lignin; concentration, 7.5 mg/25 mL of 2-methoxymethanol [2426, 149, 150].

200

Meshitsuka and Nakano [420] similarly found that the EDTA treatment of thiolignin
produced a decrease in absorbance centered at 500 nm. Ferric complexes of model lignin
catechols and phenols have also been observed to have absorption maxima in this long
wavelength region (550-590 nm). Furman and Lonsky [24-26, 149, 150] concluded that
the different behavior of the laboratory and industrial kraft lignin indicated the possibility
of a threshold level of iron below which removal of additional iron would have no
beneficial effect in terms of color reduction. They examined this possibility by adding
ferric ions to the EDTA-treated laboratory kraft lignin. At an addition level of 400 ppm
iron, however, no change in the lignin spectrum was observed. However, this may be
due to the fact that the number of metal-catechol chelation sites is small. The chelating
sites may have been completely saturated and therefore any additional iron added to the
lignin would merely be absorbed.

Figure 56. Visible absorption spectra for Indulin AT before and after metal
removal; concentration, 7.6 mg/25 mL of 2-methoxyethanol [24-26, 149, 150].
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Ghosh and Ni [258] recently studied the relationship of metal ion complexes to pulp
brightness. They examined the possible structures of metal ion to catechol complexes
with different molar ratios. In aqueous solution, in absence of other ligands, one may
expect metal ions to coordinate with hydrates. Ghosh and Ni proposed a structure of a
tetrahydrated metal complex, as shown in Figure 57. The replacement of one or more
ligands, coordinated to a metal center by another ligand, is a fundamental process which
permeates all aspects of coordination chemistry. At a molar ratio of 1:1, one hydrate is
replaced by a catechol molecule. As the molar ratio increases, different structures are
formed.

A complete replacement of the four hydrates with catechols leads to the

formation of a stable complex with four catechols as ligands, as shown in Figure 57.
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Figure 57. Effect of molar ratio of catechol to Cu (II) on the structure of the resulting complex [258].
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Figure 58. Proposed structures of metal ion to catechol complexes by Jameson and
Wilson [421].

The stable complex with four catechols as ligands is favored (Figure 57), as opposed to
those proposed by Jameson and Wilson [421] because the electron donating capability of
the two hydroxyl groups in catechols are different, the first being much stronger than the
second. In addition, the charge effect in structure II (Figure 58) due to the coulombic
repulsions between the negative oxygen atoms would lower its stability.

This is

supported by the fact that the relative stability of structure II is increased when an
electron withdrawing group is present in the aromatic ring since the effect of the
substituent group is transmitted through the ligand such that the electron density on the
negatively charged oxygen atoms is lowered [258].
Ghosh and Ni [258] also added diethylenetriaminepentaacetic acid (DTPA) to a solution
containing catechol and metal ions. They tested the hypothesis that upon the addition of
chelants to pulp, the highly colored lignin-metal complexes are converted to less colored
DTPA-metal ion complexes. The DTPA replaced catechols as the ligand, resulting in a
less colored complex.

The spectra in the visible region are shown in Figure 59.

Evidently the addition of DTPA reduces the absorbance in the visible region, especially
at wavelengths higher than 480 nm. According to the authors, this phenomenon occurs
since the transition energy of the DTPA-ferric complex is much higher than that of the
catechol-ferric complexes due to higher interaction between the DTPA and the ferric ion.
As a result, the absorption bands corresponding to d-d interactions are shifted to the highenergy region, i.e., UV region.

In addition, the visible region spectra due to the
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conjugation pathway and afforded by the aromatic ring are eliminated with replacement
of the catechols by DTPA. Since the spectra of the ferric-DTPA system and the Fe3+catechol-DTPA system are negligible, the authors concluded that the ferric ions present
in the latter are almost exclusively complexed with DTPA, rather than with the catechols.
This is in agreement with the fact that the stability constant of DTPA-Fe3+ (1028.6) is
about 15 orders of magnitude higher than that of the catechols-Fe3+ complex (1013.9)
[258].

Figure 59. Spectra of catechol-Fe (III), catechol-Fe (III)-DTPA, and Fe (III)-DTPA
solutions (0.5 mol/L catechol, 0.125 mmol/L Fe (III), 0.125 mmol/L DTPA at pH 6.5)
[258].

Werner et al. [422] investigated the metal binding capacity of kraft black liquor lignins
and the functional groups in lignin that contribute to this effect. These studies employed
black liquor lignins from a series of conventional batch kraft cooks varying in kappa
number from 13 to 33 and a series of extended modified continuous kraft cooks with
kappa numbers from 16 to 29. These studies suggested that there was a correlation
between the amounts of carboxyl and condensed phenolic products present in the
conventional kraft lignins and their metal binding capacity. The authors tentatively
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attributed these results to the potential bidentate metal binding capacity of these two
functional groups [423]. Further studies by Werner et al. [423] demonstrated the ability
of dissolved lignin to act as a natural metal complexing agent to remove metals from
kraft pulps. These studies also showed that the kraft lignin from low kappa number pulps
appeared to be more efficient at removing metals from pulp fibers than the lignin samples
generated from higher kappa number pulps.

These researchers also found linear

correlations between the manganese, calcium, and magnesium content and the content of
carboxylic acids and condensed phenolics in the lignin [423].
Sundin and Hartler [168] investigated the influence of sodium, calcium, magnesium, and
aluminum metal ions on lignin in alkaline solutions.

They employed black liquor

obtained from a Norway spruce kraft pulp with a kappa number of 25. This study
showed that all of these metal ions can precipitate lignin; however, aluminum and sodium
only have limited effects above pH 9, since aluminum is present mainly as anionic
aluminate. The results also indicated that more than 60% of the lignin in black liquor can
be precipitated by calcium in the pH 9-13 range. Sundin and Hartler also found that
lignin precipitated by calcium ions has a lower amount of phenolic hydroxyl groups and
carboxylic acid groups than the portion of lignin which was not precipitated. This was
attributed to different molecular weights of these two lignin fractions [168].
Subsequent studies by Sundin and Hartler [424] focused on the impact of metal ions
during pulp washing.

These studies showed that washing spruce kraft pulp in the

presence of calcium ions at alkaline pH increased the kappa number of the pulp compared
to a pulp washed in the absence of calcium ions. The kappa number increased by as
much as 15 units in the presence of 5 mmol/L calcium ions. A similar effect on the
kappa number at 25°C was also observed at 90°C. Sundin and Hartler mention that
during pulp washing, the kappa number of the pulp increased with increasing calcium
content at pH values between 9-12. However, the effect was less noticeable at pH 13
conditions, likely due to the formation of CaOH+ and Ca(OH)2. The pulps were also

205

washed in three different stages. When calcium ions were present in the initial washing
stage, the impact on the kappa number was large; meanwhile, when calcium ions were
present only in the last stage, the influence on the kappa number was small. The authors
argued that the effect of calcium on washing is due to coagulation of lignin.
Furthermore, Sundin and Hartler proposed that lignin present in the fiber is retained by
calcium ions at calcium concentrations below the concentration required for coagulation
in solution. Since the swelling of pulps washed at different calcium ion concentration
was almost constant, the impact on washed kappa number was not due to swelling.
These researchers also found that pulps washed in the presence of calcium were
considerably darker than pulps washed without calcium, even at the same kappa number.
Sundin and Hartler concluded that a larger amount of chromophoric groups in the lignin
was precipitated by the presence of calcium [424]. Meanwhile, Maximova and Stenius
[169] found that calcium and aluminum increases the amount of lignin adsorption on
bleached kraft pulp by inducing precipitation of lignin flocs onto the fibers.
Mao and Hartler [425] had similar kappa number increases to Sundin and Hartler when
performing kraft cooks on a mixture of spruce and pine wood chips. Mao and Hartler
found that using tap water or deionized water during the kraft cook had very little effect
on the final kappa number. However, the use of deionized water during washing caused
a more efficient lignin removal than the use of tap water. The kappa number was
decreased by as much as 5-7 units when deionized water was used [425]. Gustavsson et

al. [77] found a distinct decrease in the calcium ion content when kraft cooking pine
wood chips with a high hydroxide ion concentration. The authors proposed that one
reason for this may be that most of the calcium ions are bound to dissolved lignin
fragments at a high hydroxide ion concentration, resulting in a decrease in the amount of
calcium carbonate precipitated on the pulp fibers.

In addition, the calcium ion

concentration was not affected by the concentration of hydrosulfide ions in the white
liquor [77]. Li and Reeve [167] recently found that calcium ions have a critical role in
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surface lignin, causing both an increased amount of adsorbed lignin and also coagulation
of the lignin, leading to increased lignin precipitation on the fiber surface.
Brelid et al. [415] examined the removal of transition metals from spruce wood shavings
prior to kraft pulping. These researchers showed that pretreatment of the wood shavings
at pH 2 with EDTA and either a solution of magnesium sulfate or a mixture of
magnesium and calcium acetate removed more than 90% of the manganese present in the
wood. Most of the manganese removed was due to ion exchange with calcium or
magnesium. In addition, calcium was extensively removed in a pH 2 solution or in a
solution of magnesium sulfate. The calcium content before the pretreatment was 1310
mg/kg and decreased to 65 mg/kg after the acid pretreatment. However, decreasing the
pretreatment pH from 4.5 to 2.5 or the addition of EDTA did not result in a substantial
decrease in the iron content. The strong attachment of iron to the wood material was
attributed to the strong tendency of Fe+3 to form hydroxides/oxides of low solubility or
for iron to form complexes with lignin [415]. A subsequent study by Brelid [414] and
Lindgren et al. [426] showed that acid leaching before cooking yielded higher pulp
brightness. This was attributed partially to a slightly better delignification in the acid
pretreated wood chips (1.5 kappa units lower than the reference). However, Brelid
thought that removal of calcium ions from wood chips before cooking may also yield a
higher pulp brightness [414].

Al-Dajani and Gellerstedt [353] showed that high

molecular weight lignin with a high absorption coefficient precipitated on the pulp fibers
when the calcium ion concentration in the fibers was high.
Kangas et al. [427] investigated the effects of cobalt, copper, iron, manganese, and nickel
metal ions in a conventional batch kraft cook. These researchers conducted a series of
kraft cooks where these metal ions were removed from spruce and pine wood chips by
water washing, acid washing, or chelant washing. In addition, another set of kraft cooks
was performed on wood chips impregnated with varying levels of metal ions. The results
of this study indicated that pretreatment of the wood chips with either acid washing or
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chelation reduced the metals content considerably; however, acid washing removed the
transition metals more thoroughly than chelation. Copper ions were difficult to remove
by either acid washing or chelation, but the acid washed wood chips contained lower
levels of manganese, magnesium, and calcium than chelated wood chips.

These

researchers also found that pulps cooked from wood chips that were either acid washed or
chelated had lower kappa numbers than the cooks containing metals. Also, the residual
alkali concentrations of the cooks containing metals were lower than those of the
reference cooks, although the initial alkali charges were the same and the kappa numbers
for the metal ion-containing wood chips were higher [427].
Cardona-Barrau et al. [398] utilized electron spin resonance (ESR) spectroscopy to
investigate several pulp components with regard to the impact of metal ions. They
impregnated unbleached and bleached kraft pulps with iron, manganese, and copper for
24 hours and then thoroughly washed the pulps. The results of this study showed that the
signals of the metals in the pulps were different from those observed when solutions of
the metals were analyzed by ESR spectroscopy. These researchers proposed that the
added metals possibly formed complexes within the pulp matrix. However, the results
also indicated that the affinity for each metal was greater for the unbleached pulp than for
the bleached kraft pulp, indicating that stronger complexes formed with lignin than
carbohydrates.

These researchers subsequently performed a sodium borohydride

reduction of the pulps impregnated with metals ions. This portion of the study showed
that the signal intensity of manganese decreased in the pulp, although the manganese
content of the pulp remained the same.

In addition, the metal ions formed new

complexes with the pulp [398].

6.8.5.4 Color of quinones
Quinones are cyclic conjugated diketones that have absorption bands occurring in the
visible region of the spectrum. Quinoidal structures might form in lignin during the
original lignification process in the tree. Oxygen or hydroxyl radicals are capable of
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adding to phenoxyl radicals of guaiacyl and syringyl derivatives. Such additions would
lead to demethoxylation of the guaiacyl and syringyl derivatives and subsequent
formation of o-quinones [19].
Pew and Connors [373] found that simple lignin phenyl propane models underwent
dehydrogenation reactions analogous to those taking place during lignin biosynthesis to
yield phenyl-p-benzoquinones.

They went on to suggest that phenyl-substituted

benzoquinones and coniferaldehyde groups are major contributors to the color of lignin in
wood.

Harkin and Obst [403] showed that enzymatic phenol oxidation of 2,4,6-

trimethoxyphenol caused the elimination of a methoxy group, leading to a mixture of
products containing mostly the p-quinone, 2,6-dimethoxy-1,4-benzoquinone and a small
amount of the o-quinone, 3,5-dimethoxy-1,2-benzoquinone.

Similar reactions with

guaiacyl and syringyl structures during lignin formation could lead to the formation of
quinonoid structures during lignin formation. Luner [428] proposed a mechanism for
quinone formation based on free radical attack of lignin by oxygen.

Luner also

emphasized the role of oxygen in color formation in kraft pulp.
Although these original quinone types are significant contributors to the coloration of
wood, they are not as important when considering the coloration of chemical pulps. Of
much more importance for kraft pulps is the formation of a substantial number of quinone
precursors during the pulping process.

These quinone precursors, specifically

dihydroxybenzenes or catechols, are formed by demethylation of lignin structures during
pulping. Under kraft pulping conditions, hydrosulfide and methyl mercaptan anions are
able to demethylate guaiacyl or syringyl units in lignin to produce the corresponding
catechols. This process is illustrated in Figure 60. Although these catechols are not
colored themselves, they are readily oxidized to red-colored ortho- or methoxy-orthoquinones. The oxidation can take place in a manner similar to that described for
dihydroxystilbenes [151].
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Figure 60. Quinone formation during kraft pulping.

Benzoquinones occur as either ortho (1,2-) or para (1,4-) forms and are highly colored,

λmax=420-580 nm [429]. It has been suggested that quinones contribute to the color of
kraft pulp [18, 430].

Polcin and Rapson [430] determined that quinone model

compounds are colored; however, their color is relatively weak and they are relatively
unstable in their simple monomeric form. Polcin and Rapson proposed that the color of
quinones built into the lignin macromolecule is probably more intense and stable than it
is in single monomeric form because of the influence of the joining units. Also, some of
the lignin building units have another combination of chromogen (carbonyl or benzene
ring) and auxochrome (e.g., hydroxyl group, side chain) groups which can result in more
intense color. The general structure of ortho- and para-quinones is readily seen in Figure
61.
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Figure 61. General structure of ortho- and para-quinones.

Substituents may also have a significant role in color formation in quinones.

For

example, the hydroxyl auxochrome causes a bathochromic shift and intensifies the π-π*
transition in the quinone chromophore [429]. Furthermore, visible absorbance spectra
were acquired by Zawadzki et al. [431] in aqueous dioxane solution for several quinone
model compounds. Table 7 gives spectral data for a number of para-quinone models
with various degrees of hydroxylation.

Table 7 shows that increased hydroxyl

substitution results in greater visible region (λ=430 nm) molar absorptivity. In particular,
the spectrum of tetrahydroxy-1,4-benzoquinone was found to be characterized by a broad
intense absorption throughout much of the visible region [431].

Table 7.

Visible region spectral parameters for selected para-quinones [431].
log ε500 nma

log ε430 nma

1,4-benzoquinone

0.56

1.35

2,5-dihydroxy-1,4-benzoquinone

1.35

2.33

tetrahydroxy-1,4-benzoquinone

2.14

2.04

Quinone

a

90% 1,4-dioxane/10% water (v/v) solvent
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Although quinones clearly play a major role in the observed color of kraft pulp, past
determination of the magnitude of this contribution has been hampered by a lack of direct
analytical or instrumental methods for the detection of quinones. Contributing to this
problem is the inherently unstable nature of many quinones and the likelihood the
quinones are present in kraft pulp in relatively small amounts.
The concentration of quinoidal structures in kraft pulp has been estimated from
comparison of spectra obtained before and after treatment of the lignin with a reducing
agent, such as sodium borohydride. The magnitude of the decrease in absorbance of the
lignin spectrum caused by this treatment can then be related to the quantity of quinones
present, making use of average absorption frequencies and molar absorptivities from
model ortho-quinones.

This method assumes spectral properties of isolated model

quinones are comparable to quinone structures incorporated within the lignin
macromolecule.

Using this approach, Iiyama and Nakano estimated softwood kraft

lignin contained 3-4 quinones per 100 C9 units. This number of quinones accounted for
40-45% of the lignin’s absorbance in the visible region of the spectrum [147].
Furman and Lonsky determined the concentration of quinones in their laboratory lignin
through a carbon-14 labeling technique.

They acetylated the quinones with

pyridine/acetic anhydride (CH3*CO)2O. The activity of the lignin was, therefore, directly
related to the quinone concentration of the kraft lignin. They determined the quinone
concentration to be 3 quinones per 100 C9 units in their laboratory kraft lignin. These
quinones were determined to have a molar absorptivity of 528 liters/mol-cm [24-26, 149,
150].
Agarwal and Landucci [378] recently provided direct evidence for the presence of pquinone structures in wood, mechanical pulp, and milled wood lignin. These researchers
used Fourier Transform (FT) Raman spectroscopy to show a direct correlation between
the bleaching related brightness increase and the decrease in p-quinone Raman intensity.
In addition, Agarwal proposed a mechanism for the formation of p-quinones, which
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indicates that these groups are produced as a result of direct photooxidation of
hydroquinones – the groups that are present in wood, mechanical pulp, and milled wood
lignin [379].
Zawadzki recently developed a

31

P-NMR technique to measure the quinone content of

residual lignin, using trimethylphosphite as the derivatizing agent [151]. He determined
the quinone content of a 30.5 kappa number brownstock residual lignin to be 1.6
quinones per 100 C9 units [432], which is similar to that determined via visible
absorbance [147] and also by reductive acetylation [24-26, 149, 150, 431]. Zawadzki and
Ragauskas recently found that the quinone content of residual lignin samples from a 24
kappa number brownstock kraft pulp (0.058 mmol/g lignin) was similar to that obtained
from a residual lignin from a 47 kappa number kraft pulp (0.048 mmol/g lignin) [413].
Zawadzki et al. [432] also correlated the apparent quinone concentration in the pulp to
the pulp brightness. The apparent quinone concentration of the pulp was estimated by
multiplying the residual lignin quinone content by the pulp klason lignin content. The
results indicated rather good correlations between the apparent quinone concentration and
the D1 brightness, with R2 values ranging from 0.78 to 0.96, while the correlations
between the apparent quinone concentration and the D2 brightness ceiling had R2 values
of 0.89 to 1.00 [432].
Oxygen/alkali can potentially cause the formation of quinone products from phenoliclignin precursors by Dakin or Dakin-like reactions [433]. Figure 62 illustrates the Dakin
reaction in more detail. Model compound studies indicate that quinone intermediates are
unstable and are further oxidized to muconic acid and other structures [433, 434]. In
addition, Pasco and Suckling [15] argued that simple quinone structures may not be the
only cause of absorption in the visible region of the spectrum for oxygen/alkali treated
kraft lignins. The low quinone content measured by Zawadzki and Ragauskas for pulps
treated with peracetic acid and oxygen further support the argument that quinones are not
the major chromophores present in oxygen delignified pulps [413].
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Figure 62. Alkaline-oxygen reactions of lignin leading to the formation of quinone
chromophores. This mechanism is also known as the Dakin reaction.

Mateo et al. [435, 436] investigated the nature of the last chromophores removed during
bleaching. In this study, DEDED kraft pulps were impregnated with aqueous solutions of
model chromophores in kraft pulp. A simple quinone, namely p-benzoquinone and a
second model of the quinone-phenol type (Alizarin) were employed in this study. Figure
63 shows the model quinones for this investigation.
O

O

OH
OH

O

O

p-benzoquinone

Alizarin

Figure 63. Quinones used as model chromophores in kraft pulp [435, 436].

The impregnated pulps were subjected to a variety of oxidizing and reducing treatments.
The initial DEDED kraft pulp was subjected to the same treatments and the performance
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of the impregnated pulps was compared to the initial kraft pulp. Chlorine dioxide,
hydrogen peroxide, and sodium borohydride were not effective at destroying the simple
quinones while ozone appeared to be an efficient reagent to degrade quinone compounds.
The different reagents had different effects on the p-benzoquinone impregnated pulp and
the initial kraft pulp. These researchers argued that the different results indicate that the
residual chromophores of the DEDED pulp are not solely of the simple quinone type.
EPR spectroscopy analysis of the impregnated pulps indicated that new radicals were
formed as a result of hydrogen peroxide and chlorine dioxide treatments while the
quinone signal decreased. In addition, the ozone treatment resulted in no new signals
while the signal attributed to the quinone decreased. These researchers also found that
the bleaching response of the Alizarin impregnated pulp was similar to that of the
DEDED kraft pulp, indicating that structures containing both quinone and phenol groups
may represent better models for the chromophores present at the end of an ECF bleaching
sequence [435, 436].
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7. DISSERTATION OBJECTIVES
The goal of this research was to understand the fundamental nature of chromophore
formation during kraft pulping. A second goal of this research was to obtain a better
understanding of and define the particular functionalities responsible for color formation
in kraft pulps.

Measurement of changes in lignin structure will provide a greater

understanding of the chromophores formed and destroyed during kraft pulping.

In

addition, relating lignin modifications with delignification and pulp color data should
provide insight into new ways to improve any advantageous reactions found. Although
kraft pulping has been thoroughly investigated, this research program is inherently novel
since it applies modern analytical techniques to a problem inherent to the kraft pulping
process since its inception in 1879. Furthermore, upon commencement of this project,
there are few accounts on characterizing pulp color. On this basis, the findings reported
in this thesis were unprecedented and may serve as the basis for further understanding of
the chromophoric properties of kraft pulps. The main objectives of this research program
to achieve the goals of this thesis are:
1.

Develop a method for determining the chromophore content in a solid material.

2.

Develop a response surface and multiple regression equation for determining the
pulp kappa number as a function of changing pulping parameters.

3.

Determine the kraft pulping parameters having the greatest impact on color
formation during kraft cooking.

4.

Chart color formation throughout the kraft pulping process utilizing the most
significant kraft pulping parameters determined in Objective 3.

5.

Investigate the role of transition metals, quinones, carbonyls, catechols, and other
potential chromophores on the overall color of kraft pulp.

6.

Explore the impact of polysulfide, anthraquinone, and polysulfide/anthraquinone
pulping additives on the overall color of kraft pulp.

7.

Explore ways to reduce or eliminate the impact of chromophores on the overall
color of kraft pulp.
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8. THESIS FORMAT
It was decided by the author that the experimental results would be compiled in the form
of publications and conference proceedings. Due to the use of this layout, there will be
some repetition among the experimental and introduction sections.

The papers are

presented in their original or submitted form with subtle changes and an addendum of
some additional results. The results and discussion section of the thesis is divided into
eight chapters.

The eight chapters have been either published as journal articles,

conference proceedings, invited papers in conference books, or have been submitted to
journals. Supporting data for each publication and other research projects that were
pursued can be found in the appendices of this thesis. The eight chapters comprising the
core of this thesis are titled:
1.

Developing a Method to Quantify the Chromophore Content of Lignocellulosic
Materials. To be Submitted.

2.

Examining the Impact of Process Variables on the Chromophore Content of
Brownstock Kraft Pulps.

Proceedings of the TAPPI Pulping Conference,

Chicago, Illinois, October 2003.
3.

Probing the Nature of Chromophore Formation and Removal during Kraft
Pulping. To be Submitted.

4.

The Tincture of Kraft Pulps. Proceedings of the 8th European Workshop on
Lignocellulosics and Pulp, Riga, Latvia, August 2004.

5.

The Influence of Metal Cations on the Chromophoric Properties of
Lignocellulosics. To be Submitted.
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6.

Enhancing the Chemical Basis for Improved Kraft Pulping with PS, AQ, and
PS/AQ. Proceedings of the 12th International Symposium on Wood and Pulping
Chemistry, Madison, Wisconsin, June 2003.

7.

Laccase: A Harbinger to Kraft Pulping. In Lignocellulose Biodegradation, B.C.
Saha, Editor. ACS Symposium Series. In press (2004).

8.

Modifying the Chromophoric Properties of Lignocellulosic Materials using
Oxidative and Reductive Chemistries. To be Submitted.

Chapter 1 establishes a method to determine the chromophore content of lignocellulosic
materials. This study examined several different methods to determine their potential in
characterizing the chromophoric properties of unbleached kraft pulps. The dilution pulp
method was found to be an effective technique to obtain the actual absorption coefficient
of a material based on the criteria of the Kubelka-Munk theory. The actual absorption
coefficient of wood, mechanical pulp, unbleached, and fully bleached kraft pulps were
calculated. The chromophore content of each material was evaluated by integrating the
absorption coefficient over the entire visible region. This measurement was known as the
total visible absorption of a material and was shown to be valid for a wide variety of
wood, TMP, unbleached and fully bleached kraft pulps. This measurement showed that
most of the color of kraft pulp forms very early during the kraft pulping process. A
second method of evaluating the chromophore content of a material was found by
utilizing the integral of Kubelka-Munk remission function over the visible region. This
measurement, known as the chromophore index, was linearly related to the total visible
absorption and therefore could be used as a valid measure of the color and chromophore
content of a material. The pulp brightness was related to the chromophore index and the
total visible absorption in a non-linear manner, indicating that brightness should not be
utilized to evaluate the changes in chromophore content of a material.
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Chapter 2 describes the impact of process variables on the chromophore content of
unbleached kraft pulps. This study utilized a central composite design with more than
120 different unbleached softwood kraft pulps to develop a regression equation to predict
the pulp kappa number. This regression equation was then used to find the H-factor to
achieve a bleachable-grade kappa number of 30.

Pulping process variables were

examined to find their impact on the chromophore content. The results of this study
indicated that the effective alkali and sulfidity were significant while the maximum
cooking temperature was not significant at the 95% confidence level. A high effective
alkali and low sulfidity yielded a pulp with a low chromophore index while a low
effective alkali and high sulfidity yielded a pulp having a high chromophore index. In
addition, it was found that extractives have a small, but statistically significant impact on
the overall chromophoric properties of unbleached kraft pulps. Although hexenuronic
acids may have a role in chromophore formation, there was no clear relationship with the
pulp chromophore index.
Chapter 3 investigates two different series of pulps to elucidate the mechanism of
chromophore formation and removal during kraft pulping. These two series of pulps
involved low and high chromophore index pulping conditions, varying in lignin content
from 3-22%.

The hexenuronic acid and carboxylic acid contents were drastically

different between the two series of kraft pulps, further confirming that pulps produced
under different pulping conditions have different chemical and physical properties. This
study also indicated that chromophores are removed at a faster rate for kraft pulps
produced under high effective alkali, low sulfidity conditions. In addition, the amount of
sodium hydroxide consumed during the kraft cook is linearly related to the chromophore
content of kraft pulps. This study provided evidence that the removal of chromophores
may be related to the nature of chromophores or to the chemistry of the bulk phase of
kraft pulping. The chemistry of chromophore formation during kraft pulping is likely
linked to the chemistry of the initial phase of kraft pulping. This study also indicated that
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the chromophores produced in low EA, high sulfidity pulps are of lower energy (longer
wavelength) than those from pulps produced under high EA, low sulfidity conditions.
Chapter 4 examines some of the potential chromophoric in kraft pulps and explores the
contribution they may have on the overall color of brownstock kraft pulps. This study
also provided the first direct evidence that residual lignin is responsible for the majority
of the chromophoric properties of unbleached kraft pulps. The results of this work also
showed that quinones, catechols, biphenyls, and carbonyl functionalities contribute to the
chromophore content of kraft pulps. In addition, substituents on these chromophores can
have a detrimental impact on the final chromophoric properties of unbleached kraft pulps.
Chapter 5 examines the influence of transition and alkaline earth metals on the
chromophore content of unbleached kraft pulps. A cold acid treatment was performed to
liberate metal cations and retain hexenuronic acids. This study indicated that the pulp
chromophore index decreased significantly as a result of metals removal. The cold acid
treatment did not remove all of the chromophores in the unbleached pulps, indicating that
functionalities other than metals are responsible for more than 50% of the color of
unbleached kraft pulps at a 30 kappa number. A mechanism for the formation of the
chromophores removed by the cold acid treatment was proposed. The majority of the
loss in chromophore index was accounted for by the loss in three different alkaline earth
metals. Acid and chelation treatments on wood chips were also investigated as possible
means to eliminate metal cations before kraft pulping. These studies indicated that a
chelation treatment was more effective at removing metals than an acid treatment at the
same temperature. These results indicated that metals removal prior to kraft pulping can
have a significant impact on the chromophoric properties of unbleached kraft pulps.
Chapter 6 describes the influence of certain pulping additives on the chromophoric
properties of unbleached kraft pulps. The chromophoric properties of polysulfide (PS),
anthraquinone (AQ), PS/AQ and normal kraft pulps were investigated.
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The data

suggested that PS pulps had a lower chromophore index than the other pulps in this study.
The residual and dissolved kraft lignins were isolated and characterized employing
advanced NMR and differential ionization UV/vis spectroscopy. Differential ionization
UV/vis spectroscopy indicated an increased amount of conjugated and unconjugated
phenolics in the dissolved kraft lignins, with PS/AQ dissolved kraft lignin having the
greatest concentration of conjugated and unconjugated phenolics, followed by PS, AQ
and conventional kraft dissolved lignin. The differential ionization UV/vis spectra were
also utilized to characterize some of the chromophores present in residual and dissolved
kraft lignins. The data suggested that phenolic α-carbonyl structures correlated well with
the chromophore index of the four pulps investigated and may be a critical factor in
determining the overall color or color differences between conventional kraft,
polysulfide, anthraquinone, and PS/AQ kraft pulps.
Chapter 7 investigates the feasibility of utilizing a laccase pretreatment of wood chips to
destroy possible chromophoric and leucochromophoric structures prior to kraft pulping.
These studies were the first of their kind in demonstrating the potential of laccasemediator systems as a pretreatment to improve kraft pulping properties.

The 1-

hydroxybenzotriazole bio-pretreatments had the greatest impact on kraft pulping,
enhancing delignification while concomitantly increasing pulping yield.

These

pretreatments also improved the chromophoric properties of the unbleached kraft pulps
relative to the conventional kraft pulp.
Chapter 8 describes several oxidative and reductive chemistries used to eliminate the
chromophoric and leucochromophoric structures prior to kraft pulping. These studies
showed that alkaline hydrogen peroxide, sodium borohydride, and chelation
pretreatments effectively reduced the pulp chromophore index. Mechanisms behind each
pretreatment were proposed. Different pulping conditions yielded different responses to
these pretreatments. Generally, the low effective alkali, high sulfidity conditions yielded
a better response to the pretreatments than a high effective alkali, low sulfidity condition.
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This is perhaps due to the higher metals content and enrichment of hydroxyl-substituted
carbonyl structures in the low effective alkali, high sulfidity pulping conditions. Multiple
pretreatments decreased the chromophore index to a greater extent than a single
pretreatment.

However, the extent of this reduction was dependent on the pulping

condition, with the low effective alkali, high sulfidity pulps having the greatest response
to the multiple pretreatments. Overall, these pretreatments may provide further insight
into the causes for chromophore formation during kraft pulping.
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9. EXPERIMENTAL
9.1 Wood Source

The wood source employed for the pulping studies in this research project originated
from two loblolly pine (Pinus taeda) trees. The trees were selected from a tree farm in
North Georgia (Bowater Incorporated), were approximately 25 years old, and were void
of any visual diseases. The trees, sent as several 1.5-m long sections, were debarked with
a two-handed knife, cut into 0.5 m bolts with a chainsaw, and then split into quarter
sections with a splitting maul. The quarter sections were chipped with a 4-ft Carthage
chipper. The chips were then screened twice with a Rader screen; accept wood chips
were 2 to 8 mm in the thickness dimension. The accept wood chips were subsequently
sorted by size with a chip class screen according to SCAN-CM 40:94 [437]. This
standard method describes the procedure for classifying wood chips, by a series of
screens, into categories which include oversize, overthick, accepts, pins, and fines. Each
screen in the series has holes or slots of specified dimensions. After a certain period of
time (5 minutes) the screens are stopped and the wood chip fractions are separated. The
size of each fraction is expressed in terms of the percentage of the total mass of all
fractions of wood chips. The accept wood chips are those that pass through the oversize
screen comprised of 45 mm round holes and the overthick screen comprised of 8 mm
slots, but remain on the accepts screen which is comprised of 7 mm round holes. The
results of this screening are illustrated in Figure 64. It is important to note that these
wood chips were initially screened by thickness on the Rader screen. It was interesting to
find that greater than 90% of the wood chips were classified as accepts. These accept
wood chips were retained for the pulping studies of this research while the remaining
fractions were saved to produce milled wood. Thus, by performing thickness screening,
size classification, and retaining only the accept wood chips, the probability of having
poor pulping results due to wood chip size or thickness is greatly reduced. The accept
wood chips were air-dried for approximately one week before being bagged and frozen.
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Figure 64. Wood chip classification by size for the loblolly pine chips employed in
these studies.

9.2 Pulp Sources

All Southern pine kraft pulps were prepared in the laboratory at IPST while Norway
spruce kraft pulps were prepared in the laboratory at NTNU.

The fully bleached

softwood kraft pulp was donated by Rayonier Incorporated, Jesup, Georgia.

9.3 Chemicals

All chemicals were purchased from Aldrich, VWR, and Acros and used as received
except for p-dioxane and laccase. p-Dioxane was freshly distilled over NaBH4 prior to
residual and dissolved kraft lignin isolations. The laccase used in a portion of these
studies was donated by Novozymes (Franklinton, North Carolina). This enzyme (NOVO
NS 51002) was isolated from the white-rot fungus Trametes villosa and expressed in an
Aspergillus host. According to the manufacturer, the laccase possessed an optimum pH
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of 4.5 and an optimum temperature of 45°C. The laccase was kept frozen at -20ºC before
use. All NMR solvents and solutions were dried over 4Å molecular sieves for 24 hr
before acquiring NMR spectra.

9.4 Equipment

Kraft pulping experiments were performed in an electrically heated, rotating, multi-unit
digester. The digester system was manufactured by G. Bignell of Aurora Technical
Products Ltd., Savona, British Columbia, Canada. Figure 65, Figure 66, Figure 67, and
Figure 68 illustrate this multi-unit digester system. The digester system was capable of
holding up to six individual 1 L stainless steel autoclaves in separate cavities. Each
stainless steel autoclave was equipped with a pressure gauge, a thermocouple, and a
manual vent valve. The individual vessels also featured replaceable Viton O-ring seals
and a screw-on lid. A Teflon-coated stainless steel rupture disc was placed in the rupture
disc assembly of each autoclave in the event of a catastrophic failure of the vessel. The
rupture disc was rated to withstand up to 600 psi pressure. The digester system featured
an integral control panel with an automatic programmable logic controller (PLC). The
individual vessels could be ramped at different rates and to varying maximum
temperatures within the same experiment. The internal temperature of each vessel was
controlled by a user selectable 2-ramp, 2-soak profile. The temperature control was
achieved through the use of a computer program, which also collects data, and provides a
real-time display along with an H-factor calculation. The system had the ability to rotate
through a 300-degree arc to provide efficient mixing of chemicals and wood chips in the
vessels. The rotational speed was 2 rpm. The digester system also featured ceramic
radiant heaters, proportional control of heat, and the capacity to deliver up to 3 kW of
heat to each vessel. There was also a built-in heater temperature safety cut-off. The
vessels were held in place in the digester system by heavy duty clamps. When a specific
profile is completed, the digester rotation is stopped manually by the operator and vessel
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is removed.

The vessel is transferred to a cooling tank where its pressure and

temperature are quickly quenched to stop the reaction process.
The laccase pretreatments were performed in the multi-unit digester system.

The

remaining wood pretreatments were performed in Kapak pouches and submerged in a
Precision Electronics water batch containing a reciprocal shaking bath with temperature
control within 1/10th of a degree Celsius. White liquor and residual alkali titrations were
performed on a Mettler DL 21 automatic titrator.

Pulp handsheet brightness

measurements were performed on a Technibright Micro TB-1C instrument at a
wavelength of 457 nm. Diffuse reflectance measurements were performed on the Perkin
Elmer Lambda 900 UV/vis spectrometer equipped with a PELA-1000 diffuse reflectance
and transmittance accessory. Carbohydrate analyses were performed using a filament
pulse pyrolyzer (PYROLA-2000, Pyrol AB, Lund Sweden) connected to a Model HP6890 gas chromatograph. Hexenuronic and carboxylic acid group measurements were
carried out on a Model HP-6890 capillary gas chromatograph. Analysis of the sample
digests for metals content was accomplished using a Perkin Elmer Optima 3000 DV ICP
Emission Spectrometer. The handsheet samples were sent to the Institute for Surface
Chemistry, Stockholm, Sweden, for analysis by ESCA or XPS.

The ESCA

measurements were carried out by Ms. Marie Ernstsson using a Kratos AXIS HS X-ray
photoelectron spectrometer (Kratos Analytical, Manchester, UK). NMR analyses were
performed with a Bruker DMX 400 with a 5-mm QNP probe. The software used to
acquire and analyze the data was Bruker’s XWINNMR 2.6 running under the IRIX 7.0
operating system on a SGI (Silicon Graphics, Inc.) O2 server. UV/vis neutral and
ionization measurements as well as the laccase activity were measured on a Perkin Elmer
Lambda 900 UV/vis spectrometer.
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Figure 65. Photograph of a 1000-mL-capacity vessel for the multi-unit digester
with various components. Safety rupture disc, Viton O-ring, and other internal
bomb fittings are not visible in this photograph.
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Figure 66. Photograph of the multi-unit digester holding six vessels.
heaters, and other internal components are not visible in this photograph.

Figure 67. Photograph of cooling water bath for the vessels.
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Figure 68. Photograph of the vessel stand for storing the vessels.

9.5 Safety

9.5.1 Kraft Pulping
Safe operation of the multi-unit digester system requires that the operator be familiar with
all aspects of its operations and aware of all the potential hazards.

Filling of the

individual vessels often involves corrosive chemicals. Bare skin should be covered with
appropriate personal protective equipment such as gloves, goggles, face shield, and
chemical resistant apron. The areas around the digester and cooling stand or any place
the vessels may be vented must have adequate ventilation to remove potentially corrosive
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fumes. Stay away from any vessel that may blow its safety rupture disc. Handling of the
individual vessels while hot requires additional protection and steel toe shows are
recommended when transferring/handling the vessels between the digester and cooling
stand. Using insulated gloves is recommended. Ensure that each vessel is locked in
position before its respective Heater switch is turned on and before the start of Rotation.
There is a 600:1 mechanical advantage in the slow speed rotation. Do not, under any
circumstances, attempt to stop the rotation by hand. Use the Rotation Stop button or
Emergency Stop on the control panel. The electrical energy in the control cabinets can be
lethal. It does not give any warning or indication of its presence. Turn off the power
source prior to opening the cabinet doors and ensure the power has been removed by
measuring the terminals with a voltmeter. Only qualified personnel should be working in
these cabinets. Do not operate a heater without a vessel in its place. Keep the equipment
in a clean, well maintained condition. Do not load the chemicals into the vessels while
the vessels are mounted in the digester system. Avoid water or chemical spills into the
heater cavities. Do not open/close the vessel lids while the vessels are on the digester
system. Instead, use the cooling water stand for this.

9.5.2 Lignin Isolation
Dioxane is a highly flammable solvent. A considerable amount of this solvent was used
for the extraction of lignin from pulp samples. Dioxane is listed as a possible human
carcinogen [438]. Although the acute toxicity of dioxane is low, repeated exposure may
cause liver and kidney injury [438]. Proper protective clothing and manipulations in the
fume hood were employed when this solvent was used.

9.5.3 Lignin Derivatization
Arylphosphates are known to cause paralytic action in many mammals [439]. The toxic
influence is both species and compound specific. For example, tri-ortho-tolylphosphate,
is reported to be very potent in causing paralysis in hens [439]. Triphenylphosphate and
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tri-meta-tolylphosphate are reported to be considerably less toxic than tri-orthotolylphosphate.

Trimethylphosphite was also used in this investigation and the

compound is volatile, and is a suspected cancer causing agent. Samples containing any
organic phosphates or phosphites were assumed to be toxic, handled with caution, and
disposed of in properly labeled containers.
All other chemicals and equipment were handled in accordance with MSDS information,
the IPST safety manual, the IPST Chemical Hygiene Plan, Pulping and Bleaching group
and Ragauskas' group safety policies.

9.6 Kraft Pulping

Kraft pulping was carried out in two different ways with two different types of
equipment. For this reason, both procedures are outlined separately. Conventional kraft
pulping conditions were simulated in an electrically-heated, rotating, multi-unit digester.
An exact amount of wood (100 o.d. grams) was charged to six individual 1 L stainless
steel autoclaves. A mixture of sodium hydroxide and sodium sulfide (white liquor) was
also charged to the autoclaves with additional make-up water to reach a constant liquor to
wood ratio of 4:1. The exact amount of sodium hydroxide and sodium sulfide was
adjusted to meet specific pulping conditions. The individual vessels were then placed in
a rotating, multi-unit digester. The temperature in each autoclave was increased as a
ramp function from 23ºC to the maximum cooking temperature over 90 minutes. The
maximum cooking temperature was also varied in these experiments. The kraft cook was
interrupted at the appropriate H-factor and each vessel was cooled immediately in a cold
water bath. The cooked wood chips were disintegrated in an industrial blender and
screened and washed in a Valley screen. The Valley screen had slots varying from
0.006” – 0.008” (0.15 mm – 0.20 mm). The reject fibers were those that did not pass
through this screen.
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Conventional kraft pulping conditions were also simulated in the MK digester system at
the Institute of Paper Science and Technology. Prior to starting these experiments,
approximately four liters of distilled water was charged to the vessel. The purpose of
charging this water to the vessel was to clean the vessel and the piping of the system and
to ensure that the pump for the digester system is in good working order. The white
liquor was charged to the vessel at the beginning of the cook along with additional makeup water to reach a constant 4:1 liquor to wood ratio. For these experiments, a known
weight of wood (1000 o.d. grams) was charged to a wood chip holder or basket and the
basket was placed inside the vessel. The pump was then turned on to circulate the
pulping liquor. The vessel was immediately sealed and purged slowly with nitrogen gas.
The temperature in the vessel was increased as a ramp function from 23ºC to the
maximum cooking temperature over 90 minutes. The kraft cook was interrupted at the
appropriate H-factor by allowing cold water to flow through a cooling water column or
heat exchanger near the vessel. The cooked wood chips were disintegrated in a British
disintegrator and then screened and washed in a Valley screen. The Valley screen had
slots varying from 0.006” – 0.008” (0.15 mm – 0.20 mm). The reject fibers were those
that did not pass through this screen.

9.7 Cold Acid Treatment of Pulp Procedure

The brownstock pulps were treated with a cold acid treatment to remove transition
metals. The procedure started by measuring the solids content of the brownstock pulp
and using this information to accurately weigh out 30.0 g of oven-dried (o.d.) pulp. Next,
the pulp was placed in a Kapak bag and deionized water was added to achieve a final
consistency of 1%. The pulp in the Kapak bag was acidified with 2.0 N HCl to around a
pH of 3.0 and the bag was sealed. The pulp was mixed thoroughly and transferred to a
cold room (4ºC). This cold acid treatment took place for 48 hours with occasional
mixing. After the treatment, the pulp was removed from the Kapak bag and filtered on a
Büchner funnel to approximately 25% solids. The pulp was washed with approximately
25 L of deionized water and the pH of the pulp slurry was adjusted to 6.5 ± 0.5.
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9.8 LMS Delignification of Wood Procedure

A 1000-ml capacity stainless steel autoclave equipped with a pressure gauge and
thermocouple was charged with 100 g of o.d. wood chips. The consistency was adjusted
to 12% with distilled water. ABTS, HBT, or VA was charged in varying amounts (1.4 to
176 mmol/100 g o.d. wood chips) to the vessel with subsequent mixing. The pH of the
solution was adjusted to 4.5 with glacial acetic acid.

Laccase (0.2 mL of enzyme

solution/ g of o.d. wood chips) was added and the reactor was sealed and pressurized with
oxygen to 150 psig. The autoclave was placed into an electrically-heated, rotating, multiunit digester where the slurry was brought to a temperature of 45ºC. The temperature
was maintained throughout the incubation period. After mixing for 2 hours, the wood
chips were removed and washed thoroughly with distilled water (5 L per 10 g of o.d.
wood chips) until the filtrate was pH neutral and colorless. The pretreated wood chips
were then subjected to kraft pulping under varying conditions of alkali and sulfidity.

9.9 Pretreatment of Wood Procedures

Wood pretreatments were performed at 10% consistency. The pretreatments began by
measuring the solids content of the wood chips and using this information to accurately
weigh 200.0 g of oven-dried (o.d.) wood chips. Several different pretreatments were
utilized, including ozone, hydrogen peroxide, sodium borohydride, and different pH
levels. The ozone pretreatments were performed in a CRS high-shear reactor at 40ºC for
approximately 30 minutes. The pH was not adjusted in one sample while the other
sample was adjusted to pH 4.0. The remaining wood pretreatments were performed in 4
mm-thick, heat resistant Kapak pouches for a period of two hours in a water bath.
The procedure for the hydrogen peroxide wood pretreatments involved placing the wood
chips into the Kapak pouch. These pretreatments entailed adding magnesium sulfate
(MgSO4) at 0.05%, the pentasodium salt of diethylenetriaminepentaacetatic acid (DTPA)
at 0.2%, and sodium silicate (Na2SiO3) at 3% on wood. These three components were
mixed with deionized water in a small beaker. The hydrogen peroxide was added to this
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solution and mixed thoroughly. The solution was introduced to the Kapak pouch, the
beaker was rinsed thoroughly, and the rinse was added to the Kapak pouch. The pouch
was sealed, mixed thoroughly, and placed in a water bath set at 70ºC. The pouch was
mixed every 10-15 minutes throughout the duration of the treatment. Two different pH
levels were used for these pretreatments; the pH was not adjusted for one series of
samples while the pH was adjusted to the alkaline range by adding NaOH in a ratio of 4:3
H2O2:NaOH. After the treatment, the wood chips were removed from the pouch, filtered,
and thoroughly washed with deionized water.
The procedure for the sodium borohydride wood pretreatments involved placing the
wood chips along with the deionized water into the Kapak pouch.

The sodium

borohydride was added to the wood chips as a 10% solution. The dosage of sodium
borohydride varied from 0-10% on oven-dried wood.

The pouch was sealed

immediately, mixed thoroughly, and placed in a water bath at 65ºC. Small holes were
poked into the top of the Kapak pouch so as to allow evolving gases to escape the pouch.
The pouch was mixed every 10-15 minutes throughout the duration of the treatment.
Two different pH levels were used for these pretreatments; the pH was not adjusted for
one series of samples while the pH was adjusted to 10.0 for the other series of samples.
After the treatment, the wood chips were removed from the pouch, filtered, and
thoroughly washed with deionized water.
The procedure for the pretreatments entailing different pH levels involved placing the
wood chips along with the deionized water into the Kapak pouch. In one series of wood
chips, DTPA chelant was added at 0.5% on wood while the other series involved no
chelant. The pH was adjusted accordingly for both series of wood chips, varying from
pH 2.5 to pH 6.0. The pouch was sealed immediately, mixed thoroughly, and placed in a
water bath at 50ºC. The pouch was mixed every 10-15 minutes throughout the duration
of the treatment. After the treatment, the wood chips were removed from the pouch,
filtered, and thoroughly washed with deionized water.
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The solids content of the air-dried wood chips was determined. This information was
used to accurately weigh 100.0 g oven-dried pretreated wood chips which were
subsequently subjected to kraft pulping under varying conditions of alkali and sulfidity.

9.10 White Liquor and Residual Alkali Titrations

The relative proportions of sodium hydroxide (NaOH), sodium sulfide (Na2S), and
sodium carbonate (Na2CO3) are determined by titration with hydrochloric acid in socalled “ABC titrations.” The procedure is outlined in TAPPI T 624 cm-85 “Analysis of
Soda and Sulfate White and Green Liquors” [440] for kraft and soda white and green
liquors and in TAPPI T 625 cm-85 “Analysis of Soda and Sulfate Black Liquor” [441].
A modified version of this test was employed for these studies using an automatic titrator.
The Mettler DL21 automatic titrator was used to perform a modified version of the ABC
test for analysis of white and black liquor samples. This modified ABC test procedure is
conducted using a series of acid titrations (hydrochloric acid) to determine the
concentrations of HO-, HS-, and CO32- ions. The hydrochloric acid concentration is 0.500
N. The procedure to calibrate the automatic titrator is as follows:
1.

Remove the glass electrode from the titrator arm and place it in the pH 4 buffer
solution.

2.

Press the 4 + pH CALIB buttons. After a few seconds, the display window will
show the millivolt (mV) reading of the solution and “Buffer A” will have a
blinking indicator.

3.

Allow the electrode to stabilize in the buffer solution for 15 minutes to ensure a
stable reading.

4.

When a stable reading is obtained, press the RUN button. The stirrer will spin
and the blinking cursor at “Buffer A” will remain on.

5.

After a few seconds, the stirrer will stop spinning and the cursor at “Buffer B”
will begin blinking,
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6.

Remove the glass electrode from the pH 4 buffer solution, rinse thoroughly, and
place it into the pH 10 buffer solution for approximately 10-15 minutes.

7.

When a stable mV signal is obtained, press the RUN button and the titrator stirrer
will spin. The cursor for the “Buffer B” will remain on.

8.

When the second calibration point is obtained, the titrator will beep three times
and the display will read “0”.

9.

Place the glass electrode into a buffer solution that is near the pH of your sample.
Press the 3 + pH CALIB buttons. The display window will show the pH value of
the buffer. Wait several minutes for a stable reading.

When titrating liquors with strong concentrations, an “err 31” code display will be
obtained. This code signifies that the endpoint of the solution was not reached within the
programmed injection of 20 milliliters of 0.5 N HCl solution. To remedy this error, cycle
back through the titration initiation sequence and continue until the specified pH endpoint
is reached.

The modified ABC titration procedure commences only after proper

calibration of the automatic titrator. The procedure for this modified ABC titration is as
follows:
1.

Pipet 5.0 mL of liquor (white, green, or black) to a 150 mL plastic beaker
containing 50 mL deionized water and 20 mL of 10% barium chloride. Please the
beaker under the titrating arm containing the stirrer and pH probe.

2.

To initiate the titration sequence, press the RUN button and within a few seconds
the cursor next to “weight” will blink. Enter “5” which represents the volume of
liquor introduced to the beaker and press the RUN button again.

3.

The blinking cursor will toggle to “ident”. No entry is required and the RUN
button is pressed again. The cursor will toggle to “busy”. At this point, pressing
the RUN button again will prepare the system for titration.

4.

The system will commence with the titration to the specified pH endpoint, which
is pH 9.3 for HO- and HS- and pH 4.0 for CO32- ions.
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5.

For the “A” test, titrate to pH 9.3. When the endpoint is reached the system will
display the amount of titrant required to reach the endpoint. To the same sample,
add 5 mL of formaldehyde. Formaldehyde is added to complex the sulfide and
release the equivalent amount of NaOH. The pH of the solution will increase
with the addition of formaldehyde.

6.

The solution is again titrated to an endpoint of pH 9.3. The resulting value is
added to the “A” value to obtain the “B” value.

The A and B values found from titrating the liquor is used to find the concentration of
Na2S and NaOH, expressed as equivalent Na2O, in the liquor. Equation 9-1 and Equation
9-2 for the sodium hydroxide and sodium sulfide concentration in pulping liquor are as
follows:

[NaOH ] = (2 A − B ) × 3.1
Equation 9-1. Calculation for sodium hydroxide concentration in white, black, and
green liquors.

[Na2 S ] = 2(B − A) × 3.1
Equation 9-2. Calculation for sodium sulfide concentration in white, black, and
green liquors.

In Equation 9-1 and Equation 9-2, the A and B values are those values obtained from the
ABC titration. Since the NaOH and Na2S are on an equivalent Na2O basis, the two
species can be added to find the effective alkali (%EA) and the active alkali (%AA) of
the liquor through Equation 9-3 and Equation 9-4, respectively.
AA = NaOH + Na2 S

Equation 9-3. Calculation for active alkali (AA) concentration in white, black, and
green liquors.

237

EA = NaOH +

1
Na2 S
2

Equation 9-4. Calculation for effective alkali (EA) concentration in white, black,
and green liquors.

9.11 Laccase Activity

Laccase activity was measured by monitoring the rate of oxidation of syringaldazine.
Laccase activity was measured according to Sealey [442, 443]. Briefly, one unit of
activity (U) was defined as the change in absorbance at 530 nm of 0.001 per minute per
milliliter of enzyme solution, in a 100 mM potassium phosphate buffer (2.2 ml) and
0.216 mM syringaldazine in methanol (0.3 ml, pH 6.7). The procedure was carried out at
23°C. The activity of the laccase was 4.27E + 07 U/ml of enzyme solution.

9.12 Pulp Characterization

The pulp was characterized for kappa number, acid-insoluble lignin, pulp viscosity, ISO
brightness, yield, and weak acid (carboxylic) groups.

9.12.1 Kappa number

The kappa number test was used to estimate the amount of lignin by measuring the
oxidant demand of the pulp. Kappa numbers were performed on air-dried pulp samples,
which were dried on a heated balance to acquire their oven-dried weight. The pulp was
then treated with potassium permanganate (KMnO4) in accordance with TAPPI Classical
Method T 236 cm-85 “Kappa Number of Pulp”[444]. Three separate titrations were
performed on each pulp sample to establish a confidence interval for the specimen.
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Typical experimental standard deviations for the brownstock pulps was 0.24 while for
replicates of the same pulping conditions, the standard deviation was 1.06 kappa units.

9.12.2 Acid-Insoluble Lignin

The acid-insoluble lignin content was measured in accordance with TAPPI standard T
222 om-98 “Acid-insoluble Lignin in Wood and Pulp” [445]. The moisture content of
the sample is determined for air-dried wood/pulp and was used to weigh a known weight
of wood/pulp. Concentrated sulfuric acid was utilized to hydrolyze and solubilize the
carbohydrates in wood and pulp samples. The acid-insoluble lignin was filtered, dried,
and weighed. The acid-insoluble lignin content of the wood and pulp samples in this
project was an average of two measurements. Typical experimental standard deviations
for the brownstock pulps varied up to 0.2% while for replicates of the same pulping
conditions, the standard deviation was 0.2%.

9.12.3 CED Viscosity

Pulp viscosity values were determined in accordance with TAPPI Standard T 230 om-94
“Viscosity of Pulp (capillary viscometer method)” [446]. The moisture content was
determined for air-dried pulp and was used to weigh 0.2500 g o.d. of pulp. The weighed
pulp was solvated with cupriethylenediamine and passed through Cannon-Fenske 150
viscometers at 25°C. The viscometers were carefully cleaned with nitric acid water and
acetone and dried between measurements.

Two separate viscometer readings were

performed for each sample and each sample was run twice (total of four viscometer
readings). The standard deviation for the brownstock pulps was 0.40 for four replicates
of one pulp while the standard deviation of the same pulping conditions was 0.47 cP.
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9.12.4 ISO Brightness

ISO brightness measurements were made on pulp handsheets in accordance with TAPPI
Standard T 525 om-92 “Diffuse Brightness of Pulp (d/O°)” [447]. The handsheets were
made at a basis weight of 200 g/m2 using TAPPI Standard T 205 sp-95 “Forming
Handsheets for Physical Test of Pulp” [448]. The pH of the slurry and the water in the
handsheet mold are adjusted to a pH of 6.5 ± 0.5. The typical brightness standard
deviation for five replicates of one pulp was 0.14 while for replicates of the same pulping
conditions it was 0.18 brightness units.

9.12.5 Pulp Yield

The screened pulp yield was measured by weighing the screened pulp and subtracting the
weight of moisture remaining in the sample. The unscreened pulp yield was measured by
adding the oven-dried weight of rejects to the weight of screened pulp. The rejects
obtained in these studies were low due to the high level of mixing obtained with the
multi-unit digester. The maximum rejects was 0.35% for a 152 kappa number pulp.
Typical standard deviations for replicates of the same pulping conditions were 1.1%.

9.12.6 Determining k, s, and k/s

Diffuse reflectance measurements of handsheets were carried out on a Perkin-Elmer
Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and transmittance
accessory. The accessory is essentially an optical bench that includes double-beam
transfer optics and a six-inch integrating sphere. Background corrections were recorded
using a Labsphere SRS-99-020 standard made of Spectralon® and having a reflectance
factor of 99%. The diffuse reflectance measurements were made using three different
methods. In all three methods, the handsheets were cut to 8 cm x 8 cm squares and
placed in the sample holder perpendicular to the light source.
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9.12.6.1 Thin transmitting sheet method

In one method, handsheets were prepared at a basis weight of 15 g/m2 using TAPPI
Standard T 205 sp-95 “Forming Handsheets for Physical Test of Pulp” [448]. The pH of
the slurry and the water in the handsheet mold are adjusted to a pH of 6.5 ± 0.5. The
reflectance data were transferred to a desktop computer and the calculations were
performed in Excel. The absorption and scattering coefficients were calculated for this
method by measuring the reflectance of a single transmitting 15 g/m2 sheet over a black
background along with a pile of 15 g/m2 sheets.

Equation 9-5 for the scattering

coefficient (s) and Equation 9-6 for the absorption coefficient (k) of a material helped
determine the Kubelka-Munk coefficients [263] for this method:

s=

1 ⎛ R∞ ⎞ ⎡ ⎛ 1 − R∞ R0 ⎞⎤
⎜
⎟ ln ⎢ R∞ ⎜
⎟⎥
b ⎜⎝ 1 − R∞ 2 ⎟⎠ ⎣⎢ ⎜⎝ R∞ − R0 ⎟⎠⎦⎥

Equation 9-5. Calculation to determine the Kubelka-Munk scattering coefficient (s)
from a single transmitting sheet.

s (1 − R∞ )
2 R∞

2

k=

Equation 9-6. Calculation to determine the Kubelka-Munk absorption coefficient
(k), given the scattering coefficient (s) and infinite reflectance (R∞).

In Equation 9-5 and Equation 9-6, s is the scattering coefficient in m2/kg; k is the
absorption coefficient in m2/kg; b is the basis weight in kg/m2; R∞ is the reflectance of an
infinite stack of sheets or optically thick samples; and R0 is the reflectance of a single
transmitting sheet.

Typical standard deviations for the scattering and absorption

coefficients determined by this method varied from 0.64 m2/kg at 300 nm to 0.025 m2/kg
at 700 nm.
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9.12.6.2 Dilution pulp method

A second method of obtaining the Kubelka-Munk optical coefficients was also used in
this research. This method involved preparing handsheets from fully bleached softwood
kraft pulp and from mixtures of brownstock kraft or wood meal and fully bleached
softwood kraft pulp.

The fully bleached kraft pulp was provided by Rayonier

Incorporated, Jesup Georgia. The bleached softwood kraft pulp was used as a dilution
pulp to lower the light absorption of the sample being analyzed [78, 221, 311-313, 315].
The mixed handsheets had a standard basis weight of 60 g/m2 and were prepared
according to TAPPI Standard T 205 sp-95 “Forming Handsheets for Physical Test of
Pulp” [448]. The pH of the slurry and the water in the handsheet mold are adjusted to a
pH of 6.5 ± 0.5. The reflectance of these 60 g/m2 handsheets was measured over a black
and white background with known reflectance factors. In this research, five sheets per
sample were measured over a black and white background using the PELA-1000 diffuse
reflectance accessory. Five sheets of fully bleached kraft pulp were analyzed in the same
way.

Data were collected between 300 and 800 nm.

The reflectance data were

transferred to a desktop computer and the calculations were performed in Excel. The
Kubelka-Munk equations utilized for this method are as follows in Equation 9-7 and
Equation 9-8.

(R − RGS )(1 + RW RS ) − (RW − RS )(1 + RGW RGS )
1
+ R∞ = GW
R∞
RS RGW − RW RGW
Equation 9-7. Calculation to determine the infinite reflectance (R∞) when
reflectance measurements from a white and black background are performed.

s=

(1 − RW R∞ )(R∞ − RGW )
w(1 R∞ − R∞ ) (1 − RGW R∞ )(R∞ − RW )
1

ln

Equation 9-8. Calculation to determine the Kubelka-Munk scattering coefficient (s)
when reflectance measurements from a white and black background are performed.
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In Equation 9-7 and Equation 9-8, R∞ is the reflectance of an optically thick sample, k is
the absorption coefficient (m2/kg), s is the scattering coefficient (m2/kg), w is the
grammage (kg/m2), RGW is the reflectance for the white background, RGS is the
reflectance for the black background, RW is the reflectance for the sample over a white
background, and RS is the reflectance for the sample over a black background. The
absorption coefficient of the mixture pulp was found from the Kubelka-Munk remission
function, as shown in Equation 9-6. The light absorption coefficient for the wood and
pulp samples respectively was then calculated according to Equation 9-9.

kmixture = xsample k sample + xdilution

k

pulp dilution

pulp

Equation 9-9. Calculation for the absorption coefficient of a mixed handsheet given
the absorption coefficients of the sample and dilution pulp and their respective
fractions in the pulp.

In Equation 9-9, x is the fraction of the sample and dilution pulp, respectively, in the
mixture.

Typical standard deviations for the scattering and absorption coefficients

determined by this method varied from 0.57 m2/kg at 300 nm to 0.028 m2/kg at 700 nm.

9.12.6.3 Optically thick sheet method
Another method of measuring the Kubelka-Munk remission function was utilized in this
research.

This method measured the reflectance of 200 g/m2 handsheets prepared

according to TAPPI Standard T 205 sp-95 “Forming Handsheets for Physical Test of
Pulp” [448]. The pH of the slurry and the water in the handsheet mold are adjusted to a
pH of 6.5 ± 0.5. Sheet samples were cut into 8 cm x 8 cm squares and placed in the
sample holder in a stack of 5 layers or the limit of thickness where the addition of another
layer would not change the absorbance of the stack (definition of R∞). The reflectance
data were transferred to a desktop computer and the calculations were performed in
Excel. The Kubelka-Munk remission function (k/s) was calculated with the available R∞
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data. Typical standard deviations for the remission function varied from 0.086 at 300 nm
to 0.0035 at 700 nm.

9.12.7 Chromophore Index
The Kubelka-Munk remission function (k/s) data were taken over the entire visible
spectrum (400 to 700 nm) and entered into the Number Crunching Statistical Software
(NCSS 2001). The area under the curve is calculated by the trapezoidal rule in this
software as in Equation 9-10.

Area =
Equation 9-10.
trapezoid rule.

1 n −1
∑ (Wi +1 − Wi )[(k s )i +1 + (k s )i − 2B]
2 i =1

Calculation used to calculate the area under the curve by the

In Equation 9-10, Area is the area under the k/s versus wavelength curve; Wi is the ith
wavelength value; (k/s)i is the ith k/s value; n is the number of wavelength values; and B is
the baseline value. The area between the baseline and the curve is computed by this
formula. The area under the k/s versus wavelength curve was found for each sample
investigated.

This area under the k/s versus wavelength curve was called the

chromophore index of the pulp.

9.12.8 Total Visible Absorption
The Kubelka-Munk absorption coefficient (k) data were taken over the entire visible
spectrum (400 to 700 nm) and entered into the Number Crunching Statistical Software
(NCSS 2001). The area under the curve is calculated in a similar fashion as the area
under the k/s versus wavelength curve. The area under the k versus wavelength curve
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was found for each sample investigated. This area under the k versus wavelength curve
was called the total visible absorption of the pulp.

9.12.9 Carbohydrates
The relative carbohydrate composition of wood and pulp samples was conducted using
two different experimental protocols.

9.12.9.1 Determination by gas-liquid chromatography
The first of these methods was in accordance with TAPPI Standard T 249 cm-85
“Carbohydrate composition of extractive-free wood and wood pulp by gas-liquid
chromatography” [449]. The five principal monosaccharides are determined from this
procedure including glucan, mannan, arabinan, xylan, and galactan. The samples are first
thoroughly washed with deionized water and air-dried prior to Soxhlet extraction with
acetone for 24 hours. Samples are weighed out to the nearest 0.1 mg and the moisture
content is determined. The target sample weight is 0.35 ± 0.01 g. The sample is placed
in a 15 mL conical glass centrifuge tube and exactly 3 mL of 72% sulfuric acid is added
with stirring. The centrifuge tube is placed in a 30ºC water bath for one hour with
occasional stirring. The contents of the centrifuge tube are quantitatively transferred to a
250 mL beaker with deionized water. The beaker is placed in an autoclave for 1 hour at
15 psi (103 kPa). The sample is cooled to room temperature using an ice bath. Exactly
10.0 mL of reagent grade Inositol (internal standard solution containing 1.000g/100 mL)
is added with mixing and the solution is transferred to a 50 mL beaker. Several drops of
bromophenol blue indicator are added and a barium hydroxide solution is added while
mixing with a magnetic stirring bar. Barium hydroxide is added until the color of the
solution changes from yellow to blue-violet. The contents of the 50 mL beaker are again
transferred quantitatively to a 50 mL centrifuge and the solution is centrifuged until the
supernatant is clear. The clear solution is then decanted into a 100 mL round bottom
flask. Sodium borohydride (80 mg) is added to the sample, and mixed occasionally for
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1.5 to 2 hours. Excess borohydride is removed by adding glacial acetic acid drop-wise
until gas evolution ceases. The solution is concentrated on a flash evaporator with the
water bath set at ≤ 40ºC. Approximately 10 mL of methanol is added to the syrup and
evaporated to dryness several times. The residue is heated in an oven at 105ºC to ensure
complete removal of the water. The residue is then acetylated by adding 7.5 mL of acetic
anhydride and 0.5 mL sulfuric acid and placing the sample in a water bath maintained at
50-60ºC for 1 hour. The sample is allowed to cool and is then extracted successively
with 25, 15, and 10 mL portions of methylene chloride. The combined methylene
chloride extracts are concentrated using a flash evaporator with the water bath set at
75ºC. Approximately 1 mL of water is added to the residue and evaporated to dryness on
the flash evaporator.

The residue is dissolved in 2 mL methylene chloride.

The

dissolved solution of alditol acetates (0.5 µL) is injected into the gas chromatograph and
the peak areas are determined for each of the five sugars and the internal standard. The
percent of each component as a polysaccharide is calculated according Equation 9-11.

Percent =

A × WS × C × 100
AS × W × k

Equation 9-11. Calculation to determine the percent of each carbohydrate
component in a pulp.

In Equation 9-11, A is the chromatographic area of the component peak; AS is the
chromatographic area of the internal standard peak; WS is the weight of internal standard
in milligrams; W is the oven-dry weight of the sample in milligrams; C is the conversion
factor for monosaccharide to polysaccharide (0.88 for pentoses and 0.90 for hexoses);
and k is the calibration factor for each individual component. Typical repeatability and
reproducibility values for each carbohydrate component are shown in Table 8.
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Table 8.
Typical repeatability and reproducibility values for
carbohydrate component [449].
Component
Repeatability, %
Reproducibility, %

Glucan

2.3

3.0

Mannan

0.47

1.6

Xylan

0.47

0.75

Arabinan

0.31

0.89

Galactan

0.47

0.36

Total carbohydrates

2.5

4.6

each

9.12.9.2 Determination by pyrolysis GC/MS
The second method was utilized for a series of conventional, polysulfide, anthraquinone,
and polysulfide-anthraquinone pulp samples from Norway.

The pulps were

enzymatically hydrolyzed at NTNU with commercial cellulase, mannanase, and xylanase
(Röhm Enzymes Oy.) for 48 hours at 55ºC in addition to 1 hour of acidic hydrolysis with
1 M trifluoroacetic acid at 100ºC. The respective monosaccharides were detected by
pyrolysis gas chromatography/mass spectrometry as described by Syverud et al. [450].
Briefly, the pyrolysis was performed with a filament pulse pyrolyzer (PYROLA-2000,
Pyrol AB, Lund Sweden). The pulp samples were placed on the pyrolysis filament and a
drop of water was added to improve the contact between the sample and the filament.
The water was removed by warm before the filament was mounted in the pyrolyzer. The
sample was then further dried in the pyrolysis chamber for 2 minutes prior to pyrolysis.
During pyrolysis, the pyrolysis chamber (maintained at 175ºC) was purged with helium
gas at a flow rate of 22 ml min-1 in order to transport the pyrolysis products quickly into
the GC column. Pyrolysis was set to 2 s, and temperature rise time to 8 ms.
The pyrolyzer was connected to an HP-6890 GC system and the gas flow was split to
allow 1/33 to enter the GC column. The injector temperature was 250ºC. The separation
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was performed on a 30m x 0.25 mm i.d. fused silica capillary column (film thickness 1

µm) denoted DB 1701 from J&W Scientific. Carrier gas velocity was constant at 0.8
mL/min. Temperature settings were as follows: 100ºC, hold 2 min, increase 4ºC per
minute to 265ºC, hold 5 min.
The mass spectrometer was an HP-5973 Mass Selective Detector, operated in the electron
impact (EI) mode with ionization energy of 70 eV. The ion source temperature was
230ºC. The scan speed was 5.27 scans s-1, and the mass range 35-300 amu. Between
each run the sample probe was removed and the column oven temperature was increased
to 280ºC for 20 minutes in order to remove the sample components completely from the
column.
The carbohydrate composition was determined according to Equation 9-12, where Glc,

Man, Xyl, Ara, and Gal are the relative amounts (in % by weight) of each
monosaccharide in the hydrosylate, corrected for the addition of one molecule of water
per anhydrosacchride unit during hydrolysis.

4
Glucomannan = Gal + Man
3
1
Cellulose = Glc − Man
3

Xylan = Xyl + Ara
Equation 9-12. Calculation to determine the relative carbohydrate composition
when employing the method by Syverud [450].
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9.12.10 Hexenuronic Acid Content
The brownstock kraft pulps were analyzed for hexenuronic acids (HexA) using the
method developed by Chai et al. [451]. Recent studies in our laboratory [452, 453] have
shown that this method yields equivalent accuracy and precision to the methods by
Vuorinen et al. [70], Teleman et al. [69], and Gellerstedt and Li [454]. Briefly, a known
weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in a vial containing
10 mL of a hydrolysis solution.

The hydrolysis solution contained 0.6% mercuric

chloride and 0.7% sodium acetate. The vial was sealed, mixed well, and placed in a hot
water bath (60-70ºC) for 30 minutes. After cooling, the solution UV absorption at 260
nm and 290 was measured and recorded. The hexenuronic acid content of the pulp was
calculated Equation 9-13.

CHexA = 0.287 ×

( A260 − 1.2 A290 ) × V
w

Equation 9-13. Calculation to determine the hexenuronic acid (HexA) content in
pulp [451].

In Equation 9-13, CHexA is the HexA concentration in µmol/g o.d. pulp; A260 and A290 are
the absorbances at 260 and 290 nm, respectively; V is the volume of hydrolysis solution;
and w is the oven-dried weight of pulp. Typical standard deviations for replicates of the
same pulping conditions were 0.96 µmol/g pulp.

9.12.11 Carboxylic Acid Group Content
The brownstock kraft pulps were analyzed for carboxylic acid groups using the method
developed by Chai et al. [455, 456]. Recent studies in our laboratory [457] have shown
this method provides similar accuracy and precision as the more common and standard
methods for measuring bulk carboxylic acid groups [458-461] in a much shorter time.
Briefly, the fiber samples were first pretreated at 1% consistency using a 0.1000 mol/L
hydrochloric acid solution for 1 hour at room temperature, magnetically stirring at a
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constant speed. The fiber sample was then dewatered in a Büchner funnel, washed
thoroughly with Nanopure water, and air-dried. A known weight of oven-dried pulp
(0.05 o.d. grams) was weighed and placed in a headspace testing vial. Subsequently, four
milliliters of a 0.005 mol/L standard bicarbonate solution mixed with 0.1 mol/L NaCl
was added to the same headspace testing vial. The vial was flushed with nitrogen for 15
seconds, mixed thoroughly, sealed with a septum, and placed in a headspace sampler tray
for HS-GC measurements. All measurements were performed on an HP-7694 Automatic
Headspace sampler and Model HP-6890 capillary gas chromatograph equipped with a
thermal conductivity detector. GC conditions were as follows: capillary column with ID
= 0.53 mm and a length of 30 m (Model GS-Q J&W Scientific Inc. Folsom, CA, USA) at
30ºC, carrier gas helium flow rate of 3.1 mL/min.

Headspace sampler operating

conditions were as follows: oven temperature of 60ºC, vial pressurized by helium with
pressurization time of 0.2 min., loop equilibration time of 0.05 min., vial equilibration
time of 10 min. with strong shaking, and loop fill time of 1.0 min. The GC was run in
splitless mode. The method used is based on the reaction of a protonated carboxylic acid
group with bicarbonate resulting in the formation of carbon dioxide and water. The
amount of carbon dioxide liberated can be used to quantify the bulk acid groups of a
known quantity of pulp. The carboxylic acid content of the pulp was calculated by the
relationship in Equation 9-14.

CCOOH = 0.046 ×

(A

sample

− Ablank )
w

Equation 9-14. Calculation to determine the carboxylic acid content in a pulp [455,
456].

In Equation 9-14, CCOOH is the carboxyl group concentration in µmol/g o.d. pulp; Asample
is the area under the GC peak for the analyzed sample, Ablank is area under the GC peak
for the standard bicarbonate solution, and w is the oven-dried weight of pulp. Typical
standard deviations for replicates of the same pulping conditions were 2.0 µmol/g pulp.
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9.12.12 Inductively Coupled Plasma (ICP) – Atomic Emission Spectroscopy
The determination of trace metals in wood and pulps is accomplished using Inductively
Coupled Plasma (ICP) Emission Spectroscopy. This technique requires the preparation
of acid digests from representative sample specimens to enable the instrumental analysis
of metallic analytes.

A summary of the digestion method, from US EPA SW-846

Method 3050A [462], is as follows:
1.

An oven-dried (105ºC) sample of wood or pulp (0.5-2.0 g) is accurately weighed
in a clean, labeled, pre-digested glass griffin beaker and covered with a watch
glass. The weight of the sample specimen is recorded to the nearest 0.1 mg.

2.

The sample is transferred to a hot plate in a fume hood. To the beaker, 5 mL of
1:1 HNO3 is added, swirled, and recovered with the watch glass.

3.

The sample is heated slowly for 10 to 15 minutes to a gentle reflux. After 10 to
15 minutes the beaker is removed from the hot plate and allowed to cool.

4.

2.5 mL of concentrated HNO3 is added to the beaker. The watch glass is placed
back on the beaker.

5.

The beaker is returned to the hot plate to reflux for 30 minutes. The volume is not
allowed to drop below 5 mL. After 30 minutes, the beaker is removed from the
hot plate and allowed to cool.

6.

Repeat steps 4 and 5.

7.

To the cooled beaker, 1 mL of deionized water and 1.5 mL of 30% H2O2 is added.
The watch glass is placed back on the beaker.

8.

Return the beaker to the hot plate on a reduced heat. The samples begin to
effervesce. Heat until the effervescence subsides then remove beaker to cool.

9.

To the beaker, add 0.5 mL of 30% H2O2, return the watch glass and return to hot
plate and heat until effervescence subsides.

10.

Repeat step 9 until the general appearance of the digest is unchanged, or a total of
5 mL of 30% H2O2 is added.
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11.

To the beaker, 2.5 mL of concentrated HCl is added along with 5 mL of deionized
water. Return the beaker to the hot plate and heat for 15 minutes and then remove
to cool.

12.

Once cool, rinse the under surface of the watch glass into the sample beaker with
deionized water. Filter the digest through a pre-rinsed Whatman 41 filter paper
into a 50 mL graduated cylinder. Rinse the sides of the beaker with deionized
water to ensure quantitative transfer of the sample digest. Do not exceed a final
volume of 50 mL.

13.

Bring the final volume of the filtrate up to 50 mL with deionized water.

14.

Transfer the digests to appropriately labeled, pretreated sample bottles and submit
for ICP analysis.

Analysis of the sample digests is accomplished using a Perkin Elmer Optima 3000 DV
ICP Emission Spectrometer. This instrument, equipped with an autosampler and integral
computer workstation is configured to detect up to 30 elements simultaneously in less
than 5 mL of sample digest solution.

The principle analysis is the detection of

characteristic ultraviolet and visible light emission from metallic elements injected in a
high temperature argon plasma torch. To improve instrument performance, a yttrium
internal standard is added to each sample, standard, and blank to compensate for small
variations in sample flow rate, sample viscosity, acid concentration, and other
instrumental and chemical parameters. Quantification of the sample analytes is based on
the measurement of specific wavelength intensities and comparison against multi-point
calibration standards for each element. The method employed is from US EPA SW-846
Method 6010A [463].
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9.12.13 Electron Spectroscopy for Chemical Analysis (ESCA)
9.12.13.1 Preparation of paper samples
The handsheets were made at a basis weight of 200 g/m2 using TAPPI Standard T 205 sp95 “Forming Handsheets for Physical Test of Pulp” [448]. The pH of the slurry and the
water in the handsheet mold are adjusted to a pH of 6.5 ± 0.5. The sheets were air-dried
at room temperature prior to Soxhlet extraction with acetone for 24 hours to remove
extractives and also contaminants that may have transferred to the pulp during handling.

9.12.13.2 Treatment with mercury acetate
The mercurization technique described by Westermark [464] was followed.

This

procedure was kindly performed by A. Heijnesson Hultén, Chalmers University of
Technology. Briefly, a paper sample (approximately 25 mg) was placed in a 15 mL glass
test tube and 6 mL methanol, 0.25 mL acetic acid, and 0.15 mg mercury (II) acetate were
added. The test tube was carefully sealed with a Teflon-lined screw cap and heated in a
silicon oil bath for 10 hours at 95ºC. The paper sheet was then washed with 100 mL
boiling acetic acid/methanol (1:10) and then dried at room temperature prior to ESCA
measurements.

9.12.13.3 Instrumentation
The handsheet samples were sent to the Institute for Surface Chemistry, Stockholm,
Sweden, for analysis by ESCA. The ESCA measurements were carried out using a
Kratos AXIS HS X-ray photoelectron spectrometer (Kratos Analytical, Manchester, UK).
The samples were analyzed in the fixed analyzer transmission (FAT) mode using an Al
Kα X-ray monochromator source for the high resolution carbon spectra operated at 300
W (15 kV/20 mA) and a Mg X-ray source for the quantification of detail spectra. Two
small pieces were cut from the middle of a 200 cm2 paper sample and attached to the
sample holder via a metal clip. The analysis area was less than 1 mm2. The take-off
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angle of the photoelectrons was perpendicular to the sample. Detail spectra for C1s, O1s,
Hg4f, and Si2S were acquired with a pass energy of 80 eV. The sensitivity factors
supplied by Kratos were 0.25 for C1s, 0.66 for O1s, 5.50 for Hg4f, and 0.23 for Si2s.
The high resolution C1s spectra were acquired with a pass energy of 20 eV. Gaussian
curves were fitted for the de-convolution of the carbon (C1s) peak using the curve-fitting
program supplied with the spectrometer.

9.12.14 Elemental Analysis
Carbon, hydrogen, oxygen, and sulfur analyses of the lignin samples were performed on
oven-dried samples (24 hours 105oC) at Atlantic Microlab (Norcross, Georgia). The
samples were combusted and analyzed for carbon, hydrogen, and sulfur by elemental
analysis. Meanwhile, the oxygen analyses were performed by pyrolysis. The results
were the average of two measurements.

9.13 Isolation and Characterization of Residual and Dissolved Lignins

9.13.1 Isolation of Residual Lignins
Residual lignin was isolated from the Pinus taeda kraft pulps by the acid hydrolysis
procedure, in accordance with standard literature methods [97, 104, 117, 465-467]. This
technique is frequently employed since it is relatively rapid and yields a lignin of
relatively high purity, free of carbohydrate contamination.

Figure 69 shows the

experimental apparatus used for the acid hydrolysis procedure.

The pulps were

thoroughly washed with deionized water and air-dried prior to Soxhlet extraction with
acetone for 24 hours. A 3000-mL three-necked round-bottom flask equipped with a
Friedrichs condenser was charged with 30.0 g o.d. pulp (air-dried). The pulps were then
refluxed with 0.100 N HCl in p-dioxane at 4.00% consistency for two hours under an
argon atmosphere. The 0.100 N HCl solution was a 9:1 p-dioxane:acid water solution.
The solutions were then cooled and filtered through a coarse-sintered glass Büchner
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funnel covered with filter paper to avoid plugging. The resulting filtrate was passed
through a fine-sintered glass Büchner funnel packed with a Celite® filter aid to remove
fines. The lignin/water/dioxane mixture was then neutralized with an aqueous saturated
solution of sodium bicarbonate to an apparent pH value of 5.0–5.5 and concentrated at
approximately 35ºC under reduced pressure to approximately 10% of the original
volume. Deionized water (ca. 400 mL) was added and the mixture was concentrated
again under reduced pressure to remove the last traces of p-dioxane. The resultant
aqueous lignin solution was transferred to a 1 L beaker, diluted with deionized water to a
volume of approximately 750 mL, acidified to a pH of 2.0-2.5, and transferred to 250 mL
capacity centrifuge bottles. The centrifuge bottles were frozen, thawed, and centrifuged.
Freezing promoted lignin coalescence, which improved the yield. The supernatant was
siphoned and fresh acidified water was added to wash the lignin. This step was repeated
four times, each time combining the lignin into fewer centrifuge bottles. During the third
wash, all the lignin was contained in one centrifuge bottle. The lignin was then freezedried for 3-5 days, after which it was characterized by NMR, UV/vis, and methoxyl
content. The yield of residual lignin was calculated by determining the original pulp’s
lignin content by kappa number and acid-insoluble lignin content.

The lignin

concentration for kappa number was estimated using the relationship in Equation 9-15.
Lignin Weight % = (0.15) × (kappa number )

Equation 9-15. Calculation to determine the weight percent of lignin in a pulp
based on the kappa number [468].

Equation 9-15 is based on the studies by Tasman and Berzins [468] in their studies on the
relationship between the pulp kappa number and the lignin content of pulp. The lignin
yields were then calculated as in Equation 9-16.

255

% Lignin Yield =

(mass

(initial

of lignin isolated )
× 100
kappa number ) × 0.15

Equation 9-16. Calculation to determine the lignin yield after residual lignin
isolation by the acid hydrolysis technique [104].

The lignin yields ranged from 31.6-61.9%, with the lower yields arising from relatively
high lignin content kraft pulps (~160 kappa number).

Figure 69. Experimental apparatus for the acid hydrolysis procedure [469].

9.13.2 Isolation of Dissolved Lignins
The isolation of black liquor or kraft lignins was carried out following standard literature
methods [62, 118]. In summary, the black liquors extracted at the end of each cook were
isolated by precipitating the lignin from solution by acidification with 2 M H2SO4. The
black liquors were first filtered through a Whatman #4 filter paper on a Büchner funnel.
Approximately 0.5 grams EDTA-2Na+ was then added for every 100 mL black liquor.
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The pH of the liquors was subsequently adjusted to ~6.0 with 2 M H2SO4. The solutions
were stirred vigorously for 1 hour, further acidified to a pH of 2.0-2.5, and frozen at 20ºC. After thawing the solutions, the precipitates were collected on a medium sintered
glass funnel and washed twice with cold deionized water by suspending the precipitates
in the water and stirring vigorously at 0ºC. The precipitates were collected, air-dried, and
extracted with pentane for 8 hours in a Soxhlet extractor to remove sulfur and other
impurities. The kraft lignin precipitates were further purified by dissolving them in a 9:1
dioxane:water solution and stirring for one hour. The precipitates were washed again
with 9:1 dioxane:water and centrifuged.

The supernatants were combined and the

aqueous solutions were filtered with a Celite® filter aid to remove fines. The p-dioxane
was removed at 35ºC and under reduced pressure using a rotary evaporator. After
acidification to pH 2.3, the solutions were washed thoroughly with distilled water and
then frozen. The purified kraft lignins were freeze-dried, dried under vacuum, and used
for subsequent NMR analyses.

9.13.3 NMR Analysis
The NMR analysis consisted of 1H and 13C-NMR on underivatized lignins, 31P-NMR on
hydroxyl and conjugated carbonyl derivatized lignins, and
conjugated carbonyl derivatized lignins.

19

F-NMR on side-chain and

As these techniques are very sensitive to

contaminants, all glassware and syringes used in the NMR procedures were cleaned and
dried prior to use. The procedure involved rinsing with acetone, followed by deionized
water, and drying at 105°C for a minimum of 12 hrs.

9.13.3.1 1H NMR
Quantitative 1H-NMR spectra were acquired on underivatized lignins and in DMSO-d6
using pentafluorobenzaldehyde (PFB) as the internal standard following published
methods [120, 466, 470-472]. The PFB has a sharp singlet at 10.3, out of the range of
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other signals from lignin, allowing it to be easily integrated. The procedure was as
follows:

1. An anhydrous, internal standard solution was prepared by first adding 30 mL of
DMSO-d6 to pre-dried 4 Å molecular sieves for 24 hr. 100% DMSO-d6 is the solvent
of choice for 1H NMR experiments. However, 99.5% or 99.9% DMSO-d6 can also be
used. Extra precaution should be taken so as to remove almost all of the water
present in the solvent.
2. PFB was weighed out into a 25 mL volumetric flask (~20 mg), which was then filled
with the anhydrous DMSO-d6 transferred under argon. The DMSO-d6 transfer was
halted halfway through to allow the PFB to dissolve completely before the flask was
filled to the mark.
3. The solution was transferred and stored under argon with a sure-seal cap.
4. The NMR sample was prepared by adding 0.45 mL of internal standard solution into
a known weight of dry lignin (20 to 25 mg). The lignin was dried under vacuum (~20
mm Hg) for a minimum of 24 hr.
5. Several 4 Å molecular sieves were added to each lignin solution to maintain
anhydrous conditions and serve as stir bars when the sample was vibrated.
6. The lignin solution was transferred to a 5 mm NMR tube with a dry pipette.
Each 1H-NMR spectra was acquired with a 15 s delay between 90º pulses. A minimum
of 250 transients was acquired from each sample. The acquisitions were performed using
a 15 ppm sweep width, time domain size (TD) of 32768, and a 0.3 Hz line broadening
(LB). The spectra were manually phased, first order baseline corrected, calibrated for
chemical shifts using the internal standard solvent peak (δ 10.3 ppm). The integration
regions used to analyze the spectra are listed in Table 9 [120, 466, 470-472].
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Table 9.
470-472].

Integration regions for 1H–NMR analysis of isolated lignins [120, 466,

δ 1H–NMR (ppm)

Functional Groups

Carboxylic acid H
Internal standard PFB
Formyl H
Unsubstituted Phenolic H
Substituted Phenolic H
Aromatic and Vinyl H
Aliphatic H on CH-O and C-CH2-OMethoxyl H

9.13.3.2
13

13

13.50-10.50
10.40-10.20
10.10-9.35
9.35-8.50
8.50-8.00
8.00-6.00
6.00-4.05
4.05-3.45

C NMR

C NMR samples were prepared by placing the dry lignin (100-170 mg) in a 4-mL vial

containing a magnetic spin bar. DMSO-d6 (500 µL) was introduced in the vial and the
mixture was allowed to stir for approximately 20 min. The sample was then transferred
to a 5-mm NMR tube. The quantitative

13

C experiments were performed using a 90°

pulse with an inverse gated decoupling (IGD) pulse sequence, which is needed to remove
the nuclear Overhauser effect (nOe) [473]. A 14 s pulse delay value, obtained from the
literature, was used to insure complete 13C nuclei relaxation between pulses [474]. The
integration regions used for the analysis of the spectra are shown in Table 10 [473, 474].
Manual phasing and a 3-point manual base line correction were performed on each
spectrum. All chemical shifts were calibrated relative to the DMSO peak at 39.5 ppm.
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Integration regions for 13C NMR spectrum [473, 474].
Integration region
(ppm)
Unconjugated COOH
178.0 – 167.5
Conjugated COOH
167.5 – 162.5
C3, C4 Aromatic ether or hydroxyl
154.0 – 140.0
C1, Aromatic C-C bond
140.0 – 127.0
C5, Aromatic C-C bond
127.0 – 123.0
C6, Aromatic C-H bond
123.0 – 117.0
C5, Aromatic C-H bond
117.0 – 114.0
C2, Aromatic C-H bond
114.0 – 106.0
90.0 – 78.0
Aliphatic C-O bond, Cβ in β-O-4; Cα in β−5 and β−β
79.0 – 67.0
Aliphatic C-O bond, Cα in β-O-4
Aliphatic COR
67.0 – 61.0
61.0 – 57.0
Aliphatic C-O Cγ in β-O-4
Methoxyl OCH3
57.0 – 54.0
54.0 – 52.0
Cβ in β−β and Cβ in β-5
OCH3 in MAME structure
52.0 – 49.0
CH2 in Diaryl Methanea
29.5 – 27.0
Aromatic C total
154.0 – 106.0
Aromatic C-R (substituted)
52.0 – 49.0
Aromatic C-H (unsubstituted)
29.5 – 27.0
a
Controversial peak assignment [136].
Table 10.
Structure

9.13.3.3

19

F NMR

Quantitative 19F NMR spectra were acquired on lignin samples that were derivatized with
4-trifluoromethylphenylhydrazine. The procedure developed by Sevillano et al. [475]
was performed as follows:
1.

Residual lignins (~60 mg) previously dried under vacuum (30 in. Hg) at 40ºC are
placed in a tared 20 mL vial (vial + Teflon cap)

2.

The residual lignin is dissolved in 500 µL DMF, then 1 mL of 50/50 DMF/water
(v/v) containing 110 mg 4-trifluoromethylphenylhydrazine (Aldrich Chemical
Company, recrystallized from pentane).

3.

The mixture is kept at room temperature, in the dark, for 24 hours.
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4.

The derivatized lignin sample is subsequently precipitated by adding
approximately 20 mL of pH 2.0 water and then frozen.

5.

The aqueous layer was discarded and the lignin was freeze-dried.

6.

The resulting lignin was Soxhlet extracted with dichloromethane to remove
impurities for 24 hours and then dried under vacuum over P2O5.

7.

The previously dried lignin was accurately weighed into a 4 mL vial containing
magnetic spin bar.

8.

The lignin sample was dissolved in 450 µL DMSO-d6 containing 3–
trifluoromethoxybenzoic acid (0.5 mg/mL, δ -57.06 ppm, Lancaster Synthesis
Incorporated) as an internal standard.

Quantitative

19

F NMR parameters used were: 90° pulse without proton decoupling, 10–

second pulse delay, and approximately 400 acquisitions. Chemical shifts were adjusted
to CCl3F (δ 0.00 ppm) used as an external standard. Integration was accomplished by
lineshape analysis using NUTS–NMR Transform Utility Software (Acorn NMR
Incorporated).

9.13.3.4
31

31

P NMR for Hydroxyl Groups

P NMR technique is an efficient and facile technique for quantifying lignin hydroxyl

groups such as aliphatic, condensed and noncondensed phenolic, and carboxylic acid
hydroxyl groups [110, 137].

31

P NMR experiments were carried out in accordance with

established literature methods [102, 111, 117]. The procedure was as follows:
1. A solvent solution (50 mL) of 1.6:1 (v/v) of pyridine to deuterated chloroform was
prepared.
2. The solvent solution (25 mL ) was used to prepare a mixture solution containing 100
mg of cyclohexanol (internal standard) and 90 mg of chromium acetylacetonate
(relaxation agent).
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3. Previously dried lignin (20-25 mg) was accurately weighed into a 4 mL vial that
contained a magnetic spin bar. All lignins were dried under vacuum (30 in. Hg) at
40°C for 24 hours.
4. An aliquot of the solvent solution (400 µl) and an aliquot of the mixture solution (150

µl) were introduced into the vial, (sealed with a Teflon cap) containing the lignin and
the spin bar, from two different Hamilton syringes.
5. The mixture in the vial was mixed for a few minutes (approx. 5 min).
6. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane
phosphitylating agent) was introduced into the vial.

(70

µL;

TMDP

or

The vial was shaken for

approximately 20 seconds before it was transferred to a 5-mm NMR tube to record
the NMR spectrum.
Each

31

P-NMR acquisition was performed with a 25 s delay between 90° pulses. The

inverse gated decoupling pulse sequence was used to obtain quantitative spectra. A
minimum of 200 transients was acquired for each sample.

The acquisitions were

performed at room temperature, using a 61.9 ppm sweep width (TD = 32,768) and a 4 Hz
line broadening. Chemical shifts were calibrated relative to the cyclohexanol peak signal
centered at 145.1 ppm. Integration regions that were used to assign the signals are
tabulated Table 11 [102, 110, 111, 117, 121, 137, 466, 467, 474].
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Table 11. Integration regions used for 31P NMR analysis of TMDP treated SW
lignin [102, 110, 111, 117, 121, 137, 466, 467, 474].
Structure
δ 31P–NMR

1) Aliphatic OH
IS) Cyclohexanol (Internal standard)
2) Phenols
2a) Combined para–OH–φ and guaiacyl
2b) C5 substituted "condensed"
2b1) β–5
2b2) 4–O–5
2b3) 5–5
2c) Guaiacyl
2d) Catechol
2e) Para–hydroxy–phenyl
3) Carboxylic acid OH

150.0 – 145.5
144.7 – 145.5
136.6 – 144.7
137.3 – 140.0
140.0 – 144.7
142.8 – 144.7
141.7 – 142.8
140.2 – 141.7
139.0 – 140.0
138.2 – 139.0
137.3 – 138.2
133.6 – 136.6

TMDP
TMDP hydrolysis product

176.0
132.2

2)

IS)

2a)

2b)

TMDP
hydrolysis product

2b1)

2b3)
2b2)

1)

2c)

3)

2d)
2e)

150

145

140

135

130 ppm

Figure 70. 31P NMR spectrum, with integration regions, of a softwood kraft
effluent lignin treated with TMDP [151].
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9.13.3.5

31

P NMR for Quinones

The method to determine the combined ortho-, para-quinone content in residual lignins
isolated from the brownstock kraft pulps was recently developed by Zawadzki [151],
Zawadzki et al. [152, 431], Zhang and Gellerstedt [476], and Argyropoulos and Zhang
[477].

The procedure involves the derivatization of both ortho- and para-quinone

structures with trimethylphosphite followed by 31P NMR analysis. Figure 71 outlines the
tagging mechanism for o-quinone structures. The tagging mechanism is believed to
proceed by an initial attack at the carbonyl oxygen to yield a zwitterionic structure (II).
Cyclization of II leads to a benzodioxaphospholene structure (III) [478-481].

The

benzodioxaphospholene adduct can be hydrolyzed to yield a cyclic phosphate ester (IV).
This open-chain phosphate ester product is then readily detectable by 31P NMR.

O

O
P(OCH3)3

O

I

O

P(OCH3)3

P(OCH3)3
O

O

II

III
O

O
P OCH3
OCH 3

H 2O

OH

IV

Figure 71. Proposed mechanism of trimethylphosphite reaction with o-quinones
[431].

Ramirez et al. demonstrated that trimethylphosphite can form an adduct with para–
quinones [478, 479]. Figure 72 outlines an analogous mechanism for tagging p-quinone
structures. The mechanism is thought to proceed by attack of trimethylphosphite on the
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carbonyl oxygen leading initially to a phosphonium–phenoxide zwitterion (VII). Rapid
methyl group translocation yields the open–chain phosphate ester in high yield (VIII).
Two isomeric forms may be formed depending upon which quinone carbonyl group is
initially attacked.
O
OP(OCH3)2

OP(OCH3)3

O
P(OCH3)3
CH3O

OCH3

CH3O

OCH3

CH3O

OCH3

O

O

OCH3

V

VI

VII

Figure 72. Proposed mechanism of trimethylphosphite reaction with p-quinone
structures [431].

The procedure developed by Zawadzki [151, 152, 413, 431, 432] was performed on the
lignins as follows:
1.

Dry residual lignin (30 mg) previously dried under vacuum (30 in. Hg) at 40ºC
was placed in a tared 4 mL vial (vial + Teflon cap).

2.

The sealed vials were dried once again as described above and weighed again.

3.

The vials were placed in an open-top dessicator and subjected to a continuous
flow of argon. As a precaution, the stream of argon was passed through drierite in
order to trap any moisture incoming with the gas.

4.

Then 500 µL of a 50/50 TMP/anhydrous DMF (v/v) solution was added to each
of the vials under the inert atmosphere with a dried Hamilton syringe.

5.

The dessicator was covered with aluminum foil to allow the reaction to proceed
for a period of 7 days.
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6.

After the 7 day reaction period, the excess trimethylphosphite was removed by
introducing 250 µL of DMSO to the vials and placing them under vacuum (30 in.
Hg) at 45ºC until the samples were nearly dry.

7.

The treated lignin samples were then dissolved in 500 µL of a 60% DMSOd6/pyridine (v/v) solution containing tri-meta-tolylphosphate (0.7 mg/mL) and
chromium-acetylacetonate (0.9 mg/mL).

8.

Deionized water (5 µL) was then introduced and the lignin solutions were mixed
for 12 hours before recording the 31P NMR spectra.

Each 31P-NMR acquisition was performed with a 5 s delay between 90° pulses, utilizing
an inverse-gated broad-band proton decoupling sequence. A minimum of 1000 transients
was acquired for each sample. The acquisitions were performed at 305 K, using a 15
ppm sweep width and a 15 Hz line broadening (TD = 65544, SI = 65544). All the
chemical shifts were calibrated to the internal standard peak of tri-m-tolyl-phosphate that
gives a signal at -16.3 ppm. The lignin’s combined ortho- and para-quinone content was
achieved by integrating the areas of the internal standard and the phosphate-ester
(quinone adduct) resonance centered at -2.5 ppm.

9.13.4 NMR Error Analysis
Three lignin isolation samples were collected and analyzed by 1H-NMR,
hydroxyl groups,

31

P NMR for quinones,

19

F NMR, and

13

31

P-NMR for

C-NMR. The integration

values from the study were then used to calculate least significant difference (LSD) or
confidence interval values.

The least significant difference can be found from the

following relationship in Equation 9-17.

LSD =

2
×t × s
n

Equation 9-17. Calculation for the least significant difference (LSD) value to
determine statistical significance.
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In Equation 9-17, t is the critical Student’s t-value at the 95% confidence level and s is
the standard deviation. The confidence interval is taken as one-half the least significant
difference. These values were then used to determine if differences measured in the
quantitative NMR analysis were statistically significant.

The LSD and confidence

intervals were established for each of the functional groups determined by 1H-NMR, 31PNMR for hydroxyl groups,

31

P NMR for quinones,

19

F NMR, and

13

C-NMR techniques

and are tabulated in Chapter 4.

9.13.5 UV/vis for Neutral Spectra
The neutral ultraviolet and visible (UV/vis) spectra were measured in a 2:1 2methoxyethanol/water (v/v) solvent and according to standard literature procedures [482].
The UV/vis data was acquired using a Lambda 900 UV spectrometer. Briefly, the
absorption spectra were recorded from 200 to 800 nm using a pathlength of 10 mm, a
bandwidth of 1.0 nm and a scan speed of 250 nm/min. Only matched cuvettes were used
when obtaining the spectra. The spectra were determined by adding 5 mL of the lignin
solution (0.06 g/L in 2:1 v/v 2-methoxyethanol and deionized water) to 1 mL of
phosphate buffer at pH 6.5. This lignin solution was placed in the sample cell. The
reference cell was prepared by adding 5 mL of a solvent solution (2:1 v/v 2methoxyethanol and deionized water) to 1 mL of phosphate buffer at pH 6.5.

9.13.6 UV/vis for Ionization Spectra
Kraft black liquor and residual lignins were characterized by differential UV/vis
spectroscopy. The method is based on the difference in absorption between lignin in
alkaline solution and lignin in neutral solution [483-485]. In alkaline solution, phenolic
hydroxyl groups are ionized and the absorption changes towards longer wavelengths and
higher intensities. By subtracting the spectrum derived from the neutral solution from
that of the alkaline solution, an ionization difference spectrum, a ∆εi-spectrum, is
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obtained. Typically for a double-beam spectrophotometer, the alkaline solution is placed
in the sample cell and the neutral solution in the reference cell.

In this way, the

difference spectrum can be measured directly. For this research, the spectra of isolated
lignins were measured in a 2:1 2-methoxyethanol/water (v/v) solvent.

The UV/vis

experiments were conducted according to standard literature methods [15, 28]. The
UV/vis data was acquired with a Lambda 900 UV spectrometer. Briefly, the absorption
spectra were recorded from 200 nm to 800 nm using a pathlength of 10 mm, a bandwidth
of 1.0 nm and a scan speed of 250 nm/min. Only matched cuvettes were used when
obtaining the spectra. The spectra were determined by adding 5 mL of the lignin solution
(0.06 g/L in 1:1 v/v 2-methoxyethanol and deionized water) to 1 mL of either phosphate
buffer at pH 6.5 (neutral spectra) or 0.6 M NaOH (for alkali spectra).

9.13.7 Fourier Transform - Infrared (FT-IR) Spectroscopy
Fourier Transform Infrared (FT-IR) transmission spectra were collected for each of the
lignin samples in the solid state using a Magna-IR System 550 (Nicolet Instrument
Corporation) equipped with a liquid nitrogen cooled MCT- detector. The standard KBr
pellet technique was applied. In brief, pellets were formed by pressing mixtures of 2 mg
of dry lignin sample and 500 mg of dry spectroscopy grade potassium bromide (KBr) at
15 psi for 3 min. under vacuum. Background spectra were collected using pure KBr.
The instrument was controlled by Omnic FT-IR Software and had the following
configuration: DTGS detector; spectral resolution was 4 cm-1; number of scans was 64; a
Happ-Genzel apodization function was used; autogain; and 0.6329 velocity. The baseline
of the spectra was corrected to zero by using a three-point linear approach at 4000 cm-1,
1850 cm-1 and 400 cm-1.

9.13.8 Methoxyl Group Content Analysis
The methoxyl content of the residual lignin was measured using a modification of a
suggested TAPPI method T 209 su-72 “Methoxyl Content of Pulp and Wood” [486].
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This principle of this method is based on the reaction of the methoxyl group with
hydroiodic acid to generate methyl iodide. The organic iodide is oxidized by bromine to
form iodic acid, which is determined by the titration of iodine after it is reduced by KI.
Figure 73 shows the reactions occurring during the experimental procedure to determine
the methoxyl content of wood, pulp, or residual lignin.
ROCH3 + HI = CH3I + ROH
CH3I + Br 2 = CH3Br + IBr
IBr + 2 Br2 + 3 H2O = HIO3 + 5 HBr
Figure 73. Reactions occurring during the experimental protocol for determining
the methoxyl content of wood, pulp, and residual lignin [486].

The procedure used for analyzing the methoxyl content in residual lignin is as follows:
1.

Approximately 10 mL of a bromine-potassium acetate solution is added to a
reaction flask. The sample is weighed out accurately to the nearest 0.1 mg and
placed in the reaction flask with several boiling stones.

2.

Exactly 2.0 mL propionic anhydride and 6.0 mL hydroiodic acid is delivered to
the reaction flask.

3.

The flask is immediately attached to the condenser. Helium gas is attached to
another inlet of the flask.

4.

The gas flow rate is adjusted to give two bubbles every second.

5.

The flask is then submerged in a silicon oil bath, which is adjusted to and
maintained at 145°C.

6.

The reaction is continued for 30.0 minutes.

7.

Approximately 10 mL of a sodium acetate solution is added to a 500 mL
Erlenmeyer flask.

The contents of the reaction flask are washed into the

Erlenmeyer flask. The contents of the Erlenmeyer flask are diluted to 125 mL
and formic acid is added drop-wise, with stirring, until the yellow color of the
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bromine is discharged. Six additional drops of formic acid are added at this point.
A total of 12 to 15 drops is usually required.
8.

After about 3 minutes, 3 g KI and 15 mL of 4 N sulfuric acid is added to the flask.

9.

Immediately titrate the solution with 0.1 N Na2S2O3.

The methoxyl content is calculated by the relationship shown in Equation 9-18.

Percentage methoxyl content =

( A − B ) × N × 0.00517 × 100
W

Equation 9-18. Calculation to determine the methoxyl content in wood, pulp, and
residual lignin samples [486].

In Equation 9-18, A is the volume of Na2S2O3 required for the specimen; B is the volume
of Na2S2O3 required for the blank; N is the normality of the Na2S2O3 solution; and W is
the weight of the lignin sample, in grams. Typical standard deviations for the methoxyl
content analysis were 0.3%.

9.13.9 Elemental Analysis
Carbon, hydrogen, oxygen, and sulfur analyses of the lignin samples were performed on
oven-dried samples (24 hours 105oC) at Atlantic Microlab (Norcross, Georgia). The
samples were combusted and analyzed for carbon, hydrogen, and sulfur by elemental
analysis. Meanwhile, the oxygen analyses were performed by pyrolysis. The results
were the average of two measurements.

9.13.10 Ash Content
The ash content of the residual lignin samples was analyzed in accordance with TAPPI
Standard T 211 om-93 “Ash in Wood, Pulp, Paper, and Paperboard: Combustion at
525ºC” [487]. Approximately 100 mg was ignited in a muffle furnace at 525ºC. A
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separate test sample is used to find the moisture content of the specimen. The resulting
weights of ash and moisture level in the sample are used to calculate the percentage ash
present at 525ºC on a moisture-free sample basis by the relationship in Equation 9-19.

Ash,% =

A × 100
B

Equation 9-19. Calculation to determine the ash content in a wood, pulp, paper,
paperboard, or lignin sample [487].

In Equation 9-19, A is the weight of ash in grams and B is the weight of the moisture-free
test sample in grams. The ash content was used to correct the residual lignin weight.
Typical values ranged from 0.71-2.7%.
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10. RESULTS AND DISCUSSION
10.1 Chapter 1:

Developing a Method to Quantify the Chromophore Content of

Lignocellulosic Materials

Thomas J. Dyer and Arthur J. Ragauskas
Abstract

Several methods were evaluated for their potential in characterizing the chromophore
content of unbleached kraft pulps. Absorption and scattering spectra were obtained from
reflectance measurements and subsequent calculations using the Kubelka-Munk theory.
The thin transmitting sheet method used in light-induced yellowing of mechanical pulps
was found to be ineffective in characterizing the chromophore content of kraft pulps.
The reason for this was identified to be due to the interdependency of the apparent
scattering and absorption coefficients in the visible region of the spectrum. Meanwhile,
the dilution pulp method was found to be an effective technique to obtain the actual
absorption coefficient of a material based on the criteria of the Kubelka-Munk theory.
The actual absorption coefficient of wood, mechanical pulp, unbleached (3-22% klason
lignin), and fully bleached kraft pulps were calculated. The chromophore content of each
material was evaluated by integrating the absorption coefficient over the entire visible
region. This measurement was known as the total visible absorption of a material and
was shown to be valid for a wide variety of wood, TMP, unbleached and fully bleached
kraft pulps. This measurement showed that most of the color of kraft pulp forms very
early during the kraft pulping process. A second method of evaluating the chromophore
content of a material was found by utilizing the integral of Kubelka-Munk remission
function over the visible region. This measurement, known as the chromophore index,
was linearly related to the total visible absorption and can therefore be used as a valid
measure of the color and chromophore content of a material.
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Introduction

In the past few decades, research efforts in the pulp and paper industry have focused on
tailoring unit operations and product properties to environmental regulations and
changing market demands. Over the past several years, growing concerns over the use of
chlorine and chlorine-containing chemicals have forced the pulp and paper industry to
tailor bleaching processes to have minimal impact on the environment [488-493].
Currently, alternative bleaching technologies to chlorine include hydrogen peroxide,
oxygen, chlorine dioxide, and ozone [494]. Wood utilization practices have also come to
the research forefront as the availability of and accessibility to inexpensive fibers will
diminish in the long run [495-497].
More recently, research efforts have focused on tailoring fiber properties to specific end
uses. A considerable amount of attention has been given to developing methods to adapt
pulp fiber strength and surface properties for this cause. However, pulp production
utilizing the kraft pulping process addresses many of the physical strength properties that
are of concern. In fact, kraft pulping remains the dominant pulping technology in the
world due to the high-strength pulps produced, its relative insensitivity to wood species,
and its efficient chemical and energy recovery system. Despite this, one area that has not
received a considerable amount of attention has been tailoring optical properties to
specific end uses. One major disadvantage of the kraft pulping process is the dark
colored pulps that are produced.

Our research has focused on understanding the

fundamental nature of chromophore formation during kraft pulping. By doing so, we
should be able to tailor optical properties of unbleached kraft pulps to specific valueadded end uses.
The production of dark colored pulps from the kraft pulping process has been a problem
since the inception of this technology in 1879 by C.F. Dahl [1]. However, it was not until
the mid-late 1920s and 1930s when researchers began delving into this area. It was at
this time that scientists finally agreed upon a definition of the dark color produced during
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kraft pulping [3]. Kraft pulp color was defined as the characteristic red-brown color of a
pulp obtained by cooking wood with a liquor containing sodium hydroxide and sodium
sulfide. This color varies in shade and intensity with the species of wood cooked and the
degree of coloring matter in the pulp. This degree of coloring matter is related to the
concentration, molar extinction coefficient, and the nature of the substituents of the
chromophores in kraft pulp.
The first experimental work on the coloring matter of kraft pulps was done in 1933 by
Kuettel [3], but it was not until 1948 when Pigman and Csellak [7] were among the first
to conclude that lignin and its degradation products were responsible for the bulk of the
color found in kraft pulps.

Later studies by Hartler and Norrström [10, 18, 362]

determined that lignin may be responsible for as much as 90% of the light absorption
coefficient in the visible region. Surprisingly, the structures responsible for color in kraft
pulps are only qualitatively known. A number of structures have been implicated as
chromophores

in

kraft

pulps,

including:

metal-catechol

complexes

[19-22],

coniferaldehyde [19, 22, 23], quinone methides [22], stable radicals [22], and quinones
[19, 21, 22, 24-27].
The conventional method for evaluating optical properties in the pulp and paper industry
has been to measure the brightness [312]. The ISO-brightness is a precisely defined
measurement made on an opaque pad of paper sheets. More specifically, it is a measure
of the diffuse reflectance of an optically thick sample at an effective wavelength of 457
nm. Brightness measurements were first developed to observe the efficacy of bleaching
[325]. Kubelka-Munk theory [263] is the only readily applicable approach for estimating
optical constants in paper [268]. In Kubelka-Munk theory, light flux is treated as two
separate dependent parameters, and their intensity is determined by the scattering and
absorption coefficients [299]. The scattering coefficient of a pulp is influenced by such
physical factors as particle size and shape, the degree of bonding between fibers, and the
indices of refraction of the fibers. The absorption coefficient is influenced to some extent
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by the degree of bonding between fibers and the indices of refraction, but to a much
greater extent by changes in the cooking process, the degree of bleaching and chemical
composition of the sample [219]. This means that the light absorption and scattering
coefficients give pertinent information when studying chemical and physical changes in a
material.
The Kubelka-Munk remission function (k/s) has often been utilized to characterize the
brightness reversion and photoyellowing properties of mechanical pulp samples [281288]. Although this remission function is useful, it also has practical limitations. One
main assumption or limitation of the theory is that the chromophore distribution must be
uniform in the samples. In addition, the process contributing to the change in the
absorption coefficient must not alter the scattering coefficient. Therefore, the absorption
and scattering coefficients have been used to characterize changes in the optical and
bonding characteristics of a paper sheet. However, there are also several limitations of
using these optical constants. One premise of using these optical constants is that the
reflectance measurements are performed under diffuse illumination and in the absence of
gloss. In addition, the light absorption and light scattering coefficients must behave
independently of each other.

However, it has been shown that the light scattering

coefficient and light absorption coefficient are not independent of one another in practical
measurement conditions [294].

The Kubelka-Munk light scattering coefficient is

significantly reduced at high levels of absorption [260, 291, 299]. This effect is known as
the NAM anomaly [291] or Foote effect [260]. It is not clear whether this significant
decrease in scattering coefficient at higher absorption is an intrinsic error in the KubelkaMunk theory or an actual physical material property. In the theory where the decrease in
scattering coefficient at high absorption is seen as a material property, the decrease in
scattering has been explained to be a combination of two phenomena: the influence of the
absorption on the surface reflectivity of the cell wall and the absorption of light internal
to the cell wall [299]. However, it has also been shown using a discrete ordinate radiative
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transfer (DORT) model that there is an intrinsic error in the Kubelka-Munk model at high
absorption levels, explaining roughly 20% of the decrease in scattering coefficient [300].
Difficulties arise when trying to apply the Kubelka-Munk theory to wood, mechanical
pulps, and chemical pulps since the light scattering and light absorption coefficients are
not independent of each other. This is especially true when studying chemical pulps
produced with the kraft process. Our research focus has been to elucidate the nature of
chromophore formation during kraft pulping.

We also wanted to obtain a better

understanding of and define the particular functionalities that are responsible for
chromophore formation during kraft pulping. Accordingly, we needed to develop a
method to measure the chromophore content of a highly-absorbing material while
keeping in mind the main assumptions of the Kubelka-Munk theory. In the present study,
several methods were examined to measure the light scattering and light absorption
properties of pulp samples. Samples were prepared and analyzed utilizing these methods
with the ultimate goal of characterizing the chromophore content of these materials. The
optimal method obeying the assumptions of the Kubelka-Munk theory was ultimately
used to quantify chromophores as a function of the kraft pulping process. Quantifying
the chromophore content of a material may assist researchers in determining the nature of
chromophore formation from unit operations in the pulp and paper industry.
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Experimental
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.
Chemicals. All pulping chemicals were purchased from Aldrich Chemical Company,

Milwaukee, Wisconsin, or VWR and used as received.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions;
more specifically, one series of pulps was produced undering varying conditions of
effective alkali, sulfidity and maximum cooking temperature.

These conditions are

summarized in Table 12. Another series of pulping conditions had a high effective alkali
(EA) and low sulfidity (Condition A) and another had a low effective alkali and high
sulfidity (Condition B). These pulping conditions are summarized in Table 13. The
individual vessels were then placed in a rotating, multi-unit digester. The temperature in
each autoclave was increased as a ramp function from 23ºC to a maximum cooking
temperature of 170ºC over 90 minutes. The kraft cook was interrupted at the appropriate
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H-factor and each vessel was cooled immediately in a cold water bath. The cooked wood
chips were disintegrated in an industrial blender and screened and washed in a Valley
screen.
Preparation of Wood Meal. A portion of the wood samples were ground to wood meal

in a Wiley mill. The slit size in the sieve was 1.0 mm, corresponding to a mesh size of
#16.
Pulp Characterization
Pulp Properties. The pulp kappa number [444], klason lignin [445], and brightness

measurements [447] were performed according to TAPPI standard methods. Kappa
number measurements were the average of three titrations.

Typical experimental

standard deviations for the brownstock pulps was 0.24 while for replicates of the same
pulping conditions, the standard deviation was 1.06 kappa units. Klason lignin was the
average of two experiments.

Typical experimental standard deviations for the

brownstock pulps varied up to 0.2% while for replicates of the same pulping conditions,
the standard deviation was 0.2%. Brightness measurements were the average of five
individual handsheets. The typical brightness standard deviation for five replicates of
one pulp was 0.14 while for replicates of the same pulping conditions it was 0.18
brightness units.
UV/vis Diffuse Reflectance Spectroscopy.

Diffuse reflectance measurements of

handsheets were carried out on a Perkin-Elmer Lambda 900 UV/vis spectrometer
equipped with a diffuse reflectance and transmittance accessory. Background corrections
were recorded using a Labsphere SRS-99-020 standard made of Spectralon® and having a
reflectance factor of 99%. The diffuse reflectance measurements were made using three
different methods. In all three methods, the handsheets were cut to 3 cm x 3 cm squares
and placed in the sample holder perpendicular to the light source.
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Transmitting sheet method. In one method, handsheets were prepared at a basis weight

of 15 g/m2 using TAPPI Standard T 205 sp-95 “Forming Handsheets for Physical Test of
Pulp” [448]. The pH of the slurry and the water in the handsheet mold were adjusted to a
pH of 6.5 ± 0.5. The absorption and scattering coefficients were calculated for this
method by measuring the reflectance of a single transmitting 15 g/m2 sheet over a black
background along with a pile of 15 g/m2 sheets. The reflectance data were transferred to
a desktop computer and the calculations were performed in Excel. Equation 1 for the
scattering coefficient (s) and Equation 2 for the absorption coefficient (k) of a material
helped determine the Kubelka-Munk coefficients [263] for this method:

s=

1 ⎛ R∞ ⎞ ⎡ ⎛ 1 − R∞ R0 ⎞⎤
⎜
⎟ ln ⎢ R∞ ⎜
⎟⎥
b ⎜⎝ 1 − R∞ 2 ⎟⎠ ⎢⎣ ⎜⎝ R∞ − R0 ⎟⎠⎥⎦

s(1 − R∞ )
k=
2 R∞

Equation 1

2

Equation 2

In Equations 1 and 2, s is the scattering coefficient in m2/kg; k is the absorption
coefficient in m2/kg; b is the basis weight in kg/m2; R∞ is the reflectance of an infinite
stack of sheets or optically thick samples; and R0 is the reflectance of a single
transmitting sheet.

Typical standard deviations for the scattering and absorption

coefficients determined by this method varied from 0.64 m2/kg at 300 nm to 0.025 m2/kg
at 700 nm.
Dilution pulp method.

A second method of obtaining the Kubelka-Munk optical

coefficients was also used in this research. This method involved preparing handsheets
from fully bleached softwood kraft pulp and from mixtures of brownstock kraft or wood
meal and fully bleached softwood kraft pulp. The fully bleached kraft pulp was provided
by Rayonier Incorporated, Jesup Georgia. The bleached softwood kraft pulp was used as
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a dilution pulp to lower the light absorption of the sample being analyzed [78, 221, 311313, 315]. The mixed handsheets had a standard basis weight of 60 g/m2 and were
prepared according to TAPPI Standard T 205 sp-95 “Forming Handsheets for Physical
Test of Pulp” [448]. The pH of the slurry and the water in the handsheet mold are
adjusted to a pH of 6.5 ± 0.5. The reflectance of these 60 g/m2 handsheets was measured
over a black and white background with known reflectance factors. In this research, five
sheets per sample were measured over a black and white background using the PELA1000 diffuse reflectance accessory.
analyzed in the same way.

Five sheets of fully bleached kraft pulp were

Data were collected between 300 and 800 nm.

The

reflectance data were transferred to a desktop computer and the calculations were
performed in Excel. The Kubelka-Munk equations utilized for this method are as follows
in Equations 3 and 4.

(R − RGS )(1 + RW RS ) − (RW − RS )(1 + RGW RGS ) Equation 3
1
+ R∞ = GW
R∞
RS RGW − RW RGW
s=

(1 − RW R∞ )(R∞ − RGW )
w(1 R∞ − R∞ ) (1 − RGW R∞ )(R∞ − RW )
1

ln

Equation 4

In Equations 3 and 4, R∞ is the reflectance of an optically thick sample, k is the
absorption coefficient (m2/kg), s is the scattering coefficient (m2/kg), w is the grammage
(kg/m2), RGW is the reflectance for the white background, RGS is the reflectance for the
black background, RW is the reflectance for the sample over a white background, and RS
is the reflectance for the sample over a black background. The absorption coefficient of
the mixture pulp was found from the Kubelka-Munk remission function, as shown in
Equation 2. The light absorption coefficient for the wood and pulp samples respectively
was then calculated according to Equation 5.
kmixture = xsample k sample + xdilution
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k

pulp dilution

pulp

Equation 5

In Equation 5, x is the fraction of the sample and dilution pulp, respectively, in the
mixture. The total visible absorption was taken as the integral or area under the k vs.
wavelength curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can
assume that the total visible absorption is directly proportional to the total chromophore
content. In addition, we can assume that changes in k (∆k) are directly proportional to
changes in the chromophore content. Typical standard deviations for the scattering and
absorption coefficients determined by this method varied from 0.57 m2/kg at 300 nm to
0.028 m2/kg at 700 nm.
Optically thick sample method. Another method of measuring the Kubelka-Munk

remission function was utilized in this research. This method measured the reflectance of
200 g/m2 handsheets prepared according to TAPPI Standard T 205 sp-95 “Forming
Handsheets for Physical Test of Pulp” [448]. The pH of the slurry and the water in the
handsheet mold are adjusted to a pH of 6.5 ± 0.5. Sheet samples were cut into 8 cm x 8
cm squares and placed in the sample holder in a stack of 5 layers or the limit of thickness
where the addition of another layer would not change the absorbance of the stack
(definition of R∞). The reflectance data were transferred to a desktop computer and the
calculations were performed in Excel. The Kubelka-Munk remission function (k/s) was
calculated with the available R∞ data from Equation 6.

k
⎛k⎞ ⎛k⎞
R∞ = 1 + − 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

2

Equation 6

Equation 7

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
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The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient is small. Due to the
relationship with chromophore concentration, this total visible reflectance measurement
is also called the chromophore index of the pulp. Typical standard deviations for the
remission function varied from 0.086 at 300 nm to 0.0035 at 700 nm.
Experimental Design. Two different series of brownstock kraft pulps were utilized in

this study. The first series of brownstock kraft pulps were cooked to a constant lignin
content, utilizing a regression equation developed by Dyer and Ragauskas [498]. This
regression equation has the ability to accurately predict the H-factor required to reach a
particular kappa number and has been shown to be valid over a wide range of kraft
pulping process conditions. The experimental design for these constant lignin content
pulps involved a rotatable central composite design, consisting of 20 experimental
conditions. These experiments consisted of a 23 factorial with six axial points and 6
center points. The effective alkali ranged from 14.6% to 21.4%; the sulfidity ranged
from 23% to 57%; and the maximum temperature ranged from 162°C to 178°C. Table
12 summarizes the pulping conditions used, as well as the kappa number results for each
of the pulping conditions. The average kappa number was 29.4 and the confidence
interval was ±2.1 kappa units, meaning that all the kappa numbers were statistically the
same at the 95% confidence level.
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Table 12. Experimental conditions and kappa numbers for the constant kappa
number (approximately 30) kraft pulps utilized in this study.
Condition EA, % Sulfidity, % Temperature H-Factor Kappa Number

1

16.0

30.0

165.0

1294

28.8

2

20.0

30.0

165.0

790

28.4

3

16.0

50.0

165.0

929

27.6

4

20.0

50.0

165.0

570

30.6

5

16.0

30.0

175.0

1294

28.9

6

20.0

30.0

175.0

790

29.9

7

16.0

50.0

175.0

929

29.6

8

20.0

50.0

175.0

522

30.9

9

14.6

40.0

170.0

1352

28.2

10

21.4

40.0

170.0

565

29.7

11

18.0

23.2

170.0

1217

27.8

12

18.0

56.8

170.0

646

28.3

13

18.0

40.0

161.6

806

30.3

14

18.0

40.0

178.4

806

27.8

15

18.0

40.0

170.0

806

29.1

16

18.0

40.0

170.0

806

29.7

17

18.0

40.0

170.0

806

30.9

18

18.0

40.0

170.0

806

28.1

19

18.0

40.0

170.0

806

30.3

20

18.0

40.0

170.0

806

28.6

A second series of pulps was prepared by using two different pulping conditions. One
pulping condition utilized a high effective alkali and low sulfidity while the other pulping
condition employed a low effective alkali and high sulfidity. The cooks in this series
were stopped at H-factors ranging from 120-1150. Table 13 summarizes the pulping
conditions and klason lignin contents for this series of brownstock kraft pulps.
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Table 13. Experimental conditions and klason lignin content for the second series
of pulps utilized in this study.
Condition EA, % Sulfidity, % Temperature H-factor Klason Lignin
(ºC)

(%)

A-1

21.4

23.2

170.0

120

21.8

A-2

21.4

23.2

170.0

240

16.5

A-3

21.4

23.2

170.0

360

11.4

A-4

21.4

23.2

170.0

480

9.13

A-5

21.4

23.2

170.0

600

6.52

A-6

21.4

23.2

170.0

720

4.71

A-7

21.4

23.2

170.0

840

4.17

A-8

21.4

23.2

170.0

863

3.89

B-1

14.6

56.8

170.0

120

20.3

B-2

14.6

56.8

170.0

240

15.3

B-3

14.6

56.8

170.0

360

11.6

B-4

14.6

56.8

170.0

480

8.56

B-5

14.6

56.8

170.0

600

5.77

B-6

14.6

56.8

170.0

720

5.25

B-7

14.6

56.8

170.0

840

5.17

B-8

14.6

56.8

170.0

960

4.25

B-9

14.6

56.8

170.0

1080

3.83

B-10

14.6

56.8

170.0

1151

3.47
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Results and Discussion

Research efforts into the optical properties of brownstock kraft pulps have identified
lignin and its degradation products as the component responsible for the majority of the
light absorption coefficient in the visible region [7, 9, 10, 14-16, 18, 337, 362].
Surprisingly, the structures responsible for the light absorption of wood and pulp are only
qualitatively known. The potential chromophores in wood and pulp include catecholmetal complexes [19-22], quinones [19, 21, 22, 24-27, 387], and carbonyl groups [381].
Traditional efforts to evaluate optical properties in the pulp and paper industry have
relied on brightness measurements. The brightness measurement is centered at one
effective wavelength and therefore cannot accurately describe a material having a strong
absorbance throughout the entire visible spectrum. Despite this, there are no existing
theories or measurement systems that accurately describe a highly-absorbing material
such as brownstock kraft pulps. The Kubelka-Munk theory provides a foundation for
such a measurement system since the absorption coefficient is related to the color of a
material. One main premise of the Kubelka-Munk theory is that the light scattering and
light absorption coefficients remain independent of one another. Rundlöf and Bristow
[294] and others [260, 291, 299, 300] have shown that the light scattering coefficient and
light absorption coefficient are not independent of one another in practical measurement
conditions. In this study, several potential methods were explored to find the optical
coefficients of brownstock kraft pulps. The potential for each method in quantifying the
chromophore content of pulp was evaluated against the main assumptions of the
Kubelka-Munk theory.

10.1.1 Transmitting Sheet Method with Kraft Pulp

Schmidt and Heitner [273] studied light-induced yellowing of mechanical pulp and
recognized that the light scattering coefficient is not constant in bleaching and different
pulping processes. In an attempt to obtain unambiguous quantitative data on the changes
in the chromophore content during photoyellowing of mechanical pulps, these
researchers developed a procedure to evaluate the absorption coefficient from reflectance
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measurements. Since chromophores produced by light-induced yellowing of mechanical
pulps are primarily concentrated at the sample surface, Schmidt and Heitner produced 10
g/m2 paper sheets in an attempt to maintain a homogeneous concentration of
chromophores and avoid the dependence of the scattering absorption coefficient on the
light absorption coefficient. This method is known as the transmitting sheet method. We
wanted to evaluate the potential of this method in characterizing changes in the
chromophoric properties of brownstock kraft pulps.

We had envisaged that the

chromophore content of brownstock kraft pulps could be obtained through the absorption
coefficient. In this study, we utilized the constant lignin content pulps summarized in
Table 12. Diffuse reflectance measurements were performed on the resulting thin sheets
and transformed to the absorption (k) and scattering (s) coefficients by using Equations 1
and 2. The apparent absorption coefficient results are summarized in Figure 74 for five
of the twenty different pulping conditions. The absorption coefficients of these samples
represent the entire absorption coefficient range of the constant kappa number (~30) kraft
pulps).The apparent absorption coefficient is shown as a function of wavelength from
400 to 700 nm, or the visible region of the spectrum. The results of Figure 74 indicate
that the pulp absorption coefficient decreases as the wavelength increases. However, the
increase in absorption coefficient with decreasing wavelength is not linear; instead the
increase is more quadratic in nature. The apparent absorption coefficients appear to have
the same shape, independent of the pulping conditions. The results also indicated that the
brownstock kraft pulps produced under Condition 5 had the greatest absorption
coefficient from 400 to 525 nm while the Condition 3 pulp had the highest absorption
coefficient from 525 to 700 nm. Both of these conditions utilized equivalent amounts of
effective alkali during the kraft cook. However, the Condition 3 pulps had a lower Hfactor and a much higher sulfidity than the Condition 5 pulp. A portion of the dark color
of kraft pulps has been attributed to high sulfidities during the cook [498].
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Figure 74. Apparent light absorption coefficient results for pulp samples produced
by the transmitting sheet method. The pulps utilized in this figure are outlined in
Table 12.

We also investigated the measured or apparent light scattering coefficient to further
characterize the brownstock kraft pulps,. The light scattering coefficient spectra could
give an indication of the validity of utilizing this method for characterizing brownstock
kraft pulps. The apparent light scattering coefficient data as a function of the visible
wavelength region is shown in Figure 75. The light scattering coefficient varies with the
pulping conditions from approximately 24 to 34 m2/kg. A number of studies have
attempted to calculate the brightness after the absorption coefficient at 457 nm
wavelength was determined. For example, Axelsson et al. [326] and Gustavsson et al.
[77] used a constant scattering coefficient of 40 m2/kg while Sjöström [309] used a
constant scattering coefficient of 35 m2/kg in their studies with a series of unbleached and
bleached kraft pulps.

These estimates for the scattering coefficient could lead to

erroneous conclusions since the scattering coefficient is affected by different pulping and
bleaching conditions. The Condition 13 pulp had the lowest apparent light scattering
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while concomitantly having the lowest apparent absorption coefficient for most of the
visible region. Although the Condition 3 and Condition 5 pulps were similar in nature in
terms of the apparent absorption coefficient, Figure 75 clearly shows that the apparent
light scattering is impacted by the differences pulping conditions for each sample. Like
the apparent absorption coefficient, the apparent scattering coefficient appears to have the
same shape, independent of the pulping conditions. Interestingly, the apparent scattering
coefficient remains relatively constant from 700 nm until a wavelength of 523 nm for
each of the brownstock kraft pulps investigated. The apparent scattering curves then
deviate slightly and begin to decrease.
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Figure 75. Apparent light scattering coefficient as a function of wavelength for the
thin transmitting sheet method. The pulps utilized in this figure are outlined in
Table 12.
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The decrease in the apparent scattering curves was investigated further using an analysis
method similar to that of Rundlöf and Bristow [294]. The results of this analysis are
shown in Figure 76 where the apparent light scattering coefficient is plotted as a function
of the apparent light absorption coefficient. These results indicate that the apparent s
value remains constant up to an apparent k value of 10-15 m2/kg, depending on the
pulping conditions. The apparent s values begin to decrease rapidly at higher apparent k
values. That is, the absorption and scattering are dependent on each other in this region.
Similar results were found when plotting the ∆s versus the apparent k values, where ∆s is
the difference between the measured apparent s value and the linear extrapolation of the s
values. These results are similar to the limiting k value of 7-8 m2/kg obtained by Rundlöf
and Bristow in their studies on mechanical pulps.
Schmidt and Heitner have used the transmitting sheet method in a number of studies to
investigate the light-induced yellowing behavior of mechanical pulps [272, 274, 301308]. These researchers did not present any scattering coefficient spectra or discuss the
interdependence of the absorption and scattering coefficients. However, it is clear from
the present study that thin sheets made from kraft pulps do not meet the assumptions
presented in the Kubelka-Munk theory. Since the entire visible region was investigated
in this portion of the study, it was clear that the transmitting sheet method was not
suitable for characterizing the visible color of brownstock kraft pulps.
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Figure 76. Apparent light scattering coefficient as a function of the apparent
absorption coefficient obtained from the transmitting sheet method. The pulps
utilized in this figure are outlined in Table 12.

10.1.2 Dilution Pulp Method with Kraft Pulp

Another method to evaluate the absorption coefficient is the dilution pulp method. This
method effectively lowers the measured absorption coefficient by diluting the sample
pulp with a high brightness pulp. In this way, the absorption coefficient values obtained
after dilution with a brighter pulp are more reliable than those obtained with undiluted
pulp since the validity of the Kubelka-Munk equations is doubtful when the absorption
coefficient is extremely high [310].
One of the assumptions involved in the dilution method for estimating the absorption
coefficient is that the light absorption coefficient of the mixture and dilution pulps is
additive. Several researchers have explored the additive properties of the Kubelka-Munk
coefficients. Parsons [221] was one of the first investigators to explore the additive
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properties of the specific scattering and absorption coefficients. This researcher used a
50/50 mixture of bleached spruce sulfite and lightly bleached kraft pulp as well as a
50/50 mixture of bleached spruce sulfite and groundwood pulps. The calculated specific
scattering and absorption coefficients were found by taking the scattering and absorption
coefficient for each fraction of pulp in the mixture, multiplying the value by the
percentage of that fraction in the mixture pulp, and adding the products obtained for each
fraction. Parsons found that there was good agreement with the observed and calculated
scattering and absorption values, especially when the sheets were made up without fines.
Similar observations were made by Foote [311] and others [309, 312, 314, 315]
A brownstock kraft pulp containing 20.3% klason lignin (see Table 13, Condition B-1)
was used to evaluate the potential of the dilution pulp method in determining the
chromophoric properties of kraft pulps. This pulp was chosen since it was the darkest
pulp obtained from any pulping conditions employed in this research.

Standard

handsheets were prepared by varying the amount of the Condition B-1 pulp from 0-30 wt.
%. The remaining portion of the sheet was composed of a fully bleached softwood kraft
pulp employed as the dilution pulp. Diffuse reflectance measurements were performed
on the resulting mixture sheets and transformed to the absorption (kmixture) and scattering
(smixture) coefficients of the mixture handsheets by using Equations 2, 3 and 4. The
purpose of these experiments was to find the proper ratio of brownstock kraft pulp and
dilution pulp that would yield the maximum signal for the UV/vis spectrometer, while
still obeying the assumptions in the Kubelka-Munk theory. The apparent scattering
coefficient results for the mixed sheets are summarized in Figure 77 as a function of the
wavelength. Figure 77 shows that the apparent scattering coefficient generally increases
as a function of the decreasing wavelength from 700 nm until approximately 340 nm.
After this point, the scattering coefficient levels off and eventually decreases.

In

addition, the apparent scattering coefficient decreases as more of the high lignin content
kraft pulp is incorporated into the handsheet. This is not intuitive since light scattering
has been shown to increase as the optically unbonded area of the sheet increases [225,
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226, 228-232]. Light scattering is a phenomenon that occurs when light hits a surface.
Light is scattered to a greater extent when the specific surface area (surface area per unit
weight) of pulp is increased. However, Scallan and Borch [499] and others [500-504]
have also shown that the specific surface area is inversely proportional to the cell wall
thickness. Scallan and Stone [505] have shown that the cell wall thickness is higher for
an unbleached kraft pulp than a fully bleached kraft pulp The coarse fibers from high
lignin content kraft pulps will have a much lower specific surface area than fully
bleached kraft pulp, thereby lowering the apparent light scattering coefficient. The
behavior of the apparent light scattering coefficient is similar in the handsheets
containing 0-10% unbleached kraft pulp. At higher levels of unbleached kraft pulp, the
apparent light scattering appears to be constant in most of the visible region of the
spectrum.

The apparent scattering coefficient from 300-380 nm can no longer be

measured upon reaching 30% of this sample pulp in the mixed sheet.
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Figure 77. Apparent scattering coefficient as a function of wavelength for the
mixture sheets obtained by the dilution pulp method. The numbers in the legend
refer to the percentage of the Condition B-1 sample pulp in the mixed sheet.
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Another assumption of the dilution pulp method is that the light scattering coefficients of
the sample and dilution pulps are additive. Generally, a high dilution factor of at least
90:10 dilution:sample pulps is utilized in this method. This dilution factor causes the
apparent light scattering coefficient of the mixed handsheet to be approximately the same
as that of the dilution pulp (smixture ≈ sdilution pulp). We have utilized several high dilution
factors in this study. However, we were also interested in the additive properties of the
scattering coefficient. We could examine the additive properties of the apparent light
scattering coefficient for our pulps by increasing the weight of sample pulp in the mixed
sheet. The apparent scattering coefficient is plotted as a function of the amount of sample
pulp in the mixed sheets for three different wavelengths in Figure 78. Similar results
were observed in the full analysis of these trends, which took place in 25 nm increments
from 400 to 700 nm. Figure 78 shows that the apparent light scattering coefficient is
linearly proportional to the mass fraction of sample in the mixed sheet. In other words,
the linear response with increasing mass fraction indicates that the apparent light
scattering coefficient is indeed an additive property for the brownstock kraft pulps used
in this study.
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Figure 78. Apparent light scattering coefficient as a function of increasing amounts
of the Condition B-1 sample pulp in the mixed sheet at several different
wavelengths.

The feasibility of the dilution pulp method was also examined by investigating the
apparent absorption coefficients. The apparent absorption coefficients for the mixed
sheets are shown in Figure 79. The apparent absorption coefficient increases as the
wavelength decreases. In addition, as the amount of sample pulp in the mixed sheet
increases, the apparent absorption coefficient also increases. This result was obvious
since a dark colored pulp will have much greater absorption properties than a fully
bleached pulp. The dilution or fully bleached kraft pulp had very little absorption in the
visible region. However, the apparent absorption coefficient increased in the UV region,
likely due to the small amount of lignin remaining in this pulp. The mixed sheets
containing 20% and 30% of the sample pulp, respectively, have a high absorption
coefficient through a major portion of the visible spectrum. The absorption coefficient of
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the mixed sheet containing 30% sample pulp is so high that the scattering coefficient was
not calculated due to errors from the Kubelka-Munk equations, as shown in Figure 77. It
was evident from the high absorption coefficients and the departure from the light
scattering behavior of the dilution pulps that the mixed sheets containing 20 and 30% of
the sample pulp could not be utilized to characterize the chromophoric properties of
brownstock kraft pulps. However, mixed sheets containing 2.5-10% of the sample pulp
could be utilized for this task since these sheets clearly demonstrated conformance to the
assumptions in the Kubelka-Munk theory.

That is, the absorption and scattering

coefficients were independent of one another throughout the visible spectrum. Little
difference existed between the mixed sheets containing 2.5% sample pulp and the
dilution pulp. Meanwhile, a significant difference was observed between the dilution
pulp and the mixed sheets containing 10% of the brownstock kraft pulp. In order to
maximize the signal to the UV/vis spectrometer, we chose to carry out further studies at a
90:10 dilution:sample pulp ratio. Clearly, the dilution pulp method is a valid technique in
evaluating the absorption coefficient of brownstock kraft pulps.
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Figure 79. Apparent absorption coefficient as a function of wavelength for the
mixture sheets obtained by the dilution pulp method. The numbers in the legend
refer to the percentage of the Condition B-1 sample pulp in the mixed sheet.

Further support for the dilution pulp technique was investigated using an analysis method
similar to that of Rundlöf and Bristow [294]. The results of this analysis are shown in
Figure 80 where the apparent light scattering coefficient is plotted as a function of the
apparent light absorption coefficient. These results indicate that the apparent s value
remains constant up to an apparent k value of 14 m2/kg for the mixed sheets produced at a
90:10 dilution:sample pulp ratio. This limiting absorption coefficient corresponds to a
wavelength of 340 nm. However, the apparent s values begin to decrease rapidly at
higher apparent k values (lower wavelengths). That is, the absorption and scattering are
dependent on each other in this region. Similar results were found when analyzing the
mixed sheets containing 0-5% of the sample pulp. This data further supports the notion
that the dilution pulp method can be utilized for characterizing the color or chromophore
content of brownstock kraft pulps.
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Figure 80. The ∆s values of mixed sheets versus the apparent absorption coefficient
values at different wavelengths from 300-700 nm. These mixed sheets were
produced at a 90:10 dilution:sample pulp (Condition B-1) ratio.

10.1.3 Dilution Pulp Method with Wood Meal

The dilution pulp method seems to be an effective method in lowering the absorption
coefficient of brownstock kraft pulps. However, we were also interested in the changes
in the absorption coefficient of the wood raw material to a fully bleached kraft pulp.
Research has been conducted to find the brightness and absorption coefficient properties
of wood [361, 365] using planed wood. More recently, Johansson and Gellerstedt [312]
characterized the absorption coefficient for wood by incorporating wood meal in a
dilution pulp at concentration of 2.5%. Although grinding of wood may introduce some
chromophores to the sample through mechano-chemistry wood [312, 361, 365], we
wanted to have a close approximation of the characteristic chromophoric properties of the
Southern pine wood sample.
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Our studies utilized the dilution pulp method to find a suitable concentration of wood
meal in the mixed sheet to accurately predict the absorption coefficient of the wood raw
material. Southern pine (Pinus taeda) wood chips were ground in a Wiley mill to 1 mm
particle size and incorporated into the fully bleached kraft pulp. The apparent scattering
coefficient as a function of wavelength is shown in Figure 81. The scattering coefficient
increases as the wavelength decreases from 700 nm until approximately 340 nm. After
this point, the scattering coefficient levels off and eventually decreases. In addition, the
apparent scattering coefficient decreases as more of the wood meal is incorporated into
the handsheet. Again, this is not entirely intuitive since light scattering has been shown
to increase as the optically unbonded area of the sheet increases [225, 226, 228-232].
However, this was earlier attributed to a coarse fiber or material having a thick cell wall
[499-504]. The behavior of the apparent light scattering coefficient is similar in the
handsheets containing 0-10% wood meal. However, at higher levels of wood meal a
shoulder develops around 400 nm in the apparent light scattering spectra. The deviation
from the linear extrapolation of the scattering coefficient values is still small from 700 to
340 nm.
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Figure 81. Apparent scattering coefficient as a function of wavelength for mixed
sheets containing wood meal and obtained by the dilution pulp method. The
numbers in the legend refer to the percentage of the wood meal in the mixed sheet.

The apparent absorption coefficient is shown as a function of the wavelength in Figure
82. The apparent absorption coefficient increases as the wavelength decreases. In
addition, as the amount of wood meal in the mixed sheet increases, the apparent
absorption coefficient also increases. This result was obvious since a wood meal will
have greater absorption properties than a fully bleached pulp. Comparing these results to
the absorption coefficient results in Figure 79, the mixed sheets containing brownstock
kraft pulp had a significantly higher absorption coefficient at the same weight fraction in
the sheet.

The absorption coefficient of the mixed sheet containing 20 and 30%,

respectively, of the wood meal were not utilized for characterizing the chromophoric
properties of wood since the scattering coefficient behaved differently than the dilution
pulp for in both of these cases. Instead, mixed sheets containing 2.5-10% of the sample
pulp could be utilized for this task since these sheets clearly demonstrated conformance
to the assumptions in the Kubelka-Munk theory. That is, the absorption and scattering
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coefficients were independent of one another throughout the visible spectrum. Since the
most significant difference was observed between the dilution pulp and the mixed sheets
containing 10% of the wood meal, these sheets were utilized to find the actual absorption
coefficient of wood as a function of wavelength. Clearly, the dilution pulp method is a
valid technique in evaluating the absorption coefficient of wood meal samples.
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Figure 82. Apparent absorption coefficient as a function of wavelength for mixed
sheets containing wood meal and obtained by the dilution pulp method. The
numbers in the legend refer to the percentage of the wood meal in the mixed sheet.

The actual absorption coefficients for the high lignin content brownstock kraft pulp and
the wood meal samples were calculated by taking advantage of the additive properties of
the absorption coefficient and Equation 5. These absorption coefficients were plotted as
a function of wavelength with the fully bleached softwood kraft pulp and a Norway
spruce (Picea abies) unbleached TMP sample. The actual absorption coefficient results
are shown in Figure 83. The results clearly indicate that wood meal contains some
chromophoric material prior to modification with pulping processes. Some of these
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chromophores may have been generated through the grinding process. However, the
results obtained by Gupta and Mutton [361] and others [362-365] indicated that the
absorption coefficient of loblolly pine was approximately 45-60 cm2/g at 457 nm. The
absorption coefficient at 457 nm for Pinus taeda wood was approximately 50 cm2/g,
which is in good agreement with the literature values.
The mechanical pulping process causes the absorption coefficient to increase
substantially in the UV-region.

This may be due to an increase in the content of

chromophores, or modification of wood chromophores to produce new chromophores
with a higher molar extinction coefficient.

Meanwhile, a significant amount of

chromophores are generated during kraft pulping. These chromophores have been linked
to lignin and its degradation products [7]. The kraft pulping and bleaching processes
involve using wood having an absorption coefficient of 12 m2/kg at 400 nm and digesting
the wood in a mixture of sodium hydroxide and sodium sulfide, thereby increasing the
absorption coefficient to more than 70 m2/kg at 400 nm. The ultimate goal is to produce
a fully bleached kraft pulp with an absorption coefficient of less than 0.5 m2/kg at 400
nm.
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Figure 83. Actual absorption coefficient values calculated from the dilution pulp
method for a variety of pulps with varying lignin contents.

10.1.4 Absorption Coefficients for Brownstock Kraft Pulps
Since the dilution pulp method was shown to effectively estimate the absorption
coefficient for dark colored kraft pulp samples, we chose to use this technique for a
variety of kraft pulps produced under different pulping conditions. Mixed handsheets
were produced in a 90:10 dilution:sample pulp ratio. The actual absorption coefficient
results for several of the Condition A pulps (high effective alkali, low sulfidity pulps, see
Table 13) are summarized in Figure 84. These selected pulps span the entire range of
absorption coefficients observed for this Condition A brownstock kraft pulps. The light
absorption spectra from the Condition A pulps indicate that the pulp with the maximum
absorption coefficient was produced at an H-factor of 240. The klason lignin content of
this pulp was 16.5% while that of the Condition A-1 pulp was 21.8%. This indicates that
the maximum absorption coefficient of a pulp is dependent on more than just the bulk
lignin content. The factors influencing the absorption spectra of kraft pulps will be
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investigated further in later studies.

The light absorption spectra do not change

drastically in shape from sample to sample.

Instead, the intensities of the spectra

generally decrease with increasing H-factor.
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Figure 84. Actual absorption coefficients for select pulps from the Condition A
series produced under high effective alkali and low sulfidity pulping conditions.
Condition A pulps were produced under high effective alkali, low sulfidity
conditions and are summarized in Table 13.

10.1.5 Total Visible Absorption
The light absorption coefficient of each pulp employed in this study was obtained
through the dilution pulp method. Although these spectra detail the chemical changes
that occur during the kraft pulping process, the analysis remains difficult. One goal of
this research was to characterize the chromophore content of these kraft pulps. Other
researchers have characterized the chromophore content of pulps by analyzing the
absorption coefficient at one wavelength, typically 400 or 457 nm [77, 309, 326, 353].
However, most of the chromophores that exist in kraft pulp have absorption maxima in
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the ultraviolet region and only tails in the visible region. In addition, several different
chromophores are implicated as potential contributors to the color of kraft pulp [19-22,
24-27, 381, 387]. For this reason, no single wavelength in the visible region of the
spectrum can fully characterize the chromophore content of kraft pulp. However, by
integrating the absorption spectrum over the entire visible region, we can account for the
total color and therefore the total chromophore content of brownstock kraft pulp. This
measurement is known as the total visible absorption and was employed for all of the
pulps investigated in this research. Figure 85 summarizes the total visible absorption as a
function of the pulping condition for the wood meal, Condition A brownstock kraft pulps,
and the fully bleached kraft pulp. The wood sample had a total visible absorption of 849
± 21. There is a tremendous increase in the total visible absorption from the wood to the
A-1 brownstock kraft pulp. In fact, the increase is on the order of 890% from the wood
sample to A-1 brownstock kraft pulp. An interesting observation that can be made from
the total visible absorption is that the greatest changes occur very early in the kraft
pulping process. The total visible absorption increases slightly when increasing the Hfactor from 120 to 240 and then decreases with an increasing H-factor. The total visible
absorption appears to decrease in a non-linear manner as the pulping process is extended
under these conditions. The final brownstock kraft pulp (A-8) in this series had a lignin
content of only 3.89%, but the total visible absorption was 3758 ± 28 m2/kg. Meanwhile,
the total visible absorption for the fully bleached kraft pulp was 38 ± 6 m2/kg. This result
is indicative of the small amount of lignin remaining in the fully bleached pulp sample.
Clearly, the total visible absorption measurement provides a good estimate of the total
color and hence the chromophore content of a material.
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Figure 85. Total visible absorption for the wood meal, Condition A brownstock
kraft pulps, and a fully bleached kraft pulp. Condition A pulps have a high EA and
low sulfidity and are summarized in Table 13. The numbers on the x-axis represent
the klason lignin of the Condition A pulps.

10.1.6 Kubelka-Munk Remission Function
A number of studies have indicated that the Kubelka-Munk remission function (k/s) can
be used for characterizing a color change in a particular pulp or paper. For example,
Tongren [281], Giertz [282], Paulsson et al. [283] and Li and Ragauskas [284-288] have
used this kind of expression when studying certain changes in mechanical pulps. It was
of interest in this study to examine the feasibility of utilizing the Kubelka-Munk
remission function in characterizing the chromophore content of brownstock kraft pulps.
This method involved measuring the diffuse reflectance of optically thick handsheets
(200 g/m2) containing 100% of the sample pulp under investigation. The Kubelka-Munk
remission function is shown as a function of wavelength in Figure 86 for some of the
Condition A pulps. The k/s spectra increase as the wavelength decreases. The k/s spectra
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from the Condition A pulps indicate that the pulp with the maximum k/s throughout the
visible region was produced at an H-factor of 120 (Condition A-1). This observation is
slightly different from that observed for the actual absorption coefficient, where the pulp
having the maximum absorption coefficient for most of the visible region was the
Condition A-2 brownstock kraft pulp.

In addition, the k/s spectra do not change

drastically in shape from sample to sample. Instead, the intensity of the spectra generally
decreases with increasing H-factor.
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Figure 86. Kubelka-Munk remission function for select pulps from the Condition
A series produced under high effective alkali and low sulfidity pulping conditions.
Condition A pulps involved a high effective alkali and low sulfidity conditions and
are summarized in Table 13.
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10.1.7 Chromophore Index
Although k/s spectra were obtained for each of the kraft pulps in this study, we wanted to
investigate the feasibility of using these spectra to characterize the chromophore content.
These k/s spectra appeared to have the same shape as the actual absorption coefficient
spectra in Figure 84. Since no single wavelength in the k/s spectra is capable of fully
characterizing the brown color of kraft pulps, the k/s spectra were integrated over the
entire visible region. This procedure was similar to finding the total visible absorption of
the pulp. However, the integral of the k/s curve over the visible region is known as the
chromophore index in this research. The chromophore index was calculated for each of
the pulps in this study. Since the Kubelka-Munk remission function is unitless, the
chromophore index is also unitless. Figure 87 summarizes the chromophore index results
as a function of the pulping condition for Condition A brownstock kraft pulps and a fully
bleached kraft pulp. The fully bleached kraft pulp has a chromophore index of only 0.15
± 0.014. The chromophore index for the Condition A kraft pulps decreases as the Hfactor increases. In fact, the chromophore index of these pulps decreased in a non-linear
manner as the pulping process was extended under these conditions. A similar result was
observed for the total visible absorption in Figure 85. The maximum chromophore index
observed in this series of kraft pulps occurred for Condition A-1, at an H-factor of 120.
The chromophore index for this pulp was 246 ± 4. The chromophore index decreased to
113 ± 2 for the Condition A-8 brownstock kraft pulp.
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Figure 87. Chromophore index for the Condition A brownstock kraft pulps and a
fully bleached kraft pulp. Condition A pulps involved a high effective alkali and low
sulfidity conditions and are summarized in Table 13. The numbers on the x-axis
represent the klason lignin content of the Condition A pulps.

10.1.8 Chromophore Index and Total Visible Absorption
The absorption coefficient is directly proportional to the chromophore content of a
material [273]. Therefore, the total visible absorption is a good indication of the color
and chromophore content of a material.

Meanwhile, the Kubelka-Munk remission

function is typically used only for processes where the scattering coefficient does not
change. Since the light scattering coefficient changes slightly during kraft pulping, the
Kubelka-Munk remission function and therefore the chromophore index could be
adversely affected. This condition would eliminate the chromophore index as a possible
means to characterize the color of brownstock kraft pulps. One way to examine the
feasibility of the chromophore index as a measure of the chromophore content of a pulp
is to compare it to a known quantity like the absorption coefficient. The chromophore
index was compared to the total visible absorption since both involve measurements over
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the entire visible region.

The chromophore index and total visible absorption are

compared in Figure 88. These results compare all of the brownstock kraft pulps utilized
in this study with klason lignin contents varying from 3-22%. In addition, this analysis
includes TMP handsheets, wood meal, and fully bleached kraft pulp samples. The results
of this study indicate that a linear relationship exists between the total visible absorption
and the chromophore index of a material. The high R2 value of 0.98 indicates that the
chromophore index is linearly proportional to the total visible absorption. Accordingly,
the chromophore index can be used to characterize the chromophore content and total
color of a material.
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Figure 88. Relationship between the total visible absorption and the chromophore
index for the brownstock kraft, TMP, and fully bleached kraft pulps utilized in this
study.
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10.1.9 Chromophore Index and Brightness
The conventional methods to evaluate optical properties in the pulp and paper industry
have relied on brightness measurements. However, brightness is centered at one effective
wavelength (457 nm) and therefore cannot accurately describe a material having a strong
absorbance throughout the visible region.

However, we were interested in the

relationship of the ISO-brightness with the chromophore index. Figure 89 summarizes
this relationship for the Condition A and Condition B brownstock kraft pulps. The high
R2 value of 1.00 indicates that a non-linear quadratic relationship exists between the
chromophore index and brightness under the conditions investigated in this study.
Analysis of variance indicated that the quadratic term is significant at the 95% confidence
interval.
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Figure 89. Relationship between the chromophore index and ISO-brightness for
the Condition A and Condition B brownstock kraft pulps.
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In an attempt to find the exact linear relationship between the chromophore index and the
ISO-brightness, we utilized the assumptions of the Kubelka-Munk theory in Equation 6.
However, the Kubelka-Munk remission function (k/s) was replaced with the
chromophore index while R∞ was replaced by the ISO-brightness.

Equation 8

summarizes the non-linear transform of the chromophore index, where C.I. is the
chromophore index and B is the ISO-brightness.
B = ⎡1 + (C.I .) −
⎢⎣

(2 × C.I .) + (C.I .)2 ⎤⎥ × 100

Equation 8

⎦

Figure 90 summarizes the relationship between the brightness and the chromophore
index.

The high R2 value of 0.99 indicates that the non-linear transform of the

chromophore index and the ISO-brightness are directly related. This also confirms the
non-linear relationship observed in Figure 89 between the chromophore index and the
ISO-brightness.
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Figure 90. Relationship between the non-linear transform of the chromophore
index and the ISO-brightness.
311

Conclusions
The results of this study showed that the transmitting sheet method is not a feasible
technique to characterize the chromophore content of brownstock kraft pulps.

The

primary reason for this was due to the dependence of the apparent or measured scattering
and absorption coefficients in the visible region of the spectrum. Meanwhile, the dilution
pulp method utilizes a high brightness pulp to effectively lower the measured absorption
coefficient. This method is feasible in characterizing the absorption coefficient over a
wide range of brownstock kraft pulps (3-22% klason lignin), wood meal, and fully
bleached kraft pulp samples.

In addition, these results indicated that the scattering

coefficient is an additive property under the conditions utilized in this study. A decrease
in scattering coefficient for mixed sheets was observed. This is likely due to the increase
in average coarseness and cell wall thickness with increasing amount of brownstock kraft
pulp incorporated in the sheet.

Two techniques were utilized to characterize the

chromophore content of brownstock kraft pulps. The first, known as the total visible
absorption, was the integral of the absorption coefficient over the entire visible region.
The results indicated that this technique was a valuable tool in characterizing the total
chromophore content of a wide range of brownstock and fully bleached kraft pulps as
well as wood meal samples. The total visible absorption showed that the majority of
color in kraft pulp is formed early on during the kraft pulping process. The second
technique, known as the chromophore index, was the integral of the Kubelka-Munk
remission function over the entire visible region.

The results indicated that the

chromophore index was linearly related to the total visible absorption for a variety of
wood meal, fully bleached kraft, TMP, and brownstock kraft pulps.

These results

showed that the total visible absorption and the chromophore index are valid techniques
when characterizing the overall color and chromophore content of brownstock kraft
pulps.
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10.2 Chapter 2: Examining the Impact of Process Variables on the Chromophore
Content of Brownstock Kraft Pulps

Thomas J. Dyer and Arthur J. Ragauskas

Abstract
The predominant chemical pulping technology on a global basis is the kraft pulping
process. Despite the predominance of this technology, one challenge that remains is the
dark colored pulps that are produced.

Our research has focused on relating the

brownstock chromophore index or total color to pulping process chemistry variables,
with the long-term goal of minimizing color formation during kraft pulping. A better
understanding of chromophore formation during kraft pulping will lead to decreasing
bleaching chemicals or avoiding subsequent bleaching stages, production of pulps within
product specifications, and further optimization of the kraft pulping process. This chapter
quantifies the impact of pulping responses to changes in effective alkali, sulfidity, and
maximum cooking temperature in terms of chromophore index, brightness, yield, and
hexenuronic acid content.
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Introduction
The final properties of paper are achieved via a series of unit operations including
pulping, bleaching, and papermaking. Some important physical properties that determine
final product performance include strength properties like tensile and zero-span strength
and optical properties such as brightness and color. Kraft pulping is at the cornerstone of
modern chemical pulping production since it provides high strength pulp, is insensitive to
a wide variety of wood species, and has an efficient chemical and energy recovery
system. However, a major drawback to the kraft pulping process is the dark colored
pulps that are obtained. Kraft pulping leads to the formation of chromophores, or lightabsorbing groups, in both the pulp and spent liquor. The chromophores present in
bleachable-grade pulps must be removed in subsequent bleaching stages.
Kraft color may be defined as the characteristic red-brown color of pulp obtained by
cooking wood with a solution containing sodium hydroxide and sodium sulfide. This
color varies in intensity and shade according to the species of wood cooked and the
degree of cooking. It was not until 1933 that the first study was made on the chemical
nature of the coloring matter in kraft pulp [3]. Prior to this time, many investigators had
proposed various theories to explain the nature of the kraft coloration. In 1921, Wells
suggested that the difficulty in kraft bleaching is due to coloring matter present in the
wood or produced during digestion, which is very small in amount but high in intensity
[327]. Griffin suggested that the discoloration of pulps cooked by the alkaline process is
caused by crude resinous soaps in the black liquor; in the washing process, these soaps
may be hydrolyzed and fixed on the fiber as filmy resinous residues which discolor as a
result of oxidation [328].
The first experimental work on the coloring matter of kraft pulps was done by Kuettel [3]
who isolated small amounts of acid-insoluble colored materials from black liquors
produced by kraft pulping of slash pine. He believed these materials were oxidation or
condensation products of tannins. In addition, he found that lignin, flavones, and sulfur
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dyes have only a secondary effect on the overall color of kraft pulp [3]. Holzer isolated
colored material from pine kraft pulp and the black liquor; the products from both sources
seemed to be very similar. The chromophoric material, which was extracted from the
pulp, was believed to be identical with the product isolated by Kuettel from black liquor,
as evidenced by its absorption spectra and by the similarity of change of color with
change of pH. He also showed that the presence of sulfur darkens the color of kraft pulp
more than that of a comparable soda pulp [4].
Through the rest of the 1920s and 1930s, various sources of kraft color were proposed
including tannins and phlobaphenes, along with the condensation products between
tannins and alkali-labile carbohydrates; sulfur dyes; lignin and its reaction products; and
carbohydrate degradation products. By 1948 Pigman and Csellak were among the first to
pin-point lignin and its degradation products as responsible for the bulk of the color
found in kraft pulps [6]. Numerous investigations have since been made to determine the
cause of the color in kraft pulps. However, these investigators have linked the chemical
nature of the chromophores to almost every wood component. Recent studies have
indicated that either carbohydrates or lignin cause the dark color of kraft pulps [8, 9, 1116, 362, 506].
Although a majority of the research in this area has focused on attributing the dark color
of kraft pulps to different components of the wood or even to particular functional
groups, some research has been conducted into the process variables that impact the color
of kraft pulp. In their investigations comparing batch and flow-through-type cooking
processes, Janson et al. observed that flow-through cooks yield a bright pulp whereas
batch cooks yield darker colored pulps [164, 165]. However, the favorable brightness for
the flow-through cook was observed only when the wood chips were cooked to a low
lignin content (i.e., less than 4%). The dark pulp obtained from the batch process was
possibly due to deposition of lignin during the cook. This redeposition was attributed to
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an increasing lignin concentration and decreasing liquor pH at the end of the cook [8, 9,
164, 165, 507].
In addition to different cooking methods, process variables in conventional kraft pulping
will also influence the structure and reactivity of residual lignin [59, 508].

A

considerable amount of research has been done in determining the impact of pulping
process variables on pulp bleachability. Axelsson et al. investigated the bleachability of
birch kraft pulps utilizing a QPQP sequence [326]. These researchers found that the light
absorption of the pulp was strongly influenced by the alkali charge in the cook and the
optimum bleachability was obtained at an intermediate level of alkali charge while higher
alkali charges had a detrimental impact on bleachability. In addition, the maximum
cooking temperature had a small negative impact on pulp bleachablility. Neto et al.
recently investigated the effects of changing kraft pulping process variables on the
bleachability of eucalyptus in a DEDED sequence [509].

They found that the

bleachability is improved by increasing the active alkali and sulfidity during cooking
while the maximum cooking temperature had no significant impact on bleaching
response. Also, they found that the bleachability decreases as the liquor to wood ratio is
increased. Colodette et al. also investigated the influence of alkali and temperature on
ECF bleachablity employing eucalyptus [350]. These researchers found that cooking at
high residual alkali and temperature yielded the highest bleachability. Meanwhile, pulps
cooked to low residual alkali respond slightly better to oxygen delignification [510].
However, Pu et al. found better oxygen bleachability with a high active alkali charge
when employing southern pine, Pinus taeda [511]. Sjöström found that the QPQP*
bleachability improved when increasing the alkali charge of industrial pine wood chips
cooked under modified conditions [512]. However, the bleachability deteriorated at very
high alkali charges. Similar results were observed by Gustavsson et al. [77] and others in
their investigations on softwood chips [344, 345, 348, 351, 513]. In addition, Gustavsson
et al. found that increasing the hydrosulfide ion concentration improved the bleachability
in QPQP*-bleaching while AZQP*-bleaching was seemingly unaffected by the
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hydrosulfide ion [77]. Gustavsson et al. also observed a slight improvement in AZQP*
bleachability with increasing temperature while Bäckström et al. found a significant
decrease in bleachability with increasing maximum temperature using the same bleaching
sequence [514].
Prior studies by McDonough [346, 347] and Carnö [344] have attempted to relate
increases in brownstock brightness to bleachability. Other researchers suggest that there
is no direct correlation between the brightness of unbleached pulp and its bleachability
[77, 326, 344, 509, 512]. Several investigators have found that increasing the alkali
charge during the cook leads to a brighter unbleached pulp [77, 326, 343, 344, 346, 347,
351, 509]. However, employing high active alkali charges during kraft pulping have
been shown to be detrimental to pulp bleachability [77, 326, 509, 512]. The studies done
by McDonough [346, 347] and Carnö [344] employed different wood species and
bleaching sequences than those performed by Axelsson [326] and others [77, 351, 509,
512]. Despite these differences, it is important to investigate the impact of kraft pulping
process variables on the chromophoric properties of kraft pulps. This paper offers a
systematic approach in examining the influence of kraft pulping process parameters on
brownstock brightness and color, with the long-term goal of minimizing color formation
during kraft pulping.
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Experimental
Materials. The softwood chips employed in this study originated from two 25-year-old
Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The trees
were selected from a tree farm, void of any visual disease, and had a limited amount of
reaction wood. The wood was debarked, split, and chipped at the Institute of Paper
Science and Technology. After chipping, the chips were screened by thickness with a
Rader screen. Accept wood chips were those that ranged from 2-8 mm in the thickness
direction. The accept wood chips were subsequently sorted by size with a chip class
screen according to SCAN-CM 40:94.

Accept wood chips were those that passed

through an oversize screen comprised of 45 mm round holes and an overthick screen
having 8 mm slots but remained on the accepts screen which is composed of 7 mm holes.
Extractives. The extractives were removed and analyzed from the wood chips following
conditions in TAPPI T 204 cm-97, with the exception that acetone was used as the
solvent for extraction. The wood chips were extracted with acetone for 48 hours in a
Soxhlet extractor. The acetone-extracted wood chips were then removed and washed
thoroughly with deionized water to remove residual acetone. The average extractives
content of unextracted wood chips was 1.81% and only 0.06% for acetone-extracted
wood chips. These acetone-extracted wood chips will be referred to as extracted wood
chips through the remainder of this paper.
Kraft Pulping. Conventional kraft pulping conditions were simulated in an electricallyheated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions.
These pulping conditions are outlined in Tables 14 through 16. The individual vessels
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were then placed in a rotating, multi-unit digester. The temperature in each autoclave
was increased as a ramp function from 23ºC to the maximum cooking temperature over
90 minutes. The maximum cooking temperature was also varied in these experiments.
The kraft cook was interrupted at the appropriate H-factor and each vessel was cooled
immediately in a cold water bath. The cooked wood chips were disintegrated in an
industrial blender and screened and washed in a Valley screen.
Pulp Characterization. Delignified pulps were analyzed for kappa number following
TAPPI Method T 236 cm-85.

Typical experimental standard deviations for the

brownstock pulps was 0.24 while for replicates of the same pulping conditions, the
standard deviation was 1.06 kappa units. Pulp viscosity values were determined in
accordance with TAPPI Method T 230 om-89.

The standard deviation for the

brownstock pulps was 0.40 for four replicates of one pulp while the standard deviation of
the same pulping conditions was 0.47 cP. Pulp brightness measurements were reported
as ISO brightness and were performed in accordance with TAPPI Method T 525 om-92.
The typical brightness standard deviation for five replicates of one pulp was 0.14 while
for replicates of the same pulping conditions it was 0.18 brightness units.
Pulp Yield. The screened pulp yield was measured by weighing the screened pulp and
subtracting the weight of moisture remaining in the sample. The unscreened pulp yield
was measured by adding the oven-dried weight of rejects to the weight of screened pulp.
The rejects obtained in these studies were low due to the high level of mixing obtained
with the multi-unit digester. The maximum rejects was 0.02% for the pulps utilized in
this study. Typical standard deviations for replicates of the same pulping conditions were
1.1%.
Hexenuronic Acids. The brownstock kraft pulps were analyzed for hexenuronic acids
(HexA) using the method developed by Chai et al. [451].

Recent studies in our

laboratory have shown that this method yields equivalent accuracy and precision to the
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methods by Vuorinen et al. [70], Teleman et al. [69], and Gellerstedt and Li [454].
Briefly, a known weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in
a vial containing 10 mL of a hydrolysis solution. The hydrolysis solution contained 0.6%
mercuric chloride and 0.7% sodium acetate. The vial was sealed, mixed well, and placed
in a hot water bath (60-70ºC) for 30 minutes. After cooling, the solution UV absorption
at 260 nm and 290 was measured and recorded. The HexA content of the pulp was
calculated by the formula:

CHexA = 0.287 ×

( A260 − 1.2 A290 ) × V
w

Equation 1

where CHexA is the HexA concentration in µmol/g o.d. pulp; A260 and A290 are the
absorbances at 260 and 290 nm, respectively; V is the volume of hydrolysis solution; and
w is the oven-dried weight of pulp. Typical standard deviations for replicates of the same
pulping conditions were 0.96 µmol/g pulp.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (Labsphere RSA-PE-90). The accessory is essentially an optical
bench that includes double-beam transfer optics and a six-inch integrating sphere.
Background corrections were recorded using a Labsphere SRS-99-020 standard. The
reflectance data were converted to k/s values by using the Kubelka-Munk theory [263].
The Kubelka-Munk equation describes the infinite reflectance as a function of absorption
and scattering:

k
⎛k⎞ ⎛k⎞
R∞ = 1 + − 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠
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2

Equation 2

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

Equation 3

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the changes in the scattering coefficient are small for
pulps produced under kraft pulping conditions.

Due to the relationship with

chromophore concentration, this total visible reflectance measurement is also called the
chromophore index of the pulp.
Experimental Design. This study was conducted in two phases. The first phase (Phase

I) incorporated a total of 120 pulping conditions under various conditions of effective
alkali (EA), % sulfidity, maximum temperature, and H-factor. The second phase (Phase
II) of research involved two central composite designs, each having 20 different pulping
conditions with varying %EA, % sulfidity, and maximum temperature. One CCD in the
second phase of research employed unextracted wood chips while the second utilized
extracted wood chips. The data obtained from these phases of research was subjected to
multiple linear regression analyses. A regression model was constructed from a set of
variables consisting of the original variables, together with their squares and pair-wise
cross products. The regression models from these studies contained only those terms that
were justified by a significance test at the 95% confidence level (t-test) and that yielded
the highest value of the multiple correlation coefficient (R2). In addition, the lack of fit
for the models was calculated and was determined to be insignificant at the 95%
confidence level.
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Results and Discussion

10.2.1 Impact on Delignification
Kraft pulping is a complex technology involving both chemical and physical processes.
The relationships between these processes, the wood and pulping liquor composition, and
the temperature profile determine how the kraft pulping system responds to changes in
process variables such as effective alkali, sulfidity, time, and the maximum cooking
temperature. The first phase of this investigation dealt with establishing a relationship
between pulp kappa number and the process variables of effective alkali, % sulfidity,
maximum cooking temperature, and H-factor.
Employing screened southern pine (Pinus taeda) wood chips, a rotatable central
composite design was carried out with a specific goal of being able to precisely and
accurately predict the pulp kappa number under certain pulping conditions. This Phase I
central composite design was composed of a 23 factorial, with 6 axial points and 6 center
points. The effective alkali was varied from 11-21%; the % sulfidity was varied from 555%; and the maximum cooking temperature was varied from 162-178ºC. The H-factor
for these kraft pulping conditions varied from 400-2200. This Phase I central composite
design involved 120 different pulping conditions.

Table 14 below summarizes the

effective alkali, % sulfidity, and maximum cooking temperature for each pulping
condition in Phase I of this investigation.
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Table 14. Summary of the effective alkali, sulfidity, and maximum temperature
pulping conditions for Phase I of this research employing unextracted softwood
chips.
Sample

% EA

% Sulfidity

Temperature (ºC)

1

13.0

15.2

165.0

2

19.0

15.2

165.0

3

13.0

44.8

165.0

4

19.0

44.8

165.0

5

13.0

15.2

175.0

6

19.0

15.2

175.0

7

13.0

44.8

175.0

8

19.0

44.8

175.0

9

11.0

30.0

170.0

10

21.1

30.0

170.0

11

16.0

5.1

170.0

12

16.0

54.9

170.0

13

16.0

30.0

161.6

14

16.0

30.0

178.4

15

16.0

30.0

170.0

16

16.0

30.0

170.0

17

16.0

30.0

170.0

18

16.0

30.0

170.0

19

16.0

30.0

170.0

20

16.0

30.0

170.0

The independent variables were coded and entered into a statistical analysis program
known as NCSS. One of the capabilities of this statistical software is that it is able to
develop multiple linear regression models to fit data. Based on this information, a model
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was developed to predict the kappa number of pulps utilizing the kappa number data from
more than 120 different kraft pulps. The format of this model was similar to that used by
McDonough in his multiple linear regression model for kraft-anthraquinone pulping of
southern pine [515]. The results of the model developed for Phase I of this investigation
are summarized in the following equation in terms of uncoded variables:
log10 K = 4.872 − 0.169 EA − 0.029S − 9.909 × 10−4 H + 0.003EA2 +
2.680 × 10− 6 SH + 2.257 × 10− 4 S 2 + 2.247 × 10− 7 H 2

Equation 4

R = 0.98
2

where K is the kappa number; EA is the percent effective alkali charged on oven-dried
wood; S is the percent sulfidity; and H is the H-factor. A backwards stepwise regression
was performed for this analysis. In this type of regression, the model began with all of
the potential combinations of independent variables. The independent variables having
the least significance on the multiple correlation coefficient were eliminated until all of
the remaining combinations of variables were significant at the 95% confidence interval.
The high multiple correlation coefficient (R2) indicates that there is a low percent error
(2%) in the model. The kappa number in this model varied from 15-116, while the
independent variables ranged according to the conditions listed above in Table I. One
interesting observation is that the maximum cooking temperature was not statistically
significant at the 95% confidence interval in predicting the kappa number of these pulps.
Therefore, this variable did not appear in the regression equation. In addition, there is
one first-order interaction (sulfidity and H-factor) as well as second order terms in the
equation (EA, sulfidity, and H-factor). However, each of these terms was found to be
statistically significant at the 95% confidence interval.
The model developed in Phase I to predict the pulp kappa number is entirely empirical
and has limitations, including the fact that the model cannot be expected to predict the
effect of changing the independent variables in such a way that they lie outside the ranges
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used in the experiments outlined above. However, the specific goal of this phase of the
investigation was to accurately and precisely predict the pulp kappa number under a
given set of conditions. In order to do this, the model must be validated. Another set of
experiments was designed in an attempt to validate the model developed in Phase I. For
these experiments, southern pine (Pinus taeda) wood chips were collected from various
member company mills and cooked in an M-K digester system under varying effective
alkali, % sulfidity, maximum temperature, and H-factor. The dependent variable, kappa
number, was measured and recorded. Finally, the model from Phase I was used to predict
the pulp kappa number under the varying conditions applied to the M-K digester system.
The results indicate that there is a good correlation between the predicted and observed
kappa numbers from the M-K digesters. In fact, the multiple correlation coefficient (R2)
value was 0.97, indicating that the model was very good at predicting the kappa number
obtained from the pulps produced in the M-K digesters. Figure 91 below shows the
predicted kappa numbers from the regression equation of Phase I vs. the observed kappa
numbers from the M-K digesters. Therefore, we are able to conclude that the model
developed in Phase I of this research is indeed a good model for predicting the kappa
number, as long as the conditions of effective alkali, sulfidity, and H-factor that one is
investigating are within the range that was employed when developing the regression
equation. In addition, the model was valid using both the electrically-heated, rotating,
multi-unit digester system as well as the M-K digesters. The model was also valid using
a wide array of southern pine wood chips and not just those from one site or plantation.
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log (Predicted Kappa Number)
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log (Observed Kappa from M-K Digester)
Figure 91. Predicted kappa by the model vs. observed kappa from the M-K
digester experiments to validate the model developed in Phase I.

Since the goals and objectives of Phase I were met, we proceeded with Phase II of our
investigation.

During this phase of research, our objective was to determine the

conditions of effective alkali, % sulfidity, and maximum temperature that yield the
maximum and minimum amount of color in the brownstock kraft pulp. To do this, we
chose to cook all of the wood chips to a constant lignin content (i.e., kappa number).
Therefore, we chose to cook all the wood chips to a bleachable-grade kappa number of
30. Based on the information gathered in Phase I of this investigation, it was evident that
the pulping conditions had to be modified in order for us to remain within the H-factor
constraint of the model (400-2200) to obtain our target kappa number. To do this, the
regression model developed in Phase I of this research was rearranged so that we could
enter a desired effective alkali, sulfidity, and kappa number (30), such that the output
would be the required H-factor.
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The experimental design for this phase of research involved two rotatable central
composite designs, each consisting of 20 conditions. One central composite design was
composed of unextracted wood chips while the other was composed of extracted wood
chips. These Phase II experiments consisted of a 23 factorial with six axial points and 6
center points. The center points for these experimental designs were shifted to 18%
effective alkali, 40% sulfidity, and 170°C, due to the aforementioned reasons. The
effective alkali ranged from 14.6% to 21.4%; the sulfidity ranged from 23% to 57%; and
the maximum temperature ranged from 162°C to 178°C. Table 15 below summarizes the
uncoded variables for the unextracted wood chips while Table 16 summarizes the
uncoded variables for the extracted wood chips. The H-factor for the unextracted wood
chips was found by rearranging the Phase I regression model so that the output would be
the required H-factor for a given effective alkali, sulfidity, and at kappa number of 30.
Preliminary experiments were performed on the extracted wood chips to determine if the
Phase I model could be used to determine the necessary H-factor under specific pulping
conditions. It was found from these preliminary studies that the model could be used, but
the H-factor had to be adjusted slightly to compensate for the diminished extractives in
the extracted wood chips.
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Table 15. Summary of the effective alkali, sulfidity, and maximum temperature
pulping conditions for Phase II of this research employing unextracted softwood
chips.
Sample

EA, %

Sulfidity, %

Temperature

H-Factor

1

16.0

30.0

165.0

1294

2

20.0

30.0

165.0

790

3

16.0

50.0

165.0

929

4

20.0

50.0

165.0

570

5

16.0

30.0

175.0

1294

6

20.0

30.0

175.0

790

7

16.0

50.0

175.0

929

8

20.0

50.0

175.0

522

9

14.6

40.0

170.0

1352

10

21.4

40.0

170.0

565

11

18.0

23.2

170.0

1217

12

18.0

56.8

170.0

646

13

18.0

40.0

161.6

806

14

18.0

40.0

178.4

806

15

18.0

40.0

170.0

806

16

18.0

40.0

170.0

806

17

18.0

40.0

170.0

806

18

18.0

40.0

170.0

806

19

18.0

40.0

170.0

806

20

18.0

40.0

170.0

806
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Table 16. Summary of the effective alkali, sulfidity, and maximum temperature
pulping conditions for Phase II of this research employing extracted softwood chips.
Sample

EA, %

Sulfidity, %

Temperature

H-Factor

1

16.0

30.0

165.0

1335

2

20.0

30.0

165.0

803

3

16.0

50.0

165.0

929

4

20.0

50.0

165.0

516

5

16.0

30.0

175.0

1335

6

20.0

30.0

175.0

803

7

16.0

50.0

175.0

929

8

20.0

50.0

175.0

550

9

14.6

40.0

170.0

1352

10

21.4

40.0

170.0

590

11

18.0

23.2

170.0

1217

12

18.0

56.8

170.0

620

13

18.0

40.0

161.6

806

14

18.0

40.0

178.4

806

15

18.0

40.0

170.0

806

16

18.0

40.0

170.0

806

17

18.0

40.0

170.0

806

18

18.0

40.0

170.0

806

19

18.0

40.0

170.0

806

20

18.0

40.0

170.0

806

The objective of this portion of our investigation was to produce a series of brownstock
kraft pulps at a 30 kappa number under varying conditions of effective alkali, % sulfidity,
and maximum temperature for both unextracted and extracted wood chips. Figure 2
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summarizes the results of these experiments on unextracted wood chips. The average
kappa number of six replicates, from conditions 15 through 20, was 29.4 kappa units.
This is the value at sample 15 in Figure 92. The error associated with these replicates
establishes a 95% confidence interval of ±2.7 kappa units for the remainder of the central
composite design. Therefore, the upper 95% confidence limit (C.L.) is at 32.1 while the
lower 95% C.L. is at 26.7 kappa units.
Figure 92 clearly shows that all of the samples fall within the 95% confidence interval
established for the kappa number. A similar procedure was followed for the kappa
number data from the extracted wood chips (data not shown). The average kappa number
for the pulps produced from extracted wood chips was 28.7±2.7 kappa units. Analysis of
variance and the t-test statistic were used to determine if the average kappa number from
the pulps produced from unextracted wood chips was significantly different from the
average kappa number from the pulps produced from extracted wood chips. Since the
calculated student t-value was less than the critical t-value, we were able to accept the
null hypothesis that the means of kappa numbers from pulps made with unextracted and
extracted wood chips were statistically the same at the 95% confidence level. This
conclusion was further supported by the high p-value of 0.19, indicating that there was no
significant difference between the samples at the 95% confidence level.
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Upper 95% C.L.

Average

Lower 95% C.L.

34
33

Kappa Number

32
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26
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9
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10

11

12

13

14

15

Figure 92. Kappa number results from pulps produced with unextracted wood
chips. The pulping conditions utilized for each sample are summarized in Table 15.

10.2.2 Impact on Chromophore Index
Having characterized each of the brownstock kraft pulps by kappa number and
determining there was no statistical difference among the samples at the 95% confidence
interval, we wanted to determine the conditions of effective alkali, % sulfidity, and
maximum cooking temperature that yield a maximum and minimum amount of color in
brownstock kraft pulps. Solid-state UV/vis diffuse reflectance spectroscopy is a powerful
technique for studying changes in chromophores and in chromophore content of lignincontaining materials. By transforming reflectance data to k/s data via the Kubelka-Munk
theory (Equations 1 and 2), we generated k/s vs. wavelength spectra. Subsequently, the
total visible reflectance was taken as the area under the k/s vs. wavelength curve from
400 nm to 700 nm. The resulting total reflectance values are directly proportional to the
chromophore content of each pulp. Due to this relationship with chromophore content,
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the total visible reflectance measurement is also called the chromophore index of the
pulp. Each chromophore index value was an average of five measurements.
The chromophore index of the twenty different pulping conditions was analyzed by
means of analysis of variance. The results of this analysis indicated that % effective
alkali and % sulfidity were significant while the maximum cooking temperature was
insignificant at the 95% confidence level. In addition, the interaction effects between
sulfidity and maximum temperature or effective alkali and maximum temperature were
not significant in determining the chromophore index at the 95% confidence level.
Figure 93 is the general response surface illustrating the relationship of the dependent
variable, chromophore index, with the independent variables of effective alkali and
sulfidity, utilizing unextracted brownstock kraft pulps. There is an obvious quadratic
relationship between the chromophore index and effective alkali as well as between the
% sulfidity and the chromophore index. In general, Figure 93 indicates that as the %EA
is increased and the % sulfidity is decreased, a minimum chromophore index is achieved.
Meanwhile, a maximum chromophore index is achieved as the %EA is decreased and the
% sulfidity is increased. These results were also observed in the aforementioned analysis
of variance. Gustavsson et al. [77] and Gellerstedt [351] observed an increase in the
k/corrected kappa ratio of pulp (absorption coefficient normalized with kappa number) as
the residual hydroxide ion concentration in black liquor decreased under modified
cooking conditions.
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467.3+1.111*%Sulfidity-37.8*%EA+0.0068*(%Sulfidity)(%Sulfidity)-0.0754*
(%Sulfidity)*(%EA)+1.003*(%EA)(%EA)

160
150
140
130
120
110

Figure 93. Response surface relating chromophore index, % effective alkali, and
% sulfidity for brownstock kraft pulps cooked to a constant kappa number of
approximately 30. The values in the legend are those of the chromophore index.
The individual data points are shown as white circles on the response surface curve.

The impact of employing unextracted and extracted wood chips on the chromophore
index during kraft pulping was also investigated. Through analysis of variance, we
observed that extractives caused a detrimental impact on the chromophore index. The
chromophore index of brownstock kraft pulps produced with unextracted wood chips
were, on average, 6 chromophore index units greater than kraft pulps produced with
extracted wood chips. The t-test statistic indicated that this difference in chromophore
index was significant at the 95% confidence level. A low p-value of 0.0025 further
verified that extractives significantly impacted the chromophore index of brownstock
kraft pulps. Nonetheless, the differences in chromophore index between the brownstock
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kraft pulps produced with unextracted vs. acetone-extracted wood chips were small when
compared to the majority of chromophore development during kraft pulping, which is
presumably due to lignin and its degradation products [8-10, 14-16]. Other researchers
have claimed that extractives strongly impact the overall color development of kraft pulps
[389, 393].

However, those researchers investigated different species of eucalyptus

having a high concentration of polyphenolic extractives while the focus of this research
was primarily on Pinus taeda.

10.2.3 Impact on Brightness
The impact of employing different pulping conditions during kraft pulping of southern
yellow pine were further analyzed by examining differences in the brightness of the
constant kappa number brownstock kraft pulps. Each brightness value was an average of
five measurements on separate hand sheets. The typical brightness standard deviation for
five replicates of one pulp was 0.14 while for replicates of the same pulping conditions it
was 0.18 brightness units. The brightness responses were examined via analysis of
variance, which determined that the maximum cooking temperature and its interaction
effects were not significant at the 95% confidence level. However, the % effective alkali
and % sulfidity were determined to be significant at the 95% confidence level. Figure 94
summarizes the brightness responses of unextracted wood chips cooked to approximately
30 kappa under varying effective alkali and % sulfidity conditions. The first observation
is that the Figure 94 surface plot of brightness responses differs in shape from the surface
plot generated from the chromophore index responses in Figure 3. While a quadratic
relationship exists between the brightness and effective alkali, the relationship between
brightness and % sulfidity is primarily linear. These differences are expected since the
brightness measurement is centered at 457 nm, while the chromophore index is a
measurement of the entire visible spectrum from 400 nm to 700 nm. However, the
general trend in Figure 94 indicates that an increasing %EA and decreasing % sulfidity
lead to the maximum brightness while a decreasing %EA and increasing % sulfidity lead
to the minimum brightness conditions. This trend is similar to that observed in the
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chromophore index in Figure 93.

In addition, the impact on brightness due to an

increasing effective alkali charge was observed by others [77, 326, 343, 344, 346, 347,
351, 509].
The impact of employing unextracted and extracted wood chips on the brightness
development during kraft pulping was also investigated. Through analysis of variance,
we observed that extractives caused no impact to pulp brightness. In other words, there
was no significant difference due to extractives on the pulp brightness at the 95%
confidence interval. This result contrasts the impact of extractives on the chromophore
index. However, this was anticipated since pulp brightness is centered at 457 nm while
the chromophore index is a measurement over the entire visible spectrum.
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0.980-0.1652*(%Sulfidity)+3.042*(%EA)+0.0001*(%Sulfidity)(%Sulfidity)
+0.0074*(%Sulfidity)*(%EA)-0.0754*(%EA)(%EA)

31
30
29
28
27
26

Figure 94. Response surface plot relating brightness, % EA, and % sulfidity for
unextracted softwood chips cooked to a constant kappa number of 30. The values in
the legend are those of the ISO brightness. The individual data points are shown as
white circles on the response surface curve.
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10.2.4 Impact on Yield
Kraft pulping process variables also affect the pulp yield.

For this reason, we

investigated the impact of varying effective alkali, % sulfidity, and maximum cooking
temperature on the pulp yield. The low rejects observed in this investigation are likely
due to the efficient mixing from the multi-unit digester system. In general, increasing the
effective alkali or maximum cooking temperature decreased the screened pulp yield
while decreasing the effective alkali or maximum cooking temperature had the opposite
effect. However, analysis of variance of the screened pulp yields indicated that the
effective alkali, % sulfidity, and maximum cooking temperature had no significant effect
on the screened pulp yield at the 95% confidence level and under the experimental
conditions in this investigation. In other words, the pulping conditions employing high
effective alkali/low % sulfidity (minimum chromophore index) and low effective
alkali/high % sulfidity (maximum chromophore index) did not have statistically different
screened yields at the 95% confidence level and under the conditions employed in this
study.
The impact of employing unextracted or extracted wood chips on the screened pulp yield
was also investigated. The average screened pulp yields were 43.4 ± 1.2% and 44.8 ±
0.8%. Analysis of variance and the t-test statistic was conducted on the combined
screened yield data from Table 17 and Table 18 to determine the statistical impact of
removing the extractives prior to kraft pulping. The t-statistic was calculated and was
found to be greater than the critical t-value for these experiments.

Therefore, we

concluded that the screened pulp yields of constant kappa number pulps produced from
unextracted wood chips were statistically different from those produced from extracted
wood chips. Analysis of variance confirmed the results from the t-statistic analysis.
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Table 17. Pulp yield results for pulps produced with unextracted softwood chips
at a constant kappa number of approximately 30.
Sample EA, % Sulfidity, % Temperature H-Factor Yield, %

1

16.0

30.0

165.0

1294

43.7

2

20.0

30.0

165.0

790

43.4

3

16.0

50.0

165.0

929

44.3

4

20.0

50.0

165.0

570

44.5

5

16.0

30.0

175.0

1294

43.5

6

20.0

30.0

175.0

790

42.5

7

16.0

50.0

175.0

929

44.6

8

20.0

50.0

175.0

522

43.8

9

14.6

40.0

170.0

1352

44.7

10

21.4

40.0

170.0

565

43.1

11

18.0

23.2

170.0

1217

43.1

12

18.0

56.8

170.0

646

42.9

13

18.0

40.0

161.6

806

43.4

14

18.0

40.0

178.4

806

43.6

15

18.0

40.0

170.0

806

44.0

16

18.0

40.0

170.0

806

43.4

17

18.0

40.0

170.0

806

43.9

18

18.0

40.0

170.0

806

43.1

19

18.0

40.0

170.0

806

43.1

20

18.0

40.0

170.0

806

43.0
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Table 18. Pulp yield results for pulps produced with extracted softwood chips at a
constant kappa number of approximately 30.
Sample EA, % Sulfidity, % Temperature H-Factor Yield, %

1

16.0

30.0

165.0

1335

44.8

2

20.0

30.0

165.0

803

45.2

3

16.0

50.0

165.0

929

44.6

4

20.0

50.0

165.0

516

45.2

5

16.0

30.0

175.0

1335

45.2

6

20.0

30.0

175.0

803

44.2

7

16.0

50.0

175.0

929

45.7

8

20.0

50.0

175.0

550

44.4

9

14.6

40.0

170.0

1352

45.4

10

21.4

40.0

170.0

590

43.8

11

18.0

23.2

170.0

1217

44.6

12

18.0

56.8

170.0

620

45.5

13

18.0

40.0

161.6

806

45.5

14

18.0

40.0

178.4

806

44.7

15

18.0

40.0

170.0

806

45.2

16

18.0

40.0

170.0

806

44.9

17

18.0

40.0

170.0

806

44.9

18

18.0

40.0

170.0

806

44.3

19

18.0

40.0

170.0

806

45.0

20

18.0

40.0

170.0

806

44.5
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10.2.5 Impact on Degree of Polymerization
The pulp viscosity was also measured to further characterize the impact of changing
process variables on kraft pulping at a constant kappa number.

The viscosity was

converted to the degree of polymerization by the Buckeye equation [516] as follows:

D.P. = −449.6 + 598.4 ln[η ] + 118.02(ln[η ])

2

Equation 5

where D.P. is the degree of polymerization and η is the viscosity in cP measured
according to TAPPI T 230 om-89. Table 19 summarizes the D.P. results and the impacts
of varying pulping process variables on pulping unextracted wood chips to a constant
kappa number.

In general, the degree of polymerization decreases with increasing

effective alkali and maximum cooking temperature but increases with increasing %
sulfidity. These primary effects are also seen in the interaction effects. At low sulfidity,
the decrease in D.P. is much greater than at higher levels of sulfidity. Meanwhile, the
impact of effective alkali on the D.P. is enhanced at high temperatures. The impact of
sulfidity in preserving the degree of polymerization is also more apparent under lower
temperature conditions.
Analysis of variance was used to investigate the impact of these process variables and
their interaction effects on the degree of polymerization of kraft pulps produced at a
constant kappa number. The results of this analysis indicated that effective alkali, %
sulfidity, and the maximum cooking temperature were statistically significant at the 95%
confidence level and under the conditions employed in this investigation. In addition, the
interaction terms of effective alkali x temperature and sulfidity x temperature were also
significant at the 95% confidence level. Meanwhile, the pulping conditions employing
high effective alkali/low % sulfidity (minimum chromophore index) and low effective
alkali/high % sulfidity (maximum chromophore index) did not have statistically different
degrees of polymerization at the 95% confidence level and under the conditions
employed in this study.
341

Table 19. Degree of polymerization (D.P.) results for pulps produced with
unextracted wood chips at a constant kappa number of approximately 30.
Sample

EA, %

Sulfidity, %

Temperature

H-Factor

D.P.

1

16.0

30.0

165.0

1294

2926

2

20.0

30.0

165.0

790

2921

3

16.0

50.0

165.0

929

3336

4

20.0

50.0

165.0

570

3361

5

16.0

30.0

175.0

1294

3081

6

20.0

30.0

175.0

790

2741

7

16.0

50.0

175.0

929

3200

8

20.0

50.0

175.0

522

3117

9

14.6

40.0

170.0

1352

3255

10

21.4

40.0

170.0

565

2951

11

18.0

23.2

170.0

1217

2686

12

18.0

56.8

170.0

646

3155

13

18.0

40.0

161.6

806

3096

14

18.0

40.0

178.4

806

2858

15

18.0

40.0

170.0

806

3158

16

18.0

40.0

170.0

806

3308

17

18.0

40.0

170.0

806

3388

18

18.0

40.0

170.0

806

3058

19

18.0

40.0

170.0

806

3119

20

18.0

40.0

170.0

806

2936

The impact of pulping unextracted or extracted wood chips was also investigated. The
average degree of polymerization for pulps produced with unextracted wood chips was
3161 ± 424 while pulps produced with extracted wood chips had an average D.P. of 3117
± 280. As anticipated, there was no statistically significant impact on the degree of
polymerization due to pulping of unextracted or extracted wood chips at a constant kappa
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number. These results are in spite of the statistically significant increase in screened pulp
yield for the pulps produced with extracted wood chips.

10.2.6 Impact on Hexenuronic Acids
Hexenuronic acid analysis of the constant kappa number pulps was performed in
accordance with the procedure established by Chai et al. [451]. The HexA content of the
twenty different pulping conditions was analyzed by means of analysis of variance. The
results of this analysis indicated that % effective alkali, % sulfidity, and the maximum
cooking temperature were significant at the 95% confidence level. In addition, this
analysis also indicated that the interaction effects between effective alkali and %sulfidity,
effective alkali and maximum cooking temperature, and % sulfidity and maximum
cooking temperature, as well as the squares of the independent variables were
insignificant at the 95% confidence level. Figure 95 summarizes the general response of
hexenuronic acid groups to varying effective alkali and % sulfidity at a maximum
cooking temperature of 170ºC for constant kappa kraft pulps cooked with unextracted
wood chips. A linear relationship between HexA content and effective alkali as well as
between HexA content and sulfidity is obvious from this figure. For this reason, we
developed a multiple linear regression model to predict the hexenuronic acid group
content in these constant kappa number kraft pulps. The results of this model are as
follows:

HexA = 109 − 2.77 EA + 0.474Sulf − 0.255Temp

Equation 6

where HexA is the hexenuronic acid group content in µmol/gram o.d. pulp; EA is the %
effective alkali; Sulf is the % sulfidity, and Temp is the maximum cooking temperature in
ºC. The high multiple correlation coefficient (R2) of 0.95 indicates that there is a low
percent error (5%) in the model. The hexenuronic acid content in this model varied from
20-50 µmol/o.d. gram of pulp. This model is accurate for kraft pulps produced at
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approximately 30 kappa number and under effective alkali conditions of 14.6-21.4%, %
sulfidity conditions of 23.2-56.8%, and maximum cooking temperatures ranging from
161.6-178.4ºC. In addition, it applies only to Pinus taeda wood chips. Several other
research groups have indicated that the HexA content varies with effective alkali, %
sulfidity, and maximum cooking temperature [77, 326, 350, 351, 517-519]. The results
observed by these research groups were comparable to those obtained in the present
study. However, the exact dependence varied with the wood species.

55
50
45
40
35
30
25
20
15

Figure 95. Hexenuronic acid content response to varying effective alkali and %
sulfidity conditions at a constant temperature of 170ºC for constant kappa number
(approximately 30) kraft pulps cooked with unextracted wood chips. The values in
the legend represent in the hexenuronic acid content in µmol/g pulp. The individual
data points are shown as white circles on the response surface plot.
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The impact of pulping unextracted or extracted wood chips was also investigated. The
average hexenuronic acid content for pulps produced with unextracted wood chips was
34.3 ± 1.9 µmol/o.d. gram of pulp while pulps produced with extracted wood chips had
an average HexA content of 33.5 ± 2.4 µmol/o.d. gram of pulp. As anticipated, there was
no statistically significant impact on the hexenuronic acid content due to pulping of
unextracted or extracted wood chips at a constant kappa number.
Interestingly, both Figure 95 and the model developed to predict hexenuronic acid
content at a constant kappa number suggest that the hexenuronic acid content decreases
as the %EA is increased and % sulfidity is decreased. Meanwhile, the hexenuronic acid
content increases as the %EA is decreased and the % sulfidity is decreased. Since
hexenuronic acid groups contribute to the pulp kappa number, we were interested in
investigating the impact they may have on our pulp kappa number measurements. The
conversion value of 11.6 µmol HexA/kappa number unit was utilized to find the
contribution of hexenuronic acid groups to the pulp kappa number in this investigation.
This conversion value is widely accepted and has been confirmed by two different
research groups employing two different methods [520, 521]. This analysis revealed that
the average kappa number corrected for hexenuronic acids dropped from 29.4 ± 2.7 to
26.5 ± 2.6 kappa units. Nonetheless, as illustrated in Figure 96, the corrected kappa
numbers of all samples fall within the confidence level established by the t-test statistic.
This result is significant to this study since the chromophore index, brightness, yield,
viscosity, and hexenuronic acid content were investigated not only in terms of a constant
kappa number, but also in terms of constant lignin content.
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Upper 95% C.L.
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Figure 96. Kappa numbers corrected for hexenuronic acid content from pulps
produced from unextracted wood chips and at a constant kappa number of
approximately 30. The process conditions utilized to produce each sample are
summarized in Table 15.

Our interest in the impact of pulping process variables on the chromophore index of kraft
pulps suggested further investigating the influence of hexenuronic acids on chromophore
development during kraft pulping. Figure 97 summarizes the results of this analysis.
Although a high hexenuronic acid group content yields a higher chromophore index, the
influence of hexenuronic acid groups at lower concentrations is less clear. However,
there is a quadratic relationship existing between the hexenuronic acid content and the
chromophore index. This quadratic relationship is significant at the 95% confidence
level. The chromophore index increases as a function of the hexenuronic acid content
above 35 µmol/g pulp.

This indicates that hexenuronic acids may have a direct

contribution to the overall color of kraft pulp. Although carbohydrates may contribute,
[11-13, 506] the overall contribution to the chromophore index of kraft pulp is likely
small [8-10, 14-16]. Rather, hexenuronic acids likely act as chelants of calcium and other
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metals which may directly influence pulp color [415]. Therefore, increasing the amount
of hexenuronic acids could cause increased retention of these metals and therefore more
increased pulp color.
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Figure 97. Chromophore index vs. hexenuronic acid group content for brownstock
kraft pulps produced at constant lignin content of approximately 4.3% and with
unextracted wood chips. The pulping conditions utilized to obtain these pulps are
summarized in Table 15.
Conclusions

Although kraft pulping is a complex technology involving both physical and chemical
processes, it can be simplified by using a systematic approach.

In this study, the

delignification responses of southern pine wood chips to kraft pulping process variables
including effective alkali, sulfidity, maximum temperature, and H-factor were modeled
through multiple linear regression to predict the pulp kappa number. The maximum
cooking temperature was not significant at the 95% confidence level and thus not
included in the model. This model was validated by pulping under varying conditions in
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a different pulping system. The results of these validation experiments indicated a good
fit with the predicted results from our multiple linear regression model. The model was
then used to find the H-factor necessary to cook to a constant bleachable grade kappa
number under varying conditions of %EA, % sulfidity, and maximum temperature.
There are several important conclusions from this portion of the study. At a constant
lignin content, the minimum chromophore index was obtained as the effective alkali
increased and sulfidity decreased while the maximum chromophore index was achieved
at decreasing effective alkali and increasing sulfidity. The brightness trends followed
those of the chromophore index except that a higher brightness corresponded to lower
chromophore index, and vice versa.

The effective alkali, sulfidity, and maximum

temperature did not have a significant effect on either the screened pulp yield or degree
of polymerization under the conditions employed in these studies. In other words, the
pulping conditions employing high effective alkali/low % sulfidity (minimum
chromophore index) and low effective alkali/high % sulfidity (maximum chromophore
index) did not differ in screened yield or degree of polymerization at the 95% confidence
level and under the conditions employed in this study. However, these process variables
did impact the hexenuronic acid content and a model was developed to predict the
hexenuronic acid content as a function of maximum cooking temperature, sulfidity, and
effective alkali at a constant lignin content. The influence of hexenuronic acid groups on
the chromophore index was analyzed and it was found that there is no clear relationship
between chromophore index and hexenuronic acid group content.

Although

carbohydrates may contribute to the chromophore index, this was not surprising since
their contribution to the overall chromophore development during kraft pulping is
presumably small.
Extractives were also investigated during this investigation.

The extractives had a

significant impact on the chromophore index while there was no significant impact on
pulp brightness. The reason for this is likely due to the fact that the pulp brightness
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measurement is centered at 457 nm while the chromophore index is a measurement over
the entire visible spectrum.

Extractives did not significantly affect the degree of

polymerization of the brownstock kraft pulps. However, the absence of extractives
promoted a significant difference in the screened pulp yield when comparing pulps
produced from unextracted wood chips to those from extracted wood chips. In addition,
the influence of extractives was not significant on formation of hexenuronic acid groups
during kraft pulping.
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10.3 Chapter 3: Probing the Nature of Chromophore Formation and Removal during
Kraft Pulping

Thomas J. Dyer and Arthur J. Ragauskas

Abstract

The chromophore contents of kraft pulps were investigated to elucidate the mechanism of
chromophore formation and removal during kraft pulping. Two series of kraft pulps were
produced in the present study. One series involved a low effective alkali and high
sulfidity, resulting in pulps having a high chromophore index. The other series involved
a high effective alkali and low sulfidity, resulting in kraft pulps with a low chromophore
index. Further investigation indicated that the hexenuronic acid and carboxylic acid
contents were drastically different between the two series of kraft pulps. These results
confirmed that pulps produced under different pulping conditions have different chemical
and physical properties. In addition, the chromophoric properties of these two series of
kraft pulps were investigated. At the same lignin content, a pulp produced under low
effective alkali, high sulfidity conditions will have a much greater chromophore
concentration than a pulp produced under high effective alkali, low sulfidity conditions.
The results indicated that chromophores are removed at a faster rate for kraft pulps
produced under high effective alkali, low sulfidity conditions. In addition, the amount of
sodium hydroxide consumed during the kraft cook is linearly related to the chromophore
content of kraft pulps. This study provides evidence that the removal of chromophores
may be related to the nature of chromophores or to the chemistry of the bulk phase of
kraft pulping. The chemistry of chromophore formation during kraft pulping is likely
linked to the chemistry of the initial phase of kraft pulping. By further understanding this
aspect of the process, we can better understand the mechanisms of chromophore
formation during kraft pulping. The results of these studies also indicated that the
chromophores produced in low EA, high sulfidity pulps are of lower energy (longer
wavelength) than those from pulps produced under high EA, low sulfidity conditions.
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Introduction

Chemical pulping is a means of removing lignin from wood by chemically altering it to
produce soluble fragments of the polymer. The removal of lignin allows individual fibers
to be freed from the wood matrix with mild mechanical treatment. Pulping must be able
to remove lignin from fibers through chemical degradation, while minimizing damage to
the cellulosic portion of the fibers to maintain strength [1]. In 2001, the world pulp
production was over 180 million metric tons. The United States produced 53 million
metric tons; 85 percent of this was from chemical pulping. The kraft pulping process was
the most commonly used chemical pulping process, accounting for 98 percent of
chemical pulp production in the United States and 92 percent of chemical pulp
production in the world [2].
Although in use since 1879 [1], the kraft pulping process remains the dominant
commercial pulping process today. One major reason for its predominance is that the
kraft process produces stronger pulps than any other pulping process. In addition, it is
insensitive to the presence of bark and high amounts of extractives and has been found to
be adaptable to both hardwood and softwood tree species. The kraft process requires
shorter cooking times than other chemical pulping processes. Finally, efficient recovery
of pulping chemicals and the production of heat and valuable materials from by-products
such as tall oil and turpentine from pine species has been a strong asset to the kraft
pulping process. However, there are several disadvantages to kraft pulping which include
high capital investments, high reaction temperatures, low pulp yields, the foul odor
generated by degradation products, and the dark color of the resulting pulps.

The

production of high value paper products relies on removing lignin and chromophores to
produce high brightness pulps. In fact, 71% of kraft pulp production in the world results
in fully bleached kraft pulp [2]. Therefore, knowledge of the fundamental chemistry of
both chromophore formation and delignification stages is crucial.
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Kraft color may be defined as the characteristic red-brown color of pulp obtained by
cooking wood with a solution containing sodium hydroxide and sodium sulfide. This
color varies in intensity and shade according to the species of wood cooked and the
degree of cooking. Kuettel performed the first study on the chemical nature of the
coloring matter in kraft pulps in 1933 [3]. He believed that the acid-insoluble materials
isolated from black liquors were oxidation or condensation products from tannins and
that lignin, flavones, and sulfur dyes have only a secondary effect on the overall color of
black liquor. Holzer [4] isolated colored material from pine kraft pulp and the black
liquor; the products from both sources seemed to be very similar. Unlike Kuettel, Holzer
found that the presence of sulfur darkens the color of kraft pulp more than that of a
comparable soda pulp. In 1941, Bard [5] investigated the color of kraft pulps and found
that a dark pulp could be obtained by digesting an α-cellulose pulp in kraft black liquor.
He concluded that kraft color may be produced by adsorption or absorption of colored
material from the black liquor.
Pigman and Csellak were among the first to pin-point lignin and its degradation products
as responsible for the bulk of the color found in kraft pulps [6].

However, these

researchers agreed that there was a possibility for the carbohydrate fraction in the
holocellulose to undergo a reaction that considerably decreases the brightness of the pulp
[7]. Numerous investigations have since been made to determine the cause of the color in
kraft pulps.

However, these investigators have linked the chemical nature of the

chromophores to almost every wood component. Recent studies have indicated that
either carbohydrates or lignin cause the dark color of kraft pulps [8-16, 506].
Hartler and Norrström [8, 18] determined the contribution of the pulp components to the
overall color of kraft pulp.

They accomplished this by determining the specific

absorption coefficient of each component and of the pulp as a whole. Since holocellulose
cooked with wood showed a large contribution from lignin in its specific absorption
coefficient, holocellulose was cooked under corresponding conditions in the absence of
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wood as a model for the behavior of wood carbohydrates during kraft pulping. The
specific absorption coefficient of the pulp increased up to the maximum cooking
temperature, or around 70% yield.

After reaching a maximum at 63% yield, the

absorption coefficient decreases and is clearly dependent on the alkali charge. Overall,
the contribution from carbohydrates is low throughout the cook [8, 18].
A variety of process conditions impact the color of kraft pulp.

One of the first

investigations dealing with the practical aspects of the color of kraft pulp is that by
Migita and coworkers [339, 340]. They found that the amount of time at the maximum
cooking temperature as well as the amount of time taken to reach this maximum
temperature is critical in determining the color of unbleached kraft pulp; the shorter this
amount of time to reach the maximum color, the darker the color. Mroz and Surewicz
[341] found that feasible changes in the pulping process parameters do not significantly
impact the unbleached pulp brightness.

However, the parameters having the most

influence on brightness included the added active alkali followed by the maximum
cooking temperature.

Meanwhile, the cooking liquor sulfidity and the time at the

maximum cooking temperature had an insignificant effect on the unbleached pulp
brightness.

However, Norrström [10] found a slight decrease in unbleached pulp

brightness with elevated levels of sulfidity in the cooking liquor or by addition of
polysulfide. Hartler and Norrström [18] observed that the absorption coefficient of the
fiber increased rapidly up to the maximum cooking temperature and then decreased as the
amount of lignin in the pulp decreased. Meanwhile, the absorption coefficient of lignin
continued to increase throughout the cook, rising from 290 cm2/g in the initial wood to
around 5000 cm2/g at the end of the cook.
The alkali charge has also been found to significantly impact the pulp brightness, with a
higher residual alkali giving a brighter pulp at the same kappa number [10, 18, 77, 78,
164, 326, 342-352]. It has also been found that an increase in the maximum cooking
temperature decreases the absorption coefficient at low residual alkali concentrations [77,
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326]. Sjöström [78] observed that an increase in ionic strength resulted in a darker
unbleached pulp, expressed as the absorption coefficient normalized by the kappa
number.

Differences in brightness have been attributed to lignin which has been

solubilized in the pulping liquor redepositing back onto internal and external surfaces of
the pulp fiber when the alkalinity is low. Since this soluble lignin is darker than the
lignin remaining in the fiber [9], redeposition will lead to darkening of the fiber.
Al-Dajani and Gellerstedt [353] investigated the impact of variations in cooking
conditions in order to investigate the importance of the light absorption coefficient on
unbleached kraft pulp. From the results, these researchers concluded that the lower the
content of residual alkali as the pulping process proceeds, the higher the light absorption
coefficient of the resulting pulp. The maximum cooking temperature had little impact on
the unbleached brightness [345]. They also attributed a high light absorption coefficient
in the unbleached pulp to a high content of calcium ions in the fibers. Al-Dajani and
Gellerstedt proposed that the presence of calcium in the fibers leads to the precipitation of
dissolved lignin on to the fiber [353].
Despite these differences, it is important to investigate the impact of kraft pulping process
variables on the chromophoric properties of kraft pulps. Dyer and Ragauskas [498]
recently found that the effective alkali and sulfidity are important process conditions in
determining the pulp chromophore index. These researchers found that high effective
alkali, low sulfidity conditions caused a low chromophore index while a low effective
alkali, high sulfidity yielded a high chromophore index. This paper further extends our
studies on the influence of process conditions on the pulp chromophore index, as well as
the effect that particular pulping conditions have on the individual components of color.
This research has the long-term goal of minimizing color formation during kraft pulping.
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Experimental
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.

Chemicals.

All chemicals in this study were purchased from Aldrich Chemical

Company, Milwaukee, Wisconsin, or VWR and used as received.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions;
more specifically, one pulping condition had a high effective alkali (EA) and low
sulfidity (Condition A) and another had a low effective alkali and high sulfidity
(Condition B). The individual vessels were then placed in a rotating, multi-unit digester.
The temperature in each autoclave was increased as a ramp function from 23ºC to a
maximum cooking temperature of 170ºC over 90 minutes.

The kraft cook was

interrupted at the appropriate H-factor and each vessel was cooled immediately in a cold
water bath. The cooked wood chips were disintegrated in an industrial blender and
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screened and washed in a Valley screen.

The pulping conditions employed to

manufacture the pulps in this study are summarized in Table 20.

Table 20. Summary of kraft pulping conditions for two series of incremental
cooks. The Condition A pulps had involved a high effective alkali and low sulfidity
while the Condition B pulps involved a low effective alkali and high sulfidity pulping
condition. The maximum temperature was constant at 170ºC.
Condition
% EA % Sulfidity H-factor
Yield
Klason Lignin
(%)

(%)

A-1

21.4

23.2

120

60.1

21.8

A-2

21.4

23.2

240

54.4

16.5

A-3

21.4

23.2

360

50.2

11.4

A-4

21.4

23.2

480

46.7

9.13

A-5

21.4

23.2

600

44.6

6.52

A-6

21.4

23.2

720

43.0

4.71

A-7

21.4

23.2

840

42.0

4.17

A-8

21.4

23.2

863

41.8

3.89

B-1

14.6

56.8

120

61.0

20.3

B-2

14.6

56.8

240

55.2

15.3

B-3

14.6

56.8

360

52.2

11.6

B-4

14.6

56.8

480

47.7

8.56

B-5

14.6

56.8

600

46.6

5.77

B-6

14.6

56.8

720

45.2

5.25

B-7

14.6

56.8

840

46.2

5.17

B-8

14.6

56.8

960

45.2

4.25

B-9

14.6

56.8

1080

44.2

3.83

B-10

14.6

56.8

1151

43.7

3.47
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Pulp Characterization

Pulp Properties.

The pulp kappa number [444], klason [445], and brightness

measurements [447] were performed according to TAPPI standard methods. Kappa
number measurements were the average of three titrations.

Typical experimental

standard deviations for the brownstock pulps was 0.24 while for replicates of the same
pulping conditions, the standard deviation was 1.06 kappa units. Klason lignin was the
average of two experiments.

Typical experimental standard deviations for the

brownstock pulps varied up to 0.2% while for replicates of the same pulping conditions,
the standard deviation was 0.2%. Brightness measurements were the average of five
individual handsheets. The typical brightness standard deviation for five replicates of
one pulp was 0.14 while for replicates of the same pulping conditions it was 0.18
brightness units.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (Labsphere RSA-PE-90). Background corrections were recorded
using a Labsphere SRS-99-020 standard. This method utilized the reflectance of 200
g/m2 handsheets prepared according to TAPPI Standard T 205 sp-95 [448]. The pH of
the slurry and the water in the handsheet mold were adjusted to a pH of 6.5 ± 0.5. Sheet
samples were cut into 8 cm x 8 cm squares and placed in the sample holder in a stack of 5
layers or the limit of thickness where the addition of another layer would not change the
absorbance of the stack (definition of R∞). The reflectance data were transferred to a
desktop computer and the calculations were performed in Excel. The reflectance data
were converted to k/s values by using the Kubelka-Munk theory [263]. The KubelkaMunk equation describes the infinite reflectance as a function of absorption and
scattering:
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k
⎛k⎞ ⎛k⎞
R∞ = 1 + − 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

2

Equation 1

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

Equation 2

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient for these pulps was
negligible. Due to the relationship with chromophore concentration, this total visible
reflectance measurement is also called the chromophore index of the pulp.
Hexenuronic Acids. The brownstock kraft pulps were analyzed for hexenuronic acids

(HexA) using the method developed by Chai et al. [451].

Recent studies in our

laboratory have shown that this method yields equivalent accuracy and precision to the
methods by Vuorinen et al. [70], Teleman et al. [69], and Gellerstedt and Li [454].
Briefly, a known weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in
a vial containing 10 mL of a hydrolysis solution. The hydrolysis solution contained 0.6%
mercuric chloride and 0.7% sodium acetate. The vial was sealed, mixed well, and placed
in a hot water bath (60-70ºC) for 30 minutes. After cooling, the solution UV absorption
at 260 nm and 290 was measured and recorded. The HexA content of the pulp was
calculated by the formula:

CHexA = 0.287 ×

( A260 − 1.2 A290 ) × V
w
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Equation 3

where CHexA is the HexA concentration in µmol/g o.d. pulp; A260 and A290 are the
absorbances at 260 and 290 nm, respectively; V is the volume of hydrolysis solution; and
w is the oven-dried weight of pulp. Typical standard deviations for replicates of the same
pulping conditions was 0.96 µmol/g pulp.
Carboxylic Acid Groups. The brownstock kraft pulps were analyzed for carboxylic

acid groups using the method developed by Chai et al. [455, 456]. Recent studies in our
laboratory have shown this method provides similar accuracy and precision as the more
common and standard methods for measuring bulk carboxylic acid groups [458-461] in a
much shorter time. Briefly, the fiber samples were first pretreated at 1% consistency
using a 0.1000 mol/L hydrochloric acid solution for 1 hour at room temperature,
magnetically stirring at a constant speed. The fiber sample was then dewatered in a
Büchner funnel, washed thoroughly with Nanopure water, and air-dried.

A known

weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in a headspace
testing vial. Subsequently, four milliliters of a 0.005 mol/L standard bicarbonate solution
mixed with 0.1 mol/L NaCl was added to the same headspace testing vial. The vial was
flushed with nitrogen for 15 seconds, mixed thoroughly, sealed with a septum, and placed
in a headspace sampler tray for HS-GC measurements.

All measurements were

performed on an HP-7694 Automatic Headspace sampler and Model HP-6890 capillary
gas chromatograph equipped with a thermal conductivity detector. GC conditions were
as follows: capillary column with ID = 0.53 mm and a length of 30 m (Model GS-Q
J&W Scientific Inc. Folsom, CA, USA) at 30ºC, carrier gas helium flow rate of 3.1
mL/min. Headspace sampler operating conditions were as follows: oven temperature of
60ºC, vial pressurized by helium with pressurization time of 0.2 min., loop equilibration
time of 0.05 min., vial equilibration time of 10 min. with strong shaking, and loop fill
time of 1.0 min. The GC was run in splitless mode. The method used is based on the
reaction of a protonated carboxylic acid group with bicarbonate resulting in the formation
of carbon dioxide and water. The amount of carbon dioxide liberated can be used to
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quantify the bulk acid groups of a known quantity of pulp. The carboxylic acid content
of the pulp was calculated by the formula:

CCOOH = 0.046 ×

(A

sample

− Ablank )
w

Equation 4

where CCOOH is the carboxyl group concentration in µmol/g o.d. pulp; Asample is the area
under the GC peak for the analyzed sample, Ablank is area under the GC peak for the
standard bicarbonate solution, and w is the oven-dried weight of pulp. Typical standard
deviations for replicates of the same pulping conditions were 0.85 µmol/g pulp.
Residual Alkali. The residual alkali of the black liquors obtained from each pulp was
obtained according to TAPPI T 625 cm-85 “Analysis of Soda and Sulfate Black Liquor”
[441].

Results and Discussion

10.3.1 Impact on Delignification
Kraft pulping is a complex technology involving both chemical and physical processes.
The relationships between these processes, the wood and pulping liquor composition, and
the temperature profile determine how the kraft pulping system responds to changes in
process variables such as effective alkali, sulfidity, time, and the maximum cooking
temperature. The present study investigated two different pulping conditions and their
impact on the overall color of kraft pulp. The first condition, Condition A, employed a
high effective alkali and low sulfidity.

Meanwhile, Condition B employed a low

effective alkali and high sulfidity. These conditions were recently shown to yield a low
and high pulp chromophore index, respectively [498]. The H-factor for these kraft cooks
varied from 120-1150. Figure 98 illustrates the kappa number/klason lignin relationship
for the resulting kraft pulps from Conditions A and B. The kappa number was corrected
for the hexenuronic acid by using the conversion value of 11.6 µmol HexA/kappa
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number unit [520, 521]. These results clearly indicate a linear relationship exists between
the klason lignin content and the corrected kappa number. A linear fit was also observed
for the uncorrected kappa number, yielding a slope of 0.129 and having an R2 value of
0.993. Tasmin and Berzins [468] were the first researchers to investigate the relationship
between the kappa number and klason lignin. These researchers found that a linear
relationship exists between the kappa number and klason lignin up to a klason lignin of
22%. Beyond this point the relationship appeared to deteriorate completely and samples
over 22% klason lignin exhibited a sharp decrease in permanganate consumption for
increasing lignin content. This study encompassed pulps having klason lignin contents
up to 22%, therefore explaining the good fit observed in Figure 98.
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y = 0.135x
R2 = 0.994
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Kappa Number corrected for HexA content

Figure 98. Relationship between the klason lignin and correct kappa number for
the Condition A and Condition B kraft pulps used in this study. The Condition A
pulps utilize high effective alkali and low sulfidity conditions while Condition B
pulps have low effective alkali and high sulfidity conditions.
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10.3.2 Impact on Hexenuronic Acid Content
Hexenuronic acid analysis of the Condition A and B kraft pulps was performed in
accordance with the procedure established by Chai et al. [451]. Recent studies have
indicated that the HexA content varies with effective alkali, % sulfidity, and maximum
cooking temperature [77, 326, 350, 351, 498, 517-519]. However, the exact dependence
varied with the wood species. Figure 99 summarizes the results from the HexA analysis
as a function of H-factor for Condition A and B brownstock kraft pulps. The HexA
content for the Condition A pulps decreases linearly with an increasing H-factor.
However, the relationship between the HexA content and the H-factor for the Condition
B pulps is quite different. In this case, hexenuronic acids are still being formed during
the kraft cook until an H-factor of about 600. At this point, the HexA content gradually
decreases with the H-factor. In other words, the hexenuronic acid content decreases with
decreasing kappa number for the Condition A kraft pulps. Meanwhile, the hexenuronic
acid content of the Condition B pulps increases with decreasing kappa number until a
kappa number of 56.0, at which point it gradually decreases with decreasing kappa
number.
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Figure 99. Hexenuronic acid content as a function of H-factor for the Condition A
and Condition B brownstock kraft pulps. The Condition A pulps utilize high
effective alkali and low sulfidity conditions while Condition B pulps have low
effective alkali and high sulfidity conditions.

The results shown in Figure 99 indicate that the effective alkali plays a significant role in
determining the HexA content in the pulp.

Several studies have examined this

relationship, but primarily at a constant kappa number [77, 326, 350, 351, 498, 517-519].
For this reason, we examined the relationship between the hexenuronic acid content and
the amount of sodium hydroxide consumed. These results are summarized in Figure 100
for the Condition A and Condition B pulps. The results in Figure 100 indicate that the
hexenuronic acid content increases until approximately 0.6 mol/L NaOH consumed. This
corresponds to an effective alkali of approximately 0.4 mol/L. A similar trend was
observed when investigating the hexenuronic acid content as a function of the effective
alkali consumed (data not shown).

Interestingly, these results are similar to those

observed by Chai et al. in their studies on the fate of hexenuronic acids in loblolly pine
[452]. Clearly, these results indicate that the hydroxide ion is primarily responsible for
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the degradation of hexenuronic acids during kraft pulping. However, we have earlier
observed that the hexenuronic acid content is also significantly influenced by the initial
hydrosulfide ion concentration [498]. These results are in accordance with those of
Gustavsson et al. [77, 79], Colodette et al. [350], and Axelsson et al. [326], among others
[351, 517-519].
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Figure 100. Hexenuronic acid content as a function of the NaOH consumed during
pulping under Condition A and Condition B pulping conditions. The Condition A
pulps utilize high effective alkali and low sulfidity conditions while Condition B
pulps have low effective alkali and high sulfidity conditions.

10.3.3 Impact on Carboxylic Acid Content
The carboxylic acid analysis of the Condition A and B kraft pulps was performed in
accordance with the procedure established by Chai et al. [455]. Figure 101 shows the
carboxylic acid content of the pulps as a function of H-factor. The carboxylic acid
groups decrease with increasing H-factor. However, those from the Condition A pulps
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decrease at a greater rate than those from the Condition B pulps. In other words, at the
same lignin content the Condition A pulps have a lower amount of carboxylic acid groups
than the Condition B kraft pulps. Chai et al. [456] observed that the carboxylic acid
content was linearly related to the kappa number. However, the studies by Chai et al.
were limited in terms of the range of effective alkali and sulfidities examined.
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Figure 101. Carboxylic acid content as a function of H-factor for the Condition A
and Condition B brownstock kraft pulps. The Condition A pulps utilize high
effective alkali and low sulfidity conditions while Condition B pulps have low
effective alkali and high sulfidity conditions. The maximum cooking temperature
was constant at 170ºC.

The results shown in Figure 101 indicate that the effective alkali and sulfidity plays a
significant role in determining the carboxylic acid group content of the pulp. For this
reason, we examined the amount the relationship between the carboxylic acid content and
the amount of sodium hydroxide consumed. These results are summarized in Figure 102
for the Condition A and Condition B pulps. The results in Figure 102 indicate that the
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carboxylic acid content decreases as the amount of NaOH consumed increases.
However, the slopes for the Condition A and Condition B kraft pulps are different. The
carboxylic acid groups decrease at a greater rate as the consumed NaOH increases for the
Condition B pulps than the Condition A pulps. The reason for this is likely due to the
initial chemistry of the cook, since there is an ample supply of hydroxide ions in the
Condition A cook while the Condition B cooks are deficient in hydroxide ions. Similar
trends were observed for the carboxyl group content as a function of the Na2S consumed
(data not shown). However, in that case, the carboxylic acid group content decreases at a
greater rate as the consumed Na2S increases for the Condition A pulps than the Condition
B pulps. Again, this is likely due to the initial chemistry of the cook since the Condition
A cooks are deficient in hydrosulfide ions compared to the Condition B pulps. Therefore,
much of the chemistry of the Condition A and Condition B kraft pulps is determined
early in the kraft pulping process. Since the Condition A pulps have an ample supply of
NaOH, the cook is primarily dictated by chemistry of hydroxide ions whereas the
Condition B pulps have an ample supply of Na2S and the cook is dictated by the
chemistry of hydrosulfide ions.
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Figure 102. Carboxylic acid content as a function of the NaOH consumed during
pulping under Condition A and Condition B pulping conditions. The Condition A
pulps utilize high effective alkali and low sulfidity conditions while Condition B
pulps have low effective alkali and high sulfidity conditions.

10.3.4 Impact on Chromophore Index
We also wanted to investigate the influence these pulping conditions have on the overall
color of kraft pulp. Solid-state UV/vis diffuse reflectance spectroscopy is a powerful
technique for studying changes in chromophores and in chromophore content of lignincontaining materials. By transforming reflectance data to k/s data via the Kubelka-Munk
theory (Equations 1 and 2), we generated k/s vs. wavelength spectra. Subsequently, the
total visible reflectance was taken as the area under the k/s vs. wavelength curve from
400 nm to 700 nm. This value is directly proportional to the chromophore content of
each pulp. Due to this relationship with chromophore content, this measurement is also
called the chromophore index of the pulp. Each chromophore index value was an
average of five measurements.
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Figure 103 summarizes the chromophore index results for the Condition A and Condition
B kraft pulps as a function of cooking time. The chromophore index decreases in a nonlinear or quadratic manner as the cooking time is increased. That is, chromophores are
likely removed during much of the kraft pulping process. The Condition B pulps have a
much greater chromophore index at the same pulping time. In addition, the decrease in
chromophore index for this series of pulps is much more gradual than that observed for
the Condition A pulps. By extrapolating each curve, we determined that the Condition A
pulps would have an equivalent chromophore index to the Condition B pulps at 49.8
minutes of cooking time, or an H-factor of 53. The Condition A and Condition B pulps
would each have a chromophore index of 295 at this point during the cook. Of course
this analysis assumes that the chromophore index follows the same trend with the
cooking time. Based on the ramp function performed for these cooks, the cook would be
at approximately 158ºC, meaning that the process would be well into the bulk
delignification phase.
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Figure 103. Chromophore index as a function of the cooking time after the cook
reaches 100ºC for the Condition A and Condition B pulps. The Condition A pulps
utilize high effective alkali and low sulfidity conditions while Condition B pulps
have low effective alkali and high sulfidity conditions.

Further investigation of the Condition A and Condition B pulps resulted in examining the
influence of the corrected kappa number on the chromophore index.

Figure 104

summarizes these results where the corrected kappa number is the kappa number
corrected for hexenuronic acids. In general, the chromophore index of both pulp series
decreased with decreasing corrected kappa number. However, the Condition B pulps
resulted in a greater chromophore index at the same corrected kappa number. Similar
results were previously observed at a constant kappa number of 30 [498].

The

chromophore index for the Condition A pulps decreased at a greater rate than the
Condition B pulps with respect to the corrected kappa number. The chromophore indices
for the Condition A pulps were linearly related to the corrected kappa number while that
for the Condition B pulps were related to the corrected kappa number in a quadratic

369

manner.

If it were possible to extrapolate these curves to higher corrected kappa

numbers, the Condition A and Condition B pulps would each have a chromophore index
of 266 at a corrected kappa number of 176 (23.8% klason lignin).
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Figure 104. Chromophore index results as a function of the kappa number
corrected for hexenuronic acid content for the Condition A and Condition B pulps.
The Condition A pulps utilize high effective alkali and low sulfidity conditions while
Condition B pulps have low effective alkali and high sulfidity conditions.

10.3.5 Residual Alkali and the Chromophore Index
We were also interested in examining the impact of the residual alkali on the pulp
chromophore index. Previous studies by Gustavsson et al. [77] and Gellerstedt and AlDajani [351] have shown an increase in the k/corrected kappa ratio of pulp (absorption
coefficient normalized with kappa number) at 457 nm as the residual hydroxide ion
concentration in black liquor decreased under modified cooking conditions. The results
for the constant lignin pulps from our previous studies [498] are shown in Figure 105.
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The chromophore index increases as the amount of residual sodium hydroxide increases.
Clearly, these results support the results observed by Gustavsson et al. and Gellerstedt
and Al-Dajani.
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Figure 105. Chromophore index results as a function of residual NaOH for a
previous set of pulps produced at a constant kappa number of approximately 30
[498].

Due to the promising results observed with the constant lignin content pulps, we also
wanted to investigate the relationship of the residual alkali on the pulp chromophore
index for the Condition A and Condition B kraft pulps. Figure 106 summarizes these
results for the chromophore index of the Condition A and Condition B pulps as a function
of the consumed EA. The chromophore index is inversely proportional to the consumed
EA. That is, as the chromophore index decreases, the amount of EA consumed during
the cook increases.

However, the rate that the chromophore index decreases with

increasing EA consumed depends on the pulping conditions. The Condition A pulps
have a lower slope than the Condition B pulps. In addition, the Condition A pulps
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consume more hydroxide ions than the Condition B pulps.

If it were possible to

extrapolate these trend lines to an equivalent chromophore index, the consumed EA
would only be 0.17 mol/L at a chromophore index of 558 for both series of pulps.
Similar results were observed with the effective alkali, where it was observed that a
concentration of 0.29 mol NaOH/L was necessary to obtain an equivalent chromophore
index of 558 for both series of pulps.
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Figure 106. Chromophore index as a function of the NaOH consumed during the
cook for the Condition A and Condition B kraft pulps. The Condition A pulps
utilize high effective alkali and low sulfidity conditions while Condition B pulps
have low effective alkali and high sulfidity conditions.

Further analysis of the relationship between the consumed NaOH and the chromophore
index is summarized in Figure 107. Similar trends as those observed for the consumed
EA in Figure 106 were also seen here. That is, as the chromophore index decreased, the
consumption of NaOH increased. In addition, the Condition A pulps had consumed
much more NaOH than the Condition B pulps. Figure 107 further illustrates the effect of
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the consumed NaOH on the chromophore index at a constant kappa number. The slope
of the constant kappa number line greatly increases from a kappa number of 160 to a
kappa number of 70. In other words, since more NaOH is consumed in the Condition A
pulps, the chromophore are removed at a much greater rate in these pulps compared to
those from Condition B. However, the slope of the constant kappa line decreases moving
from a kappa number of 70 to a kappa number of 30. This means that the rate of
chromophore removal has decreased for the Condition A pulps relative to the Condition
B pulps. However, a greater amount of chromophores in the Condition A pulps has been
removed over the entire course of the cook when compared to the Condition B kraft
pulps. This rate of removal may be related to the nature of the chromophores. However,
it may also be related to the chemistry of the bulk phase of delignification.

The

Condition A pulps have a high hydroxide concentration, which has been shown to be the
active species during the bulk phase of kraft pulping [47].
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Figure 107. Chromophore index as a function of the consumed NaOH with lines of
constant kappa number for the Condition A and Condition B kraft pulps. The
Condition A pulps utilize high effective alkali and low sulfidity conditions while
Condition B pulps have low effective alkali and high sulfidity conditions.
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These results illustrate how chromophores are removed during the kraft cook for two
pulping conditions. This chromophore removal may be dictated by the chemistry of the
kraft cook since one pulping condition with a high concentration of hydroxide ions
removed chromophores at a greater rate than a pulping condition with a deficiency in
hydroxide ions.

However, other factors may also have a significant impact.

Condition A kraft pulps have an ample supply of hydroxide ions.

The

Therefore, the

chemistry of formation and removal of the chromophores in these pulps may be dictated
by the hydroxide ion concentration. Meanwhile, the Condition B pulps lack hydroxide
ions and therefore the chemistry of formation and removal of chromophores may be
dictated by the hydrosulfide ion concentration. In addition, since the Condition B pulps
are deficient in hydroxide ions, lignin may precipitate back onto the fiber. Nilsson and
Norrström have shown that lignins from black liquor have a much higher absorption
coefficient than residual lignin in pulp [9]. A considerable amount of lignin is present in
the black liquor, even in the early stages of the cook. If the cook is deficient in hydroxide
ions, this will reduce the solubility of lignin thereby causing precipitation of black liquor
lignin back onto the fiber. These results are similar to those of Janson et al. who found
that lignin redeposition can occur at a very early stage in the cook [165]. Meanwhile,
kraft pulping in the presence of sufficient hydroxide ions prevents or minimizes the
amount of lignin redeposition that actually occurs.
Although the rate of chromophore removal may be related to the chemistry of the kraft
cook, it could also be related to the nature of the chromophores that are formed during a
particular kraft cook. For example, the pulping conditions utilized for the Condition B
kraft pulps may cause a slower removal of chromophores. However, these chromophores
may also be more resistant to removal due to the manner in which they were formed. In
this way, the formation of chromophores is likely linked to the chemistry of the initial
phase of kraft pulping. Our studies on the Condition A and Condition B pulps were
extended to H-factors of only 120. This corresponds to a temperature of approximately
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167ºC, which is already well into the bulk phase of the kraft pulping process. In order to
reach the initial phase of kraft pulping, assuming the initial phase ends at approximately
140-150ºC, we would need to extend our studies to H-factors in the range of 10-25 for a
kraft cook performed at a 90 minute ramp to 170ºC. In addition, further studies would
have to be performed on the chemistry of the initial phase of kraft pulping to investigate
some of the potential reactions taking place that cause chromophore formation.

10.3.6 Impact on Different Wavelength Regions
We were also interested in the effects of the Condition A and Condition B kraft pulping
conditions on different wavelength regions of the visible spectrum. We utilized UV/vis
diffuse reflectance measurements and transformed the reflectance data to k/s data via the
Kubelka-Munk theory (Equations 1 and 2). We then integrated this k/s data over the
individual wavelength regions corresponding to different colors. For example, violet was
integrated from 400-434 nm; blue from 435-499 nm; cyan from 500-519 nm; green from
520-564 nm; yellow from 565-589 nm; orange from 590-624 nm; and red from 625-700
nm. Since the chromophore index was already known, we could calculate the percent
contribution from different colors to the overall color of kraft pulp.
Three brownstock kraft pulps were examined from both the Condition A and Condition B
pulping conditions.

Figure 108 summarizes the contribution of individual color

components to the chromophore content of the pulps produced at a 120 H-factor, or
Condition A-1 and Condition B-1 pulps. These brownstock kraft pulps also had similar
klason lignin contents of 21.8% and 20.3%, for Condition A-1 and Condition B-1,
respectively. Therefore, we are able to make comparisons of these two kraft pulps
independent of the lignin content.

Overall, the blue component had the largest

contribution while yellow had the least significant contribution to the overall contribution
of these pulps. In addition, the Condition A-1 pulp had a larger contribution than the
Condition B-1 pulp from the violet and blue components of visible light. Meanwhile, the
Condition B-1 pulp had a larger contribution from the cyan, green, yellow, orange and
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red portions of the spectrum. These results seem to indicate that the Condition B-1 has
lower energy (higher wavelength) chromophores than the Condition A-1 kraft pulp.
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Figure 108. Contribution of the individual color components to the overall color of
kraft pulps produced at 120 H-factor under Condition A and Condition B. The
Condition A pulps utilize high effective alkali and low sulfidity conditions while
Condition B pulps have low effective alkali and high sulfidity conditions. Both
pulps examined have an H-factor of 120.

The individual components of the chromophore index were investigated further by
comparing Condition A-4 and Condition B-4 kraft pulps.

These kraft pulps were

produced at an H-factor of 480 and each had a kappa number of 70.

Figure 109

summarizes the contribution of each color component to the chromophore index for these
kraft pulps. Again, the greatest contribution to the chromophore index appears to be in
the blue portion of the visible spectrum.

The Condition A-4 pulp had a larger

contribution than the Condition B-4 pulp from the violet and blue portions of the
spectrum.

Meanwhile, the Condition B-4 pulp had a larger contribution than the

376

Condition A-4 pulp in the cyan, green, yellow, orange, and red portions of the spectrum.
Again, these results indicate that the Condition B-4 pulp has lower energy (longer
wavelength) chromophores than the Condition A-4 kraft pulps. Overall, the violet and
blue portions of the chromophore index decreased while the orange and red portions of
the chromophore index increased relative to the Condition A-1 and Condition B-1 pulps.
However, the violet and blue portions of the Condition B pulp decreased to a greater
extent than the Condition A pulp. In addition, the orange and red portions of the
Condition B pulps increased to a greater extent than the Condition A pulps. These results
further suggest the importance of low energy (longer wavelength) chromophores in the
Condition B kraft pulps.

A-4

B-4

35

% Contribution

30
25
20
15
10
5
0
Violet

Blue

Cyan

Green

Yellow

Orange

Red

Figure 109. Contribution of the individual color components to the overall color of
kraft pulps produced at 480 H-factor and 70 kappa number under Condition A and
Condition B. The Condition A pulps utilize high effective alkali and low sulfidity
conditions while Condition B pulps have low effective alkali and high sulfidity
conditions.
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Figure 110 summarizes the results of each color component for Condition A-7 and
Condition B-9 kraft pulps. These pulps were produced at different H-factors (840 and
1080, respectively), but also had the same kappa number of 30. These results again
illustrate that the blue region of the visible spectrum has the greatest contribution while
the yellow portion of the visible spectrum contributed the least to the overall color of
kraft pulp.

The relative contribution of the violet and blue portions of the visible

spectrum were again greater in the Condition A-7 pulp than the Condition B-9 pulp while
the cyan, green, yellow, orange and red regions were greater in the Condition B-9 pulps.
The violet and blue regions decreased to a greater extent for the Condition A pulps than
the Condition B pulps when decreasing the kappa number from 70 to 30. Both the
Condition A and Condition B pulps had little change in the relative contribution of the
other color components on decreasing the kappa number from 70 to 30.
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Figure 110. Contribution of the individual color components to the overall color of
kraft pulps produced at a 30 kappa number under Condition A and Condition B.
The Condition A pulps utilize high effective alkali and low sulfidity conditions while
Condition B pulps have low effective alkali and high sulfidity conditions.
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10.3.7 Impact on Brightness
The Condition A and Condition B pulps were also investigated for their brightness
response. Figure 111 summarizes the brightness responses for both series of pulps as a
function of the corrected kappa number.

The brightness generally decreases with

increases in the corrected kappa number. In fact, the Condition A and Condition B kraft
pulps decrease in a non-linear, quadratic manner with increasing corrected kappa number.
This is not surprising since earlier results have shown that the chromophore index is not
linearly related to the pulp brightness. As anticipated, the brightness responses indicate
that the Condition A pulps are brighter than the Condition B pulps at a given corrected
kappa number.
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Figure 111. Brightness response as a function of the kappa number corrected for
hexenuronic acid content for the Condition A and Condition B kraft pulps. The
Condition A pulps utilize high effective alkali and low sulfidity conditions while
Condition B pulps have low effective alkali and high sulfidity conditions.
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Conclusions

This study elucidated the formation and removal of chromophores during kraft pulping
for two different pulping conditions. The results of this study indicate that brownstock
kraft pulps produced under different kraft pulping conditions will have different
chromophoric properties. At the same lignin content, a pulp produced under low EA,
high sulfidity conditions will have a much greater chromophore index than a pulp
produced under high EA, low sulfidity conditions. In addition, the rate of chromophore
removal will vary depending on the process conditions. Chromophores are removed at a
greater rate for pulps produced under high EA, low sulfidity conditions than those
produced under low EA, high sulfidity conditions. The amount of NaOH (and EA)
consumed during the kraft cook was directly proportional to the chromophore index.
However, the slope of this linear relationship varied with the pulping conditions. These
results may also indicate that pulps produced under low EA, high sulfidity conditions
have chromophores which are more difficult to remove than pulps produced under high
EA, low sulfidity conditions.

Several mechanisms behind these observations were

proposed. One mechanism involves the chemistry of the kraft cook. Under high EA, low
sulfidity conditions, the chemistry of the kraft cook is dictated by hydroxide ions whereas
hydrosulfide ions dominate the chemistry of the kraft cook under low EA, high sulfidity
conditions. Kraft cooks deficient in hydroxide ions will reduce the solubility of lignin in
solution, therefore causing lignin from black liquor to precipitate onto the fiber. Another
proposed mechanism involves the nature of the initial pulping conditions.

The

chromophores formed during kraft pulping are formed early on during the cook and
likely during the initial phase of kraft pulping.

Therefore, the nature of these

chromophores will be dictated by the initial chemistry of the cook.

By further

understanding the chemistry of the initial phase of kraft pulping, we can further our
understanding of the nature of chromophore formation during the kraft process.
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These results also indicated that different wavelength components of the visible region
are responsible for the dark color of kraft pulps. Overall, the primary contributor to the
color is the blue region while the yellow region contributes to the least extent to the pulp
chromophore index. These studies showed that a low chromophore index pulp resulted in
greater contributions from the violet and blue regions of the spectrum while a high
chromophore index pulp resulted in greater contributions from the other portions of the
visible region. These results seemed to indicate that lower energy (higher wavelength)
chromophores are responsible for the color of high chromophore index pulps.

In

addition, the decrease in the blue and violet regions of the spectrum was greater for the
high chromophore index pulp for a given decrease in lignin content when compared to a
low chromophore index pulp. The high chromophore index pulp also had a greater
increase in the red and orange portions of the visible region for a given decrease in lignin
content when compared to a low chromophore index pulp.
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10.4 Chapter 4: The Tincture of Kraft Pulps

Thomas J. Dyer and Arthur J. Ragauskas

Abstract

This chapter examines some of the potential chromophoric structures in kraft pulps and
explores the contribution they may have on the overall color of brownstock kraft pulps.
These studies investigated two series of pulps cooked to final klason lignin contents of 422%. One series of pulps was produced under high chromophore content conditions and
the other under lower chromophore content conditions. The results of this research
provided the first direct evidence that residual lignin is responsible for the majority of the
chromophoric properties of unbleached kraft pulps. The results of this work also showed
that quinones, catechols, biphenyls, and carbonyl functionalities contribute to the
chromophore content of kraft pulps. In addition, substituents on these chromophores can
have a detrimental impact on the final chromophoric properties of unbleached kraft pulps.
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Introduction

Kraft pulping has become the cornerstone of modern pulp manufacturing processes due
to the strength of the pulps, relative insensitivity to wood species, and efficient chemical
recovery system.

The kraft process is a means of removing lignin from wood by

chemically altering it to produce soluble fragments of the polymer. In doing so, this
process generates a variety of chromophores that substantially darken the pulp. Lignin is
generally assumed to be the major component responsible for visible light absorption for
wood, chemical and mechanical pulps [365, 366, 401, 402, 522], although other studies
have suggested that the carbohydrate component may also contribute [11, 13, 17, 397].
The production of high value paper products relies upon removing lignin and
chromophores to produce high brightness pulps. Therefore, knowledge of the
fundamental chemistry of both chromophore formation and delignification stages is
crucial.

Surprisingly, the structures responsible for color in kraft pulps are only

qualitatively known. A number of structures have been implicated as chromophores in
kraft pulps, including: metal-catechol complexes [19-22], coniferaldehyde [19, 22, 23],
quinone methides [22], stable radicals [22], and quinones [19, 21, 22, 24-27]. Of the
various possible chromophores, quinones have been suggested to be major contributors to
the color of kraft lignin [25, 26, 149, 400].
Quinones are cyclic conjugated diketones that have absorption bands occurring in the
visible region of the spectrum. Quinoidal structures might form in lignin during the
original lignification process in the tree. Oxygen or hydroxyl radicals are capable of
adding to phenoxyl radicals of guaiacyl and syringyl derivatives. Such additions would
lead to demethoxylation of the guaiacyl and syringyl derivatives and subsequent
formation of o-quinones [19].
Pew and Connors [373] found that simple lignin phenyl propane models underwent
dehydrogenation reactions analogous to those taking place during lignin biosynthesis to
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yield phenyl-p-benzoquinones.

They went on to suggest that phenyl-substituted

benzoquinones and coniferaldehyde groups are major contributors to the color of lignin in
wood.

Harkin and Obst [403] showed that enzymatic phenol oxidation of 2,4,6-

trimethoxyphenol caused the elimination of a methoxy group, leading to a mixture of
products containing mostly the p-quinone, 2,6-dimethoxy-1,4-benzoquinone and a small
amount of the o-quinone, 3,5-dimethoxy-1,2-benzoquinone.

Similar reactions with

guaiacyl and syringyl structures during lignin formation could lead to the formation of
quinonoid structures during lignin formation. Luner [428] proposed a mechanism for
quinone formation based on free radical attack of lignin by oxygen.

Luner also

emphasized the role of oxygen in color formation in kraft pulp.
Although these original quinone types are significant contributors to the coloration of
wood, they are not as important when considering the coloration of chemical pulps. Of
much more importance for kraft pulps is the formation of a substantial number of quinone
precursors during the pulping process.

These quinone precursors, specifically

dihydroxybenzenes or catechols, are formed by demethylation of lignin structures during
pulping. Under kraft pulping conditions, hydrosulfide and methyl mercaptan anions are
able to demethylate guaiacyl or syringyl units in lignin to produce the corresponding
catechols. Although these catechols are not colored themselves, they are readily oxidized
to red-colored ortho- or methoxy-ortho-quinones. The oxidation can take place in a
manner similar to that described for dihydroxystilbenes [151].
Benzoquinones occur as either ortho (1,2-) or para (1,4-) forms and are highly colored,
λmax=420-580 nm [429]. It has been suggested that quinones contribute to the color of
kraft pulp [18, 430].

Polcin and Rapson [430] determined that quinone model

compounds are colored; however, their color is relatively weak and they are relatively
unstable in their simple monomeric form. Polcin and Rapson proposed that the color of
quinones built into the lignin macromolecule is probably more intense and stable than it
is in single monomeric form because of the influence of the joining units. Also, some of
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the lignin building units have another combination of chromogen (carbonyl or benzene
ring) and auxochrome (e.g., hydroxyl group, side chain) groups which can result in more
intense color.
Oxygen/alkali can potentially cause the formation of quinone products from phenoliclignin precursors by Dakin or Dakin-like reactions [433]. Model compound studies
indicate that quinone intermediates are unstable and are further oxidized to muconic acid
and other structures [433, 434]. In addition, Pasco and Suckling [15] argued that simple
quinone structures may not be the only cause of absorption in the visible region of the
spectrum for oxygen/alkali treated kraft lignins. The low quinone content measured by
Zawadzki and Ragauskas for pulps treated with peracetic acid and oxygen further support
the argument that quinones are not the major chromophores present in oxygen delignified
pulps [413].
Substituents may also have a significant role in color formation in quinones.

For

example, the hydroxyl auxochrome causes a bathochromic shift and intensifies the π-π*
transition in the quinone chromophore [429]. Furthermore, visible absorbance spectra
were acquired by Zawadzki et al. [431] in aqueous dioxane solution for several quinone
model compounds. Table 21 gives spectral data for a number of para-quinone models
with various degrees of hydroxylation.

Table 21 shows that increased hydroxyl

substitution results in greater visible region (λ=430 nm) molar absorptivity. In particular,
the spectrum of tetrahydroxy-1,4-benzoquinone was found to be characterized by a broad
intense absorption throughout much of the visible region [431].
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Table 21.

Visible region spectral parameters for selected para-quinones [431].
log ε500 nma

log ε430 nma

1,4-benzoquinone

0.56

1.35

2,5-dihydroxy-1,4-benzoquinone

1.35

2.33

tetrahydroxy-1,4-benzoquinone

2.14

2.04

Quinone

a

90% 1,4-dioxane/10% water (v/v) solvent

Although quinones clearly play a major role in the observed color of kraft pulp, past
determination of the magnitude of this contribution has been hampered by a lack of direct
analytical or instrumental methods for the detection of quinones. Contributing to this
problem is the inherently unstable nature of many quinones and the likelihood the
quinones are present in kraft pulp in relatively small amounts.
The concentration of quinoidal structures in kraft pulp has been estimated from
comparison of spectra obtained before and after treatment of the lignin with a reducing
agent, such as sodium borohydride. The magnitude of the decrease in absorbance of the
lignin spectrum caused by this treatment can then be related to the quantity of quinones
present, making use of average absorption frequencies and molar absorptivities from
model ortho-quinones.

This method assumes spectral properties of isolated model

quinones are comparable to quinone structures incorporated within the lignin
macromolecule.

Using this approach, Iiyama and Nakano estimated softwood kraft

lignin contained 3-4 quinones per 100 C9 units. This number of quinones accounted for
40-45% of the lignin’s absorbance in the visible region of the spectrum [147].
Furman and Lonsky determined the concentration of quinones in their laboratory lignin
through a carbon-14 labeling technique. They acetylated the kraft lignin twice and
subsequently reductively acetylated the lignin carbon-14 labeled with pyridine/acetic
anhydride (CH3*CO)2O.

The preacetylation steps were necessary to prevent free

hydroxyl groups from being acetylated during the reductive acetylation step. The activity

386

of the lignin was, therefore, directly related to the quinone concentration of the kraft
lignin. They determined the quinone concentration to be 3 quinones per 100 C9 units in
their laboratory kraft lignin.

These quinones were determined to have a molar

absorptivity of 528 liters/mol-cm [24-26, 149, 150].
Agarwal and Landucci [378] recently provided direct evidence for the presence of pquinone structures in wood, mechanical pulp, and milled wood lignin. These researchers
used Fourier Transform (FT) Raman spectroscopy to show a direct correlation between
the bleaching related brightness increase and the decrease in p-quinone Raman intensity.
In addition, Agarwal proposed a mechanism for the formation of p-quinones, which
indicates that these groups are produced as a result of direct photooxidation of
hydroquinones – the groups that are present in wood, mechanical pulp, and milled wood
lignin [379].
Zawadzki recently developed a

31

P-NMR technique to measure the quinone content of

residual lignin, using trimethylphosphite as the derivatizing agent [151]. He determined
the quinone content of a 30.5 kappa number brownstock residual lignin to be 1.6
quinones per 100 C9 units [432], which is similar to that determined via visible
absorbance [147] and also by reductive acetylation [24-26, 149, 150, 431]. Zawadzki and
Ragauskas recently found that the quinone content of residual lignin samples from a 24
kappa number brownstock kraft pulp (0.058 mmol/g lignin) was similar to that obtained
from a residual lignin from a 47 kappa number kraft pulp (0.048 mmol/g lignin) [413].
Zawadzki et al. [432] also correlated the apparent quinone concentration in the pulp to
the pulp brightness. The apparent quinone concentration of the pulp was estimated by
multiplying the residual lignin quinone content by the pulp Klason lignin content. The
results indicated rather good correlations between the apparent quinone concentration and
the D1 brightness, with R2 values ranging from 0.78 to 0.96, while the correlations
between the apparent quinone concentration and the D2 brightness ceiling had R2 values
of 0.89 to 1.00 [432].

387

Mateo et al. [435, 436] investigated the nature of the last chromophores removed during
bleaching. In this study, DEDED kraft pulps were impregnated with aqueous solutions of
model chromophores in kraft pulp. A simple quinone, namely p-benzoquinone and a
second model of the quinone-phenol type (Alizarin) were employed in this study. These
simple quinonoid structures are illustrated in Figure 112. Chlorine dioxide, hydrogen
peroxide, and sodium borohydride were not effective at destroying the simple quinones
while ozone appeared to be an efficient reagent to degrade quinone compounds. The
different reagents had different effects on the p-benzoquinone impregnated pulp and the
initial kraft pulp. These researchers argued that the different results indicate that the
residual chromophores of the DEDED pulp are not solely of the simple quinone type.
These researchers also found that the bleaching response of the Alizarin impregnated
pulp was similar to that of the DEDED kraft pulp, indicating that structures containing
both quinone and phenol groups may represent better models for the chromophores
present at the end of an ECF bleaching sequence [435, 436].

O

O

OH
OH

O

O

p-benzoquinone

Alizarin

Figure 112. Quinones used as model chromophores in kraft pulp in the studies by
Mateo et al. [435, 436].

Chromophore formation and removal is difficult to study because of the scarcity of
specific methods to probe the nature and quantity of lignin chromophores. Ultraviolet
and visible spectroscopy has been used to study chromophore removal during pulping
and bleaching but precise structural information is difficult to derive from this technique.
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Also, studies of the chromophore removal process are further complicated by the fact that
the exact chemical nature of colored structures in pulp is not known with certainty.
Hence, there is a need to understand the fundamental chemistry of chromophore
formation and removal during pulping.
This study summarizes some of our recent research activities in elucidating the
fundamental factors controlling chromophore formation during kraft pulping. These
results can be employed to improve the final optical properties of brownstock kraft pulps.

Experimental
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.
Chemicals. All chemicals were purchased from Aldrich Chemical Co., Milwaukee, WI,

and used as received, except for p-dioxane. p-Dioxane was freshly distilled over NaBH4
prior to using it for the lignin isolation experiments.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
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and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions.
The individual vessels were then placed in a rotating, multi-unit digester.

The

temperature in each autoclave was increased as a ramp function from 23ºC to a maximum
cooking temperature of 170ºC over 90 minutes. The kraft cook was interrupted at the
appropriate H-factor and each vessel was cooled immediately in a cold water bath. The
cooked wood chips were disintegrated in an industrial blender and screened and washed
in a Valley screen.

Pulp Characterization
Pulp Properties. The pulp kappa number [444], klason lignin [445], and brightness

measurements [447] were performed according to TAPPI standard methods. Kappa
number measurements were the average of three titrations.

Typical experimental

standard deviations for the brownstock pulps was 0.24 while for replicates of the same
pulping conditions, the standard deviation was 1.06 kappa units. Klason lignin was the
average of two experiments.

Typical experimental standard deviations for the

brownstock pulps varied up to 0.2% while for replicates of the same pulping conditions,
the standard deviation was 0.2%. Brightness measurements were the average of five
individual handsheets. The typical brightness standard deviation for five replicates of
one pulp was 0.14 while for replicates of the same pulping conditions it was 0.18
brightness units.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (Labsphere RSA-PE-90). Background corrections were recorded
using a Labsphere SRS-99-020 standard. This method utilized the reflectance of 200
g/m2 handsheets prepared according to TAPPI Standard T 205 sp-95 [448]. The pH of
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the slurry and the water in the handsheet mold were adjusted to a pH of 6.5 ± 0.5. Sheet
samples were cut into 8 cm x 8 cm squares and placed in the sample holder in a stack of 5
layers or the limit of thickness where the addition of another layer would not change the
absorbance of the stack (definition of R∞). The reflectance data were transferred to a
desktop computer and the calculations were performed in Excel. The reflectance data
were converted to k/s values by using the Kubelka-Munk theory [263]. The KubelkaMunk equation describes the infinite reflectance as a function of absorption and
scattering:

R∞ = 1 +

k
⎛k⎞ ⎛k⎞
− 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

2

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

Equation 1

Equation 2

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in the scattering coefficient is negligible. Due
to the relationship with chromophore concentration, this total visible reflectance
measurement is also called the chromophore index of the pulp.

Electron Spectroscopy for Chemical Analysis (ESCA).

Samples for ESCA were

prepared according to the mercurization technique described by Westermark [464]. This
procedure was kindly performed by A. Heijnesson Hultén, Chalmers University of
Technology, Department of Chemical Engineering Design.

Briefly, a paper sample

(approximately 25 mg) was placed in a 15 mL glass test tube and 6 mL methanol, 0.25
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mL acetic acid, and 0.15 mg mercury (II) acetate were added. The test tube was carefully
sealed with a Teflon-lined screw cap and heated in a silicon oil bath for 10 hours at 95ºC.
The paper sheet was then washed with 100 mL boiling acetic acid/methanol (1:10) and
then dried at room temperature prior to ESCA measurements.
The handsheet samples were sent to the Institute for Surface Chemistry, Stockholm,
Sweden, for analysis by ESCA. The ESCA measurements were carried out using by M.
Ernstsson using a Kratos AXIS HS X-ray photoelectron spectrometer (Kratos Analytical,
Manchester, UK). The samples were analyzed in the fixed analyzer transmission (FAT)
mode using an Al Kα X-ray monochromator source for the high resolution carbon spectra
operated at 300 W (15 kV/20 mA) and a Mg X-ray source for the quantification of detail
spectra. Two small pieces were cut from the middle of a 200 cm2 paper sample and
attached to the sample holder via a metal clip. The analysis area was less than 1 mm2.
The take-off angle of the photoelectrons was perpendicular to the sample. Detail spectra
for C1s, O1s, Hg4f, and Si2S were acquired with a pass energy of 80 eV. The sensitivity
factors supplied by Kratos were 0.25 for C1s, 0.66 for O1s, 5.50 for Hg4f, and 0.23 for
Si2s. The high resolution C1s spectra were acquired with a pass energy of 20 eV.
Gaussian curves were fitted for the de-convolution of the carbon (C1s) peak using the
curve-fitting program supplied with the spectrometer.
Isolation of Residual Lignins. Residual lignin was isolated from the Pinus taeda kraft

pulps in accordance with standard literature methods [97, 104, 117, 465, 466]. The pulps
were thoroughly washed with deionized water and dried prior to Soxhlet extraction with
acetone for 24 hours. A 3000-mL three-necked round-bottom flask equipped with a
Friedrichs condenser was charged with 30.0 g o.d. pulp (air-dried). The pulps were then
refluxed with 0.100 N HCl in p-dioxane at 4.00% consistency for two hours under an
argon atmosphere. The solutions were then cooled and filtered through a sintered glass
filter and then through a Celite® filter aid to remove fines. The solution was then
neutralized and concentrated under reduced pressure to approximately 10% of the
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original volume. Water (ca. 400 mL) was added and the mixture was concentrated again
under reduced pressure to remove the last traces of p-dioxane. The resultant aqueous
lignin solutions were acidified to pH 2.30 with 1.00 N HCl. The precipitate (i.e., the
lignin) samples were collected, washed several times, and freeze-dried. Lignin yields
ranged from 43.5 to 60.9%. The weight of residual lignin was adjusted for the ash
content by utilizing TAPPI Standard T 211 om-93 [487].

Characterization of Residual Lignins
UV/vis Spectroscopy. The ultraviolet and visible (UV/vis) spectra were measured in a

2:1 2-methoxyethanol/water (v/v) solvent and according to standard literature procedures
[482]. The UV/vis data was acquired using a Lambda 900 UV spectrometer. Briefly, the
absorption spectra were recorded from 200 to 800 nm using a pathlength of 10 mm, a
bandwidth of 1.0 nm and a scan speed of 250 nm/min. Only matched cuvettes were used
when obtaining the spectra The spectra were determined by adding 5 mL of the lignin
solution (0.06 g/L in 1:1 v/v 2-methoxyethanol and deionized water) to 1 mL of either
phosphate buffer at pH 6.5 (neutral spectra) or 0.6 M NaOH (for alkali spectra). This
lignin solution was placed in the sample cell. The reference cell for the neutral spectra
was prepared by adding 5 mL of a solvent solution (2:1 v/v 2-methoxyethanol and
deionized water) to 1 mL of phosphate buffer at pH 6.5. Typical standard deviations for
the neutral spectra varied from 0.18 absorbance units at 230 nm to 0.0080 absorbance
units at 700 nm for the same sample. Typical standard deviations for the ionization
spectra varied from 0.023 absorbance units at 230 nm to 0.030 absorbance units at 530
nm for the same sample.
NMR. Lignin functional groups were determined by

13

C,

19

F, and

31

P NMR using a

Bruker 400 MHz NMR spectrometer. The software used to acquire and analyze the data
was Bruker’s XWINNMR 2.6 running under the IRIX 7.0 operating system on an SGI
(Silicon Graphics, Inc.) O2 server. Quantitative

13

C NMR spectra were acquired and

analyzed in accordance with established literature methods [128, 473]. In brief, lignin
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(100 mg) was dissolved in 500 µL of DMSO-d6 before being transferred into a 5-mm
NMR tube.

13

C NMR spectra were recorded with an inverse gated decoupling sequence,

90º pulse angle, 14-s pulse delay, 23,000-Hz sweep, 10-12,000 transients, at 50ºC. The
Fourier transformed spectra were integrated in accordance with reported chemical shifts
for lignin functional groups. The integrals were normalized to the aromatic signals,
which were assumed to have 6 carbons [473].
The lignin samples were also characterized for hydroxyl groups by quantitative 31P NMR.
Sample phosphitylation and spectral acquisition and analysis were carried out following
established literature methods [105, 111, 523, 524].

31

P NMR spectra were recorded

using an inverse gated decoupling sequence, 90º pulse angle, 25-s pulse delay, 13,000-Hz
sweep, and 200 transients, at room temperature.
The ortho- and para-quinone contents of isolated residual lignins were quantified by 31P
NMR spectroscopy after trimethylphosphite derivatization.

The derivatization was

performed in accordance with Zawadzki’s method [151, 152, 413, 431]. In brief, a 30 mg
sample of lignin previously dried at 40°C under vacuum for 24 hours was treated with
500 µL of 50% TMP/DMF (v/v) under an argon atmosphere for 7 days. Subsequent to
the incubation period, excess trimethylphosphite was removed by first adding 250 µL of
DMSO and then placing the lignin solution under vacuum at 45°C until the sample was
nearly dry (approx. 6 hours). The treated lignin samples were then dissolved in 500 µL
60% of DMSO-d6/pyridine (v/v) containing tri-meta-tolylphosphate (0.7 mg/mL) and
chromium acetylacetonate (0.9 mg/mL). Deionized water (5 µL) was then added and the
lignin solution was allowed to mix for 12 hours prior to acquiring the 31P NMR spectrum.
31

P NMR spectra of derivatized lignins were acquired using a 90° pulse, a 5-second pulse

delay, inverse-gated broad-band proton decoupling and 1000 scans per spectrum (approx.
1 hr 36 min total acquisition time).
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Typical accuracy values reported in the literature [105, 473] for integrating the various
lignin functional groups by

13

C and

31

P NMR range from ±3-5% and ±1.3-1.9%,

respectively. Meanwhile, Zawadzki [151] reported a standard error of ±4.0-5.0% for the
quinone determination. In this study, the error analysis was based on reproducing the
center point of a central composition design six separate times and the lignin isolation
and spectral acquisition six separate times. The

13

C and

31

P NMR standard errors were

2.0% and 1.2%, respectively. Meanwhile, the standard error for the quinone analysis was
4.3%.
Methoxyl content. The methoxyl content of the residual lignin was measured using a

modification of a suggested TAPPI method T 209 su-72 “Methoxyl Content of Pulp and
Wood” [486]. This principle of this method is based on the reaction of the methoxyl
group with hydroiodic acid to generate methyl iodide. The organic iodide is oxidized by
bromine to form iodic acid, which is determined by the titration of iodine after it is
reduced by KI. Typical standard deviations for the methoxyl content analysis were 0.3%.

Fourier Transform Infrared (FT-IR) Spectroscopy.

Fourier Transform Infrared

(FTIR) transmission spectra were collected for each of the lignin samples in the solid
state using a Magna-IR System 550 (Nicolet Instrument Corporation). Pellets were
formed by pressing mixtures of 2 mg of dry lignin sample and 500 mg of dry
spectroscopy grade potassium bromide (KBr) at 15 psi for 3 min. under vacuum. Spectra
were baseline corrected using a three-point linear approach at 4000 cm-1, 1850 cm-1 and
400 cm-1. The carbonyl content was determined using the integrated area between 1840
cm-1 to 1550 cm-1 as per Faix et al. [525].
Experimental Design. Two different series of brownstock kraft pulps were utilized in

this study. The first series of brownstock kraft pulps were cooked to a constant lignin
content, utilizing a regression equation developed by Dyer and Ragauskas [498]. This
regression equation has the ability to accurately predict the H-factor required to reach a
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particular kappa number and has been shown to be valid over a wide range of kraft
pulping process conditions. The experimental design for these constant lignin content
pulps involved a rotatable central composite design, consisting of 20 experimental
conditions. These experiments consisted of a 23 factorial with six axial points and 6
center points. The effective alkali ranged from 14.6% to 21.4%; the sulfidity ranged
from 23% to 57%; and the maximum temperature ranged from 162°C to 178°C. Table
22 summarizes the pulping conditions used, as well as the kappa number results for each
of the pulping conditions. The average kappa number was 29.4 and the confidence
interval was ±2.1 kappa units.
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Table 22. Experimental conditions and kappa numbers for the constant kappa
number (approximately 30) softwood kraft pulps utilized in this study.
Condition EA, % Sulfidity, % Temperature H-Factor Kappa Number

1

16.0

30.0

165.0

1294

28.8

2

20.0

30.0

165.0

790

28.4

3

16.0

50.0

165.0

929

27.6

4

20.0

50.0

165.0

570

30.6

5

16.0

30.0

175.0

1294

28.9

6

20.0

30.0

175.0

790

29.9

7

16.0

50.0

175.0

929

29.6

8

20.0

50.0

175.0

522

30.9

9

14.6

40.0

170.0

1352

28.2

10

21.4

40.0

170.0

565

29.7

11

18.0

23.2

170.0

1217

27.8

12

18.0

56.8

170.0

646

28.3

13

18.0

40.0

161.6

806

30.3

14

18.0

40.0

178.4

806

27.8

15

18.0

40.0

170.0

806

29.1

16

18.0

40.0

170.0

806

29.7

17

18.0

40.0

170.0

806

30.9

18

18.0

40.0

170.0

806

28.1

19

18.0

40.0

170.0

806

30.3

20

18.0

40.0

170.0

806

28.6

A second series of pulps was prepared by using two different pulping conditions. One
pulping condition utilized a high effective alkali and low sulfidity while the other pulping
condition employed a low effective alkali and high sulfidity. The cooks in this series
were stopped at H-factors ranging from 120-1150. Table 23 summarizes the pulping
conditions and klason lignin contents for this series of brownstock kraft pulps.
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Table 23. Experimental conditions and kappa number for the incremental series
of kraft pulps utilized in this study. Condition A utilized high effective alkali and
low sulfidity while Condition B used low effective alkali and high sulfidity
conditions.
Condition EA, % Sulfidity, % Temperature H-factor Kappa Number

A-1

21.4

23.2

170.0

120

163

A-2

21.4

23.2

170.0

240

130

A-3

21.4

23.2

170.0

360

88.5

A-4

21.4

23.2

170.0

480

69.2

A-5

21.4

23.2

170.0

600

52.2

A-6

21.4

23.2

170.0

720

37.9

A-7

21.4

23.2

170.0

840

30.5

A-8

21.4

23.2

170.0

863

28.8

B-1

14.6

56.8

170.0

120

152

B-2

14.6

56.8

170.0

240

118

B-3

14.6

56.8

170.0

360

93.1

B-4

14.6

56.8

170.0

480

69.5

B-5

14.6

56.8

170.0

600

56.1

B-6

14.6

56.8

170.0

720

44.1

B-7

14.6

56.8

170.0

840

36.5

B-8

14.6

56.8

170.0

960

32.5

B-9

14.6

56.8

170.0

1080

30.3

B-10

14.6

56.8

170.0

1151

27.7
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Results and Discussion

Previous studies by Dyer and Ragauskas [498] have investigated the impact of pulping
process variables on the chromophore index of constant lignin content brownstock kraft
pulps. These studies showed that the effective alkali and sulfidity had a significant
impact on the chromophore index while the maximum cooking temperature was not
statistically significant.

In addition, pulps cooked under high effective alkali, low

sulfidity conditions resulted in a low chromophore index while those cooked under low
effective alkali, high sulfidity conditions resulted in a high chromophore index. The
purpose of this study was to further elucidate the fundamental factors controlling
chromophore formation in kraft pulps.
Figure 113 summarizes the chromophore index results for the Condition A and Condition
B kraft pulps as a function of the H-factor. The chromophore index decreases in a nonlinear or quadratic manner as the cooking time is increased. That is, chromophores are
likely removed during much of the kraft pulping process. The Condition B pulps have a
much greater chromophore index at the same pulping time. In addition, the decrease in
chromophore index for this series of pulps is much more gradual than that observed for
the Condition A pulps. By extrapolating each curve, we determined that the Condition A
pulps would have an equivalent chromophore index to the Condition B pulps at an Hfactor of 53. The Condition A and Condition B pulps would each have a chromophore
index of 295 at this point during the cook. Of course this analysis assumes that the
chromophore index follows the same trend with the H-factor.

Based on the ramp

function performed for these cooks, the cook would be at approximately 158ºC, meaning
that the process would be well into the bulk delignification phase.
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Figure 113. Chromophore index as a function of H-factor for the Condition A and
Condition B unbleached kraft pulps. The maximum temperature for these cooks
remained constant at 170ºC. The Condition A pulps utilized high effective alkali
and low sulfidity conditions while Condition B pulps used low effective alkali and
high sulfidity conditions.

10.4.1 Impact of Bulk Lignin
Further investigation of the pulp chromophore index allowed us to examine the
relationship with the klason lignin content. Figure 114 summarizes the results of the
chromophore index as a function of klason lignin content for the Condition A and
Condition B pulps. In general, the chromophore index decreases with decreasing klason
lignin content. At a given klason lignin content, the Condition B pulps have a higher
chromophore index. That is, the Condition A pulps require a much higher klason lignin
content to achieve the same chromophore index as the Condition B kraft pulps. Similar
results were previously observed at a constant kappa number of 30 [498]. At a high
klason lignin content, the chromophore index for the Condition A pulps decreased at a
greater rate than the Condition B pulps with respect to the klason lignin content. The
400

chromophore indices for the Condition A pulps were linearly related to the klason lignin
content while that for the Condition B pulps were related to the klason lignin in a
quadratic manner. If it were possible to extrapolate these curves to higher klason lignin
contents, the Condition A and Condition B pulps would each have a chromophore index
of 266 at 23.8% klason lignin.

Condition A

Condition B

280

Chromophore Index

260
240
220
200
180
160
140
120
100
0

5

10

15

20

25

Klason Lignin (%)

Figure 114. Chromophore index as a function of klason lignin for the Condition A
and Condition B unbleached kraft pulps. The Condition A pulps utilized high
effective alkali and low sulfidity conditions while Condition B pulps used low
effective alkali and high sulfidity conditions.

10.4.2 Impact of Surface Lignin
We had envisioned that one reason for the differences in the chromophore index at a
given klason lignin content was that the Condition B pulps had a higher surface lignin
content than the Condition A pulps. Since the chromophore index is a diffuse reflectance
measurement, more surface lignin could result in a higher chromophore index. For this
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reason, we mercurized select pulps from the Condition A and Condition B series
according to the procedure developed by Westermark [464]. This procedure was kindly
performed by Anette Heijnesson Hultén, Chalmers University of Technology,
Department of Chemical Engineering Design. Since mercury is specific for tagging
lignin, the surface coverage of lignin could then be estimated using ESCA. Figure 115
summarizes these results. As expected, the chromophore index decreases as the surface
lignin coverage decreases. The surface lignin coverage appears to be linearly related to
the Condition A chromophore index. Meanwhile, a non-linear or quadratic relationship
exists between the surface lignin coverage of the Condition B pulps and the chromophore
index. The Condition B pulps have a much higher chromophore index at the same
surface lignin content as the Condition A pulps. However, the same trend was also seen
in the klason lignin content.
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Figure 115. Chromophore index as a function of the surface lignin coverage as
determined by mercurization-ESCA of the Condition A and Condition B
unbleached kraft pulps. The Condition A pulps utilized high effective alkali and
low sulfidity conditions while Condition B pulps used low effective alkali and high
sulfidity conditions.
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In order to further investigate the impact of surface lignin on the chromophoric properties
of unbleached kraft pulps, we examined the relationship of the bulk and surface lignin
concentration. Figure 116 summarizes this relationship. The surface of kraft pulp is
enriched in lignin. The surface lignin content is approximately 32% at 10% bulk lignin
while at 20% bulk lignin the surface lignin concentration is about 67%. Although the
surface is enriched in lignin, the surfaces of the Condition A and Condition B pulps
appear to be enriched by the same amount. In other words, both the Condition A and
Condition B pulps have the same surface lignin concentration at the same bulk lignin
concentration.

Thus, we cannot explain the differences in the chromophore index

between the Condition A and Condition B pulps as simply being due to the differences in
surface lignin content. Therefore, we needed to further investigate the properties of these
two series of pulps to explain the differences in the chromophore indices.
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Figure 116. Surface lignin content as a function of the klason lignin content for the
Condition A and Condition B unbleached kraft pulps. The Condition A pulps
utilized high effective alkali and low sulfidity conditions while Condition B pulps
used low effective alkali and high sulfidity conditions.
403

10.4.3 Near UV and Visible Spectra
The near UV and visible absorbance spectra for the Condition A and Condition B
residual lignins isolated from the respective unbleached kraft pulps are illustrated in
Figure 117. Interestingly, similar trends exist between the spectra of the two series of
residual lignins despite the acid hydrolysis conditions that were utilized to isolate the
residual lignin. These neutral spectra indicate that the visible absorbance of the residual
lignin samples generally increases on a per gram of lignin basis as the H-factor and
klason lignin of the respective pulps increases. The residual lignin from Condition B-1 is
much lower in absorbance than the analogous Condition A-1 residual lignin. However,
this trend changes with increased pulping time or decreased kappa number.

The

absorbance of the Condition B-9 residual lignin is much greater than that of the
analogous Condition A-7 residual lignin. This is despite the fact that the Condition A-7
and Condition B-9 had similar klason lignin contents. In addition, the differences in the
absorbance at 300 nm is small for the Condition A residual lignins. Meanwhile, there is a
significant difference in the absorbance at 300 nm for the Condition B residual lignins.
This indicates that the chromophores present in the Condition A residual lignins are more
readily removed during pulping than those chromophores present in the Condition B
residual lignins. The chromophores present in the Condition B residual lignins may
become enriched, or stronger chromophores may be formed, resulting in a significant
increase in the absorbance with increased pulping time or decreased klason lignin
content.
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Figure 117. Visible absorbance spectra for several residual lignins isolated from
selected Condition A and Condition B unbleached kraft pulps. The residual lignins
are at equal concentrations. The solvent used to dissolve the lignin samples was 2:1
v/v 2-methoxyethanol:water.

10.4.4 Residual Lignin Absorbance and Pulp Chromophore Index
We were also interested in examining the influence of lignin on the overall chromophoric
properties of unbleached kraft pulps. The neutral spectra obtained in Figure 117 are on a
per gram of lignin basis. In an attempt to compare the visible absorption or chromophore
index of the pulp to the absorbance of lignin, we multiplied the visible absorbance of the
lignin by the klason lignin of the respective pulps. In this way, the visible absorbance of
the lignin was on a per gram of pulp basis. The total visible absorbance of the lignin was
taken as the integral or area under the (absorbance x klason lignin) vs. wavelength curve
from 400 nm to 700 nm. The pulp chromophore index was then compared against the
visible absorbance of the lignin, as shown in Figure 118. These results indicate that the
pulp chromophore index is directly related to the visible absorbance of the residual lignin.
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Interestingly, a strong correlation still exists between the visible absorbance of the lignin
and the pulp chromophore index, despite the acid hydrolysis conditions that were utilized
to isolate the residual lignin. This observation leads to the general conclusion that
residual lignin is the major contributor to the chromophoric properties of unbleached
kraft pulp. Hartler and Norrstrom provided indirect evidence that lignin was mostly
responsible for the color of kraft pulp [10, 18]. However, this research was the first to
provide direct evidence that lignin is indeed the major contributor to the chromophoric
properties of unbleached kraft pulps. Figure 118 also indicates that the intercept is not at
a chromophore index of zero. This data illustrates that other parts of the lignocellulosic
matrix, such as carbohydrates and extractives, are also responsible for some of the color
of kraft pulps [8, 9, 11-16, 362, 506].
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Figure 118. Chromophore index as a function of the total visible absorbance of
lignin multiplied by the klason lignin content. The residual lignins were from
Condition A and Condition B pulps. Condition A pulps utilized high effective alkali
and low sulfidity conditions while Condition B pulps used low effective alkali and
high sulfidity conditions.
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10.4.5 UV/vis Spectroscopic Methods
10.4.5.1 Impact of Lignin Functional Groups
Benzoquinones occur as either ortho (1,2-) or para (1,4-) forms, and are highly colored
[25].

It has often been suggested that quinones are involved in the yellowing of

mechanical pulp [19, 22, 526]. Also, the color of kraft [26] and soda lignin [527, 528]
has been attributed to the presence of benzoquinone structures. Lignin-quinones may
arise during the alkaline pulp cooking process from methyl-aryl ether cleavage after
subsequent air oxidation of phenolic units [47, 527, 528].

The n-π* transition for

quinones occurs in the visible region and may contribute to the colored nature of pulps.
In general, the n-π* transition for para-quinones occurs in the 420-460 nm region and
500–580 nm for ortho-quinones [404]. According to Furman and Lonsky, the absorption
maximum for kraft lignin quinone structures occurs at ~430 nm [25]. The absorptivity at
430 nm is plotted as a function of klason lignin content in Figure 119. These results
qualitatively indicate that the quinone concentration of the Condition B residual lignins is
higher than that for the Condition A residual lignins. This could possible explain the
difference in the chromophoric properties of the Condition A and Condition B pulps.
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Figure 119. Absorptivity of residual lignin as a function of the klason lignin content.
The residual lignins were isolated from Condition A and Condition B kraft pulps.
Condition A involved a high effective alkali and low sulfidity while Condition B
involved a low effective alkali and high sulfidity.

The isolated residual lignins from the Condition A and Condition B pulps were also
analyzed by employing differential UV/vis spectroscopy techniques.

This UV/vis

method is uniquely suited to monitor changes in conjugated phenolics. The ionization
difference (∆εi) spectra are obtained by subtracting the spectrum of lignin recorded in
neutral solution from that recorded in alkaline solution. The UV/vis difference spectra of
the Condition A and Condition B residual lignins are shown in Figure 120. It is generally
considered that the UV/vis absorption properties of etherified lignin units are unchanged
in neutral and alkaline medium, whereas the absorption maximum bands of phenolic
moieties shift to longer wavelengths at high pH due to the ionization of phenolic
hydroxyl groups. Therefore, the differential UV/vis spectra recorded in the neutral and
alkaline pH range provide a convenient means of estimating the phenolic hydroxyl
groups.
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Figure 120 shows that there were three local maximum intensities centered at 250, 300,
and 360 nm for all the residual lignins. The unconjugated phenolic lignin (peaks at 250
and 300 nm) generally increased as the klason lignin decreased, until approximately 10%
klason lignin. At this point, the unconjugated phenolic lignin started to decrease with
decreasing klason lignin content.

The conjugated phenolic units (peak at 360 nm)

showed a similar trend. The Condition A and Condition B residual lignins showed
similar trends in this respect, and had similar local maximum intensities at the same
klason lignin content.
These ionization difference spectra are also useful in analyzing the chromophore content
of residual and dissolved kraft lignins. The peak centered around 370 nm in the ∆εi
spectrum of residual kraft lignin is composed of peaks due to phenolic o,pdihydroxystilbenes (λmax = 378 nm), p,p-dihydroxystilbenes (λmax = 356 nm), phenolic αcarbonyl units (λmax >>350nm) and possible other chromophores [15, 529]. The data in
Figure 120 suggests that there is no apparent difference in these groups when comparing
the Condition A residual lignins to that of the Condition B residual lignins at the same
klason lignin content. The residual lignins from the constant kappa number kraft pulps
exhibited similar trends. In addition, there was no apparent correlation between the
effective alkali, sulfidity, and the local maximum intensities in the ionization difference
spectra.
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Figure 120. Ionization difference (∆εi) spectra of Condition A and Condition B
residual lignins at equal concentrations. Condition A pulping conditions involved
high effective alkali and low sulfidity while Condition B pulps involved a low
effective alkali and high sulfidity condition.

Figure 121 summarizes the ionization difference maxima at 250, 300, and 350 nm for the
Condition A and Condition B residual lignins. This data suggests that the unconjugated
phenolic groups (maxima at 250 and 300 nm) of the Condition A residual lignins
decreases as the lignin content of the corresponding pulps decreases. Meanwhile, that of
the Condition B pulps generally remains the same. Meanwhile, the conjugated phenolic
groups (maximum at 350 nm) of the Condition A residual lignins has a maximum when
the residual lignin concentration in the pulp is approximately 10.5%, or 70 kappa number.
The conjugated phenolics of the Condition B residual lignins generally remain the same
as the lignin concentration in the pulps decreases. On average, the Condition A residual
lignins have a higher concentration of conjugated and unconjugated phenolics than the
Condition B residual lignins.
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Figure 121. Ionization difference (∆εi) maxima at 250, 300, and 350 nm for the
Condition A and Condition B residual lignins at equal concentrations. Condition A
pulping conditions involved high effective alkali and low sulfidity while Condition B
pulps involved a low effective alkali and high sulfidity condition.

10.4.6 NMR Methods
10.4.6.1 Impact of Hydroxyl Groups
Lignin samples were phosphitylated and quantitatively analyzed by 31P NMR.

31

P NMR

is a facile, highly reproducible, and rapid technique that canvasses various lignin
functional groups such as carboxylic acid, aliphatic, and condensed and noncondensed
phenolics. The aliphatic hydroxyl content results of the Condition A and Condition B
residual lignins are summarized in Figure 122. These results indicate that the residual
lignins of both the Condition A and Condition B kraft pulps are significantly reduced in
the aliphatic hydroxyl content as pulping proceeds. Similar results were observed by
Froass et al. [117] for conventional kraft pulps with less than a kappa number of 30. The
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aliphatic hydroxyl content of lignin is primarily composed of primary and secondary
hydroxyl groups located on the Cα and Cγ of the phenylpropane chain of lignin. Gierer
[47] has shown that primary hydroxyl groups are liberated during the kraft pulping
process as formaldehyde. Figure 122 also suggests that the Condition A residual lignins
had lower contents of aliphatic hydroxyl groups than the Condition B residual lignins at
the same klason lignin content. The degree to which lignin is modified during the kraft
pulping process is presumably related to the content of aliphatic hydroxyl groups. Hence,
the Condition B residual lignins have undergone a less severe modification at a given
klason lignin content. This observation further validates earlier observations that the
Condition A and Condition B kraft pulps were drastically different in their physical and
chemical properties.
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Figure 122. Aliphatic hydroxyl content as a function of the klason lignin content for
the residual lignins isolated from Condition A and Condition B kraft pulps.
Condition A pulping conditions involved high effective alkali and low sulfidity while
Condition B pulps involved a low effective alkali and high sulfidity condition.
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The phenolic hydroxyl group is an important functional group in lignin that affects both
pulping and bleaching chemistry. Phenolic hydroxyl groups assist in the dissolution of
lignin during pulping by aiding in the lignin’s solubility in an alkaline medium and are
involved in the formation of intermediate quinone methide groups. However, these
functional groups do not solely determine the solubility of a particular residual lignin
[60]. Figure 123 and Figure 124 summarize the results of the condensed phenolic and
total phenolic hydroxyl group content as a function of the klason lignin content for the
residual lignins.

The condensed and total phenolic group content increases with

decreasing klason lignin content, indicating that the lignin is still undergoing cleavage of
remaining aryl ether linkages. Similar results were observed by Lai et al. [109], Froass et
al. [117] and Yang et al. [116]. These results also indicate that a high effective alkali,
low sulfidity kraft cook tends to liberate phenolic hydroxyl groups to a greater extent than
a low effective alkali, higher sulfidity cook. Further analysis of the residual lignins
obtained from the constant kappa number kraft pulps indicated that increasing the
sulfidity at a constant effective alkali decreased the amount of phenolic hydroxyl groups
in the residual lignin. Meanwhile, increasing the effective alkali at a constant sulfidity
increased the amount of phenolic hydroxyl groups remaining in the lignin. These results
are in accordance with Yang et al. [116] who showed that increasing the sulfidity at a
constant effective alkali decreased the phenolic hydroxyl content during the kraft cook.
These results again show that the residual lignin obtained from the Condition A pulps is
drastically different from that obtained from the Condition B pulps.
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Figure 123. Condensed at C-5 phenolic hydroxyl content as a function of the klason
lignin content for the residual lignins isolated from Condition A and Condition B
unbleached kraft pulps. Condition A and Condition B are summarized in Table 23.
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Figure 124. Total phenolic hydroxyl content as a function of the klason lignin
content for the residual lignins isolated from Condition A and Condition B
unbleached kraft pulps. Condition A and Condition B are summarized in Table 23.
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31

P NMR also has the ability to detect hydroxyl groups from catechol and biphenyl

hydroxyl groups. Catechols are potentially important contributors to the chromophoric
properties of kraft pulps since they have the ability to complex with metal cations.
Although catechols are not typically colored themselves, the metal-catechol complexes
are known to absorb light into the visible region [19-22]. Figure 125 summarizes the
chromophore index results as a function of the apparent catechol concentration. The
“apparent” concentration of catechols in the unbleached kraft pulps can be estimated by
multiplying the residual lignin catechol content by the pulp klason lignin content. The
experimental results indicate that the apparent catechol concentration decreases as the
chromophore content decreases. The chromophore index for both the Condition A and
Condition B pulps is linearly related to the apparent catechol concentration. However,
the Condition A pulps have a greater concentration of catechol functionalities than the
Condition B pulps at a given chromophore index.
Condition A
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Chromophore Index
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Figure 125. Chromophore index as a function of the apparent catechol
concentration for the Condition A and Condition B unbleached kraft pulps.
Condition A and Condition B are summarized in Table 23.
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Further analysis of the catechol groups in Figure 126 indicated that the residual lignin
contained the same amount of catechol groups at similar klason lignin contents,
independent of the pulping conditions. Although catechol groups may be important
contributors to the overall color of kraft pulp, they do not help to explain the differences
in the chromophoric properties of the Condition A and Condition B unbleached kraft
pulps.
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Figure 126. Catechol content as a function of klason lignin for the Condition A and
Condition B residual lignins. Condition A and Condition B pulping conditions are
summarized in Table 23.

Figure 127 shows the experimental results of the catechol content as a function of the
methoxyl content for the residual lignins of both series of pulps. Interestingly, these
results indicated that the catechol content of the residual lignin increases as the methoxyl
content decreases independently of the employed kraft pulping conditions. During the
kraft cook, hydrosulfide and methyl mercaptide anions are able to cleave methyl-aryl
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ethers to give catechols. The catechol content of the residual lignins appeared to level off
at an approximate methoxyl content of 13% in the residual lignin.

Condition A

Condition B

Catechol content (mmol/g lignin)

0.18
0.17
0.16
0.15
0.14
0.13
0.12
0.11
0.10

13.0

13.5

14.0

14.5

15.0

Methoxyl content (%)

Figure 127. Catechol content as a function of the methoxyl content for the residual
lignins isolated from Condition A and Condition B pulps. Condition A pulping
conditions involved high effective alkali and low sulfidity while Condition B pulps
involved a low effective alkali and high sulfidity condition.

Biphenyl phenolic groups are also implicated as potential chromophores in kraft pulps.
These functionalities can complex with metal cations to form colored complexes. In
addition, the presence of the hydroxyl auxochrome in biphenyl groups could result in a
bathochromic shift, resulting in absorption in the visible region. The chromophore index
as a function of the apparent biphenyl content of the Condition A and Condition B pulps
is summarized in Figure 128. These results indicate that the apparent biphenyl hydroxyl
concentration decreases as the pulp chromophore index decreases. The chromophore
index for both the Condition A and Condition B kraft pulps is linearly related to the
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apparent biphenyl concentration. At the same chromophore index, the Condition A pulps
have a greater concentration of biphenyl functionalities than the Condition B pulps.

Condition A
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Chromophore Index
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Figure 128. Chromophore index as a function of the apparent biphenyl
concentration in the Condition A and Condition B unbleached kraft pulps.
Condition A and Condition B pulping conditions are summarized in Table 23.

Further analysis of the biphenyl groups in Figure 129 indicated that the biphenyl groups
increased as the klason content of the pulps decreased. This is in accord with the results
of Gellerstedt and Lindfors [50, 59, 60] who found that the number of biphenyl and
biphenyl ether structures increases at the beginning of the cook since new phenolic
groups become liberated. In addition, the Condition B residual lignins have a higher
concentration of biphenyl functionalities than the Condition B residual lignins at the same
klason lignin content. These observations indicate that biphenyl groups may be one
reason for the differences in the chromophoric properties of the Condition A and
Condition B kraft pulps.
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Figure 129. Biphenyl phenolic content as a function of klason lignin for the
Condition A and Condition B residual lignins. Condition A and Condition B
pulping conditions are summarized in Table 23.

10.4.6.2 Impact of Condensed Structures
Condensed lignin structures are used to describe lignin functionalities having an aryl or
alkyl substituent at the C5 and/or C6 position. Native wood lignin has some condensedtype structures including 5-5, β-5, β-1, and 4-O-5 structures. However, experimental
evidence has suggested that condensed structures are formed during the kraft pulping
process [56, 128, 135]. Condensed structures are stable during kraft pulping conditions
and are therefore believed to be enriched in the residual lignin of kraft pulp, causing the
residual lignin to be unreactive. The impact of condensed structures was examined
through the ratio of substituted to unsubstituted aromatic carbons in residual lignin as
determined by 13C NMR. The presence of olefinic stilbene and enol ether carbons in the
lignin could introduce some error into this measurement (~10%).

The results are

summarized in Table 24 for the Condition A and Condition B residual lignins. These
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results indicated that the amount of substituted aromatic carbons increased as the klason
lignin content of the pulp decreased, in accord with the observation made by Froass et al.
[117]. However, the non-condensed aromatic carbons increased at the same rate as the
condensed aromatic carbons. In other words, the residual lignin is maintaining the same
level of condensation throughout the kraft cook.

These results support those of

Gellerstedt and Lindfors [50, 59, 60] who observed no extensive condensation reactions
involving the aromatic rings of residual lignin during the kraft cook. In addition, the
Condition B residual lignins are not more condensed than the Condition A residual
lignins. Thus, although condensed functionalities may be important in determining the
final chromophoric properties of unbleached kraft pulps, the results of this study indicate
that there is no significant difference between the condensed nature of the Condition A
and Condition residual lignins. Therefore, condensed functionalities cannot explain the
differences in the chromophoric properties of these two series of unbleached pulps.
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Table 24. Ratio of substituted to unsubstituted aromatic carbons in lignin units
from 13C NMR. The Condition A pulps are produced under high effective alkali,
low sulfidity while Condition B pulps are made under low effective alkali, high
sulfidity pulping conditions, as summarized in Table 23.
Residual Lignin Isolated From:

Ratio of Condensed to Non-Condensed C

A-1

1.79

A-2

1.87

A-3

2.05

A-4

1.77

A-5

1.93

A-6

1.77

A-7

2.01

A-8

1.74

B-1

1.81

B-2

1.68

B-3

1.90

B-4

1.78

B-5

1.74

B-6

1.93

B-7

2.02

B-8

1.96

B-9

2.07

B-10

1.93
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10.4.6.3 Impact of Quinones
Although lignin-quinones are widely acknowledged to be important chromophores, until
recently few reliable methodologies were available for the quantitative analysis of these
structures in lignocellulosic materials. Visible absorption spectroscopy is not directly
effective for lignin-quinone quantification because of the broad featureless nature of
lignin absorption spectra [338].

Classical colorimetry-based [530] and hydrazine

oxidation [530] methods of quinone measurement are difficult to apply.

Ortho-

phenylenediamine derivatization and fluorescence spectroscopy has been used for the
determination of ortho–benzoquinone structures in mechanical pulps [530, 531].
Unfortunately, the technique is not applicable for the analysis of important para–
benzoquinone structures.
The role of quinones in the chromophore chemistry of kraft pulping was observed by
isolating residual lignin from two series of SW brownstock kraft pulps. The combined
ortho- and para-quinone contents of isolated lignins were determined using a
trimethylphosphite derivatization technique and
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P NMR spectroscopy.

Studies by

Zawadzki and Ragauskas [152, 431], and others [476, 477] have shown that
trimethylphosphite can readily be used to tag ortho- and para-quinones and after
hydrolysis yield stable phosphate ester adducts. The adducts are detected via 31P NMR
experiments; adduct levels provide a semi-quantitative determination of the quinone
content. The combined ortho- and para-quinone data are presented in Figure 130 as a
function of the chromophore index.

The “apparent” concentration of quinone

chromophores in the brownstock kraft pulps can be estimated by multiplying the residual
lignin quinone content by the pulp klason lignin content. The experimental results
indicate that the quinone concentration decreases as the chromophore content decreases;
however, the Condition A pulps have a linear relationship between the apparent quinone
concentration and the chromophore index while Condition B pulps have a quadratic
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relationship. In addition, at a given quinone concentration, Condition A pulps have a
much lower chromophore index than the Condition B pulps.

Condition A

Condition B

Chromophore Index

300
250
200
150
100
50
0.00

0.01

0.02

0.03

0.04

0.05

0.06

Apparent Quinone Concentration (mmol/g pulp)

Figure 130. Chromophore index as a function of the apparent quinone
concentration as determined by 31P NMR for Condition A and Condition B pulps.
Condition A and Condition B pulping conditions are summarized in Table 23.

Further analysis of the quinone content in Figure 131 indicated that the quinone
concentration increased as the klason content of the pulps decreased. Interestingly, the
Condition A residual lignins have a higher concentration of quinone moieties than the
Condition B residual lignins at the same klason lignin content. Therefore, this provides
evidence that the quinones present in the Condition B pulps may be more intensely
colored than those present in the Condition A pulps. These observations indicate that
quinones may be one reason for the differences in the chromophoric properties of the
Condition A and Condition B kraft pulps. One possible explanation for the apparent
discrepancy between the 31P NMR and visible absorbance data in Figure 119 may be that
a portion of the quinone structures in the Condition B residual lignins are hydroxy
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substituted. Analysis of the quinone content for the residual lignins from the constant
kappa number pulps indicated that an increased amount of effective alkali also increased
the quinone concentration in the pulp. In addition, an increase in the maximum cooking
temperature decreased the quinone concentration in the unbleached pulps. Finally, an
increase in the sulfidity of the cook also increased the quinone concentration in the pulp.
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Figure 131. Combined o- and p-quinone concentration as determined by
trimethylphosphite derivatization 31P NMR as a function of klason lignin for the
Condition A and Condition B residual lignins. Condition A and Condition B
pulping conditions are summarized in Table 23.

The higher concentration of quinones in the Condition A pulps could be attributed to the
higher concentration of NaOH employed for these cooks. Lignin model compound
studies have shown that ortho-quinones are susceptible to attack by hydroxide anions.
Hydroxide may add to quinone structures by nucleophilic addition during kraft pulping to
give precursors of chromophoric hydroxy-substituted quinones [532, 533]. Mechanical
pulp [534] and model compound [533] studies have both suggested that hydroxy-quinone
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structures may contribute to the "alkali-darkening" phenomena. The action of alkali on
quinone precursors may give rise to polyphenolic structures, which may be subsequently
oxidized to hydroxy-quinones.

These hydroxy-substituted quinones may display

enhanced chromophoric properties. Lignin model compound studies have also shown
ortho-quinones to be susceptible to nucleophilic attack by hydroxide anions. Figure 132
summarizes two possible reaction pathways for the addition of hydroxide anions to orthoquinones. Thus, the Condition B pulps may contain more of these intensely colored
hydroxy-substituted quinones than the Condition A pulps, thus affording a more intensely
colored unbleached kraft pulp.

Ortho-quinone structures may rearrange to an

α−hydroxy-carboxylic acid cyclopentadiene structure by a benzylic acid type of
rearrangement [532]. Obviously, a balance must exist for these and other alkali-based
reactions that may generate or destroy chromophoric structures. Therefore, additional
research is needed in this area to further our understanding.

OH
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O
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O
O
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-

COO
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Figure 132. Proposed sites of addition of hydroxide anions to quinone structures
[47].
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10.4.6.4 Influence of Carbonyls
Recently, 19F NMR-based spectroscopic techniques have been developed for the analysis
of

quinone

structures

in

isolated

lignins.

4–trifluoromethylphenylhydrazine

derivatization/19F NMR was applied for carbonyl analysis on a range of isolated lignins
[413, 475]. Alternatively, derivatization by Ruppert's reagent has been suggested for
lignin-carbonyl analysis, but model compound studies have revealed overlap between
para-quinone and aldehyde derivatives [535, 536].

This study utilized the 4-

trifluoromethylphenylhydrazine derivatization method developed by Sevillano et al.
[475] to quantify the aliphatic carbonyl structures in the residual lignin. Figure 133
summarizes the results of the chromophore index plotted as a function of the apparent αcarbonyl concentration in the unbleached kraft pulps. The experimental results indicate
that the apparent α-carbonyl concentration decreases as the chromophore content
decreases. The chromophore index for the Condition A pulps is linearly related while
that of the Condition B pulps is related to the apparent α-carbonyl concentration in a nonlinear or quadratic manner. The Condition A pulps have a greater concentration of αcarbonyl functionalities than the Condition B pulps at a given chromophore index.
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Figure 133. Chromophore index as a function of the apparent α-carbonyl
concentration as determined by 19F NMR for the residual lignins from the Condition
A and Condition B unbleached kraft pulps. Condition A and Condition B pulping
conditions are summarized in Table 23.

Further analysis of the α-carbonyl groups in Figure 134 indicated that the residual lignin
contained the same amount of α-carbonyl groups at similar klason lignin contents,
independent of the pulping conditions. Although α-carbonyl groups may be important
contributors to the overall color of kraft pulp, they do not help to explain the differences
in the chromophoric properties of the Condition A and Condition B unbleached kraft
pulps.

427

Aliphatic Carbonyls (mmol/g lignin)

Condition A

Condition B

1.0
0.8
0.6
0.4
0.2
0.0
0

5

10

15

20

25

Klason Lignin (%)

Figure 134. Aliphatic carbonyl as determined by trimethylphosphite derivatization
19
F NMR as a function of klason lignin for the Condition A and Condition B
residual lignins. Condition A and Condition B pulping conditions are summarized
in Table 23.

The total carbonyl content was also investigated by using FT-IR. Faix et al. [525]
determined that FT-IR can be used to quantitatively determine the carbonyl content of
residual lignins using the KBr pellet method. Carbonyl groups contain not only orthoand para-quinone structures, but also aliphatic carbonyl functionalities. Figure 135
shows the experimental results for the chromophore index as a function of the apparent
carbonyl concentration. These results indicate that the chromophore index is linearly
related to the apparent carbonyl content for the Condition A pulps. Meanwhile, the
chromophore index of the Condition B pulps is non-linearly related to the apparent
carbonyl concentration. Similar results were observed in Figure 130 for the apparent
quinone content of the pulps. In addition, at a given carbonyl concentration, Condition A
pulps have a much lower chromophore index than the Condition B pulps.
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Figure 135. Chromophore index as a function of the apparent carbonyl content
determined by FT-IR for Condition A and Condition B pulps. Condition A and
Condition B pulping conditions are summarized in Table 23.

Further analysis of the FT-IR data in Figure 136 indicated that the carbonyl concentration
increased as the klason content of the pulps decreased. Interestingly, the Condition A
residual lignins have a higher concentration of carbonyl moieties than the Condition B
residual lignins at the same klason lignin content. These results are a direct reflection of
the observations made with the quinonoid functionalities.

Therefore, this provides

further evidence that the carbonyls and therefore quinones present in the Condition B
pulps may be more intensely colored than those present in the Condition A pulps.
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Figure 136. Carbonyls (expressed as a %) present in lignin as a function of the
klason lignin for the Condition A and Condition B residual lignins. Condition A
and Condition B pulping conditions are summarized in Table 23.

Conclusions

This study further examines the chromophoric properties of unbleached kraft pulps. The
results of this study indicated that a series of unbleached pulps produced under low
effective alkali and high sulfidity conditions has a greater chromophore index than that of
another series produced under high effective alkali and low sulfidity conditions.
Although the surface is enriched in lignin, the surfaces of both series of pulps appeared to
be enriched by the same amount.

Further examination was required to distinguish

between the chromophoric properties of these unbleached kraft pulps. This study also
compared the total visible absorbance of residual lignin isolated from the high effective
alkali, low sulfidity and low effective alkali, high sulfidity kraft pulps to the pulp
chromophore index. In this way, we were able to provide direct evidence that lignin is
indeed a major contributor to the chromophoric properties of unbleached kraft pulps.

430

NMR studies of the residual lignins indicated that the aliphatic and phenolic functional
groups were drastically different for both series of pulps, providing further evidence that
these two series of pulps had significantly different physical and chemical properties.
The methoxyl content of the residual lignin was compared to the catechol content. These
results indicated that the catechol content increased as the methoxyl content increased.
This was ascribed to the reaction of hydrosulfide and methyl mercaptide anions during
the kraft cook, allowing cleavage of methyl-aryl ethers to give catechols. The catechol
content of the residual lignins appeared to level off at an approximate methoxyl content
of 13% in the residual lignin. Examination of the chromophore index as a function of the
apparent catechol content yielded a linear relationship in both the low effective alkali,
high sulfidity and the high effective alkali, low sulfidity kraft pulps. Although catechol
groups may be important to the chromophoric properties of kraft pulps, the data indicated
that the catechol groups of the two series of pulps were not significantly different at the
same klason lignin content. Thus, these functional groups are not likely responsible for
the difference in the chromophoric properties of these two series of pulps. Biphenyl
groups were examined in the same manner, but were found to be responsible for some of
the difference in chromophoric properties of these two series of unbleached kraft pulps.
Condensed structures were examined through

13

C NMR. However, this study showed

that condensed structures do not increase substantially during the cook.

Although

condensed structures may be important to the chromophoric properties of unbleached
kraft pulps, they could not account for the differences in the pulps investigated in this
study.
The combined ortho- and para-quinone content was also examined through NMR. These
studies showed that the high effective alkali, low sulfidity condition pulps had a higher
content of quinones than that of the low effective alkali, high sulfidity condition pulps.
This is despite the lower chromophore index in the former series of pulps. However,
further examination of the UV/vis neutral spectra indicated that the residual lignins from
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the low effective alkali, high sulfidity condition kraft pulps had a higher absorbance at
the quinone maximum of 430 nm. This provided evidence that the quinones present in
the low effective alkali, high sulfidity condition pulps are likely hydroxy-substituted,
thereby enhancing the chromophoric properties of these pulps. Obviously, a balance
must exist for these and other alkali-based reactions that may generate or destroy
chromophoric structures. Therefore, additional research is needed in this area to further
our understanding. Carbonyl groups were also examined in this study through FT-IR.
These results follow the same general trends of the quinonoid functionalities.
The chemistry of the kraft cook seems to dictate the exact relationship with the
chromophore index as well as the content of these chromophores in the pulp. This is
perhaps due to the fact that kraft pulping under varying effective alkali and sulfidity
changes not only the nature of the residual lignin, but also the nature of the substituents
on the aromatic rings of the residual lignin.
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10.5 Chapter 5: The Influence of Metal Cations on the Chromophoric Properties of
Lignocellulosics

Thomas J. Dyer and Arthur J. Ragauskas

Abstract

Transition and alkaline earth metals were investigated to find their overall impact on the
chromophore content of unbleached kraft pulps. A cold acid treatment was performed to
liberate metal cations and retain hexenuronic acids. This study indicated that the pulp
chromophore index decreased significantly as a result of metals removal. The cold acid
treatment did not remove all of the chromophores in the unbleached pulps, indicating that
functionalities other than metals are responsible for more than 50% of the color of
unbleached kraft pulps at a 30 kappa number. However, the pulps having the greatest
reduction in the chromophore index from the cold acid treatment were those produced
under low effective alkali and high sulfidity conditions. These pulps also had the highest
initial calcium concentration. Meanwhile, those pulps having the least reduction in
chromophore index were produced from high effective alkali and low sulfidity
conditions. These pulps also had the lowest calcium contents. The majority of the loss in
chromophore index was accounted for by the loss in calcium, manganese, and
magnesium. Acid and chelation treatments on wood chips were also investigated as
possible means to eliminate metal cations before kraft pulping. These studies indicated
that a chelation treatment was more effective at removing metals than an acid treatment at
the same temperature. These treated wood chips were subsequently pulped under kraft
pulping conditions and compared to pulps from untreated wood chips. These results
indicated that metals removal prior to kraft pulping can have a significant impact on the
chromophoric properties of unbleached kraft pulps.
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Introduction

The practical importance of understanding the formation of chromophores during kraft
pulping is critical in producing high brightness paper products. Essentially all the major
wood components have been suggested as possible contributors to the chromophoric
properties of kraft pulps. However, Pigman and Csellak [7] determined that the major
component was from lignin and its degradation products. Hartler and Norrström later
determined the contributions from the major components in lignocellulosic materials
based on the specific absorption coefficient for each constituent [8, 18]. This analysis
indicated that lignin, carbohydrates, and extractives contribute 90%, 10% and less than
1%, respectively, to the absorption coefficient of kraft pulps produced at 63% yield.
However, the nature of the chromophoric units existing in the lignin macromolecule is
not well defined. A number of structures have been implicated as chromophores in kraft
pulps, including: metal-catechol complexes [19-22], coniferaldehyde [19, 22, 23],
quinone methides [22], stable radicals [22], and quinones [19, 21, 22, 24-27].
Non-process elements have received considerable attention in recent years as research
and development efforts have shifted their focus to address the needs of society in
environmental performance.

The ultimate goal in addressing these environmental

concerns is a sustainable production of pulp and paper that is in ecological balance with
nature [537]. One of the main issues associated with closure of a pulp mill or bleach
plant is the buildup of non-process elements in various process streams. Non-process
elements can cause problems in chemical recovery, bleaching, and on the paper machine.
For example, calcium and barium are known to cause scaling problems while manganese
and iron cause decomposition of hydrogen peroxide during bleaching [537, 538].
The introduction of most non-process elements into the pulp mill occurs primarily from
the wood raw material. The amount of non-process elements in wood material used for
pulping varies with species, locality, soil composition and the bark content in wood chips
[414]. Various alkaline earth metals are found in kraft pulp, calcium usually being the
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most abundant. The metals may be present in the original wood source or may become
associated with the lignin from contact with various process waters or machinery.
Studies performed on wood [194, 195] indicated that the middle lamella, the ray cells,
and the tori exhibit an enrichment in metal ions, especially for calcium, iron, and
manganese ions. The middle lamella and primary wall forms the surface of kraft pulp
fibers and it is noteworthy that pulp fibers have a similar metal ion distribution as the
wood fibers [196]. Heijnesson et al. isolated surface material from a 21.5 kappa number
softwood kraft pulp. They found significant increases in the transition metal ion content
of the primary fines and surface material when compared to the reference pulps. The
results obtained in this study were consistent with earlier results [170] on kraft pulp
fibers.
Metal ions in wood exist in three primary forms. Transition metals can be attached to
phenolic or catecholic structures in lignin and extractives through complex formation. In
addition, metal ions may be present as counter ions to carboxylic acid groups in
hemicellulose, lignin, extractive, and pectin. Metals may also exist in wood as insoluble
metal salts [415]. Transition metals are able to form complexes with certain structures in
the lignin molecule, most notably phenols and catechols. These complexes should be
considered as potentially important contributors to the color of kraft lignin and pulp,
since they absorb light in the visible region [19-22].
Metal-lignin complexes have been studied by the use of model compounds. Polcin and
Rapson [418] determined the absorption spectra of various metal ions with catechols and
flavone-type structures. From these spectra, they were able to conclude iron complexes
gave longer wavelength absorptions than other metal complexes such as manganese,
copper, and aluminum complexes. Furthermore, ferric ions (Fe3+) were found to be the
most effective in color formation, whereas ferrous ions (Fe2+) had little or no effect on
color. Imsgard et al. [19] and Marton et al. [419] determined the absorption spectra of
various lignin model catechols and phenols with ferric ions. In general, these spectra
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showed the complexes had absorption maxima between 550 and 590 nm, with molar
absorptivities ranging up to 2000 liters/mol-cm.
Several researchers have complexed ferric ions with kraft lignin and observed subsequent
increases in its absorption spectrum, centered at 560 nm. The magnitude of this increase,
together with the known molar absorptivities of model catechol complexes were then
used to estimate the catechol content of lignin. According to these calculations, kraft
lignin contains 6-7 catechol structures per 100 C6C3 units [19, 141]. However, the
residual lignin actually contains only trace amounts of catechol structures [60].
Another approach has been to remove metal ions from kraft lignin using chelating agents
and then to examine the resulting absorption spectra for the decreases in absorbance.
Meshitsuka and Nakano [420] found iron was the only significant metal present in kraft
lignin with respect to a contribution toward its color.

Removal of the iron by

ethylenediamine tetraacetic acid (EDTA) chelation resulted in a decrease in absorption of
the kraft lignin spectrum centered around 500 nm. The percentage decrease in the
absorbance of the lignin was found to be about 5% at 450 nm, approximately 15% at 500
nm, and reached a maximum of about 20% at 700 nm.
Ghosh and Ni [258] recently studied the relationship of metal ion complexes to pulp
brightness.

They added diethylenetriaminepentaacetic acid (DTPA) to a solution

containing catechol and metal ions and found that DTPA replaced catechols as the ligand,
resulting in a less colored complex. Since the spectra of the ferric-DTPA system and the
Fe3+-catechol-DTPA system are negligible, the authors concluded that the ferric ions
present in the latter are almost exclusively complexed with DTPA, rather than with the
catechols. This is in agreement with the fact that the stability constant of DTPA-Fe3+
(1028.6) is about 15 orders of magnitude higher than that of the catechols-Fe3+ complex
(1013.9) [258].
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Brelid et al. [417] investigated the removal and redistribution of metal ions in spruce
wood chips during kraft pulping. These researchers found that during kraft pulping,
calcium is precipitated as calcium carbonate when the temperature approaches the
cooking temperature. Further studies examined the transfer of calcium and manganese
ions from cooking liquor to wood chips during pulping. In this study, untreated and acid
pretreated wood chips were cooked under kraft pulping conditions.

The acid

pretreatment removed most of the calcium and manganese from the wood chips, resulting
in a pulp with lower calcium and manganese than the control kraft cook. From this,
Brelid et al. concluded that calcium and manganese in the cooking liquor do not end up
as strongly attached metal ions in the pulp [417].
Werner et al. [422] investigated the metal binding capacity of kraft black liquor lignins
and the functional groups in lignin that contribute to this effect. These studies suggested
that there was a correlation between the amounts of carboxyl and condensed phenolic
products present in the conventional kraft lignins and their metal binding capacity. The
authors tentatively attributed these results to the potential bidentate metal binding
capacity of these two functional groups [423]. These researchers also found linear
correlations between the manganese, calcium, and magnesium content and the content of
carboxylic acids and condensed phenolics in the lignin [423].
Sundin and Hartler [168] investigated the influence of sodium, calcium, magnesium, and
aluminum metal ions on lignin in alkaline solutions. The results indicated that more than
60% of the lignin in black liquor can be precipitated by calcium in the pH 9-13 range.
Sundin and Hartler also found that lignin precipitated by calcium ions has a lower amount
of phenolic hydroxyl groups and carboxylic acid groups than the portion of lignin which
was not precipitated. This was attributed to different molecular weights of these two
lignin fractions. Subsequent studies by Sundin and Hartler [424] focused on the impact
of metal ions during pulp washing. These studies showed that washing spruce kraft pulp
in the presence of calcium ions at alkaline pH increased the kappa number of the pulp
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compared to a pulp washed in the absence of calcium ions. The kappa number increased
by as much as 15 units in the presence of 5 mmol/L calcium ions. However, the effect
was less noticeable at pH 13 conditions. The authors attributed this to the formation of
CaOH+ and Ca(OH)2. These researchers also found that pulps washed in the presence of
calcium were considerably darker than pulps washed without calcium, even at the same
kappa number. Sundin and Hartler concluded that a larger amount of chromophoric
groups in the lignin was precipitated by the presence of calcium [424]. Meanwhile,
Maximova and Stenius [169] found that calcium and aluminum increases the amount of
lignin adsorption on bleached kraft pulp by inducing precipitation of lignin flocs onto the
fibers.
Gustavsson et al. [77] found a distinct decrease in the calcium ion content when kraft
cooking pine wood chips with a high hydroxide ion concentration. The authors proposed
that one reason for this may be that most of the calcium ions are bound to dissolved
lignin fragments at a high hydroxide ion concentration, resulting in a decrease in the
amount of calcium carbonate precipitated on the pulp fibers. In addition, the calcium ion
concentration was not affected by the concentration of hydrosulfide ions in the white
liquor. Brelid thought that removal of calcium ions from wood chips before cooking may
also yield a higher pulp brightness [414]. Al-Dajani and Gellerstedt [353] showed that
high molecular weight lignin with a high absorption coefficient precipitated on the pulp
fibers when the calcium ion concentration in the fibers was high.
Cardona-Barrau et al. [398] utilized electron spin resonance (ESR) spectroscopy to
investigate several pulp components with regard to metal ions. The results of this study
showed that the signals of the metals in the pulps were different from those observed
when solutions of the metals were analyzed by ESR spectroscopy. These researchers
proposed that the added metals possibly formed complexes within the pulp matrix.
However, the results also indicated that the affinity for each metal was greater for the
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unbleached pulp than for the bleached kraft pulp, indicating that stronger complexes
formed with lignin than carbohydrates.
Dyer and Ragauskas [498], Gellerstedt and Al-Dajani [351] and Gustavsson et al. [77]
have shown that kraft pulping at a constant lignin can yield different light absorption
coefficients when utilizing different process conditions. The exact reasons for this still
remain unclear. For this reason, the present study utilizes two different series of kraft
pulps to investigate the effects of metal cations on the chromophoric properties of
unbleached kraft pulps.

Experimental
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.

Chemicals.

All chemicals were purchased from Aldrich Chemical Company,

Milwaukee, Wisconsin, or from VWR and used as received.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
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make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions.
The individual vessels were then placed in a rotating, multi-unit digester.

The

temperature in each autoclave was increased as a ramp function from 23ºC to a maximum
cooking temperature of 170ºC over 90 minutes. The kraft cook was interrupted at the
appropriate H-factor and each vessel was cooled immediately in a cold water bath. The
cooked wood chips were disintegrated in an industrial blender and screened and washed
in a Valley screen.
Cold Acid Treatment of Pulp Procedure. The brownstock pulps were treated with a

cold acid treatment to remove transition metals. The procedure started by measuring the
solids content of the brownstock pulp and using this information to accurately weigh out
30.0 g of oven-dried (o.d.) pulp. Next, the pulp was placed in a Kapak bag and deionized
water was added to achieve a final consistency of 1%. The pulp in the Kapak bag was
acidified with 2.0 N HCl to around a pH of 3.0 and the bag was sealed. The pulp was
mixed thoroughly and transferred to a cold room (4ºC). This cold acid treatment took
place for 48 hours with occasional mixing. After the treatment, the pulp was removed
from the Kapak bag and filtered on a Büchner funnel to approximately 25% solids. The
pulp was washed with approximately 25 L of deionized water and the pH of the pulp
slurry was adjusted to 6.5 ± 0.5.

Pulp Characterization
Pulp Properties. The pulp kappa number [444], klason lignin [445], and brightness

measurements [447] were performed according to TAPPI standard methods. Kappa
number measurements were the average of three titrations.

Typical experimental

standard deviations for the brownstock pulps was 0.24 while for replicates of the same
pulping conditions, the standard deviation was 1.06 kappa units. Klason lignin was the
average of two experiments.

Typical experimental standard deviations for the
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brownstock pulps varied up to 0.2% while for replicates of the same pulping conditions,
the standard deviation was 0.2%. Brightness measurements were the average of five
individual handsheets. The typical brightness standard deviation for five replicates of
one pulp was 0.14 while for replicates of the same pulping conditions it was 0.18
brightness units.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (Labsphere RSA-PE-90). The accessory is essentially an optical
bench that includes double-beam transfer optics and a six-inch integrating sphere.
Background corrections were recorded using a Labsphere SRS-99-020 standard. This
method utilized the reflectance of 200 g/m2 handsheets prepared according to TAPPI
Standard T 205 sp-95 [448]. The pH of the slurry and the water in the handsheet mold
were adjusted to a pH of 6.5 ± 0.5. Sheet samples were cut into 8 cm x 8 cm squares and
placed in the sample holder in a stack of 5 layers or the limit of thickness where the
addition of another layer would not change the absorbance of the stack (definition of R∞).
The reflectance data were transferred to a desktop computer and the calculations were
performed in Excel. The reflectance data were converted to k/s values by using the
Kubelka-Munk theory [263].

The Kubelka-Munk equation describes the infinite

reflectance as a function of absorption and scattering:

R∞ = 1 +

k
⎛k⎞ ⎛k⎞
− 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

2

Equation 1

Equation 2

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
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curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient is insignificant. Due
to the relationship with chromophore concentration, this total visible reflectance
measurement is also called the chromophore index of the pulp.
Hexenuronic Acids. The brownstock kraft pulps were analyzed for hexenuronic acids

(HexA) using the method developed by Chai et al. [451].

Recent studies in our

laboratory have shown that this method yields equivalent accuracy and precision to the
methods by Vuorinen et al. [70], Teleman et al. [69], and Gellerstedt and Li [454].
Briefly, a known weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in
a vial containing 10 mL of a hydrolysis solution. The hydrolysis solution contained 0.6%
mercuric chloride and 0.7% sodium acetate. The vial was sealed, mixed well, and placed
in a hot water bath (60-70ºC) for 30 minutes. After cooling, the solution UV absorption
at 260 nm and 290 was measured and recorded. The HexA content of the pulp was
calculated by the formula:

CHexA = 0.287 ×

( A260 − 1.2 A290 ) × V
w

Equation 3

where CHexA is the HexA concentration in µmol/g o.d. pulp; A260 and A290 are the
absorbances at 260 and 290 nm, respectively; V is the volume of hydrolysis solution; and
w is the oven-dried weight of pulp. The typical standard deviation for replicates of the
same pulping conditions was 0.96 µmol/g pulp.

Electron Spectroscopy for Chemical Analysis (ESCA).

Samples for ESCA were

prepared according to the mercurization technique described by Westermark [464]. This
procedure was kindly performed by A. Heijnesson Hultén, Chalmers University of
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Technology, Department of Chemical Engineering Design.

Briefly, a paper sample

(approximately 25 mg) was placed in a 15 mL glass test tube and 6 mL methanol, 0.25
mL acetic acid, and 0.15 mg mercury (II) acetate were added. The test tube was carefully
sealed with a Teflon-lined screw cap and heated in a silicon oil bath for 10 hours at 95ºC.
The paper sheet was then washed with 100 mL boiling acetic acid/methanol (1:10) and
then dried at room temperature prior to ESCA measurements.
The handsheet samples were sent to the Institute for Surface Chemistry, Stockholm,
Sweden, for analysis by ESCA. The ESCA measurements were carried out using by
Marie Ernstsson using a Kratos AXIS HS X-ray photoelectron spectrometer (Kratos
Analytical, Manchester, UK).

The samples were analyzed in the fixed analyzer

transmission (FAT) mode using an Al Kα X-ray monochromator source for the high
resolution carbon spectra operated at 300 W (15 kV/20 mA) and a Mg X-ray source for
the quantification of detail spectra. Two small pieces were cut from the middle of a 200
cm2 paper sample and attached to the sample holder via a metal clip. The analysis area
was less than 1 mm2. The take-off angle of the photoelectrons was perpendicular to the
sample. Detail spectra for C1s, O1s, Hg4f, and Si2S were acquired with a pass energy of
80 eV. The sensitivity factors supplied by Kratos were 0.25 for C1s, 0.66 for O1s, 5.50
for Hg4f, and 0.23 for Si2s. The high resolution C1s spectra were acquired with a pass
energy of 20 eV. Gaussian curves were fitted for the de-convolution of the carbon (C1s)
peak using the curve-fitting program supplied with the spectrometer.
Inductively Coupled Plasma Spectroscopy (ICP). The determination of trace metals in

wood and pulps was accomplished using Inductively Coupled Plasma (ICP) Emission
Spectroscopy. This technique requires the preparation of acid digests from representative
sample specimens to enable the instrumental analysis of metallic analytes. An oven-dried
wood or pulp sample (0.5-2.0 g) was digested in accordance with US EPA SW-846
Method 3050A [462], employing a nitric acid, hydrogen peroxide, and hydrochloric acid.
Analysis of the sample digests was accomplished using a Perkin Elmer Optima 3000 DV
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ICP Emission Spectrometer. This instrument, equipped with an autosampler and integral
computer workstation was configured to detect up to 30 elements simultaneously in less
than 5 mL of sample digest solution.

The principle analysis is the detection of

characteristic ultraviolet and visible light emission from metallic elements injected in a
high temperature argon plasma torch. To improve instrument performance, a yttrium
internal standard was added to each sample, standard, and blank to compensate for small
variations in sample flow rate, sample viscosity, acid concentration, and other
instrumental and chemical parameters. Quantification of the sample analytes is based on
the measurement of specific wavelength intensities and comparison against multi-point
calibration standards for each element. The method employed was from US EPA SW846 Method 6010A [463].
Experimental Design. Two different series of brownstock kraft pulps were utilized in

this study. The first series of brownstock kraft pulps were cooked to a constant lignin
content, utilizing a regression equation developed by Dyer and Ragauskas [498]. This
regression equation has the ability to accurately predict the H-factor required to reach a
particular kappa number and has been shown to be valid over a wide range of kraft
pulping process conditions. The experimental design for these constant lignin content
pulps involved a rotatable central composite design, consisting of 20 experimental
conditions. These experiments consisted of a 23 factorial with six axial points and 6
center points. The effective alkali ranged from 14.6% to 21.4%; the sulfidity ranged
from 23% to 57%; and the maximum temperature ranged from 162°C to 178°C. Table
25 summarizes the pulping conditions used, as well as the kappa number results for each
of the pulping conditions. The average kappa number was 29.4 and the confidence
interval was ±2.1 kappa units.
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Table 25. Experimental conditions and kappa numbers for the constant kappa
number (approximately 30) softwood kraft pulps utilized in this study.
Condition EA, % Sulfidity, % Temperature H-Factor Kappa Number

1

16.0

30.0

165.0

1294

28.8

2

20.0

30.0

165.0

790

28.4

3

16.0

50.0

165.0

929

27.6

4

20.0

50.0

165.0

570

30.6

5

16.0

30.0

175.0

1294

28.9

6

20.0

30.0

175.0

790

29.9

7

16.0

50.0

175.0

929

29.6

8

20.0

50.0

175.0

522

30.9

9

14.6

40.0

170.0

1352

28.2

10

21.4

40.0

170.0

565

29.7

11

18.0

23.2

170.0

1217

27.8

12

18.0

56.8

170.0

646

28.3

13

18.0

40.0

161.6

806

30.3

14

18.0

40.0

178.4

806

27.8

15

18.0

40.0

170.0

806

29.1

16

18.0

40.0

170.0

806

29.7

17

18.0

40.0

170.0

806

30.9

18

18.0

40.0

170.0

806

28.1

19

18.0

40.0

170.0

806

30.3

20

18.0

40.0

170.0

806

28.6

A second series of pulps was prepared by using two different pulping conditions. One
pulping condition utilized a high effective alkali and low sulfidity while the other pulping
condition employed a low effective alkali and high sulfidity. The cooks in this series
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were stopped at H-factors ranging from 120-1150. Table 26 summarizes the pulping
conditions and klason lignin contents for this series of brownstock kraft pulps.

Table 26. Experimental conditions and kappa number for the incremental series
of pulps utilized in this study. Condition A utilized a high effective alkali and low
sulfidity while Condition B utilized a low effective alkali and high sulfidity.
Condition EA, % Sulfidity, % Temperature H-factor Kappa Number

A-1

21.4

23.2

170.0

120

163

A-2

21.4

23.2

170.0

240

130

A-3

21.4

23.2

170.0

360

88.5

A-4

21.4

23.2

170.0

480

69.2

A-5

21.4

23.2

170.0

600

52.2

A-6

21.4

23.2

170.0

720

37.9

A-7

21.4

23.2

170.0

840

30.5

A-8

21.4

23.2

170.0

863

28.8

B-1

14.6

56.8

170.0

120

152

B-2

14.6

56.8

170.0

240

118

B-3

14.6

56.8

170.0

360

93.1

B-4

14.6

56.8

170.0

480

69.5

B-5

14.6

56.8

170.0

600

56.1

B-6

14.6

56.8

170.0

720

44.1

B-7

14.6

56.8

170.0

840

36.5

B-8

14.6

56.8

170.0

960

32.5

B-9

14.6

56.8

170.0

1080

30.3

B-10

14.6

56.8

170.0

1151

27.7
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Results and Discussion

It is of the utmost importance to obtain a better understanding of the nature of the
chromophores formed during kraft pulping. These chromophores are responsible for the
dark-brown color of pulp produced from the kraft pulping process and must be removed
during subsequent bleaching stages. The present study investigated the impact of metal
cations on the chromophoric properties of unbleached kraft pulps. Two different series of
unbleached kraft pulps were utilized for the purposes of this study. The first series
entailed a central composite design, utilizing a 23 factorial with six central points and six
axial points, for a total of 20 experiments. The H-factor for each pulping condition was
adjusted to maintain a constant kappa number throughout the series. The experimental
conditions for this pulp series are detailed in Table 25. These studies showed that the
effective alkali and sulfidity had a significant impact on the chromophore index while the
maximum cooking temperature was not statistically significant.

In addition, pulps

cooked under high effective alkali, low sulfidity conditions resulted in a low
chromophore index while those cooked under low effective alkali, high sulfidity
conditions resulted in a high chromophore index [498]. The second series of unbleached
kraft pulps utilized these low and high chromophore index conditions to produce pulps
having a klason lignin content from 3.5-22%. The experimental conditions for these
pulps are outlined in Table 26.

10.5.1 Cold Acid Treatment
The constant kappa number pulps were examined for metals content by ICP
spectroscopy.

Each of the pulp samples were washed thoroughly and the pH was

adjusted to a pH of 6.5 ± 0.5 prior to analysis. The results of this analysis are shown in
Table 27 for selected metals. As expected, the sulfur content of each of the pulps
increased as the sulfidity in the cook increased. Most other metals had a significant
amount of variation when compared to specific process variables. Interestingly, the
calcium content varied with the amount of amount of effective alkali charged to the cook.
Figure 137 summarizes these results for the constant kappa number unbleached kraft
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pulps. As the effective alkali increased, the amount of calcium in the resulting pulp
decreased. This may be due to an increase in pH, resulting in a decreased solubility for
calcium. Calcium could then precipitate as CaCO3, CaOH+ or Ca(OH)2, and potentially
leave the pulp matrix with the dissolved kraft lignin. A plot of the calcium content in the
pulp as a function of the residual EA showed similar trends. Other correlations were
attempted with the initial NaOH, NaOH consumed, and the residual NaOH. However,
these correlations were linear with respect to the calcium content in the pulp. This area
could be especially important for further understanding scaling issues in the chemical
recovery area and should be further explored.
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Table 27. Summary of selected metals from the ICP analysis of constant kappa
number pulps. The pulping conditions utilized for these pulps are summarized in
Table 25.
Condition
Ca
Mn
Fe
Mg
Al
S
(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

1

1760

35.2

8.58

239

1.48

632

2

1080

50.3

6.49

248

0.664

618

3

1790

36.3

6.79

286

2.11

626

4

1190

41.6

5.19

260

1.39

633

5

1590

39.4

11.6

245

4.20

534

6

980

55.2

7.95

252

1.01

531

7

1430

57.6

5.59

272

4.92

574

8

1220

61.1

8.51

286

3.01

725

9

1840

38.0

5.28

244

2.67

612

10

1110

63.6

7.77

284

1.55

706

11

1230

54.7

7.86

267

1.74

564

12

1230

59.2

8.12

265

4.05

653

13

1430

60.4

7.86

304

1.52

723

14

1120

53.2

6.37

251

1.12

576

15

1160

49.8

8.28

260

3.05

593

16

1200

48.1

10.5

272

2.47

628

17

1270

52.4

7.29

272

1.89

640

18

1120

49.5

7.43

240

1.59

588

19

1230

53.3

6.56

273

2.53

635

20

1380

65.8

5.28

320

6.45

698
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Figure 137. Calcium content in the constant kappa number (approximately 30)
unbleached pulps as a function of the initial EA charged to the cook. The pulping
conditions utilized for these pulps are summarized in Table 25.

The pulp chromophore index was plotted as a function of the calcium content for the
constant kappa number unbleached pulps in Figure 138.

Although higher calcium

contents typically yielded a high chromophore index, the influence of the pulp calcium
content at lower concentrations is less clear. Nonetheless, there appears to be a direct
relationship between the calcium content and the chromophore index, with higher
calcium content yielding a higher chromophore index. These findings were in general
agreement with those of Gustavsson et al. [77] who observed that a higher light
absorption coefficient pulp also had a high calcium content. This could indicate that
dissolved lignin is coagulated by calcium on fibers during the cook [424]. It could also
indicate that calcium causes higher molecular weight lignin to precipitate on the fiber
[351]. Surprisingly, there was no good correlation between the pulp chromophore index
and the iron in the pulp.
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Figure 138. Chromophore index as a function of the calcium content for the
constant kappa number (approximately 30) unbleached pulps. The pulping
conditions utilized for these pulps are summarized in Table 25.

Further investigations into the effect of metal cations on the chromophoric properties of
kraft pulps lead to a cold acid treatment of the unbleached pulp samples. A low pH leads
to liberation of metal cations from wood and pulp fibers. In addition, increasing the
treatment temperature increases the rate of diffusion.

However, one problem with

increasing the temperature of this treatment stage is the subsequent removal of
hexenuronic acids. Hexenuronic acids are typically hydrolyzed under hot acid conditions
(85-115ºC) [74, 539-543] to improve the brightness stability of pulps. Hexenuronic acids
have often been cited to decrease the brightness stability of fully bleached kraft pulps
[544, 545]. Since the present investigation was concerned primarily with the impact of
metal cations, we decided to use a cold acid treatment on the pulp. By doing so, metal
cations could be liberated from the pulp fibers while hexenuronic acid groups would
primarily remain intact. The pulps were treated with 2.0 N HCl at pH 3.0 and stored in a
cold room at 4ºC. The treatment time was extended to 48 hours to help overcome
451

deficiencies due to the treatment temperature. After the treatment, the unbleached pulps
were washed thoroughly with 25 L of deionized water and the pH was adjusted to 6.5 ±
0.5. The results of the hexenuronic acid content analysis are shown in Table 28. The
hexenuronic acid content decreased for each pulp sample.

However, the average

decrease was only 4.3%. In addition, the t-test was utilized to compare the means of the
initial hexenuronic acid content to that after the treatment. The results of this analysis
indicated that the calculated t-value was only 0.75 while the critical t-value was 2.052 for
38 degrees of freedom. This analysis indicated that there was no significant difference
between the means of the HexA content before or after the cold acid treatment at the 95%
confidence level.
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Table 28. Hexenuronic acid content of constant kappa number pulps before and
after a cold acid treatment. The pulping conditions utilized for these pulps are
summarized in Table 25.
Condition
Initial HexA
HexA Remaining after Treatment
% Decrease
(µmol/g pulp)

(µmol/g pulp)

1

35.9

34.0

5.2

2

25.2

23.8

5.4

3

47.0

45.9

2.3

4

33.9

32.2

4.9

5

34.9

33.5

4.1

6

23.1

22.0

4.7

7

42.1

39.9

5.2

8

33.3

32.2

3.5

9

46.5

44.3

4.7

10

28.0

27.0

3.6

11

24.3

23.6

2.8

12

40.6

38.8

4.3

13

37.9

35.8

5.4

14

32.7

31.4

3.9

15

33.3

31.8

4.4

16

34.0

32.5

4.6

17

34.6

32.9

4.8

18

33.2

32.4

2.3

19

35.5

33.8

4.9

20

35.1

33.5

4.7

The chromophore index was measured after the cold acid treatment by adjusting the pulp
slurry and the water in the handsheet mold to a pH of 6.5 ± 0.5. Figure 139 summarizes
the changes in the chromophore index after the cold acid treatment. The cold acid
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treatment reduced the chromophore index by an average of 47% for all the samples. The
reduction in the chromophore index varied from 43.6% for Sample 2 to 55.2% for
Sample 7. Interestingly, Sample 7 also had the highest chromophore index while Sample
2 had the lowest chromophore index before the cold acid treatment. Meanwhile, the
calcium content of Sample 7 was also much higher than that of Sample 2. Sample 2
pulping conditions utilized a high effective alkali (20%) and moderate sulfidity (30%)
while Sample 7 utilized a lower effective alkali (16%) and a high sulfidity (50%).

Before Treatment

After Treatment
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Figure 139. Changes in the chromophore index before and after a cold acid
treatment for constant kappa number (approximately 30) unbleached kraft pulps.
The pulping conditions utilized for these pulps are summarized in Table 25.

The metals content of the unbleached kraft pulps after the cold acid treatment is shown in
Table 29. The calcium content decreased by over 80% with the cold acid treatment.
Meanwhile, manganese and magnesium decreased by 82% and 83%, respectively.
However, sulfur had very little change, increasing in concentration by an average of 10%.
Due to the intractable nature of iron, this metal only decreased by 7.5%.
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Table 29. Summary of selected metals from the ICP analysis of constant kappa
number (approximately 30) unbleached kraft pulps after the cold acid treatment.
The pulping conditions utilized for these pulps are summarized in Table 25.
Condition
Ca
Mn
Fe
Mg
Al
S
(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

1

369

7.30

10.4

45.1

1.27

779

2

193

8.38

7.09

39.4

1.26

746

3

282

5.26

4.90

38.8

1.25

598

4

226

7.13

6.21

43.4

1.28

768

5

340

8.38

6.68

47.5

2.20

641

6

141

7.22

7.36

31.5

1.26

636

7

279

10.6

6.34

47.1

2.12

700

8

206

9.28

6.03

42.8

1.25

778

9

382

7.51

5.23

44.7

2.24

702

10

190

9.79

7.11

42.3

1.27

824

11

158

5.99

8.46

28.0

1.22

585

12

259

10.8

4.97

47.3

1.27

673

13

300

12.2

7.39

55.8

1.28

730

14

224

9.54

8.65

43.4

1.24

621

15

228

8.82

9.12

43.8

2.48

640

16

290

12.2

6.67

58.2

1.24

634

17

280

10.8

6.09

52.1

1.25

672

18

208

7.86

5.32

36.8

1.29

621

19

252

10.1

5.58

49.6

1.31

672

20

267

11.0

4.74

50.4

1.25

678
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The concentration of several metals was decreased during the acid treatment while the
chromophore index also varied. Therefore, it was of interest to account for the variability
in the chromophore index with the variability in different metal cations.

Principle

component analysis (PCA) was utilized as a tool to find the source of variation in the
chromophore index. PCA has been applied in the pulp and paper industry to predict
lignin content, strength properties, and pulp yield from spectroscopic data [546-548].
Computations were carried out using the Unscrambler v7.6 software developed by
CAMO ASA. The results of the principle component analysis indicated that 98% of the
variation in chromophore index could be accounted for in one principle component
through the manganese, magnesium, and calcium content of the constant kappa number
pulps. One characteristic of these metals is that they are all divalent cations. These
results also indicate that iron was difficult to remove, even with an acid treatment.
However, the intractable iron present in pulp fibers may still have strong contributions to
the chromophore content of kraft pulps. Interestingly, Werner et al. [423, 549] have
found that magnesium, manganese, and calcium are naturally chelated by dissolved
lignin. Meanwhile, Janson and Palenius [164] and Nilsson and Norrstrom [9] observed
that dissolved lignin is darker in color than residual lignin remaining in the pulp. Studies
by Sundin and Hartler [424] have shown that calcium induces precipitation of high
molecular weight lignin onto the fiber surface. This high amount of calcium present in
the pulps having a high chromophore index may actually be present due to the
precipitation of dissolved lignin back onto the fiber under low effective alkali conditions,
since the solubility of lignin is lower under low effective alkali conditions.

10.5.2 Impact on Pulp Washing
We also wanted to investigate the impact of metal cations on pulp washing. For these
experiments, we completely washed an unbleached kraft pulp in deionized water at 25ºC.
The majority of the sample was removed and placed in a sample pouch. The remaining
sample was rinsed in tap water. Upon visual inspection, the sample color changed from a
light brown to a reddish-brown color. The pH of each sample was measured and the
456

samples were air-dried. The pH of the pulp slurry and handsheet mold was adjusted to
6.5 ± 0.5 and sheets were produced for reflectance measurements. Table 30 summarizes
the pH of each sample along with the kappa number and selected metals content.
Without visual observation, the sample that had only experienced washing in deionized
water may be expected to have more color since the pH was slightly higher than the
sample partially rinsed with tap water. However, this was not the case. As expected, the
kappa numbers for both of these samples were statistically the same at the 95%
confidence level since the confidence interval for the kappa number was ±2.1 kappa
units. There appears to be a significant difference between the calcium contents of the
two samples, with the sample rinsed in tap water having a 34% greater calcium content
than the pulp sample experiencing only deionized water while washing. In addition, the
pulp rinsed in tap water contains approximately 3.6 times as much iron than the pulp
washed only in deionized water.

Table 30. Selected properties for a pulp sample washed completely with deionized
water and the same sample rinsed with additional tap water.
Condition
Original
Kappa
Ca
Mn
Fe
Mg
pH

Number

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Deionized Water

7.30

27.5

893

28.8

10.0

278

Tap Water

6.30

27.2

1196

11.0

36.2

263

The chromophore index responses of these two pulps are summarized in Figure 140.
These results indicate that there is a statistical difference between the pulp sample
washed completely in deionized water and the same sample later rinsed in tap water.
Although calcium was previously found to influence pulp washing [424], this is likely not
the case here since the entire pulp sample was washed completely in deionized water
prior to the tap water treatment. However, the significant difference in the iron content of
these two samples likely explains the difference in the final chromophore index of these
unbleached kraft pulp samples. Several researchers have found that ferric ions complex
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with catechol structures in the lignin model compounds to form colored complexes [19,
258, 419].

170

Chromophore Index

160
150
140
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100
DI Water, pH 7.30

Tap Water, pH 6.30

Figure 140. Chromophore index responses from a pulp sample completely washed
in deionized water and the same sample later rinsed in tap water. The difference in
the kappa numbers of these two pulps was not statistically significant.

10.5.3 Impact on Pulps with Varying Lignin Content
The impact of various metal cations was also investigated for unbleached kraft pulps
utilizing high and low chromophore index pulping conditions. Condition A had a 21.4%
EA and 23.2% sulfidity while Condition B had a 14.6% EA and 56.8% sulfidity. The Hfactor for these pulps was varied between 120 and 1150 to achieve two series of pulps
having a klason lignin content from 3.5-22%. The experimental conditions for these
pulps are outlined in Table 26.

458

The impact of calcium on the overall chromophoric properties of the Condition A and
Condition B kraft pulps is summarized in Figure 141. The calcium content in the pulp
generally increases as the klason lignin content increases. However, the rate of increase
is different for the two pulping conditions in this study. Under high effective alkali and
low sulfidity conditions (Condition A), the calcium content decreases linearly with a
decrease in the klason lignin. However, the decrease in calcium content is more gradual
for the low effective alkali, high sulfidity (Condition B) kraft pulps. The calcium content
is greater in the Condition A pulps at klason lignin contents above 13%.

This

relationship changes at lower klason lignin contents, where the Condition B pulps have a
greater amount of calcium than the Condition A pulps. The calcium content of the
Condition B pulps is approximately 700 mg/kg pulp greater than the Condition A pulps at
4% klason lignin. The Condition B pulps also have a lower chromophore index than the
Condition A pulps at the same klason lignin content. This is likely related to the work by
Werner et al. who indicated that black liquor lignin preferentially binds with calcium
ions. Under low effective alkali and high sulfidity conditions, the solubility of lignin in
solution is rather low. This could cause the dissolved lignin to precipitate onto the fiber,
carrying with it additional calcium ions, and thereby causing a darker pulp color. The
research by Janson and Palenius [165] on flow-through and batch cooking further
supports this data since they found that flow-through cooks produced pulps with much
higher brightnesses than batch cooks.
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Figure 141. Calcium content in the pulp as a function of the klason lignin for the
Condition A and Condition B unbleached kraft pulps. Condition A utilizes a high
effective alkali and low sulfidity while Condition B utilizes a low effective alkali and
high sulfidity, as summarized in Table 26.

Li and Reeve recently investigated the impact of calcium on the surface lignin and found
that calcium ions have a critical role in surface lignin, causing both an increased amount
of adsorbed lignin and also coagulation of the lignin, leading to an increased lignin
precipitation on the surface [167]. Meanwhile, Maximova and Stenius [169] found that
calcium and aluminum increases the amount of lignin adsorption on bleached kraft pulp
by inducing precipitation of lignin flocs onto the fibers. Therefore, it was of interest to
investigate the influence of calcium ions on the surface lignin of these pulp fibers.
Westermark [464] developed a technique to determine the content of lignin on the pulp
surface by selectively labeling the lignin by mercurization. This selective mercurization
is followed by determining mercury by ESCA. Figure 142 shows the calcium content as
a function of the surface lignin concentration. These results support the observations by
Li and Reeve [167] and Maximova and Stenius [169]. That is, the surface lignin content
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increases as the bulk calcium content in the pulp increases. The calcium concentration in
the Condition B pulps was greater than that of the Condition A pulps from 10-45%
surface lignin. However, the Condition A pulps had significantly higher bulk calcium
than the Condition B pulps above 45% surface lignin concentration. This provides
further evidence that the calcium in the pulp does not necessarily complex with
functionalities in the lignin macromolecule. Instead, calcium likely is bound to higher
molecular weight dissolved lignin [351, 424, 549] and precipitation of this lignin onto the
fiber could result in an increase in the pulp chromophore index.
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Figure 142. Calcium concentration in the pulp as a function of the surface lignin
concentration as determined by mercurization-ESCA for the Condition A and
Condition B pulps. Condition A utilizes a high effective alkali and low sulfidity
while Condition B utilizes a low effective alkali and high sulfidity, as summarized in
Table 26.
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The magnesium, manganese, and iron content in the Condition A and Condition B pulps
is summarized in Table 31. The manganese content decreases as the klason lignin
content of the pulp decreases. This behavior appears to be independent of the pulping
conditions, since Condition A and Condition B exhibit similar trends.

However,

Condition A pulps have a higher level of manganese than the Condition B pulps. The
magnesium content of the pulps is behaves differently for each pulping condition. The
magnesium content of the Condition A pulps decreases linearly with decreasing klason
lignin content. However, the Condition B pulps have a lower overall magnesium content
than that of the Condition A pulps and decrease gradually with the decreasing klason
lignin content. Meanwhile, the iron content appears to have no correlation with either the
amount of lignin present or the pulping conditions. This is likely due to the intractable
nature of iron.

462

Table 31. Summary of magnesium, manganese, and iron content from the ICP
analysis of Condition A and Condition B kraft pulps. Condition A utilizes a high
effective alkali and low sulfidity while Condition B utilizes a low effective alkali and
high sulfidity, as summarized in Table 26.
Condition
Mg
Mn
Fe
(mg/kg)

(mg/kg)

(mg/kg)

A-1

553

79.5

12.6

A-2

464

81.8

11.7

A-3

381

71.9

10.5

A-4

379

73.0

12.6

A-5

340

64.4

9.1

A-6

229

52.5

11.1

A-7

264

60.1

7.2

A-8

267

54.2

19.4

B-1

390

46.9

6.0

B-2

354

49.9

11.3

B-3

353

50.7

10.0

B-4

282

44.4

4.6

B-5

289

33.5

11.5

B-6

262

32.5

5.0

B-7

262

31.0

4.7

B-8

234

29.6

9.2

B-9

242

30.0

7.1

B-10

224

30.5

5.5
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10.5.4 Impact of Metals Removal Prior to Pulping
Several different treatments were explored to find the impact of removing certain metals
on the chromophoric properties of unbleached kraft pulps.

These treatments were

performed on wood chips at 10% consistency and 50°C for two hours. One treatment
was carried out by adjusting the pH to 3.0 with 1.0 M HCl. The other treatment was
carried out at a pH of 4.0 with 0.5% DTPA. The wood chips were washed thoroughly
with deionized water, air-dried, and pulped under Condition B kraft pulping conditions.
Table 32 summarizes the metals content for the wood chips after each treatment. These
results indicate that the DTPA removed the metals from wood more thoroughly than did
the acid treatment. Kangas et al. [427] found that acid washing of wood chips removed
the transition metals more thoroughly than chelation. However, the treatment conditions
for this study occurred at 50°C for two hours while those of Kangas et al. occurred at
room temperature for two days. In addition, these treatments were carried out 10%
consistency while those perfomed by Kangas et al. were carried out at approximately
6.25% consistency, allowing for better mixing. The calcium content of the wood chips
used in this study decreased by 26% for the acid treated wood chips while that of the
DTPA treated wood chips decreased by 44% relative to the untreated wood chips. The
magnesium content in the acid treated wood chips decreased by 35% while that of the
DTPA treated wood chips decreased by 54%. There were also significant decreases in
the manganese contents, decreasing from 30% in the acid treated wood chips to 70% in
the DTPA treated wood chips. Very little differences existed between the iron content of
the untreated wood chips and either the acid or DTPA treated wood chips. This is likely
due to the intractable nature of iron in wood and pulp. Brelid et al. [414, 415, 417, 550]
and Kangas et al. [427] had observed much higher levels of metals removal from the
wood chips. However, this is likely due to the higher temperatures [414, 415, 417, 550]
and longer treatment times [427] that were utilized in those studies.
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Table 32. Summary of selected metals from the ICP analysis of wood chips for
untreated, acid treated, and chelated wood chips.
Sample
Ca
Mg
Mn
Fe
(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Untreated

572

151

88

7

Acid treated

424

98

62

8

DTPA treated

320

69

26

9

The treated and untreated wood chips were subsequently pulped at 14.6% EA and 56.8%
sulfidity, or Condition B pulping conditions. Table 33 summarizes the metals contents
along with the kappa number and yield responses of the unbleached kraft pulps produced
from each treatment. The confidence interval on the pulp kappa number was ±2.1,
indicating that there was a significant decrease in the kappa number of the acid treated
pulp sample relative to the untreated, normal kraft cook. Kangas et al. [427] had reported
a decrease in the kappa number upon cooking acid-treated wood chips. However, the
decrease in kappa number observed by those researchers may not be statistically
significant. Brelid et al. [417] had also observed a significant decrease in the pulp kappa
number after cooking acid treated wood chips. However, those researchers utilized
temperatures up to up to 120°C during the acid treatment. A decrease in the kappa
number for pulps produced from acid treated wood chips could indicate that some acid
soluble lignin was removed during the treatment. The pulp yields in this study were not
statistically significant since the confidence interval on the pulp yield was ±1.1%. Brelid
et al. [417] had observed a significant decrease in the pulp yield on pulping acid treated
wood chips. However, this is again likely due to the high temperatures utilized during
the acid treatment.
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Table 33. Selected properties for pulp samples produced from untreated, acid
treated, and chelated wood chips. The confidence interval for the kappa number is
±2.1 kappa units while the pulp yield has a confidence interval of ±1.1%.
Sample
Kappa
Yield
Ca
Mg
Mn
Fe
Number

(%)

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Untreated

30.3

44.2

1700

242

30.0

7.1

Acid treated

25.8

44.3

692

196

25.7

14.1

DTPA treated

28.5

45.0

679

189

15.4

9.0

The calcium, manganese, and magnesium content of the pulps produced from acid treated
and chelated wood chips were significantly lower than the pulp produced from untreated
wood chips. This was also observed in the studies by Brelid et al. [414, 415, 417, 550]
and Kangas et al. [427]. The pulps treated from the chelated wood chips consistently had
lower metals contents than the pulps produced from the acid treated wood chips.
However, the difference in metals content for these two pulps is small. For example, the
pulps from acid treated wood chips had 59% less calcium than the normal kraft cook
while those from chelated wood chips had 63% less than the control kraft cook. The
manganese contents were similar, with the pulps from acid treated wood chips having
19% less manganese and those from the chelated wood chips having 22% less manganese
than the normal kraft cook. However, the chelation treatment caused a significantly
greater amount of magnesium to be removed. The pulps from chelated wood chips had
48% less magnesium while those from acid treated wood chips had 14% less magnesium
than the control kraft cook. The iron did not change significantly as a result of the
pretreatments, likely due to the intractable nature of iron in wood and pulp.
The chromophore index for each of pulps produced from treated and untreated wood
chips was examined. Each of the pulp samples were washed thoroughly and the pH was
adjusted to a pH of 6.5 ± 0.5 prior to analysis. The results are summarized in Figure 143.
The unbleached kraft pulps produced from the acid treated and chelated wood chips have
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a significantly lower chromophore index than that for the normal kraft cook. This was
not surprising for the pulps produced from acid treated wood chips since the kappa
number was also significantly lower for this pulp compared to the normal kraft cook.
However, the pulp produced from chelated wood chips had a similar kappa number to
that from the normal kraft cook. Despite the similarities in the pulp kappa number, the
pulps produced from chelated wood chips had a statistically lower chromophore index
than the normal kraft cook. This is likely due to the decrease in metals content, since
calcium, manganese, and magnesium were decreased significantly as a result of this
treatment.

160

Chrom ophore Index
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Normal Kraft
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Figure 143. Chromophore index results for pulps produced from untreated, acid
treated, and chelated softwood chips.
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Conclusions

This study further elucidated the chromophoric properties of unbleached kraft pulps. The
results of this study indicated that although the calcium content of the pulp decreases with
increasing effective alkali, there is no clear relationship between the pulp chromophore
index and the calcium content. Therefore, a cold acid treatment was performed on a
series of constant kappa number pulps to investigate the influence of metal cations. This
study showed that hexenuronic acid groups were retained while the metals content of the
pulps was decreased. This study also showed that the pulp chromophore index decreased
by an average of 47% after the cold acid treatment and subsequent pH adjustment to 6.5
± 0.5. Obviously, intractable metals like iron may also be responsible for some of the
color of unbleached kraft pulps, but could not be accounted for in this study. In addition,
this decrease in the pulp chromophore index indicates that there are other functionalities
or structures that are responsible for the remaining color of unbleached kraft pulp.
Interestingly, the greatest reduction in the pulp chromophore index after the cold acid
treatment was from a pulp cooked under low effective alkali, high sulfidity conditions,
and having a very high calcium content. Meanwhile, the lowest reduction in the pulp
chromophore index was from a pulp cooked under higher effective alkali, low sulfidity
conditions and having a lower calcium content. Principle component analysis indicated
that the calcium, magnesium, and manganese accounted for 98% of the variation in the
pulp chromophore index after a cold acid treatment. Calcium does not likely bind with
certain functionalities in the lignin. Instead, it likely induces precipitation or coagulation
of lignin back onto the fiber. Under low effective alkali conditions, the solubility of
lignin in solution is small. Since dissolved lignin has been shown to preferentially
chelate calcium ions, it is possible that dissolved lignin may be precipitating back onto
the fiber under the low effective alkali conditions. The dissolved lignin is much darker in
color than residual lignin from pulp. Further evidence of this phenomenon was observed
when the calcium content of the pulp increases as the surface lignin coverage increases.
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This study also showed that pulp washing can have a significant impact on the metals
content of unbleached kraft pulp. A portion of a pulp that was completely washed in
deionized water was subjected tap water for a given amount of time. The results from
this study indicated that while the calcium content of the pulp increased, the iron content
also increased almost four-fold, indicating that iron was likely responsible for the
chromophoric differences between the pulp washed completely with deionized water and
that rinsed with tap water. Calcium was not likely a significant contributor to the
chromophoric properties of pulp in this case since the pulp was completely washed and
free of the major portion of dissolved lignin.
This study also investigated the impact of treating wood chips with acid or chelant in an
effort to remove metals. The results showed that chelation treatment of wood removes
metals more efficiently than an acid treatment at the same temperature. The pulps
produced from these treated wood chips also showed significant differences in their
chromophoric properties. The acid treatment on wood likely removed some of the acidsoluble lignin, thereby decreasing the resulting pulp kappa number and the chromophore
index. However, the chelation treatment decreased the chromophore index primarily due
to the loss of metal cations.

By removing metals like calcium magnesium, and

manganese prior to kraft pulping, there were less of these metals present to induce
dissolved lignin to precipitate back onto the fiber.

Acknowledgements

The authors would like to thank Drs. Elder, McDonough, Runge, and Singh for their
guidance as well as the Institute of Paper Science and Technology and its member
companies for their support of these ongoing studies. The authors would like to express
their gratitude to T. Kolterman and M. Dye at Bowater Incorporated for providing the
investigators with wood supplies. Special thanks are owed to Anette Heijnesson Hultén,
Chalmers University of Technology for performing the mercurization on the handsheet
samples and to Marie Ernstsson of the YKI Institute of Surface Chemistry in Stockholm,

469

Sweden, for performing the ESCA experiments. The authors would also like to thank
Tabassum Shah and the IPST analytical department for digesting the wood and pulp
samples as well as collecting the ICP data. Portions of this work were used by T.J.D. as
partial fulfillment of the requirements for the Ph.D. degree at the Institute of Paper
Science and Technology.

470

10.6 Chapter 6: Enhancing the Chemical Basis for Improved Kraft Pulping with PS,
AQ, and PS/AQ

Thomas J. Dyer, David Vaaler, Zhinan Feng, Størker T. Moe, and Arthur J. Ragauskas

Abstract

Norway spruce wood chips were cooked under kraft pulping conditions in the presence of
polysulfide (PS), anthraquinone (AQ), and PS/AQ in an attempt to investigate the impact
of these pulping additives on the chemical nature of the residual and kraft black liquor
lignin. The kraft pulps were analyzed for kappa number and yield to verify the practical
benefits of enhanced delignification (decreased cooking time) and improved yield. The
chromophoric properties of the PS, AQ, PS/AQ and normal kraft pulps were investigated.
The data suggested that PS pulps had a lower chromophore index than the other pulps in
this study. The residual and dissolved kraft lignins were isolated and characterized
employing advanced NMR and differential ionization UV/vis spectroscopy.

The

aliphatic hydroxyl units were enriched in the residual lignin from the PS, AQ, and PS/AQ
pulps, suggesting that PS and AQ influence the structure of residual lignin. Differential
ionization UV/vis spectroscopy indicated an increased amount of conjugated and
unconjugated phenolics in the dissolved kraft lignins, with PS/AQ dissolved kraft lignin
having the greatest concentration of conjugated and unconjugated phenolics, followed by
PS, AQ and conventional kraft dissolved lignin. The differential ionization UV/vis
spectra were also utilized to characterize some of the chromophores present in residual
and dissolved kraft lignins. The data suggested that phenolic α-carbonyl structures
correlated well with the chromophore index of the four pulps investigated and may be a
critical factor in determining the overall color or color differences between conventional
kraft, polysulfide, anthraquinone, and PS/AQ kraft pulps.
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Introduction

The predominant chemical pulping technology on a global basis is the kraft pulping
process. Nonetheless, this technology will continue to adapt as future challenges are
directed at the pulp and paper industry. For instance, the increasing costs of capital and
wood and a reduced focus on tear strength have renewed interest in improving pulping
yields and digester productivity.

Pulping additives such as polysulfide (PS) and

anthraquinone (AQ) have demonstrated the ability to enhance delignification and
improve pulping yields in both laboratory and mill applications. An anthology of papers
[551] describes these benefits while more recent research in this area is described by
others [120, 179, 552-571]. In addition, recent developments in oxidizing white liquors
have enhanced the practical application of polysulfide pulping [572].

Although

polysulfide and anthraquinone provide similar benefits, these additives increase the pulp
yield by entirely different mechanisms.

Polysulfide increases the total yield by

stabilizing the reducing end groups of carbohydrates, thereby preventing further alkaline
degradation. This will primarily increase the yield of short-chained hemicelluloses like
glucomannan [573]. Meanwhile, lignin model compound studies have suggested that
polysulfide is incorporated into the lignin macromolecule, resulting in the formation of βthiol adduct intermediates and subsequent degradation of enol ethers structures [574,
575].

Meanwhile, the reactions of anthraquinone involve oxidative and reductive

electron transfer reactions where the reductive chemistry provides the observed increases
in delignification rate and the oxidative chemistry provides subsequent yield benefits. An
increased rate of delignification will lower the extent of alkaline degradation of the
carbohydrates and will enhance the yield of both glucomannans and cellulose [576].
However, Chang [577] has also shown that anthraquinone has the ability to introduce
random chain cleavage due to homolytic oxidation followed by β-glucoxy elimination
and carbohydrate cleavage. Vaaler et al. [578] observed that this phenomenon causes a
decrease in the degree of polymerization (DP) of cellulose although the yield of cellulose
in anthraquinone cooks is greater than normal kraft cooks.
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In light of the practical benefits of using PS, AQ, and PS/AQ during kraft pulping, we
were interested in the fundamental impact of these pulping additives on the nature of the
residual lignin derived from these cooking technologies. The impact of anthraquinone on
delignification during kraft pulping is well known in the literature. Several researchers
have shown that AQ accelerates the fragmentation of lignin via cleavage of phenolic βaryl ether bonds and reduces carbohydrate degradation by oxidizing reducing end groups
to the corresponding aldonic acids [551]. Polysulfide reactions involving lignin have
been studied less extensively than AQ. Despite this, it has been shown that polysulfide
has the ability to introduce α-carbonyl and carboxylic acid groups into free phenolic units
[574, 575]. These carboxylic groups may increase the water solubility of lignin, thereby
reducing the need for lignin degradation. In addition, it was shown that polysulfide
attacks and degrades phenolic enol ether structures, which could facilitate more rapid
fragmentation of the lignin matrix. Several researchers have observed a synergistic effect
when polysulfide and anthraquinone are used in conjunction during kraft pulping [551,
559, 561, 563].
Despite these research efforts, few researchers have attempted to elucidate the nature of
the residual lignin from these additive pulping technologies. In addition, although several
researchers have investigated the bleachability of pulps produced with PS, AQ, and
PS/AQ, the authors found no research into the fundamental nature of the chromophores
originating in these unbleached pulps. Moe and Ragauskas investigated the impact of
oxygen delignification on a high yield PS/AQ pulp [120]. They found that high yield
kraft pulping with PS/AQ yields a residual lignin which is chemically different from that
of kraft pulps cooked to lower kappa numbers. The residual lignins from high yield
PS/AQ pulps exhibited a reduced level of phenolic and carboxylic acid groups. Oxygen
delignification of the PS/AQ pulp yielded residual lignins that were similar to lignins
extracted from kraft pulps of lower kappa numbers. In light of these findings, the
objective of this research was to elucidate the changes in the chemical nature of the

473

residual lignin of kraft pulps cooked with PS, AQ, and PS/AQ to lower, bleachable grade,
kappa numbers.

Experimental
Materials. The wood source employed for these pulping studies consisted of Norway

spruce chips obtained from a Norwegian newsprint mill. The wood chips were screened
according to SCAN CM 47:92 and the fraction between 2 to 6 mm was retained and airdried. All spectroscopy chemicals were purchased from Aldrich and used as received.
The p-dioxane was purchased from Aldrich and distilled over NaBH4 prior to using it.
The white liquor was prepared by dissolving Na2S • xH2O and NaOH to a sulfidity of 3035%. Polysulfide and anthraquinone were added when appropriate. Solid anthraquinone
(0.2%) was added to the pulping liquor prior to impregnation. The sulfidity in all pulping
experiments was adjusted before the addition of polysulfide so as to keep the sulfidity
constant at 30-35%. Sulfur is known to be converted to polysulfide as shown in Equation
1, and polysulfide will decompose thermally in the initial and bulk delignification phases
according to Equation 2 [579]. The value of n in Equations 1 and 2 is equal to 1.7.
2−

nS + HS − + HO − ⎯
⎯→ S n +1 + H 2O

Equation 1

S n +1 + (n + 1)HO − + (1 − n 4 )H 2O ⎯
⎯→(1 + n 2 )HS − + (n 2 )S 2O3 Equation 2
2−

2−

It was assumed that all of the polysulfide was converted according to Equation 2. The
polysulfide liquor has a lower initial sulfidity but increased to a sulfidity of 30-35% after
decomposition. The residual alkali (8-11 g measured as g NaOH/L) was also assumed to
be constant for the cooks performed in this study [573].
Kraft Pulping. An exact amount of wood (dryness measured by SCAN CM 39:94) was

swollen in water overnight and steamed at approximately 2 bar pressure for 30 minutes in
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a 2 L stainless steel autoclave. The amount of water and absorbed condensate was
determined. White liquor and additional make-up water was added to reach a constant
liquor to wood ratio of 3.5:1. The wood chips were impregnated with the white liquor for
15 minutes at 6 bar N2 pressure. The vessels were vented and placed in an electrically
heated rotating batch digester with eight vessels. The temperature in each autoclave was
increased as a ramp function from 23○C to a maximum cooking temperature of 163○C
over 90 minutes. The cook was interrupted at the appropriate H-factor and each vessel
was cooled immediately in a cold water bath. Table 34 lists the pulping conditions
employed for these studies.

Table 34.

Summary of pulping conditions.
Pulp
EA,
H-factor
% as NaOH

PS

AQ

(%)

(%)

Kraft

19.5

1400

-

-

PS

20.5

1400

1.6

-

AQ

19.0

1200

-

0.2

PS/AQ

20.0

1200

1.5

0.2

Hexenuronic Acids. The brownstock kraft pulps were analyzed for hexenuronic acids

(HexA) using the method developed by Chai et al. [451].

Recent studies in our

laboratory have shown that this method yields equivalent accuracy and precision to the
methods by Vuorinen et al. [70], Teleman et al. [69], and Gellerstedt and Li [454].
Briefly, a known weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in
a vial containing 10 mL of a hydrolysis solution. The hydrolysis solution contained 0.6%
mercuric chloride and 0.7% sodium acetate. The vial was sealed, mixed well, and placed
in a hot water bath (60-70ºC) for 30 minutes. After cooling, the solution UV absorption
at 260 nm and 290 was measured and recorded. The HexA content of the pulp was
calculated by the formula:
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CHexA = 0.287 ×

( A260 − 1.2 A290 ) × V

Equation 3

w

where CHexA is the HexA concentration in µmol/g o.d. pulp; A260 and A290 are the
absorbances at 260 and 290 nm, respectively; V is the volume of hydrolysis solution; and
w is the oven-dried weight of pulp. Typical standard deviations for replicates of the same
pulping conditions were 0.96 µmol/g pulp.
Carboxylic Acid Groups. The brownstock kraft pulps were analyzed for carboxylic

acid groups using the method developed by Chai et al. [455, 456]. Recent studies in our
laboratory have shown this method provides similar accuracy and precision as the more
common and standard methods for measuring bulk carboxylic acid groups [458-461] in a
much shorter time. Briefly, the fiber samples were first pretreated at 1% consistency
using a 0.1000 mol/L hydrochloric acid solution for 1 hour at room temperature,
magnetically stirring at a constant speed. The fiber sample was then dewatered in a
Büchner funnel, washed thoroughly with Nanopure water, and air-dried.

A known

weight of oven-dried pulp (0.05 o.d. grams) was weighed and placed in a headspace
testing vial. Subsequently, four milliliters of a 0.005 mol/L standard bicarbonate solution
mixed with 0.1 mol/L NaCl was added to the same headspace testing vial. The vial was
flushed with nitrogen for 15 seconds, mixed thoroughly, sealed with a septum, and placed
in a headspace sampler tray for HS-GC measurements.

All measurements were

performed on an HP-7694 Automatic Headspace sampler and Model HP-6890 capillary
gas chromatograph equipped with a thermal conductivity detector. GC conditions were
as follows: capillary column with ID = 0.53 mm and a length of 30 m (Model GS-Q
J&W Scientific Inc. Folsom, CA, USA) at 30ºC, carrier gas helium flow rate of 3.1
mL/min. Headspace sampler operating conditions were as follows: oven temperature of
60ºC, vial pressurized by helium with pressurization time of 0.2 min., loop equilibration
time of 0.05 min., vial equilibration time of 10 min. with strong shaking, and loop fill
time of 1.0 min. The GC was run in splitless mode. The method used is based on the
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reaction of a protonated carboxylic acid group with bicarbonate resulting in the formation
of carbon dioxide and water. The amount of carbon dioxide liberated can be used to
quantify the bulk acid groups of a known quantity of pulp. The carboxylic acid content
of the pulp was calculated by the formula:

CCOOH = 0.046 ×

(A

sample

− Ablank )
w

Equation 4

where CCOOH is the carboxyl group concentration in µmol/g o.d. pulp; Asample is the area
under the GC peak for the analyzed sample, Ablank is area under the GC peak for the
standard bicarbonate solution, and w is the oven-dried weight of pulp. Typical standard
deviations for replicates of the same pulping conditions were 0.85 µmol/g pulp.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis diffuse reflectance spectra were

recorded on a Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse
reflectance and transmittance accessory (Labsphere RSA-PE-90).

Background

corrections were recorded using a Labsphere SRS-99-020 standard. The reflectance data
were converted to k/s values by using the Kubelka-Munk theory (1931). The KubelkaMunk equation describes the infinite reflectance as a function of absorption and
scattering:

k
⎛k⎞ ⎛k⎞
R∞ = 1 + − 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

2

Equation 5

Equation 6

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
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curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient is negligible. Due to
the relationship with chromophore concentration, this total visible reflectance
measurement is also called the chromophore index of the pulp.
Carbohydrate Analysis. The pulps were enzymatically hydrolyzed with commercial

cellulase, mannanase, and xylanase (Röhm Enzymes Oy.) for 48 hours at 55ºC in
addition to 1 hour of acidic hydrolysis with 1 M trifluoroacetic acid at 100ºC. The
respective monosaccharides were detected by HPLC as described by Syverud et al. [450].
Briefly, the pyrolysis was performed with a filament pulse pyrolyzer (PYROLA-2000,
Pyrol AB, Lund Sweden). The pulp samples were placed on the pyrolysis filament and a
drop of water was added to improve the contact between the sample and the filament.
The water was removed by warm before the filament was mounted in the pyrolyzer. The
sample was then further dried in the pyrolysis chamber for 2 minutes prior to pyrolysis.
During pyrolysis, the pyrolysis chamber (maintained at 175ºC) was purged with helium
gas at a flow rate of 22 ml min-1 in order to transport the pyrolysis products quickly into
the GC column. Pyrolysis was set to 2 s, and temperature rise time to 8 ms.
The pyrolyzer was connected to an HP-6890 GC system and the gas flow was split to
allow 1/33 to enter the GC column. The injector temperature was 250ºC. The separation
was performed on a 30m x 0.25 mm i.d. fused silica capillary column (film thickness 1
µm) denoted DB 1701 from J&W Scientific. Carrier gas velocity was constant at 0.8
mL/min. Temperature settings were as follows: 100ºC, hold 2 min, increase 4ºC per
minute to 265ºC, hold 5 min.
The mass spectrometer was an HP-5973 Mass Selective Detector, operated in the electron
impact (EI) mode with ionization energy of 70 eV. The ion source temperature was
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230ºC. The scan speed was 5.27 scans s-1, and the mass range 35-300 amu. Between
each run the sample probe was removed and the column oven temperature was increased
to 280ºC for 20 minutes in order to remove the sample components completely from the
column.
The carbohydrate composition was determined according to Equation 7, where Glc, Man,
Xyl, Ara, and Gal are the relative amounts (in % by weight) of each monosaccharide in
the hydrosylate, corrected for the addition of one molecule of water per anhydrosacchride
unit during hydrolysis.
4
Glucomannan = Gal + Man
3
1
Cellulose = Glc − Man
3

Equation 7

Xylan = Xyl + Ara

Isolation of Kraft and Residual Lignins. The black liquor samples extracted at the end

of each cook were isolated by precipitating the lignin from solution by acidification. The
black liquors were first filtered through filter paper. Approximately 10 grams EDTA2Na+ was then added for every 1L black liquor. While stirring, the pH of the sample was
subsequently adjusted to ~5.0 with 1 M HCl. Approximately 50 mL of hydrochloric acid
is used for each 100 mL black liquor sample. Nitrogen gas was bubbled through the
samples overnight to remove any residual hydrogen sulfide gas. The samples were
subsequently frozen, thawed, centrifuged, and decanted. Each sample was washed by
dispersing it in water. The sample then went through another freeze, thaw, centrifuge,
and decant cycle and was subsequently freeze-dried.
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Residual lignin was isolated from the Pinus taeda kraft pulps in accordance with standard
literature methods [97, 104, 117, 465, 466]. The pulps were thoroughly washed with
deionized water and dried prior to Soxhlet extraction with acetone for 24 hours. A 5000mL three-necked round-bottom flask equipped with a Friedrichs condenser was charged
with 100 g o.d. pulp (air-dried). The pulps were then refluxed with 0.100 N HCl in pdioxane at 4.00% consistency for two hours under an argon atmosphere. The solutions
were then cooled and filtered through a sintered glass filter and then through a Celite®
filter aid to remove fines. The solution was then neutralized and concentrated under
reduced pressure to approximately 10% of the original volume. Water (ca. 400 mL) was
added and the mixture was concentrated again under reduced pressure to remove the last
traces of p-dioxane. The resultant aqueous lignin solutions were acidified to pH 2.30
with 1.00 N HCl. The precipitate (i.e., the lignin) samples were collected, washed several
times, and freeze-dried. Lignin yields ranged from 45 to 48%.

Characterization of Kraft and Residual Lignins
NMR. The kraft black liquor and residual lignins isolated from the kraft, PS, AQ, and

PS/AQ treated pulps were characterized by 31P NMR. The NMR data was acquired with
a DMX 400 MHz Bruker spectrometer. The

31

P NMR experiments were conducted in

accordance with standard literature methods [111, 117, 466, 467].

NMR Error Analysis.

The NMR error analysis was performed by repeating the

isolation of the conventional kraft brownstock residual and dissolved lignins three times
under identical conditions and comparing the results. The isolated lignin samples were
then phosphitylated and analyzed by 31P NMR, as described above. A confidence level at
a 95% confidence interval was calculated by using the standard deviations along with the
Student’s t-value. The confidence intervals for the residual and dissolved kraft lignin
functional groups acquired by

31

P NMR are illustrated in Table 35 and Table 36,

respectively.
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Table 35.

31

P NMR confidence intervals for residual lignin.

Functional group
Carboxyl OH
Guaiacyl OH
Condensed OH
Aliphatic OH

Average (mmol/g)
0.38
0.81
0.71
1.09

St. dev.
0.004
0.021
0.018
0.013

Confidence Interval
± 0.012
± 0.061
± 0.053
± 0.038

Table 36. 31P NMR confidence intervals for dissolved kraft lignin.
Functional group
Average (mmol/g)
St. dev.
Confidence Interval
Carboxyl OH
0.45
0.003
± 0.009
Guaiacyl OH
1.30
0.012
± 0.035
Condensed OH
1.05
0.015
± 0.044
Aliphatic OH
1.45
0.009
± 0.026

UV/vis Spectroscopy. The kraft black liquor and residual lignins were characterized by

differential UV/vis spectroscopy. The spectra of isolated lignins were measured in a 1:1
2-methoxyethanol/water (v/v) solvent.

The UV/vis experiments were conducted

according to standard literature methods [15, 28]. The UV/vis data was acquired with a
Lambda 900 UV spectrometer. Briefly, the absorption spectra were recorded from 200
nm to 800 nm using a pathlength of 10 mm, a bandwidth of 1.0 nm and a scan speed of
250 nm/min. The spectra were determined by adding 5 mL of the lignin solution (0.06
g/L in 1:1 v/v 2-methoxyethanol and deionized water) to 1 mL of either phosphate buffer
at pH 6.5 (neutral spectra) or 0.6 M NaOH (for alkali spectra).

Typical standard

deviations for the neutral spectra varied from 0.18 absorbance units at 230 nm to 0.0080
absorbance units at 700 nm for the same sample. Typical standard deviations for the
ionization spectra varied from 0.023 absorbance units at 230 nm to 0.030 absorbance
units at 530 nm for the same sample.
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Results and Discussion

10.6.1 Delignification and Yield Response
Based on previous literature reports, the practical benefits of polysulfide and AQ pulping
include improved yields and either enhanced delignification or decreased cooking time.
Table 37 summarizes the results of the kraft delignification and the unbleached ligninfree or total pulp yield. As expected, AQ and PS/AQ pulping conditions decreased the
cooking time while maintaining the same degree of delignification. In addition, PS, AQ,
and PS/AQ kraft pulps exhibited higher total yields, indicating that carbohydrate reducing
end groups may be oxidized with these pulping additives. By using anthraquinone, the
total pulp yield increases due to a combination of increased rate of delignification and
decreased alkaline peeling. Meanwhile, using polysulfide causes an increase in yield due
to stabilization of the carbohydrates against peeling. These results are in accordance with
what is expected from the literature [576].

The impact of using polysulfide in

conjunction with AQ also appears to be a synergistic effect since the total yield obtained
for this pulping condition is greater than PS or AQ alone. These results have been
demonstrated in both laboratory and industrial applications [120, 179, 551-571].

Table 37. Summary of pulp properties for the conventional, polysulfide (PS),
anthraquinone (AQ), and polysulfide/anthraquinone (PS/AQ) kraft pulps.
Pulp

Kappa Number

Total Yield, %

Kraft

28.0

48.7

PS

27.0

50.8

AQ

31.0

50.1

PS/AQ

29.0

53.2
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10.6.2 Effect on Carbohydrates
The relative carbohydrate composition of the kraft, PS, AQ, and PS/AQ pulps was
accurately determined using a pyrolysis/GC/MS method developed by Syverud [450].
Table 38 summarizes the experimental results of the impact of conventional kraft, PS,
AQ, and PS/AQ pulping conditions on the pulp carbohydrate composition. Sjöström
[580] has shown that xylan yield loss is due to the dissolution of xylan into the hot
alkaline cooking liquor, while cellulose and glucomannan yield losses are due to the
peeling reaction. Retention of xylan is not significantly higher than conventional kraft
cooks for PS, AQ, or PS/AQ pulping. Kleppe [581] has shown that AQ increases the rate
of delignification considerably, similar to conventional cooking to higher kappa numbers.
The increase in carbohydrate yield can be explained by a shorter exposure to hot alkaline
liquor. In this sense, the carbohydrates undergo less oxidative cleavage reactions and
thus less peeling reactions. Only a small part of the increase in yield seems to correlate to
increased retention of cellulose [573]. AQ increases the cellulose and glucomannan
yields by the same magnitude. However, PS does increase the glucomannan yield but the
cellulose yield drops by 1%. The difference in cellulose retention between AQ and PS is
expected since polysulfide does not reduce the needed cooking time unless the
decomposition of polysulfide causes a high sulfidity. Meanwhile, when AQ is applied
(not in combination with PS), the increase in pulping yield is due to approximately equal
amounts of cellulose and glucomannan [576]. Regardless of the pulping process, the
retention of glucomannan correlates directly with the lignin-free yield; that is, as the
lignin-free yield increases, the retention of glucomannan also increases. In terms of
carbohydrates and yield, the synergistic effect of PS and AQ seen by many researchers is
mainly due to the higher retention of glucomannan, and to a smaller extent due to higher
retention of cellulose.
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Table 38. Influence of different pulping additives on the relative carbohydrate
composition of conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.
Pulp
Cellulose Xylose Glucomannan Lignin
(%)

(%)

(%)

(%)

Kraft

38.2

4.3

4.2

2.0

PS

37.3

4.6

6.6

2.3

AQ

38.8

4.4

4.9

2.0

PS/AQ

38.4

4.6

8.0

2.3

10.6.3 Effect on Acid Groups
Figure 144 shows the experimental results for the hexenuronic acid and carboxylic acid
groups as a function of the pulping process. Both polysulfide and anthraquinone cooks
showed decreases in the bulk carboxyl content. These results were not expected since
these additives were shown to prevent peeling reactions by oxidizing the reducing end
groups of carbohydrates from aldehyde to carboxylic acid groups. However, these results
also indicate that the approximate amount of carboxylic acid groups from lignin (bulk
carboxyl content – hexenuronic acid content) increases as a function of the total pulp
yield. That is, lignin undergoes further fragmentation in the presence of PS and AQ than
under conventional kraft pulping conditions. This increase in lignin fragmentation is
even more apparent when PS and AQ are used simultaneously. The carboxylic and
hexenuronic acid content is greatest in the PS/AQ pulp, perhaps owing to the synergistic
nature of PS and AQ in retaining carbohydrates and fragmenting lignin. Jiang et al. [571]
examined the bleachability of higher yield kraft pulps by investigating four different
black spruce pulps - one conventional reference kraft pulp, one high kappa number
conventional kraft pulp, one polysulfide (PS) pulp and one polysulfide-anthraquinone
(PS/AQ) pulp - using the D0EoDED and OD0EoDED sequences. The PS/AQ pulp had
the poorest response to D0EoDED and OD0EoDED bleaching. This is perhaps due to the
higher amount of hexenuronic acids in the PS/AQ pulps.
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Figure 144. Carboxylic and hexenuronic acid content as a function of conventional,
PS, AQ, and PS/AQ Norway spruce kraft pulps.

10.6.4 Effect on Pulp Metals
Table 39 shows the experimental results of the pulp metals for the conventional kraft, PS,
AQ, and PS/AQ pulps. Transition metals are known to complex with catechol structures
in the pulp matrix. These catechol-metal complexes are often colored [258]. However,
the results of Table 39 indicate that each of the pulps has approximately the same amount
of iron, magnesium, manganese, and calcium, independent of the pulping technology.
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Table 39. Effect of different pulping additives on the metals content of
conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.
Pulp
Calcium Manganese
Magnesium
Iron
(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Kraft

2230

36

138

10

PS

2330

43

129

8

AQ

1920

36

99

8

PS/AQ

2030

38

102

6

10.6.5 Effect on Pulp Chromophore Index and Brightness
The impact of different pulping additives on the pulp chromophore index and brightness
is summarized in Figure 145 and Figure 146. The results indicate that the PS pulps have
a lower chromophore index (higher brightness) than the conventional kraft pulp. Dyer
and Ragauskas [498] have earlier shown that the chromophore index increases as a result
of an increase in sulfidity. However, the total sulfidity in the pulps in this study remains
the same while the polysulfide concentration increases.

In this case, however, the

polysulfide may be incorporated into the pulp matrix and attached to the aromatic ring of
a C9 lignin unit. The electron-withdrawing properties of polysulfide may cause changes
in the chromophore system of the pulp, resulting in a lighter-colored pulp. In addition,
polysulfide has been shown to degrade enol ether and other extended conjugated systems
[574, 575], which could have an influence in determining the overall color of kraft pulp.
Interestingly, the results of Figure 145 and Figure 146 also indicate that the chromophore
index of the AQ pulps is statistically the same as that of the conventional kraft pulp. The
AQ pulps are cooked to a lower H-factor than the conventional kraft pulps, resulting in a
faster cook. However, Dyer and Ragauskas [498] have shown that time or H-factor is not
a statistically important variable in determining the pulp chromophore index. In addition,
one may anticipate that the red color of the anthraquinone would produce a red-colored
pulp. This, however, was not the case in these studies. In addition, the PS/AQ pulps
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exhibited a similar chromophore index to that of the AQ and conventional kraft pulps,
although the PS pulps had a lower chromophore index. Apparently there is no synergistic
effect in terms of the chromophore content of PS/AQ pulps. Rather, the anthraquinone
seems to dominate over the polysulfide in these pulps, resulting in no net statistical loss
of chromophores or gain in brightness.

Chromophore Index

82

78

74

70

Kraft

PS

AQ

PS/AQ

Figure 145. Pulp chromophore index results conventional, PS, AQ, and PS/AQ
Norway spruce kraft pulps.
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33.0

Brightness (%)

32.5

32.0

31.5

31.0

30.5

30.0

Kraft

PS

AQ

PS/AQ

Figure 146. Pulp brightness results from conventional, PS, AQ, and PS/AQ Norway
spruce kraft pulps.

10.6.6 Kraft and Residual Lignin Analysis
10.6.6.1 NMR Analysis
In light of the practical benefits, we sought to further elucidate the nature and structure of
the black liquor and residual lignin chemistry of PS, AQ, and PS/AQ pulping. Model
compound studies by Berthold and Gellerstedt [574, 575] have established that PS
pulping can accelerate the degradation of enol ethers during a kraft cook. In addition, the
effects of AQ on lignin during kraft pulping are well known. To further elucidate the
effects of PS, AQ and PS/AQ on kraft and residual lignins, we elected to isolate lignins
from the kraft cooks described in Table 34. The residual lignin samples were obtained
from the pulp using an acidic p-dioxane/water extraction procedure. Typically, this
yielded 45-48% of the lignin from the pulps. NMR analysis provides a facile means for
characterizing a variety of functional groups of lignin, including phenoxy and aliphatic
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units as well as carboxylic acid groups. The results of these analyses on kraft black
liquor and residual lignins are summarized in Figure 147 through Figure 150. The
aliphatic, phenoxy, and carboxy content of the isolated kraft lignins is consistently greater
than that of the residual lignins.

The increased amounts of phenoxy and aliphatic

hydroxyl groups in the black liquor lignins are undoubtedly due, in part, to cleavage of βO-aryl ethers during kraft pulping [50].
Figure 147 shows the aliphatic hydroxyl content of the kraft and residual lignin isolated
from the kraft, PS, AQ, and PS/AQ pulps. This analysis indicates that under PS, AQ, and
PS/AQ conditions the aliphatic hydroxyls are elevated.

In addition, these aliphatic

hydroxyls are even more resistant to pulping when PS and AQ are used in conjunction
during kraft pulping. These results also suggest that the application of PS/AQ influences
the structure of residual lignin and black liquor lignins.

1.7

Residual

BL

Aliphatic Hydroxyls
mmol/g lignin

1.6
1.5
1.4
1.3
1.2
1.1
1.0

Kraft

PS

AQ

PS/AQ

Figure 147. Aliphatic hydroxyl content of kraft and residual lignin isolated
conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.
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As shown in Figure 148 and Figure 149, the condensed at C5 and noncondensed at C5
phenolic groups follow similar trends. The change in phenoxy groups was minimal in the
PS, AQ, and PS/AQ when compared to the reference kraft pulp, especially for the
noncondensed at C5 phenolic groups. However, the increased amounts of phenoxy
groups in the kraft lignins are likely due, in part, to cleavage of β-O-aryl ethers during
kraft pulping.

1.2

Condensed C5 Phenolics
m mol/g lignin

Residual

BL

1.1
1.0
0.9
0.8
0.7
0.6

Kraft

PS

AQ

PS/AQ

Figure 148. Condensed C5 phenolic content of kraft and residual lignin isolated
from conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.
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Non-Condensed C5 Phenolics
mmol/g lignin

1.5

Residual
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1.2
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0.7

Kraft

PS

AQ
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Figure 149. Noncondensed C5 phenolic content of kraft and residual lignin isolated
from conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.

The carboxylic acid content of the kraft and residual lignins isolated from kraft, PS, AQ,
and PS/AQ pulps is shown in Figure 150. In general, the carboxyl group content of the
kraft lignins remains the same both with and without PS and AQ. However, a slight
decrease in carboxylic acids is observed in the residual lignins of these pulps.
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Figure 150. Carboxyl content of kraft and residual lignin isolated from
conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.

NMR analysis of the residual lignins also yielded data on 5-5’ and p-hydroxyphenyl units
in the residual lignin. Table 40 indicates no significant change in the p-hydroxyphenyl
units when compared to the reference kraft pulp residual lignin, indicating that phydroxyphenyl units are resistant to PS and AQ. However, a slight increase in 5-5’
structures was observed in the PS/AQ isolated residual lignin. The presence of these
structures compliments previous results that the amount of condensed structures
increased by adding PS, AQ, and PS/AQ [553, 566, 567, 571].

492

Table 40. 5-5’ and p-hydroxyphenyl units in residual lignins isolated from
conventional, PS, AQ, and PS/AQ Norway spruce kraft pulps.
Pulp
5-5’ units
p-hydroxyphenyl units
(mmol/g lignin)

(mmol/g lignin)

Kraft

0.38

0.08

PS

0.41

0.08

AQ

0.42

0.08

PS/AQ

0.41

0.07

Figure 151 summarizes the results of the apparent catechol and apparent 5-5’ unit
concentration as a function of the pulping process. The apparent concentration of the
catechol and 5-5’ units was taken as the concentration of each functional unit in lignin
multiplied by the klason lignin content of the pulp. The catechol groups can potentially
complex with cationic transition metals to form a colored complex. On the other hand,
they may also easily oxidize in air to form o-quinone structures [19]. The 5-5’ units are
extended phenolic systems that also have the potential to form colored complexes with
transition metals.

The PS pulps exhibited a greater apparent concentration of both

catechol and 5-5’ functionalities than that found in normal kraft pulps. However, the PS
pulps exhibited a lower chromophore index (higher brightness) than the conventional
kraft pulps. These results indicate that catechol structures and 5-5’ units may not be
crucial in determining the overall color of polysulfide kraft pulps.

Instead, other

conjugated structures may exist in the pulp matrix which are either in higher
concentration or have a higher molar extinction coefficient. The AQ and PS/AQ also had
a greater apparent concentration catechol and 5-5’ structures than the conventional kraft
pulps. Also, the chromophore index was slightly higher (lower brightness), especially in
the PS/AQ pulps. This data suggests that such chromophoric structures may be more
important determining the chromophoric properties in AQ and PS/AQ kraft pulps than in
PS pulps.
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Apparent Catechol

Apparent 5-5'

1.0

Apparent Concentration
mmol/g pulp

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Kraft

PS

AQ

PS/AQ

Figure 151. Apparent catechol and 5-5’ unit concentration in the conventional, PS,
AQ, and PS/AQ Norway spruce kraft pulps.

10.6.6.2 UV/vis Analysis
The isolated kraft and residual lignins from the kraft, PS, AQ, and PS/AQ pulps were also
analyzed employing differential UV/vis spectroscopy techniques. This UV/vis method is
uniquely suited to monitor changes in conjugated phenolics. The ionization difference
(∆εi) spectra are obtained by subtracting the spectrum of lignin recorded in neutral
solution from that recorded in alkaline solution. The UV/vis difference spectra of the
kraft and residual lignins are shown in Figure 152 and Figure 153, respectively. It is
generally considered that the UV/vis absorption properties of etherified lignin units are
unchanged in neutral and alkaline medium, whereas the absorption maximum bands of
phenolic moieties shift to longer wavelengths at high pH due to the ionization of phenolic
hydroxyl groups. Therefore, the differential UV/vis spectra recorded in the neutral and
alkaline pH range provide a convenient means of estimating the phenolic hydroxyl
groups.
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Figure 152 and Figure 153 show that PS/AQ kraft and residual lignins had local
maximum intensities at 250, 300, and 370 nm, while the other lignins had similar
difference spectra. This indicates that PS/AQ kraft lignins contain a high amount of
unconjugated phenolic lignin (peaks at 250 and 300 nm) and conjugated phenolic units
(peak at 370 nm). Thus, kraft pulping with simultaneous addition of PS and AQ broke
down the polymeric lignin matrix most significantly, implying a synergistic effect of PS
and AQ on kraft pulping. These results are unexpected since prior work on lignin model
compounds have shown that polysulfide readily reacts with lignin structures containing a
conjugated double bond. For this reason, research is currently being conducted to further
our understanding of this phenomenon.

It seems that AQ and PS/AQ pulps have

relatively high amounts of phenolic lignin units while in PS pulp the content of these
kinds of structures is lowest. Almost no peak shifts were observed in the residual lignins
from the polysulfide pulp.
These ionization difference spectra are also useful in analyzing the chromophore content
of residual and dissolved kraft lignins. The peak centered around 370 nm in the ∆εi
spectrum of dissolved and residual kraft lignin is composed of peaks due to phenolic o,pdihydroxystilbenes (λmax = 378 nm), p,p-dihydroxystilbenes (λmax = 356 nm), phenolic αcarbonyl units (λmax >>350nm) and possible other chromophores [15, 529]. The data in
Figure 152 suggests that an increase in phenolic α-carbonyl structures in the dissolved
lignin from PS, AQ, and PS/AQ pulps, with PS/AQ dissolved lignin having the greatest
concentration of such structures. Meanwhile, the residual lignins suggest different trends.
The data in Figure 153 suggests that the residual lignin from PS pulps has the lowest
amount of phenolic α-carbonyl structures compared to conventional kraft, AQ, and
PS/AQ residual lignins. Meanwhile, the residual lignins from the AQ and PS/AQ pulps
contained more of these functionalities than the conventional kraft residual lignin.
Coincidentally, the chromophore index and brightness follow similar trends as seen with
the phenolic α-carbonyl functionalities; that is, as the chromophore index increases, the
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phenolic α-carbonyl structures also increase in concentration. For this reason, such
structures may be important contributors to the chromophore index of conventional kraft,
PS, AQ, and PS/AQ kraft pulps.

PS-AQ

PS

AQ

Kraft

430

480

0.9

∆ε i

0.7
0.5
0.3
0.1
-0.1

230

280

330

380

530

Wavelength, nm
Figure 152. Differential ionization UV/vis spectra of kraft, PS, AQ, and PS/AQ kraft
dissolved lignins.

496

PS-AQ

PS

AQ

Kraft

430

480

0.9

∆ε i

0.7
0.5
0.3
0.1
-0.1

230

280

330

380

530

Wavelength, nm

Figure 153. Differential ionization UV/vis spectra of kraft, PS, AQ, and PS/AQ
residual lignins.
Conclusions

In summary, our results have shown that using anthraquinone, polysulfide, or PS/AQ can
provide several practical benefits. The total pulp yield increases with anthraquinone as a
result of an increased rate of delignification and decreased alkaline peeling. Meanwhile,
using polysulfide causes an increase in yield due to stabilization of the carbohydrates
against peeling. Anthraquinone increases the cellulose and glucomannan yield by the
same magnitude while polysulfide increases the glucomannan yield but causes the
cellulose yield to drop by almost 1%. The carboxylic acid groups in lignin increased
upon using PS, AQ, and PS/AQ, with PS/AQ having the greatest amount of such acid
groups. The chromophoric properties of these pulps were also investigated. It was
observed that polysulfide pulps provide a pulp with a lower chromophore content than
that from conventional kraft, anthraquinone, or PS/AQ pulps. This may be due to the
incorporation of the polysulfide into the lignin macromolecule.
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The electron-

withdrawing ability of polysulfide may cause the changes in the chromophore system of
the pulp, resulting in a lighter-colored pulp. Our results also suggest that the aliphatic
hydroxyl units were enriched in the residual lignin from the PS, AQ, and PS/AQ pulps
compared to the conventional kraft pulp. This implies that PS and AQ influence the
structure of residual lignin.

In addition, the residual lignin carboxylic acid groups

decreased as a result of the pulping additives, with the PS/AQ residual lignin having the
lowest concentration of carboxylic acids, followed by AQ, PS, and kraft residual lignins.
Meanwhile a slight increase in p-hydroxyphenyl groups was observed when employing
PS, AQ, and PS/AQ in the kraft cook. The apparent catechol and 5-5’ unit concentration
in each pulp was investigated. However, the data indicated that such structures may not
be critical in determining the differences in chromophoric properties of the conventional
kraft, PS, AQ, and PS/AQ pulps. Differential ionization UV/vis spectroscopy indicated
an increased amount of conjugated and unconjugated phenolics in the dissolved kraft
lignins, with PS/AQ dissolved kraft lignin having the greatest concentration of
conjugated and unconjugated phenolics, followed by PS, AQ and conventional kraft
dissolved lignin. In addition, differential ionization UV/vis spectra were utilized to
characterize some of the chromophores present in residual and dissolved kraft lignins.
The data suggested that phenolic α-carbonyl structures correlated well with the
chromophore index of the four pulps investigated and may be a critical factor in
determining the overall color or color differences between conventional kraft,
polysulfide, anthraquinone, and PS/AQ kraft pulps.
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10.7 Chapter 7: Laccase: A Harbinger to Kraft Pulping

Thomas J. Dyer and Arthur J. Ragauskas

Abstract

Southern pine wood chips were subjected to a series of laccase-mediator (LMS) biopretreatments for kraft pulping employing 2,2’-azino-bis(3-ethylbenzthiazoline-6sulfonate) (ABTS), 1-hydroxybenzotriazole (HBT), and violuric acid (VA) as mediators.
These studies were the first of their kind in demonstrating the potential of LMS as a
pretreatment to improve kraft pulping properties. The HBT bio-pretreatments had the
greatest impact on kraft pulping, enhancing delignification while concomitantly
increasing pulping yield.

13

C NMR analysis of black liquor lignins indicated increases in

the ratio of substituted to unsubstituted aromatic carbons, suggesting that lignin from
these bio-pretreatments may be more condensed than that obtained from a normal kraft
pulp.
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Introduction

Kraft pulping is the cornerstone of modern chemical pulp production and a key operation
in determining final pulp properties. Despite the predominance of this technology, the
kraft pulping process will continue to adapt as challenges are directed toward the pulp
and paper industry. Over the past several years, growing concerns over the use of
chlorine and chlorine-containing chemicals have forced the pulp and paper industry to
investigate not only alternative bleaching processes [488-493], but have also promoted
renewed interest in enhancing delignification and increased digester productivity [495497, 555, 582-597]. The benefits of enhancing digester productivity or increasing pulp
yields include reduced pulp manufacturing costs, improved wood utilization practices,
reduced operating costs, and improved profits. In addition, the advantages of enhancing
delignification include diminished environmental impacts due to decreased total reduced
sulfur (TRS) emissions, reduced chlorinated organics in the bleach plant effluents, and
reduced chemicals necessary for pulp bleaching.
One appealing approach for improving pulp yields consists of halting the kraft cook prior
to reaching the terminal phase. In the terminal phase of kraft pulping, the selectivity
between lignin and carbohydrates is significantly reduced, resulting in significant
degradation of pulp carbohydrates. Halting the kraft cook prior to reaching the terminal
phase reduces pulp carbohydrate losses but produces a pulp with a high lignin content
(kappa number 40-50). The residual lignin in these high kappa kraft pulps must be
removed through bleaching processes, typically an oxygen delignification stage. Several
research groups have reported that pulp yields can be increased in the range of 2-6% by
employing this approach [491, 495, 496, 583, 584].
Biotechnology provides an alternative approach for adapting to challenges faced by the
pulp and paper industry [598]. For example, lipase treatments have shown promise in
degrading pitch [599-604] while concomitantly improving paper strength properties due
to the formation of fatty acid groups [601]. Xylanases have been used to enhance the
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bleachability of pulps by improving the diffusion of entrapped lignin from the cell wall
[605-624]. Meanwhile, pectinases are used for improved bark removal and to improve
the cationic demand of pulps [623].
Several research groups have utilized fungal pretreatments in an attempt to improve
delignification and digester productivity in kraft pulping [624-636].

Wall et al.

demonstrated that pretreating hardwood chips with a colorless strain of Ophiostoma
piliferum improved kraft pulping efficiency by improving the penetration of pulping
chemicals into the wood chips [637]. They found a kappa number reduction of up to
29%, correlating to a 20% reduction in required active alkali. Furthermore, it was
demonstrated that these fungal pretreatments provided an increased degree of
polymerization and constant screened yield at a constant kappa number. Meanwhile,
Wolfaardt et al. pretreated Pinus patula wood chips with a strain of Stereum hirsutum
[632].

The results of these studies suggested that this fungal strain can provide a

substantial reduction in pulp lignin content or decrease the pulping time. However, the
reduction in lignin content came at the expense of reduced pulp yield and increased alkali
consumption. Hatakka et al. screened almost 300 wood rotting fungi and applied the
most promising fungi as pretreatments to spruce wood chips [638]. They showed that
fungi having both good growth characteristics and selectivity for lignin are difficult to
find.

They also observed decreased lignin contents and pulp yields due to fungal

pretreatment. As a result of these promising laboratory investigations, industrial studies
are currently underway.
Jacobs et al. attempted to mimic a selective fungal pretreatment system by applying an
enzyme mixture of hemicellulases, pectinases, and cellulases to sycamore wood chips
[639]. It was demonstrated that enzyme pretreatment of wood chips prior to kraft pulping
enhanced delignification while maintaining similar viscosities and pulp yields.

In

addition, the pretreatments resulted in pulps with higher brightness and enhanced
bleachability compared to the control kraft pulp. Jacobs et al. subsequently studied the
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impact of enzyme pretreatments on southern pine wood chips [640]. They demonstrated
that southern pine wood chips were delignified more efficiently after acetone extraction,
producing pulps with lower kappa numbers and rejects while having higher pulp
viscosities and yields.
Recent studies have shown the efficiency of employing lignin degrading enzymes, more
specifically, laccase-mediator systems (LMS), to delignify high kraft pulps [121, 467,
469, 488, 641]. Although laccase alone is ineffective in delignifying pulp fibers, it has
been shown to effectively oxidize phenolic compounds and phenolic lignin model
compounds [642-646]. In the laccase-mediator concept, diffusion limitations due to the
limited pore size of pulp fibers, as well as by the molecular size of extractable molecules,
are circumvented by adding a low molecular weight compound known as a mediator
[647]. Bourbonnais et al. first demonstrated the laccase-mediator concept when they
reported that laccase in the presence of 2,2’-azino-bis(3-ethylbenzthiazoline-6-sulfonate)
(ABTS) could effectively delignify kraft pulps [648]. Under the conditions employed for
the LMS, laccase oxidizes a mediator in the presence of oxygen. The enzyme oxidized
mediator then acts directly on lignin and results in efficient delignification. The reduced
ABTS mediator is subsequently reoxidized by laccase, resulting in a reduction-oxidation
cycle. A host of alternative mediators have been discovered, but the most effective
mediators in delignification usually contain N-OH functional groups, such as 1hydroxybenzotriazole (HBT), violuric acid (VA), and N-acetyl-N-phenylhydroxylamine
(NHA) [649, 650]. Despite their efficacy in delignification, these alternative mediators
are not as catalytic in nature as the ABTS mediator during the laccase-mediator reaction.
The redox potential of mediators has a great influence on its efficiency and reactivity. Xu
et al. examined the redox potential of N-hydroxy based mediators and found that for a
given pH, the redox potential was greatest in HBT, followed by violuric acid and NHA,
respectively [651]. Earlier redox potential studies by Bourbonnais et al. indicated that
the redox potential of ABTS was lower than violuric acid but greater than NHA [652].
Although all the redox potential measurements fall within a very narrow range, the redox
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potential difference between the mediator and laccase is an important factor in
determining the overall system reactivity and efficiency. Laccase-mediator systems have
typically been utilized for investigations on lignin model compounds, low-lignin kraft,
and sulfite pulps [442, 443, 653-662].
Chakar et al. have recently demonstrated that an LMS treatment, using HBT, VA, or
NHA as mediators, can remove significant amounts of lignin from high-kappa kraft pulps
[121, 467, 469, 488, 641]. NMR analysis of the high kappa kraft residual lignin in the
pulp after an LMS treatment indicated that the biotreatment extensively oxidizes C-5
noncondensed phenolic lignin structures, whereas C-5 condensed phenolic lignin
structures were resistant to oxidation. The primary product detected from these oxidative
treatments has been the formation of carboxylic acid groups. The efficiency of laccase
mediator systems on high kappa kraft pulps has been well established [469].
It was envisaged that by applying laccase mediator systems to wood chips, we could
enhance delignification during kraft pulping. The purpose of this study was to examine
the feasibility of employing LMS as a bio-pretreatment for kraft pulping. In addition, this
study investigates the impact of a LMS treatment on kraft pulp delignification, yield, and
chromophore content as well as on the structural changes in LMS effluent samples and
black liquor lignin.
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Experimental
Chemicals. All chemicals were purchased from Aldrich Co., Milwaukee, WI, and used

as received, except for p-dioxane and laccase. p-Dioxane was freshly distilled over
NaBH4 prior to using it for lignin isolation experiments. The laccase was NS51002
isolated from Trametes villosa and was donated by Novozymes Biotech, Franklinton,
NC.
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.
Laccase assay. Laccase activity was measured by monitoring the rate of oxidation of

syringaldazine according to Sealey [442, 443]. Briefly, one unit of activity (U) was
defined as the change in absorbance at 530 nm of 0.001 per minute per milliliter of
enzyme solution, in a 100 mM potassium phosphate buffer (2.2 ml) and 0.216 mM
syringaldazine in methanol (0.3 ml, pH 6.7). The procedure was carried out at 23°C.
The activity of the laccase was 4.27E + 07 U/ml of enzyme solution.

Laccase-mediator pretreatment procedure.

A 1000-ml capacity stainless steel

autoclave equipped with a pressure gauge and thermocouple was charged with 100 g of
o.d. wood chips. The consistency was adjusted to 12% with distilled water. ABTS,
HBT, or VA was charged in varying amounts (1.4 to 176 mmol/100 g o.d. wood chips) to
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the vessel with subsequent mixing. The pH of the solution was adjusted to 4.5 with
glacial acetic acid. Laccase (0.2 mL of enzyme solution/ g of o.d. wood chips) was added
and the reactor was sealed and pressurized with oxygen to 150 psig. The autoclave was
placed into an electrically-heated, rotating, multi-unit digester where the slurry was
brought to a temperature of 45ºC. The temperature was maintained throughout the
incubation period. After mixing for 2 hours, the wood chips were removed and washed
thoroughly with distilled water (5 L per 10 g of o.d wood chips) until the filtrate was pH
neutral and colorless. The pretreated wood chips were then subjected to kraft pulping
under varying conditions of alkali and sulfidity.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions;
more specifically, one pulping condition had a high effective alkali (EA) and low
sulfidity (Condition A) and another had a low effective alkali and high sulfidity
(Condition B). The individual vessels were then placed in a rotating, multi-unit digester.
The temperature in each autoclave was increased as a ramp function from 23ºC to a
maximum cooking temperature of 170ºC over 90 minutes.

The kraft cook was

interrupted at the appropriate H-factor and each vessel was cooled immediately in a cold
water bath. The cooked wood chips were disintegrated in an industrial blender and
screened and washed in a Valley screen.

The pulping conditions employed to

manufacture the pulps in this study are summarized in Table 41.
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Table 41. Summary of kraft pulping conditions. Both pulping conditions had a
maximum cooking temperature of 170ºC.
Condition

% EA

% Sulfidity H-factor

A

21.4

23.2

863

B

14.6

56.8

1151

UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (PELA-1000). The accessory is essentially an optical bench that
includes double-beam transfer optics and a six-inch integrating sphere. Background
corrections were recorded using a Labsphere SRS-99-020 standard. The reflectance data
were converted to k/s values by using the Kubelka-Munk theory (1931). The KubelkaMunk equation describes the infinite reflectance as a function of absorption and
scattering:
k
⎛k⎞ ⎛k⎞
R∞ = 1 + − 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠
k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

2

Equation 1.

Equation 2.

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration. The
total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient is negligible.
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Isolation of black liquor lignins. The isolation of black liquor or kraft lignins was

carried out following standard literature methods [62, 118]. In summary, the black
liquors extracted at the end of each cook were isolated by precipitating the lignin from
solution by acidification.

The black liquors were first filtered through filter paper.

Approximately 0.5 grams EDTA-2Na+ was then added for every 100 mL black liquor.
The pH of the liquors was subsequently adjusted to ~6.0 with 2 M H2SO4. The solutions
were stirred vigorously for 1 hour, further acidified to a pH of 2.3, and frozen at -20ºC.
After thawing the solutions, the precipitates were washed thoroughly with cold water,
collected, and air-dried. The kraft lignin precipitates were further purified by dissolving
them in a 9:1 dioxane:water solution. The aqueous solutions were filtered with celite and
the p-dioxane was removed under reduced pressure using a rotary evaporator. After
acidification to pH 2.3, the solutions were washed thoroughly with distilled water and
then freeze-dried. Finally, the kraft lignin samples were collected and Soxhlet extracted
with pentane for 8 hours to remove sulfur and other impurities. The purified kraft lignins
were dried under vacuum and used for subsequent NMR analysis.
13

C NMR Spectroscopy. Nuclear magnetic resonance (NMR) spectra were recorded on

a Bruker DMX 400 MHz spectrometer.

13

C NMR spectra were recorded under

quantitative conditions using an inverse gated pulse sequence with a 90º pulse, 14-s
delay, and a sweep width of 222 ppm [473]. All experiments employed 300-400 mg of
lignin/mL of (dimethyl sulfoxide)-d6 and were recorded at 50ºC. The free induction
decays were Fourier transform processed with 10 Hz line broadening and analyzed
according to reported chemical shifts for lignin functional groups [128, 663]. Lignin
spectra were integrated and the area for the aromatic signals was assigned a value of 6
[473] for the six carbons in an aromatic group; other integration areas were integrated
relative to this value. Hence, the integration regions were quantified as the number of
carbon atoms per aromatic unit. This method may overestimate the aromatic contribution
of lignin since some stilbenes and enol ethers are present in kraft and residual lignins.
Studies by Gellerstedt and Lindfors [49] have detected the formation of enol ethers
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during kraft pulping, and these types of structures could potentially contribute to the
apparent signal attributed to aromatic carbons, although their contribution would be less
than 10%.
Typical accuracy values reported in the literature for integrating the various functional
groups by

13

C NMR range from ±3-5% [473]. In these experiments, the error analysis

was based on reproducing the LMS biopretreatment utilizing VA as the mediator three
separate times. The black liquor lignin from each was isolated and analyzed. The
standard error calculated from these three treatments for the

13

C NMR experiments was

±3%.

Results and Discussion

To date, research efforts into biological wood chip pretreatments have focused on fungi
or mixtures of enzymes to improve the kraft pulping process [624-640, 664-666]. Our
research interests lie in applying laccase mediator systems as bio-pretreatments to kraft
pulping. Chakar et al. have already shown that laccase mediator systems effectively
delignify high-lignin kraft pulps [121, 467, 469, 488, 641]. Utilizing such a technology
may have positive impacts on wood utilization practices, since LMS have exhibited a
high selectivity toward lignin and not toward carbohydrates. The purpose of this study
was to examine the feasibility of employing LMS as a pretreatment to kraft pulping. This
was accomplished by applying three different mediators, ABTS, HBT, and VA, during
separate pretreatments. Since the conditions of each pretreatment were the same, we
could relate changes in pulping responses to different mediators. These changes in kraft
pulping were assessed by determining the structural differences in black liquor lignins as
well as by kappa, yield, and total reflectance of the pulps.
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10.7.1 Preliminary Studies
A series of preliminary experiments were employed to find the feasibility of using
laccase as a precursor to kraft pulping. The resulting kraft pulps were analyzed in terms
of the screened pulp yield and pulp kappa number.

10.7.1.1 Impact on Kappa Number
The kappa number responses of the control and LMS bio-pretreatments are found in
Table 42. The pretreated control samples labeled “control” employed conditions similar
to the LMS with the exception that laccase and a mediator were not present. The
pretreated mediator control experiments of ABTS, HBT, and VA were performed in the
absence of laccase. In order to compare the delignification responses, the mediators were
charged at the same molar equivalence in each experiment (i.e., all other experimental
conditions such as enzyme dosage, temperature, time, O2 pressure and pH were held
constant). For these experiments, the molar dosage of mediator was 44 mmol/100 g o.d.
wood chips. The pretreated laccase control experiments were performed in the absence
of a mediator and at a dosage of 0.2 mL of enzyme solution/g of o.d. wood chips.
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Table 42. Delignification responses to bio-pretreatment conditions for preliminary
studiesa. Condition A and Condition B pulping conditions are summarized in Table
41.
Treatment

Pulping Condition A

Pulping Condition B

Normal kraft

29.8

30.9

Control

29.7

30.8

ABTS

29.7

30.7

HBT

31.3

31.4

VA

31.8

31.0

Laccase

29.9

31.2

Laccase + ABTS

30.8

32.4

Laccase + HBT

27.2

27.8

Laccase + VA

35.5

32.6

a

Pulping Condition A had a confidence interval of ±1.5 kappa number units while
Pulping Condition B had a confidence interval of ±1.4 kappa number units.
Each treatment condition consisted of two pulping conditions; more specifically, one
pulping condition had a high EA (21.4%) and low sulfidity (23.2%) and another had a
low EA (14.6%) and high sulfidity (56.8%). The high EA, low sulfidity condition, or
Condition A, had an H-factor of 863 and a confidence interval of ±1.5 kappa number
units while the low EA, high sulfidity condition (Condition B) had an H-factor of 1151
and a confidence level of ±1.4 kappa number units. The kappa number data in Table 42
suggests there is no significant difference among the delignification responses in the
control experiments.

Early investigations on LMS have demonstrated that the

delignification response of a laccase treatment in the absence of a mediator is
insignificant. [442, 667]. In addition, both the laccase and mediator must be present in
order to achieve the greatest extent of delignification. The kappa number results from the
LMS bio-pretreatments clearly suggest that the treatment having the most promising
results employed HBT as the mediator. This pretreatment lead to nearly an additional
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10% delignification compared to the normal kraft pulp and was independent of the
pulping conditions employed. However, using ABTS and VA in the presence of laccase
actually increased the kappa number. This observation indicates possible grafting of the
mediator onto the pulp fiber [653]. This was also observed by Lund and Felby when
treating high-lignin content kraft pulp fibers with laccase and a mediator. They proposed
that the wet tensile strength improved, likely as a result of grafting the mediator, thereby
creating a cross-linked matrix around the fiber [668].

10.7.1.2 Impact on Pulp Yield
The screened pulp yield was also measured to further characterize the impact of these
LMS bio-pretreatments on kraft pulping. Screened pulp yield was measured by weighing
the air-dried pulp sample after screening and then correcting for the sample moisture
content. Again, all treatment conditions involved two pulping conditions, Condition A
and Condition B. A confidence interval of ±1.1% and ±0.9% was obtained for Condition
A and Condition B, respectively. One noticeable difference between the Condition A and
Condition B is obtained from the yield data in Table 43. It was expected that the lower
effective alkali and higher sulfidity conditions employed in Condition B would result in
higher screened yields than Condition A. These milder conditions are more likely to lead
to greater selectivity for lignin and higher retention of hemicelluloses [669]. The pulp
yield data in Table 43 are consistent with the kappa number data in Table 42; that is,
there is no significant difference among the yield responses for the control experiments.
However, the data from the LMS bio-pretreatments clearly indicate an increase in pulp
yield. The LMS treatments employing ABTS and VA had significant increases up to
3.6% for Condition A and 2.5% for Condition B. Based on the kappa number responses
of these treatments, these increases further validate the conclusion that the mediator is
likely grafting onto the pulp fiber.

The LMS bio-pretreatments employing HBT,

however, also experience significant increases in pulp yield. The yield increases are
1.6% and 2.5% for Condition A and B, respectively. Therefore, this pretreatment was
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able to achieve both enhanced delignification and increased yield under the conditions
employed in this study.

Table 43. Pulp yield responses (%) to bio-pretreatment conditions for preliminary
studiesa. Condition A and Condition B pulping conditions are summarized in Table
41.
Treatment

Pulping Condition A Pulping Condition B

Normal kraft

41.8

44.1

Control

42.7

43.4

ABTS

42.4

44.1

HBT

42.7

44.5

VA

42.7

44.7

Laccase

42.3

42.9

Laccase + ABTS

43.4

44.6

Laccase + HBT

43.4

46.7

Laccase + VA

45.4

46.7

a

Pulping Condition A had a confidence interval of ±1.5 % yield while Pulping Condition
B had a confidence interval of ±1.4 % yield.

10.7.2 Mediator Dosage Studies
The LMS bio-pretreatments employed in the feasibility portion of this study were
effective in enhancing delignification with a concomitant increase in pulp yield when
using HBT as the mediator. The other mediators, ABTS and VA, were not efficient in
terms of enhancing delignification.

Despite these results, we wanted to further

investigate the impact of mediator dosage on the performance of these bio-pretreatments.
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10.7.2.1 Impact on Lignin Content and Yield
The LMS bio-pretreatments for this portion of the study were performed in a similar
manner to those previously described in the experimental section. The exception is that
the mediator concentration was varied by employing dosages of 11, 22, and 44 mmol/100
g o.d. wood chips. In addition, this portion of the study employed only one pulping
condition since we were interested in the efficacy of the mediator and not the impact of
specific pulping conditions. The pulping condition employed for these experiments
involved 21.4% effective alkali and 23.2% sulfidity in the pulping liquor.

The

confidence interval associated with this pulping condition is ±1.5 kappa number units.
Each treatment condition was kraft pulped to an equivalent H-factor of 863.
Delignification responses of the LMS bio-pretreatments are shown in Figure 154.

Normal Kraft

L + ABTS

L + VA

L + HBT

36

Kappa Number

34
32
30
28
26
24
Normal Kraft

11
22
Mediator Dosage
(mmol/100 o.d. g wood chips)

44

Figure 154. Mediator dosage study results of kappa number measurements of LMS
bio-pretreatments using ABTS, VA, and HBT as mediators. The confidence level
associated with this pulping condition is ±1.5 kappa number units. The pulping
condition utilized for these experiments involved a high EA and low sulfidity.
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The kappa number of the LMS bio-pretreatments employing ABTS as the mediator
remained equal to or greater than the normal kraft pulp. However, the kappa number did
decrease with decreasing dosage of ABTS.
mediator responded differently.

The treatments employing VA as the

The minimum kappa number for these treatments

occurred at the 22 mmol/100 o.d. g wood chips concentration. Meanwhile, the kappa
number of treatments performed with HBT increased with decreasing mediator dosage.
Further experimentation may give rise to the optimal mediator dosage in each case.
However, the enhanced delignification obtained with HBT compared to ABTS and VA
suggests that using HBT as the mediator is the most promising mediator technology of
those employed under the conditions of these experiments. Chakar et al. demonstrated
that the delignification performance of an LMS employing VA as the mediator was
superior to that of HBT on a high-kappa kraft pulp [670]. The results achieved in LMS
bio-pretreatments are likely different since we are employing this technology on wood
chips. There are several potential differences in applying LMS to wood chips compared
to pulp.

For example, wood chips contain a higher proportion of extractives,

hemicellulose, and lignin compared to pulp. Therefore, the changes in kappa number
could be a result of oxidative chemistry with extractives. Wood chips also have less
exposed surface area than pulp and are even more diffusion-limited in terms of the
reactions that can take place than pulp. The smaller exposed surface area and diffusion
limitations in wood chips could potentially lead to decreased delignification responses
and different mediator efficiencies compared to those demonstrated for high- and lowkappa kraft pulp.
To further characterize the impact of varying mediator dosages for these LMS biopretreatments, the pulp yield was also measured. Figure 155 summarizes the results of
these measurements. The confidence interval associated with the pulp yield is ±1.1% for
the high effective alkali (21.4%) and low sulfidity (23.2%) pulping condition. The pulp
yield for treatments employing ABTS followed that of the kappa number; that is, as the
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kappa number decreased, the pulp yield also increased. The treatments involving VA
responded with decreasing pulp yields as the mediator dosage decreased. Pulp yields for
treatments involving HBT also increased with increasing mediator concentration with the
greatest change occurring between 22 and 44 mmol/100 o.d. g wood chips.
Normal Kraft

L + ABTS

L + VA

L + HBT

46
45

% Yield

44
43
42
41
40
Normal Kraft

11

22

44

Mediator Dosage
(mmol/100 o.d. g wood chips)

Figure 155. Mediator Dosage study results of pulp yield measurements on LMS biopretreatments employing ABTS, VA, and HBT as mediators. The confidence
interval associated with the pulp yield is ±1.1%. The pulping condition utilized for
these experiments involved a high EA and low sulfidity.

These yield results, together with kappa number results, reinforce that employing LMS
bio-pretreatments are feasible for kraft pulping. Further experimentation may be required
to find the most suitable mediator, mediator dosage, etc., to further enhance the
delignification and yield properties of these pulps.
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10.7.2.2 Impact on Diffuse Reflectance
Having characterized the bio-pretreated pulps for lignin content and pulp yield, we
proceeded further with our study by examining the total visible reflectance of the pulp
samples. Solid-state UV/vis diffuse reflectance spectroscopy is a powerful technique for
studying changes in chromophores and in chromophore content of lignin-containing
materials. By transforming reflectance data to k/s data via the Kubelka-Munk theory
(Equations 1 and 2), we generated k/s vs. wavelength spectra. Subsequently, the total
visible reflectance was taken as the area under the k/s vs. wavelength curve from 400 nm
to 700 nm.

The resulting total reflectance values are directly proportional to the

chromophore content of each pulp. Each total reflectance value is the average of five
measurements. Figure 156 summarizes the total visible reflectance results from the
mediator dosage study. The confidence level associated with the total visible reflectance
is ±2.3 units for the pulping condition utilizing a high effective alkali (21.4%), low
sulfidity (23.2%) and H-factor of 863.
Bio-pretreatments employing ABTS as the mediator had similar total reflectance to an
untreated, normal kraft pulp. These results appear to be a direct reflection of the kappa
number, which decreased with decreasing mediator concentration.

The treatments

involving VA as the mediator had consistently higher total reflectance than the normal
kraft pulp. In addition, the mediator dosage of these bio-pretreatments had little impact
on the total reflectance. Such is also the case with the LMS bio-pretreatments employing
HBT as the mediator. These treatments had approximately the same total reflectance
despite significant decreases in the mediator dosage. Also, the reflectance values of
pretreatments employing HBT were much smaller than normal kraft pulp. These results
suggest that the LMS bio-pretreatments removed leucochromophores, or potential
chromophores, prior to kraft pulping.
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Normal Kraft

L + ABTS

L + VA

L + HBT

Total Reflectance

100

90

80

70
Normal Kraft

11
22
Mediator Dosage
(mmol/100 o.d. g wood chips)

44

Figure 156. Results of the total reflectance measurements on LMS biopretreatments employing ABTS, VA, and HBT as mediators. The confidence
interval associated with the total reflectance is ±2.3 units. The pulping condition
utilized for these experiments involved a high EA and low sulfidity.

Interestingly, the laccase-mediator pretreated wood chips exhibited similar color
characteristics to that of the respective mediators while those wood chips pretreated with
only the mediator did not exhibit these characteristics. However, after kraft pulping, the
observed color differences in the laccase-mediator pretreated wood chips were no longer
apparent in the resulting pulps.

Instead, the pulps produced from laccase + HBT

pretreated wood chips had lower absorbances for all visible wavelength ranges while
laccase + ABTS pretreated wood chips had lower absorbances at all visible wavelength
ranges than the laccase + VA pretreated wood chips.
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10.7.3 Analysis of Black Liquor Lignins
The impacts of the LMS bio-pretreatments in this study were further analyzed by
examining structural changes in the black liquor lignin. The black liquor lignins from the
control and bio-pretreatments were isolated and characterized via quantitative 13C NMR.
This effective technique facilitated the characterization of several important lignin
functional groups including carboxylic acids, β-O-4 aryl ether structures, aromatics, and
methoxyl groups. Changes in the relative proportions of these functional groups provide
critical information on the nature of reactions involved in modern pulping reactions as
well as these LMS bio-pretreatments [61]. Table 44 and Table 45 illustrate the results of
these investigations. The pulping conditions utilized for the isolated black liquor lignins
were 21.4% EA and 23.2% sulfidity in the white liquor and an H-factor of 863.
Meanwhile, the mediator concentration of the LMS bio-pretreatments was 22 mmol/100
o.d. g wood chips.
The results shown in Table 44 indicate that relative to normal kraft pulp, the methoxyl
content did not significantly change in any of the LMS bio-pretreatments.

The

confidence level associated with the methoxyl content was ±0.03 methoxyl
units/aromatic ring. There have been several studies on both low- and high-lignin content
kraft pulps which indicated a general decrease in methoxyl content with an LMS
treatment [443, 469, 648, 667]. However, the amount of lignin removed during kraft
pulping is significantly greater than that removed during previous LMS bio-bleaching
investigations. Therefore, the change in methoxyl content in these black liquor lignins
may not be apparent simply due to the abundance of lignin removed during the kraft
pulping. In addition, these results may indicate that methoxyl structures in wood chips
are resistant to the LMS bio-pretreatments whereas they are not as resistant to LMS biobleaching treatments. The confidence level for the β-O-4 aryl ether content was ±0.01 βO-4 aryl ether units/aromatic ring.

The β-O-4 aryl ether structures also did not

significantly change in the LMS bio-pretreatments relative to the normal kraft pulp. As
shown in previous studies, the β-O-4 aryl ethers also tend to be resistant toward LMS
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treatments on low- and high-lignin content pulps [442, 469]. Although LMS treatments
on lignin model compounds have suggested that such structures are reactive toward LMS
[646, 648], the lignin macromolecule in wood and pulp is much more complex than a
dimeric model compound and a different selectivity may be occurring in pulp and wood.
This phenomenon may be due to the LMS having a higher affinity toward lignin
functional groups other than β-O-4 aryl ether structures [469].

Table 44.

Dissolved kraft lignin analysis of bio-pretreatment conditions.

Treatment

β-O-4 Aryl Ether Content

Methoxyl Content
(per aromatic ring)

a

(per aromatic ring)b

Normal kraft

1.1

0.33

Laccase

1.1

0.34

Laccase + ABTS

1.2

0.33

Laccase + VA

1.0

0.29

Laccase + HBT

1.1

0.29

a

The confidence level is ±0.03 methoxyl units/aromatic ring.
The confidence level is ±0.03 β-O-4 aryl ether units/aromatic ring.

b

The trend in carboxylic acid functional groups in Table 45 indicates no relative change in
this functional group relative to the normal kraft pulp. The exception here is the LMS
bio-pretreatment employing VA as the mediator. Previous studies on high- and lowlignin content kraft pulps suggested a general increase in such moieties [443, 469]. The
carboxylic acid content had a confidence interval of ±0.01 carboxylic acid units per
aromatic ring. The results in Table 45 also demonstrate that relative to the normal kraft
pulp, the ratio of the substituted to unsubstituted aromatics is enriched with the LMS biopretreatments.

This suggests that the lignin from these treatments may be more

condensed than the normal kraft pulp. These results reinforce the results of previous
studies that indicated LMS treatments are more selective toward noncondensed phenolic
structures [443, 469, 654]. Overall, it may be important to postulate that the eclectic
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behavior of LMS bio-treatments toward lignin functional groups is influenced by the
content and type of lignin present in the wood or pulp.

Table 45.

13

C NMR dissolved kraft lignin analysis of bio-pretreated pulps.

Treatment

Carboxylic Acid Content
a

Ratio of substituted to

(per aromatic ring)

unsubstituted aromatic C

Normal kraft

0.27

1.2

Laccase

0.26

1.3

Laccase + ABTS

0.33

1.1

Laccase + VA

0.40

1.8

Laccase + HBT

0.23

1.9

a

The confidence interval is ±0.01 carboxylic acid units/aromatic ring.

Conclusions

In summary, the enhanced delignification response clearly indicates that employing
laccase-mediator systems as a bio-pretreatment for kraft pulping is feasible on wood
chips. In addition, of the mediators employed in these studies, HBT was the most
effective in enhancing delignification while concomitantly increasing pulp yield. The
efficacy of the mediators could be enhanced by adjusting parameters such as mediator
dosage, treatment consistency and the like. In addition to improving delignification
performance and increasing pulp yield, the total reflectance of the LMS bio-pretreatments
was decreased. Spectral analysis of black liquor lignins isolated after kraft pulping
revealed an enrichment of condensed structures which suggests that the mediators
preferentially react with phenolic noncondensed structures while the phenolic condensed
structures remain intact. Nonetheless, our investigations into LMS bio-pretreatments for
kraft pulping suggest that differences exist in the delignification chemistry and selectivity
of HBT, VA, and ABTS. This is despite the fact that VA and HBT operate by way of
nitroxyl radicals [657]. As in the case with laccase mediator biobleaching applications,
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the practical viability of this novel discovery will require additional breakthroughs in the
development of more effective laccase mediator systems.
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10.8 Chapter 8: Modifying the Chromophoric Properties of Lignocellulosic Materials
using Oxidative and Reductive Chemistries

Thomas J. Dyer and Arthur J. Ragauskas

Abstract

A series of oxidative and reductive chemistries were utilized as wood pretreatments for
kraft pulping. The purpose of these pretreatments was to reduce the chromophore content
of the resulting brownstock kraft pulps. These studies showed that alkaline hydrogen
peroxide, sodium borohydride, and chelation pretreatments effectively reduced the pulp
chromophore index. The alkaline hydrogen peroxide and sodium borohydride likely
eliminated carbonyl-containing structures from the wood chips.

Meanwhile, the

chelation pretreatments removed calcium and magnesium, thereby producing a pulp with
a lower chromophore index. Different pulping conditions yielded different responses to
these pretreatments. Generally, the low effective alkali, high sulfidity conditions yielded
a better response to the pretreatments than a high effective alkali, low sulfidity condition.
This is perhaps due to the higher metals content and enrichment of hydroxyl-substituted
carbonyl-containing structures in the low effective alkali, high sulfidity pulping
conditions. Multiple pretreatments decreased the chromophore index to a greater extent
than a single pretreatment. However, the extent of this reduction was dependent on the
pulping condition, with the low effective alkali, high sulfidity pulps having the greatest
response to the multiple pretreatments. Overall, these pretreatments may provide further
insight into the causes for chromophore formation during kraft pulping.
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Introduction

The production of high value paper products involves removing lignin and chromophores
to produce high brightness pulps. As such, the knowledge of the physical and chemical
phenomena underlying the optical properties of a paper sheet is crucial.

The light

scattering and light absorption coefficients together determine the brightness and color
properties of a material. The scattering coefficient of a pulp is influenced by such factors
as particle size and shape, the degree of bonding between fibers, and the indices of
refraction of the fibers. The absorption coefficient is influenced to some extent by the
degree of bonding between fibers and the indices of refraction, but to a much greater
extent by changes in the cooking process, the degree of bleaching and brightness
reversion.

During papermaking operations, the absorption coefficient is primarily

influenced only by the addition of dyes, clay, dirt, and soluble impurities such as iron
compounds [219]. This means that the light absorption and scattering coefficients give
pertinent information when studying chemical and physical changes in a material.
Kraft pulping remains the dominant pulping technology in the world. This chemical
process is an effective means of removing lignin from wood by chemically altering it to
produce soluble fragments of the lignin polymer. In doing so, chromophores or light
absorbing groups are formed in both the resulting pulp and spent liquor. To this end, the
kraft pulping process negatively impacts the absorption coefficient, and therefore,
brightness and color properties of the pulp.
The first experimental work on the coloring matter of kraft pulps was done in 1933 by
Kuettel [3], who isolated small amounts of acid-insoluble colored materials from black
liquors produced by kraft pulping of slash pine.

He believed these materials were

oxidation or condensation products of a tannin and that lignin, flavones, and sulfur dyes
have only a secondary effect on the overall color of kraft pulp. Several studies followed
those of Kuettel’s [4, 5], but it was not until 1948 when Pigman and Csellak [7] were
among the first to conclude that lignin and its degradation products were responsible for
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the bulk of the color found in kraft pulps. Later studies by Hartler and Norrström [10, 18,
362] determined that lignin may be responsible for as much as 90% of the light
absorption coefficient in the visible region. Meanwhile, chromophores formed from
carbohydrates contribute only about 10% while extractives approximately 1% to the color
of kraft pulps. Numerous studies have since been conducted to determine the cause of
color in kraft pulps. However, these investigators have linked the chemical nature of the
chromophores to almost every wood component. Recent studies have indicated that
either carbohydrates or lignin cause the dark color of kraft pulps [8-16, 337, 506].
A number of structures have been implicated as chromophores in kraft pulps, including:
metal-catechol complexes [19-22], coniferaldehyde [19, 22, 23], quinone methides [22],
stable radicals [22], and quinones [19, 21, 22, 24-27]. Since lignin is rather difficult to
study due to its complex nature and the number of possible reaction sites, most of these
studies were performed on lignin model compounds or isolated lignins. Although the
degradation products of lignin are mostly responsible for the dark color of kraft pulps,
some chromophoric or leucochromophoric structures may be present in the native wood
lignin. Pew and Conners [373] observed that coniferaldehyde groups are the major
contributors to the color of native lignin in wood. Meanwhile, Imsgard et al. [19] have
shown in studies with spruce milled wood lignin that ortho-quinonoid structures are
present in small amounts and that these structures could account for as much as 35-60%
of the light absorption at 457 nm. Heitner and co-workers [381] observed that heating
wood in 0.25 mol/L sodium hydroxide at temperatures up to 150°C led to the formation
of at least two chromophores in lignin. The visible light absorption of one of these
chromophoric groups was eliminated by reduction with borohydride prior to the alkaline
treatment.

Minor and Smith made similar observations [387].

However, these

researchers then kraft pulped the pretreated wood chips and found that the intensity of the
FT Raman peak assigned to ortho-quinones or products of ortho-quinones was
significantly reduced when compared to that from the pulps produced from untreated
wood chips.
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More recently, Gellerstedt and Al-Dajani [351] performed wood pretreatments with
sodium borohydride and sulfuric acid, followed by kraft pulping. They observed that the
k/kappa ratio at 457 nm decreased compared to the control kraft cook. Other types of
wood pretreatments have also caused increases in the final brightness properties of kraft
pulps. For example, Dyer and Ragauskas employed a laccase + HBT bio-pretreatment
and observed significant losses in the chromophore content of the resulting kraft pulps
[671]. Jacobs et al. demonstrated that a hemicellulase and cellulase pretreatment on
sycamore wood chips resulted in pulps with higher brightness and enhanced bleachability
compared to the control kraft pulps [639].
In the present study, a series of wood pretreatments were carried out to investigate the
impact on the optical properties of bleachable grade brownstock kraft pulps. The wood
pretreatments employed in this study were carried out with the goal of diminishing the
impact of specific chromophoric or potential chromophoric structures on the overall color
of brownstock kraft pulps. Knowledge of the chromophoric chemistry and properties of
brownstock kraft pulps may suggest reasonable avenues for avoiding the formation of
color in the kraft pulping process.

Experimental
Wood. The softwood chips employed in this study originated from two 25-year-old

Pinus taeda trees that were donated by Bowater Incorporated, Greenville, SC. The wood
was debarked, split, and chipped at the Institute of Paper Science and Technology. After
chipping, the chips were screened by thickness with a Rader screen. Accept wood chips
were those that ranged from 2-8 mm in the thickness direction. The accept wood chips
were subsequently sorted by size with a chip class screen according to SCAN-CM 40:94.
The accept wood chips were those that passed through an oversize screen comprised of
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45 mm round holes and an overthick screen having 8 mm slots but remained on the
accepts screen which is composed of 7 mm holes.
Chemicals. The sodium borohydride was purchased from Aldrich Co., Milwaukee, WI,

and used as received. All remaining chemicals were purchased from VWR and used as
received.

Wood Pretreatment Procedures.

Wood pretreatments were performed at 10%

consistency. The pretreatments began by measuring the solids content of the wood chips
and using this information to accurately weigh 200.0 g of oven-dried (o.d.) wood chips.
Several different pretreatments were utilized, including ozone, hydrogen peroxide,
sodium borohydride, and different pH levels.
Ozone Pretreatments. The ozone pretreatments were performed in a CRS high-shear

reactor at 40ºC for approximately 30 minutes. The pH was not adjusted in one sample
while the other sample was adjusted to pH 4.0. The remaining wood pretreatments were
performed in 4 mm-thick, heat resistant Kapak pouches for a period of two hours. The
experimental conditions for the ozone pretreatments are summarized in Table 46.

Table 46. Summary of the experimental conditions employed in the ozone (Z)
pretreatments.
Sample ID
Consistency
Temperature
Time
pH Ozone Dosage
(%)

(ºC)

(min.)

(%)

Z-1

10.0

40.0

30.0

4.5

0.5

Z-2

10.0

40.0

30.0

4.0

0.5

Hydrogen Peroxide Pretreatments. The procedure for the hydrogen peroxide wood

pretreatments involved placing the wood chips into the Kapak pouch.

These

pretreatments included adding magnesium sulfate (MgSO4) at 0.05%, the pentasodium
salt of diethylenetriaminepentaacetatic acid (DTPA) at 0.2%, and sodium silicate
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(Na2SiO3) at 3% on wood. These three components were mixed with deionized water in
a small beaker. The hydrogen peroxide was added to this solution and mixed thoroughly.
The solution was introduced to the Kapak pouch, the beaker was rinsed thoroughly, and
the rinse was added to the Kapak pouch. The pouch was sealed, mixed thoroughly, and
placed in a water bath set at 70ºC. The pouch was mixed every 10-15 minutes throughout
the duration of the treatment. The reaction time for these hydrogen peroxide treatments
was two hours. Two different pH levels were used for these pretreatments; the pH was
not adjusted for one series of samples while the pH was adjusted to the alkaline range by
adding NaOH in a ratio of 4:3 H2O2:NaOH.

The experimental conditions for the

hydrogen peroxide pretreatments are summarized in Table 47. The conditions in the
control experiment labeled P-6 were such that the amount of NaOH applied was the same
as though hydrogen peroxide were added at the highest dosage investigated in these
studies (i.e., H2O2 at 8%). After the treatment, the wood chips were removed from the
pouch, filtered, and thoroughly washed with deionized water.
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Table 47. Summary of the experimental conditions employed in the hydrogen
peroxide (P) pretreatments.
Na2SiO3
Sample
Initial NaOH Dosage H2O2 Dosage MgSO4 DTPA
pH

(%)

(%)

(%)

(%)

(%)

P-1

9.73

-

-

0.05

0.2

3.0

P-2

9.72

-

1.0

0.05

0.2

3.0

P-3

9.59

-

2.0

0.05

0.2

3.0

P-4

9.51

-

4.0

0.05

0.2

3.0

P-5

9.30

-

8.0

0.05

0.2

3.0

P-6

11.8

6.0

-

0.05

0.2

3.0

P-7

10.9

0.75

1.0

0.05

0.2

3.0

P-8

11.0

1.5

2.0

0.05

0.2

3.0

P-9

11.1

3.0

4.0

0.05

0.2

3.0

P-10

11.2

6.0

8.0

0.05

0.2

3.0

ID

Sodium Borohydride Pretreatments. The procedure for the sodium borohydride wood

pretreatments involved placing the wood chips along with the deionized water into the
Kapak pouch. The sodium borohydride was added to the wood chips as a 10% solution.
The dosage of sodium borohydride varied from 0-10% on oven-dried wood. The pouch
was sealed immediately, mixed thoroughly, and placed in a water bath at 65ºC. Small
holes were poked into the top of the Kapak pouch so as to allow evolving gases to escape
the pouch. The pouch was mixed every 10-15 minutes throughout the duration of the
treatment. The reaction time for these sodium borohydride treatments was two hours.
Two different pH levels were used for these pretreatments; the pH was not adjusted for
one series of samples while the pH was adjusted to 10.0 for the other series of samples.
Table 48 summarizes the experimental conditions for the sodium borohydride
pretreatments.

After the treatment, the wood chips were removed from the pouch,

filtered, and thoroughly washed with deionized water.
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Table 48. Summary of the experimental conditions employed in the sodium
borohydride (B) pretreatments.
Sample Consistency Temperature
Time
pH
NaBH4 Dosage
ID

(%)

(%)

(ºC)

(hrs.)

B-1

10.0

65.0

2.0

4.82

-

B-2

10.0

65.0

2.0

9.35

0.5

B-3

10.0

65.0

2.0

9.54

1.0

B-4

10.0

65.0

2.0

10.1

5.0

B-5

10.0

65.0

2.0

10.3

10.0

B-6

10.0

65.0

2.0

10.0

-

B-7

10.0

65.0

2.0

10.0

0.5

B-8

10.0

65.0

2.0

10.0

1.0

B-9

10.0

65.0

2.0

10.0

5.0

B-10

10

65.0

2.0

10.0

10.0

Chelation Pretreatments. The procedure for the pretreatments entailing different pH

levels involved placing the wood chips along with the deionized water into the Kapak
pouch. In one series of wood chips, DTPA chelant was added at 0.2% on wood while the
other series involved no chelant. The pH was adjusted accordingly for both series of
wood chips, varying from pH 2.5 to pH 6.0. The pouch was sealed immediately, mixed
thoroughly, and placed in a water bath at 50ºC. The pouch was mixed every 10-15
minutes throughout the duration of the treatment. The reaction time for these hydrogen
peroxide treatments was two hours. The conditions in the experiments labeled Q-6 and
Q-12 were such that the pH was measured but not adjusted. After the treatment, the
wood chips were removed from the pouch, filtered, and thoroughly washed with
deionized water.
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Table 49. Summary of the experimental conditions employed in the chelation (Q)
pretreatments.
Sample Consistency Temperature
Time
pH
Chelant Dosage
ID

(%)

(ºC)

(min.)

(%)

Q-1

10.0

50.0

2.0

2.5

-

Q-2

10.0

50.0

2.0

3.0

-

Q-3

10.0

50.0

2.0

4.0

-

Q-4

10.0

50.0

2.0

5.0

-

Q-5

10.0

50.0

2.0

6.0

-

Q-6

10.0

50.0

2.0

4.1

-

Q-7

10.0

50.0

2.0

2.5

0.5

Q-8

10.0

50.0

2.0

3.0

0.5

Q-9

10.0

50.0

2.0

4.0

0.5

Q-10

10.0

50.0

2.0

5.0

0.5

Q-11

10.0

50.0

2.0

6.0

0.5

Q-12

10.0

50.0

2.0

8.1

0.5

The solids content of the air-dried wood chips was determined. This information was
used to accurately weigh 100 g oven-dried pretreated wood chips which were then
subjected to kraft pulping under varying conditions of alkali and sulfidity.
Kraft pulping. Conventional kraft pulping conditions were simulated in an electrically-

heated, rotating, multi-unit digester. An exact amount of wood (100 o.d. grams) was
charged to six individual 1 L stainless steel autoclaves. A mixture of sodium hydroxide
and sodium sulfide (white liquor) was also charged to the autoclaves with additional
make-up water to reach a constant liquor to wood ratio of 4:1. The exact amount of
sodium hydroxide and sodium sulfide was adjusted to meet specific pulping conditions;
more specifically, one pulping condition had a high effective alkali (EA) and low
sulfidity (Condition A) and another had a low effective alkali and high sulfidity
(Condition B). The individual vessels were then placed in a rotating, multi-unit digester.
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The temperature in each autoclave was increased as a ramp function from 23ºC to a
maximum cooking temperature of 170ºC over 90 minutes.

The kraft cook was

interrupted at the appropriate H-factor and each vessel was cooled immediately in a cold
water bath. The cooked wood chips were disintegrated in an industrial blender and
screened and washed in a Valley screen.

The pulping conditions employed to

manufacture the pulps in this study are summarized in Table 50.

Table 50. Summary of the kraft pulping conditions utilized in this study. Both
conditions utilized a maximum cooking temperature of 170ºC.
Condition % EA % Sulfidity H-factor

A

21.4

23.2

840

B

14.6

56.8

1080

Pulp Characterization
Pulp Properties. The pulp kappa number [444] and brightness measurements [447]

were performed according to TAPPI standard methods. Kappa number measurements
were the average of three titrations. Typical experimental standard deviations for the
brownstock pulps was 0.24 while for replicates of the same pulping conditions, the
standard deviation was 1.06 kappa units. Brightness measurements were the average of
five individual handsheets. The typical brightness standard deviation for five replicates
of one pulp was 0.14 while for replicates of the same pulping conditions it was 0.18
brightness units.
UV/vis Diffuse Reflectance Spectroscopy. The UV/vis spectra were recorded on a

Perkin-Elmer Lambda 900 UV/vis spectrometer equipped with a diffuse reflectance and
transmittance accessory (Labsphere RSA-PE-90). The accessory is essentially an optical
bench that includes double-beam transfer optics and a six-inch integrating sphere.
Background corrections were recorded using a Labsphere SRS-99-020 standard. This
method utilized the reflectance of 200 g/m2 handsheets prepared according to TAPPI
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Standard T 205 sp-95 [448]. The pH of the slurry and the water in the handsheet mold
were adjusted to a pH of 6.5 ± 0.5. Sheet samples were cut into 8 cm x 8 cm squares and
placed in the sample holder in a stack of 5 layers or the limit of thickness where the
addition of another layer would not change the absorbance of the stack (definition of R∞).
The reflectance data were transferred to a desktop computer and the calculations were
performed in Excel. The reflectance data were converted to k/s values by using the
Kubelka-Munk theory [263].

The Kubelka-Munk equation describes the infinite

reflectance as a function of absorption and scattering:

R∞ = 1 +

k
⎛k⎞ ⎛k⎞
− 2⎜ ⎟ + ⎜ ⎟
s
⎝s⎠ ⎝s⎠

2

k ⎛q⎞
= ⎜ ⎟c
s ⎝s⎠

Equation 1

Equation 2

where R∞ is the infinite reflectance, k is the absorption coefficient, s is the scattering
coefficient, q is a proportionality constant and c is the chromophore concentration [325].
The total visible reflectance was taken as the integral or area under the k/s vs. wavelength
curve from 400 nm to 700 nm. Based on the Kubelka-Munk theory, we can assume that
the total reflectance value is directly proportional to the total chromophore content. In
addition, we can assume that changes in k/s (∆k/s) are directly proportional to changes in
the chromophore content since the change in scattering coefficient is not significant. Due
to the relationship with chromophore concentration, this total visible reflectance
measurement is also called the chromophore index of the pulp.
Inductively Coupled Plasma Spectroscopy (ICP). The determination of trace metals in

wood and pulps was accomplished using Inductively Coupled Plasma (ICP) Emission
Spectroscopy. This technique requires the preparation of acid digests from representative
sample specimens to enable the instrumental analysis of metallic analytes. An oven-dried
wood or pulp sample (0.5-2.0 g) was digested in accordance with US EPA SW-846
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Method 3050A [462], employing a nitric acid, hydrogen peroxide, and hydrochloric acid.
Analysis of the sample digests was accomplished using a Perkin Elmer Optima 3000 DV
ICP Emission Spectrometer. This instrument, equipped with an autosampler and integral
computer workstation was configured to detect up to 30 elements simultaneously in less
than 5 mL of sample digest solution.

The principle analysis is the detection of

characteristic ultraviolet and visible light emission from metallic elements injected in a
high temperature argon plasma torch. To improve instrument performance, a yttrium
internal standard was added to each sample, standard, and blank to compensate for small
variations in sample flow rate, sample viscosity, acid concentration, and other
instrumental and chemical parameters. Quantification of the sample analytes is based on
the measurement of specific wavelength intensities and comparison against multi-point
calibration standards for each element. The method employed was from US EPA SW846 Method 6010A [463].

Results and Discussion

Research efforts into the optical properties of brownstock kraft pulps have identified
lignin as the wood component responsible for the majority of the light absorption
coefficient in the visible region [7, 9, 10, 14-16, 18, 337, 362].

Surprisingly, the

structures responsible for the light absorption wood and pulp are only qualitatively
known. The potential chromophores in wood and pulp include catechol-metal complexes
[19-22], quinones [19, 21, 22, 24-27, 387], and carbonyl groups [381].

Recently,

Gellerstedt and Al-Dajani [351] employed sulfuric acid and sodium borohydride as wood
pretreatments for kraft pulping. However, their focus was primarily on the subsequent
bleachability with oxygen and hydrogen peroxide.

Dyer and Ragauskas [671]

investigated the feasibility of using a laccase-mediator system as a wood pretreatment for
kraft pulping and found that the pulp chromophore index decreased when employing a
laccase + HBT treatment. The authors suggested that this treatment removed potential
chromophores in the wood prior to kraft pulping. In this study, a series of oxidative and
reductive treatments were employed on wood chips in an attempt to reduce or destroy
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some of the chromophoric and leucochromophoric structures in wood prior to kraft
pulping. The potential for each treatment was evaluated in terms of the change in the
physical and chemical properties of the treated wood and resulting kraft pulps.
Southern pine wood chips were pretreated with ozone, hydrogen peroxide, sodium
borohydride, and a chelant at varying dosages and pH levels. The pretreated wood chips
were then pulped under conditions two different pulping conditions.

One pulping

condition involved a low effective alkali and high sulfidity (14.6% EA, 56.8% sulfidity)
while the other condition involved a high effective alkali and low sulfidity (21.4% EA,
23.2% sulfidity). Previous studies by Dyer and Ragauskas [498] have elucidated the
chromophoric properties of these kraft pulps. Kraft pulps produced under low effective
alkali and high sulfidity conditions result in a high chromophore index (low brightness)
while those produced under high effective alkali and low sulfidity conditions yield a low
chromophore index (high brightness). It was envisaged that pulping the pretreated wood
chips under the high chromophore index conditions would allow us to investigate the
maximum potential for each of the pretreatments in this study.

Provided that the

pretreatment had potential in reducing the chromophore content in the brownstock kraft
pulp, the low chromophore index conditions would be employed to investigate the impact
of different pulping conditions on these wood pretreatments.

10.8.1 Ozone Pretreatments
Ozone was chosen as one of the pretreatments for this study due to its reactivity with
lignin. Ozone has the ability to oxidize aliphatic double bonds in potential chromophores
like stilbenes, styrenes, and enol ether structures. These reactions eventually lead to the
formation of carbonyl groups and hydrogen peroxide [672]. The pulping results for the
ozone pretreated wood chips are summarized in Table 51. The normal, Z-1, and Z-2 kraft
pulps were cooked to an H-factor of 1080.

These results indicate that the ozone

pretreatment had little impact on the final brownstock kraft pulp properties. The kappa
number decreased slightly when the ozone pretreatment was carried out at pH 4.0.
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However, the decrease in kappa number is not statistically significant since the
confidence level for this kraft pulping variable was ±2.1 kappa units. The yield values
also did not improve compared to the normal kraft cook. The poor delignification and
yield responses are likely owed to the mass transfer limitations of the wood chips.
However, it was initially anticipated that ozone would, at the very least, oxidize the
surface extractives of the wood chips. This surface oxidation would decrease the alkali
demand to reach a particular kappa number and perhaps increase the pulping yield.
However, these anticipated results were not observed. In addition, the chromophore
indices of these pulps were significantly higher than the normal kraft pulp. This may be
due to formation of colored carbonyl groups as a result of oxidation reactions of aliphatic
double bonds [381, 672].

Since the chromophore indices increased, the ozone

pretreatments were avoided in any further pretreatment studies with kraft pulp.

Table 51. Pulping results for untreated and ozone pretreated wood chips. The
conditions of the pretreatments are summarized in Table 46.
Pulp
Kappa
Yield
Chromophore
Brightness
Number

(%)

Index

(%)

Normal Kraft

30.3 ± 2.1

44.5 ± 1.1

141 ± 3

25.3 ± 0.3

Z-1

29.4 ± 2.1

44.8 ± 1.1

153 ± 4

25.5 ± 0.4

Z-2

26.5 ± 2.1

44.5 ± 1.1

150 ± 2

25.9 ± 0.4

10.8.2 Hydrogen Peroxide Pretreatments
Hydrogen peroxide was chosen for a pretreatment for its dual role in bleaching and
delignification. Hydrogen peroxide rapidly reacts with a variety of carbonyl-containing
structures in lignin. These carbonyl structures, especially quinones, have been implicated
as possible chromophoric structures in kraft pulps [19]. These conjugated carbonyl
structures are prone to react with the hydroperoxide anion under alkaline conditions
[673]. Meanwhile, hydrogen peroxide is also thought to dissolve lignin in alkaline media
through some of its decomposition products. Superoxide anions and hydroxyl radicals
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generated during the alkaline decomposition of hydrogen peroxide cause the oxidation of
lignin, thereby producing carboxyl groups and eventually causing cleavage of interunit
linkages [674, 675]. The terminal pretreatment pH, kappa number, and yield results for
the hydrogen peroxide pretreated wood chips are summarized in Table 52. These results
indicate that the terminal pretreatment pH decreased with increasing charge of hydrogen
peroxide. A pH decrease is typically observed due to the formation of acid groups from
bleaching reactions and the consumption of alkali in darkening reactions [676]. There
was, however, one exception to this general observation.

The terminal pH for the

pretreatment involving 8% hydrogen peroxide and 6% NaOH (P-10) increased from 11.2
to 11.7 relative to the initial pH. The catalytic decomposition of hydrogen peroxide
causes the formation of hydroxide ions, which effectively increases the pH [677]. Thus,
the degree of decomposition will certainly have an impact on the extent to which the pH
changes. The reason for this increase in pH was likely due to the amount of silicate used
in this pretreatment [676]. The silicate charged to each pretreatment remained the same
in these experiments, independent of the amount of hydrogen peroxide employed. Since
silicate acts as a buffer during hydrogen peroxide bleaching, an increased amount of
silicate with increasing hydrogen peroxide concentration would effectively neutralize the
base produced by preventing some decomposition of hydrogen peroxide [677]. The
kappa number responses to the hydrogen peroxide pretreatments indicate that the amount
of delignification was similar in most cases. The exception is the control experiment, P6, involving 6% NaOH and no additional hydrogen peroxide.

The kappa number

decreased significantly for this pretreatment, likely due to the high amount of NaOH.
This observation is a direct result of the delignification observed after treating the wood
chips under these conditions. A similar decrease in kappa number was not observed for
the P-12 pulp, although this pulp also had 6% NaOH during the pretreatment. This is
likely caused by the decrease in pH due to the presence of hydrogen peroxide during this
pretreatment.
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Table 52. Summary of terminal pretreatment pH and pulping responses for
hydrogen peroxide pretreated wood chips. The confidence interval for the kappa
number was ±2.1 kappa units while that for the yield was ±1.1%. The conditions of
the pretreatments are summarized in Table 47.
Pulp
Terminal Pretreatment
Kappa
Yield
pH

Number

(%)

P-1

8.3

28.4

45.5

P-2

7.6

27.5

45.1

P-3

6.9

27.8

44.7

P-4

6.5

28.3

44.8

P-5

6.5

27.3

45.1

P-6

11.7

20.9

44.1

P-7

9.7

26.9

44.6

P-8

9.9

25.8

44.7

P-9

10.8

24.5

43.9

P-10

11.7

25.2

48.3

The chromophoric properties of these pretreated kraft pulps were also investigated
through the chromophore index and brightness. Upon visual inspection of the pretreated
wood chips, those pretreated in the absence of sodium hydroxide (P-1 thru P-5) were
brightened to a much greater extent than those pretreated in the presence of sodium
hydroxide (P-6 thru P-10).

However, this visual observation may be due to the

equilibrium between quinone and phenol species. At higher pH, the quinone species is
known to dominate the equilibrium whereas the equilibrium will shift to the phenol
species at lower pH. Figure 157 summarizes the chromophore index responses from the
hydrogen peroxide pretreated kraft pulps. The results clearly indicate that the wood chips
pretreated in the presence of NaOH yielded a lower chromophore index than those
pretreated in the absence of NaOH. The pKa for the formation of the hydroperoxide

537

anion is 11.6 at 25 ºC. Therefore, elimination of chromophores should occur to a lesser
degree at lower pH values. Hydrogen peroxide also decomposes more rapidly at lower
pH than higher pH. The chemistry of the active species changes with variations in the
pH. At neutral or acidic conditions, hydrogen peroxide and its decomposition products
act primarily as electrophiles while at alkaline pH, hydrogen peroxide acts as a
nucleophile. Nucleophilic attack by the hydroperoxide anion under alkaline conditions
specifically

removes

conjugated

carbonyl

structures

such

as

quinones

and

coniferaldehyde [20, 400, 678]. Quinones may also be formed by the Dakin reaction of
hydrogen peroxide with para–hydroxy carbonyl structures [678, 679].

Meanwhile,

electrophilic attack by radicals formed from the decomposition of hydrogen peroxide
may result in the formation of more carbonyl structures, specifically of the quinonoid
type [680].
As anticipated, the chromophore index of the control experiment P-6 was significantly
lower than those experiments carried out with hydrogen peroxide. This is likely due to
the earlier observation that the kappa number was also significantly lower for this
experiment. The chromophore index for the alkaline hydrogen peroxide experiments (P7 thru P-10) generally decreased as the charge of hydrogen peroxide increased. The
reduction in chromophore index was the greatest when increasing the hydrogen peroxide
charge from 2% to 4%. In terms of chromophore reduction, there was little benefit of
increasing the hydrogen peroxide charge from 4% to 8%. The reason for this is likely
due to the complete decomposition of hydrogen peroxide, since the terminal pH of the
pretreatment increased relative to the initial pH, as shown in Table 52. For these reasons,
the 4% alkaline hydrogen peroxide was the experimental condition used in further studies
involving the impact of wood pretreatments on the brownstock kraft pulp chromophore
index.
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Figure 157. Results of the chromophore index measurements on kraft pulps
pretreated with hydrogen peroxide and in the absence or presence of sodium
hydroxide. The conditions of the pretreatments are summarized in Table 47.

The brightness responses for the hydrogen peroxide pretreated pulps are shown in Figure
158. These results provide further support the results shown with the chromophore
index. The pretreatments carried out in the absence of NaOH had significantly lower
brightnesses than those carried out in the presence of NaOH. The reason for this is likely
due to the chemical nature of the reactive species during each pretreatment. Under
neutral of acidic conditions, peroxide acts as an electrophile whereas under alkaline
conditions it will act as a nucleophile [678, 680].

The brightness increased with

increasing hydrogen peroxide charge. Again, the greatest increase in brightness was from
2% to 4% hydrogen peroxide charge while increasing the peroxide charge at the same
level of buffering had little impact on the brightness properties of the brownstock kraft
pulps.
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Figure 158. Results of the brightness measurements on kraft pulps pretreated with
hydrogen peroxide and in the absence or presence of sodium hydroxide. The
conditions of the pretreatments are summarized in Table 47.

10.8.3 Sodium Borohydride Pretreatments
Sodium borohydride was chosen as a pretreatment for its ability to reduce carbonyl
structures to the corresponding alcohol.

Carbonyl groups, especially those of the

quinonoid and coniferaldehyde type, are potential chromophoric structures in kraft pulps
[19, 21-27].

In addition, sodium borohydride should result in higher retention of

glucomannans due to lower peeling reaction [681]. Therefore, chromophore formed as a
result of degradation of glucomannans should also be reduced or eliminated [11, 395,
506]. Sodium borohydride also has the ability to reduce metal the valency of metal
cations. Therefore, the formation of some metal-catechol complexes should also be
reduced. The kappa number, and yield results for the hydrogen peroxide pretreated wood
chips are summarized in Table 53. The impact of pretreatment pH had little impact on
the final kappa number or pulp yield. The pulps pretreated under a controlled pH of 10.0
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(B-6 thru B-10) had the same kappa number as those produced under uncontrolled
conditions (B-1 thru B-5). In addition, the kappa numbers for all the pretreatments were
statistically equivalent, meaning that the dosage of sodium borohydride had little impact
on the kappa number of these brownstock kraft pulps. The pulp yield values also
indicated that there was no statistical difference between the wood chips pretreated under
controlled pH conditions compared to those produced under uncontrolled conditions. In
addition, the normal kraft pulp had a yield of 44.2% (data not shown). Therefore, there is
a small yield increase due to the sodium borohydride pretreatment. This effect is most
noticeable at the higher charges of sodium borohydride. Gellerstedt and Al-Dajani [351]
observed significant increases in the pulp yield at only 1% sodium borohydride charged
on oven-dried wood.

However, these researchers utilized different conditions of

alkalinity both during the pretreatment and during the cook.

Table 53. Summary of pulp kappa number and yield for the sodium borohydride
pretreated wood chips. The confidence interval for the kappa number was ±2.1
kappa units while that for the yield was ±1.1%. The conditions of the pretreatments
are summarized in Table 48.
Pulp
Kappa Number
Yield (%)

B-1

28.0

45.5

B-2

25.7

44.5

B-3

27.4

44.4

B-4

28.4

45.9

B-5

25.8

47.0

B-6

25.8

44.3

B-7

28.0

44.7

B-8

24.8

44.4

B-9

25.5

46.5

B-10

27.0

46.7
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The chromophoric properties of these pretreated kraft pulps were also investigated
through the chromophore index and brightness. Upon visual inspection of the pretreated
wood chips, there was no significant difference between those wood chips pretreated
under uncontrolled pH conditions (B-1 thru B-5) and those pretreated under pH 10.0
conditions (B-6 thru B-10). Figure 159 summarizes the chromophore index responses
from the sodium borohydride pretreated kraft pulps. The results clearly indicate that the
chromophore index for the wood chips pretreated under uncontrolled pH conditions (B-1
thru B-5) did not significantly differ from those pretreated under pH 10.0 conditions. In
addition, the chromophore index increased as the amount of sodium borohydride in the
pretreatment increased for both series of pulps. This was anticipated due to the results
observed in studies by Gellerstedt and Al-Dajani [351], Heitner and co-workers [381] and
Minor and Smith [387]. Reduction of quinonoid, coniferaldehyde, and other carbonylcontaining species as well as metal cations could result in significant reductions in the
chromophore content of kraft pulps. The greatest reduction in the chromophore index
occurred when increasing the dosage from 0.5% to 1.0% on wood.

However, the

condition employing 10% sodium borohydride on wood had the greatest reduction in the
chromophore index relative to the control and was therefore utilized in further
pretreatment experiments. Brightness responses were similar to those obtained with the
chromophore index. However, increases in the sodium borohydride charge during the
pretreatment increased the brownstock kraft pulp brightness.
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Figure 159. Results of the chromophore index measurements on kraft pulps
pretreated with sodium borohydride under controlled and uncontrolled pH
conditions. The conditions of the pretreatments are summarized in Table 48.

10.8.4 Chelation Pretreatments
Chelation was chosen as a pretreatment to kraft pulping for its ability to eliminate metal
ions in wood. Metal ions are known to form colored complexes with catechol structures
and are potentially important in determining the chromophoric properties of kraft pulps
and black liquors [19-22]. In addition, chelation could reduce the amount of divalent
metal cations such as calcium, manganese, and magnesium, thereby increasing fiber
swelling and decreasing the possibility for lignin precipitation at the end of the cook. The
wood chips in these experiments were chelated in two ways. One method involved
adjusting the pH between 2.5 and 6.0 while the other method involved both the DTPA
chelant and pH adjustment. The DTPA chelant was charged at a constant 0.5% on wood.
The content of calcium, magnesium, manganese, and iron in the resulting kraft pulps is
summarized in Table 54.

These results indicate that decreasing the pH in the
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pretreatment generally decreases the amount of calcium, magnesium, and manganese in
the pulp. This result is independent of the presence or absence of the DTPA chelant.
However, the presence of a chelant in series Q-7 thru Q-12 generally decreased the
content of all metals examined compared to the pretreatments occurring in the absence of
a chelant (Q-1 thru Q-6). Overall, iron was most affected by the presence or absence of
the chelant. Apparently, a chelant and pH adjustment is required to significantly reduce
the iron content in wood or pulp [682]. Kangas et al. [427] investigated the effects of
cobalt, copper, iron, manganese, and nickel metal ions in a conventional batch kraft cook.
These researchers conducted a series of kraft cooks where these metal ions were removed
from spruce and pine wood chips by water washing, acid washing, or chelant washing. In
addition, another set of kraft cooks was performed on wood chips impregnated with
varying levels of metal ions. The results of this study indicated that pretreatment of the
wood chips with either acid washing or chelation reduced the metals content
considerably; however, acid washing removed the transition metals more thoroughly than
chelation. Copper ions were difficult to remove by either acid washing or chelation, but
the acid washed wood chips contained lower levels of manganese, magnesium, and
calcium than chelated wood chips. Our results indicate that additional metals were
removed with chelation and an acid treatment. However, Kangas et al. did not adjust the
pH to lower levels when utilizing only the chelant.
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Table 54. Selected metals contents for kraft pulps produced from chelated wood
chips. The conditions of the pretreatments are summarized in Table 49.
Pulp
Calcium
Magnesium
Manganese
Iron
(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

Q-1

702

201

27

20

Q-2

692

196

26

14

Q-3

872

231

37

16

Q-4

835

225

38

17

Q-5

833

210

36

11

Q-6

887

246

35

12

Q-7

633

185

16

14

Q-8

730

211

20

6

Q-9

679

189

15

9

Q-10

739

204

19

8

Q-11

812

212

20

30

Q-12

797

216

22

11

The kappa number and yield results are shown in Table 55.

These chelation

pretreatments had little impact on the pulp kappa number or yield in this study. The
delignification response for each condition was statistically the same, independent of the
calcium or magnesium of the resulting pulp. Mao and Hartler observed significant
increases in the pulp kappa number upon increasing amounts of calcium in the pulp
[425]. In addition, studies by Sundin and Hartler [424] showed that washing spruce kraft
pulp in the presence of calcium ions at alkaline pH increased the kappa number of the
pulp compared to a pulp washed in the absence of calcium ions. The kappa number
increased by as much as 15 units in the presence of 5 mmol/L calcium ions. A similar
effect on the kappa number at 25°C was also observed at 90°C. Sundin and Hartler
mention that during pulp washing, the kappa number of the pulp increased with
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increasing calcium content at pH values between 9-12. However, the effect was less
noticeable at pH 13 conditions, likely due to the formation of CaOH+ and Ca(OH)2.
However, the differences in the metals content in this study may not be significant
enough to observe trends similar to those of Mao and Hartler [425] and Sundin and
Hartler [424]. The kappa number and yield also were not significantly impacted by the
change in pretreatment pH. Gellerstedt and Al-Dajani [351] observed a similar trend
with both the kappa number and yield measurements when comparing a reference kraft
pulp to one pretreated with sulfuric acid.

Table 55. Summary of pulp kappa number and yield for the chelation pretreated
wood chips. The confidence interval for the kappa number was ±2.1 kappa units
while that for the yield was ±1.1%. The conditions of the pretreatments are
summarized in Table 49.
Pulp
Kappa Number
Yield (%)

Q-1

28.2

44.9

Q-2

25.8

44.3

Q-3

28.3

45.2

Q-4

27.0

44.0

Q-5

27.5

44.2

Q-6

26.0

44.6

Q-7

28.2

45.4

Q-8

25.9

44.3

Q-9

28.5

45.0

Q-10

29.5

44.4

Q-11

29.1

44.6

Q-12

27.5

44.3

The chromophoric properties of these pretreated kraft pulps were investigated through the
chromophore index and brightness measurements.

Figure 160 summarizes the

chromophore index responses from the chelation pretreated kraft pulps. In general, the
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presence of the DTPA chelant had little influence on the pulp chromophore index.
However, pH did have an influence on the pulp chromophore index, with the greatest
reduction in the chromophore index occurring at pH 2.5 or 3.0.

In general, the

chromophore index decreased as the amount of calcium in the pulp decreased. Our
results are also supported by a number of other researchers.

Brelid et al. [417]

investigated the removal and redistribution of metal ions in spruce wood chips during
kraft pulping. These researchers found that during kraft pulping, calcium is precipitated
as calcium carbonate when the temperature approaches the cooking temperature. A
subsequent study by Brelid [414] and Lindgren et al. [426] showed that acid leaching
before cooking yielded higher pulp brightness. This was attributed partially to a slightly
better delignification in the acid pretreated wood chips (1.5 kappa units lower than the
reference). However, Brelid thought that removal of calcium ions from wood chips
before cooking may also yield a higher pulp brightness [414].
Sundin and Hartler [168] investigated the influence of sodium, calcium, magnesium, and
aluminum metal ions on lignin in alkaline solutions. Their results indicated that more
than 60% of the lignin in black liquor can be precipitated by calcium in the pH 9-13
range. Sundin and Hartler also found that lignin precipitated by calcium ions has a lower
amount of phenolic hydroxyl groups and carboxylic acid groups than the portion of lignin
which was not precipitated. This was attributed to different molecular weights of these
two lignin fractions [168]. Subsequent studies by Sundin and Hartler [424] focused on
the impact of metal ions during pulp washing. The authors argued that the effect of
calcium on washing is due to coagulation of lignin. Sundin and Hartler concluded that a
larger amount of chromophoric groups in the lignin was precipitated by the presence of
calcium. The results obtained by Gellerstedt and Al-Dajani [351] further support the
results of this study and the claim that calcium ions increase the chromophore content of
the pulp. The impact of these chelation pretreatments on pulp brightness had similar
conclusions to that of the chromophore index. However, decreases in the pretreatment
pH and the calcium content caused increases in the pulp brightness.
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Figure 160. Results of the chromophore index measurements on kraft pulps
pretreated with a chelant and at varying pH levels. The conditions of the
pretreatments are summarized in Table 49.

10.8.5 Impact on Different Pulping Conditions
The effects of the hydrogen peroxide, sodium borohydride, and chelation pretreatments
were elucidated through only one pulping condition.

This pulping condition was

Condition B, or the low effective alkali, high sulfidity condition. However, we also
wanted to investigate the impact of different pretreatments on Condition B, or the high
effective alkali, low sulfidity condition.

For these studies, we utilized those

pretreatments having the greatest reduction in the chromophore index. The experimental
conditions for these pretreatments are shown in Table 56. These pretreatments were
carried out for 2 hours at 10% consistency. The alkaline control was similar to the
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alkaline hydrogen peroxide experiment in the sense that sodium silicate was added at 3%,
DTPA at 0.2%, and MgSO4 at 0.05% on wood.

Table 56. Summary of experimental conditions for the pretreatments utilizing
Condition A and Condition B pulping conditions. Condition A and Condition B
pulping conditions are summarized in Table 50.
Sample ID
Active
Dosage
Initial
Temperature
Species

pH

(ºC)

Q-13

Acid

-

3.0

50

Q-14

Acid + Chelant

0.5% DTPA

3.0

50

B-11

NaBH4

10% NaBH4

10.0

65

P-11

Alkali

6% NaOH

11.8

70

P-12

H2O2/NaOH

4% H2O2/

11.1

70

3% NaOH
The metals contents for the normal kraft, acidic, and acid + chelant pretreatments are
summarized for the Condition A and Condition B pulps in Table 57. In general, the
calcium, magnesium, and manganese content decreased for both series of pulps by the
addition of an acid pretreatment. A further reduction in these metals was observed for the
acid + chelant pretreatment. The calcium was most affected by the pretreatments, having
decreased by more than 60% due to the acid pretreatment. Meanwhile, the iron content
of these pulps was not impacted to a large extent by these pretreatments. This is likely
due to the presence of intractable iron in the pulps [682]. The calcium and manganese
contents of the Condition A pulps are much less than those for the Condition B pulps.
This is perhaps due to the lower alkalinity utilized in the Condition B pulps, thereby
promoting calcium precipitation onto the fibers. A similar observation was observed in
an extensive pulping study performed by Gustavsson et al. [77]. In addition, the calcium,
magnesium, and manganese decreased in the same proportion with the pretreatments,
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independent of the pulping conditions utilized. In other words, the pulping conditions did
not have a significant impact on the retention of certain transition metals.

Table 57. Summary of selected metals contents for the normal kraft, A, and A+Q
pretreatments for Condition A and Condition B pulps. Condition A and Condition
B pulping conditions are summarized in Table 50 while the pretreatment conditions
are summarized in Table 56.
Pulping
Pulp
Ca
Mg
Mn
Fe
Condition

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

A

Normal Kraft

1170

264

60

7

A

Q-13

447

229

31

10

A

Q-14

398

199

16

7

B

Normal Kraft

1700

242

30

7

B

Q-13

692

196

26

14

B

Q-14

730

211

20

6

The kappa number and yield results are summarized in Table 58. The results generally
indicate that the pretreatments had little impact on the pulp kappa number. However,
there is one exception to this general observation. The pretreatment involving 6% NaOH
(P-11) cooked under Condition B pulping conditions yielded a kappa number of only
20.9, which was significantly lower and outside the confidence interval of the other
Condition B pulps. Interestingly, the response of the same pretreatment cooked under
Condition A pulping conditions was different. The final brownstock kappa number of
this pulp was not significantly different than the other pulps cooked under the same
pulping conditions. This is perhaps due to the nature of the pretreatment and the pulping
conditions following that treatment. The pulp yields were slightly dependent on the
pulping condition, with the Condition A pulps having a lower pulp yield than the
Condition B pulps.

However, the differences in pulp yield were not statistically

significant in most cases since the confidence interval on the pulp yield was ±1.1%.
However, for both the Condition A and Condition B pulps, a significant increase in pulp
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yield was observed for the sodium borohydride pretreated pulps. This is likely due to
increased retention of glucomannan [681].

Table 58. Summary of pulp kappa number and yield for various wood
pretreatments under Condition A and Condition B pulping conditions. The
confidence interval for the kappa number was ±2.1 kappa units while that for the
yield was ±1.1%. Condition A and Condition B pulping conditions are summarized
in Table 50 while the pretreatment conditions are summarized in Table 56.
Pulping
Pulp
Kappa
Yield
Condition

Number

(%)

A

Normal Kraft

30.5

42.0

A

Q-13

30.0

42.8

A

Q-14

26.9

42.8

A

B-11

31.6

44.9

A

P-11

26.4

42.0

A

P-12

26.9

42.3

B

Normal Kraft

30.3

44.2

B

Q-13

25.8

44.3

B

Q-14

25.9

44.3

B

B-11

27.0

47.0

B

P-11

20.9

44.1

B

P-12

24.5

43.9

Figure 161 summarizes the chromophore index responses for these pretreatments
performed under Condition A and Condition pulping conditions. The chromophore index
remains higher for the Condition B pulps than the Condition A pulps, despite the
pretreatments. This may be due to the higher amount of calcium in the Condition B pulps
[77, 168], or to the nature of the residual lignin and its functional groups in the Condition
B pulps. In addition, although the metals content decreased for the Q-13 and Q-14
pretreatments, the chromophore index changed very little with respect to the normal kraft
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reference pulp. This result was observed for both pulping conditions investigated in this
study. The borohydride pretreatment (B-11) decreased the chromophore index of the
Condition B pulps by approximately 15% relative to the normal kraft pulp. However,
there was no significant difference between the chromophore indices of the borohydride
pretreated pulp and the normal kraft pulp cooked under Condition A pulping conditions.
The reason for this may be due to the presence of a significant amount of hydroxylsubstituted carbonyl groups in the Condition B pulps compared to the Condition A pulps.
A higher amount of these carbonyls in the Condition B pulps would cause the
borohydride treatment to have a more significant impact on the chromophore index for
these pulps compared to the Condition A pulps. The alkaline control pulps (P-11) had a
significantly lower chromophore index for both the Condition A and Condition B pulping
conditions. This result was expected for the Condition B pulp pretreated under these
conditions since the kappa number was significantly lower than the normal kraft pulp.
Interestingly, the kappa number for this pulp was not statistically different than the
normal or reference kraft pulp. The alkaline hydrogen peroxide pretreatment (P-12)
significantly reduced the chromophore index compared to the normal kraft pulp under
both pulping conditions employed in this study. However, the reduction in chromophore
index was on the order of 15% for the Condition B pulps and only 6% for the Condition
A pulps. This observation provides further evidence that the Condition B pulps are
enriched in hydroxyl-substituted carbonyl-containing groups such as quinonoid,
coniferaldehyde, and α-carbonyls when compared to the Condition A pulps. These
carbonyl functionalities have been implicated as potential chromophores in kraft pulping
by several researchers [19, 21-27].
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Figure 161. Chromophore index responses to various pretreatments under
Condition A and Condition B pulping conditions. Condition A and Condition B
pulping conditions are summarized in Table 50 while the pretreatment conditions
are summarized in Table 56.

The brightness responses to these pretreatments under Condition A and Condition B
pulping conditions are shown in Figure 162.

As with the chromophore index, the

Condition A pulps had a higher brightness than the Condition B pulps. However, the
acid and acid + chelant pretreatments (Q-13 and Q-14) had statistically higher brightness
values than the normal kraft cook for both pulping conditions employed in this study.
This observation is contrary to the chromophore index results which showed no
significant impact due to these pretreatments. However, this observation could also be
due to the nature of the two measurements since the chromophore index is over the entire
visible spectrum while the brightness measurement is centered at 457 nm. Brightness
increases were also observed for the borohydride, alkaline control, and alkaline hydrogen
peroxide pretreated samples (B-11, P-11, and P-12, respectively).

These brightness

increases were observed for both the Condition A and Condition B pulps. However, like
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the chromophore index, the increases in brightness values were much greater for the
Condition B pulps than those of the Condition A pulps. These observations provide
additional evidence that the Condition B pulps are enriched in hydroxyl-substituted
carbonyl-containing groups such as quinonoid, coniferaldehyde, and α-carbonyls when
compared to the Condition A pulps.
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P11
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Figure 162. Brightness responses to various pretreatments under Condition A and
Condition B pulping conditions. Condition A and Condition B pulping conditions
are summarized in Table 50 while the pretreatment conditions are summarized in
Table 56.

10.8.6 Multiple Pretreatments
The effects of the hydrogen peroxide, sodium borohydride, and chelation pretreatments
were elucidated through two different pulping conditions. Due to the impact of these
pretreatments on the chromophoric properties of the resulting brownstock kraft pulps, we
decided to perform multiple pretreatments on wood chips.
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The purpose of these

experiments was to explore the impact of utilizing several pretreatments on the final
chromophoric properties of the brownstock kraft pulps. The pretreatments utilized in this
study are summarized in Table 59. The pretreatments labeled as A, A+Q, B, and P were
utilized in our previous pretreatment studies. The pHHI pretreatment was a control
experiment where the initial pH was adjusted to the terminal pH of the alkaline hydrogen
peroxide pretreatment (P) stage. This pretreatment contained no sodium silicate, MgSO4,
or DTPA. Meanwhile, the pHLO pretreatment was an additional control experiment
which utilized the same conditions as those for the acid pretreatment stage.

Each

pretreatment was carried out for two hours at 10% consistency. The wood chips were
washed extensively with deionized water between stages.

Table 59. Summary of the experimental conditions for each pretreatment utilized
in the multiple pretreatment studies.
Pretreatment
Active
Dosage
Initial
Temperature
Species

A

pH

(ºC)

Acid

-

3.0

50

Acid + Chelant

0.5% DTPA

3.0

50

B

NaBH4

10% NaBH4

10.0

65

P

H2O2/NaOH

4% H2O2/

11.8

70

A+Q

3% NaOH
pHHI

Alkali

-

10.8

70

pHLO

Acid

-

3.0

50

The metals contents for the various multiple pretreatments are summarized for the
Condition A and Condition B pulps in Table 60. In general, the calcium, magnesium,
and manganese content decreased for both series of pulps by the addition of an (A)(P)
multiple pretreatment. A further reduction in these metals was observed for the (A+Q)(P)
multiple pretreatment.
pretreatment stages.

A similar response was observed when utilizing single
The calcium was most affected by the pretreatments, having

decreased by more than 70% due to the acid pretreatment under both pulping conditions.
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However, the extent of this decrease in calcium may be influenced by the multiple
washing stages involved in these experiments. Meanwhile, the iron content of these
pulps was again not impacted to a large extent by these multiple pretreatments. Similar
conclusions regarding the metals contents and single pretreatments can be made for the
multiple pretreatments.

However, the (pHHI)(pHHI) multiple pretreatment caused a

significant amount of calcium, magnesium, and manganese to be retained compared to
the other multiple pretreatments. The reason for this is likely due to the pH of this
multiple pretreatment. The (pHHI)(pHLO) pretreatment removed more metals than the
(pHHI)(pHHI). However, the extent of this removal was not as great as that observed in
either the (A)(P) or (A+Q)(P) multiple pretreatments.

Table 60. Summary of selected metals contents for the multiple pretreatment
pulps under Condition A and Condition B pulping conditions. Condition A and
Condition B pulping conditions are summarized in Table 50 while the pretreatment
conditions are summarized in Table 59.
Pulping
Pulp
Ca
Mg
Mn
Fe
Condition

(mg/kg)

(mg/kg)

(mg/kg)

(mg/kg)

A

Normal Kraft

1170

264

60

7

A

(A)(P)

330

153

14

8

A

(A+Q)(P)

277

132

8

6

A

(pHHI)(pHHI)

372

240

61

8

A

(pHHI)(pHLO)

323

188

45

13

B

Normal Kraft

1700

242

30

7

B

(A)(P)

551

222

18

7

B

(A+Q)(P)

473

205

10

9

B

(pHHI)(pHHI)

838

226

39

11

B

(pHHI)(pHLO)

723

204

30

8

The kappa number and yield results are summarized in Table 61. The results indicate
that the kappa number was influenced by several different multiple pretreatments. The
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(A)(P) and (A+Q)(P) pretreatments significantly reduced the kappa number relative to the
normal kraft pulp under both Condition A and Condition B pulping conditions. These
results are despite the fact that a significant decrease was not observed for the single
pretreatments involving acid, acid + chelant, or alkaline hydrogen peroxide. The reason
for the decrease in kappa number for these pretreatments is likely attributed to additional
removal of metals prior to the alkaline hydrogen peroxide stage. Removing additional
metals will slow down the decomposition of hydrogen peroxide, thus allowing for more
efficient delignification during the pretreatment [676, 677].

The (B)(P) multiple

pretreatment stage also had a slightly lower kappa number than the normal kraft pulp.
However, this result was only observed in the Condition B pulps. The reason for this
decrease may be due to the reduction of metal cations in valency and to the reduction of
carbonyls to the corresponding alcohols. Since the Condition B pulps were previously
shown to have a higher metals content and likely had a higher content of hydroxylsubstituted carbonyl structures than the Condition A pulps, the observed decrease in
kappa number is somewhat expected. The reason the same response was not observed in
the Condition B pulps for the (P)(B) pulps is likely due to more rapid decomposition of
hydrogen peroxide. The metal cations would not be reduced in valency as they would in
a (B)(P) pretreatment. Therefore, the hydrogen peroxide would decompose and lose its
effectiveness faster by following starting the pretreatment than by following the reductive
stage. The pulp yields were again slightly dependent on the pulping condition, with the
Condition A pulps having a lower pulp yield than the Condition B pulps. However, the
differences in pulp yield were not statistically significant in most cases since the
confidence interval on the pulp yield was ±1.1%. However, for both the Condition A and
Condition B pulps, a significant increase in pulp yield was observed for the (P)(B)
multiple pretreatment. Interestingly, this observation did not hold for the (B)(P) pulps
under both Condition A and Condition B pulping conditions.

Although sodium

borohydride in known to increase retention of glucomannan [681], the yield is likely
dictated by the chemistry of the final stage in the pretreatment.
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Table 61. Summary of pulp kappa number and yield responses for the multiple
pretreatments under Condition A and Condition B pulping conditions. The
confidence interval for the kappa number was ±2.1 kappa units while that for the
yield was ±1.1%. Condition A and Condition B pulping conditions are summarized
in Table 50 while the pretreatment conditions are summarized in Table 59.
Pulping
Pulp
Kappa
Yield
Condition

Number

(%)

A

Normal Kraft

30.5

42.0

A

(A)(P)

25.7

43.1

A

(A+Q)(P)

23.6

43.1

A

(B)(P)

27.5

43.2

A

(P)(B)

31.0

45.6

A

(pHHI)(pHHI)

30.0

43.3

A

(pHHI)(pHLO)

27.3

43.3

B

Normal Kraft

30.3

44.2

B

(A)(P)

25.5

44.3

B

(A+Q)(P)

22.4

44.3

B

(B)(P)

23.9

45.1

B

(P)(B)

26.2

46.9

B

(pHHI)(pHHI)

28.4

45.3

B

(pHHI)(pHLO)

27.0

44.0

Figure 163 summarizes the chromophore index responses for these multiple
pretreatments performed under Condition A and Condition pulping conditions. The
chromophore index remains higher for the Condition B pulps than the Condition A pulps,
despite the pretreatments. However, utilizing these multiple pretreatments significantly
decreased the chromophore index.

Interestingly, the chromophore index for the

(A+Q)(P), (B)(P), and (P)(B) pulps produced under Condition B pulping conditions is
essentially the same as the normal kraft pulp produced under Condition A pulping
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conditions.

In addition, the Condition B pulps responded better to the multiple

pretreatments than the Condition A pulps.

This is likely due to the nature of the

chromophores and residual lignin in these pulps. In addition, the metals retention of the
pulps produced under Condition B conditions is another likely factor. The chromophore
index for the Condition A pulps decreased relative to the normal kraft pulp with an
(A)(P) pretreatment stage. However, the remaining multiple pretreatments produced
under Condition A had essentially the same chromophore index as the (A)(P)
pretreatment. The chromophore index for the Condition B pulps also decreased relative
to the normal kraft pulp with an (A)(P) pretreatment. However, a significant decrease
relative to this pretreatment is observed for the (A+Q)(P) pretreatment. This result was
likely not observed in the Condition A pulps due to the lower contents of metal cations in
those pulps. Meanwhile, the chromophore indices of the (P)(B) and (B)(P) pulps were
not statistically different for either Condition A or Condition B pulping conditions. The
sodium borohydride is a reducing agent while the hydrogen peroxide is an oxidizing
agent. That said, the two chemistries may be effectively nullifying each other when used
in successive treatments as was done in this study.

559

Condition A

Condition B

160

Chromophore Index

150
140
130
120
110
100
90
80

(p
H
H
i)(
pH
H
i)
(p
H
Lo
)(p
H
H
i)

(P
)(B
)

(B
)(P
)

(A
+Q
)(P
)

(A
)(P
)

N
or
m
al
K
ra
ft

70

Figure 163. Chromophore index responses to various multiple pretreatments under
Condition A and Condition B pulping conditions. Condition A and Condition B
pulping conditions are summarized in Table 50 while the pretreatment conditions
are summarized in Table 59.

The brightness responses to these multiple pretreatments under Condition A and
Condition B pulping conditions are shown in Figure 164. As with the chromophore
index, the Condition A pulps had a higher brightness than the Condition B pulps. In
addition, the brightness of the (A+Q)(P), (B)(P), and (P)(B) pretreatments produced
under Condition B pulping conditions surpassed the brightness of the normal kraft cook
produced under Condition A pulping conditions.

Similar observations for the

chromophore index responses hold true for the brightness responses. In addition, the
brightness responses indicate that there is a significant difference between the (B)(P) and
(P)(B) pulps produced under Condition A and Condition B pulping conditions. However,
this observation could also be due to the nature of the two measurements since the
chromophore index is over the entire visible spectrum while the brightness measurement
is centered at 457 nm.
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Figure 164. Brightness responses to various multiple pretreatments under
Condition A and Condition B pulping conditions. Condition A and Condition B
pulping conditions are summarized in Table 50 while the pretreatment conditions
are summarized in Table 59.
Conclusions

From the chromophore index and brightness responses, it is apparent that alkaline
hydrogen peroxide, sodium borohydride, and a chelation pretreatment are able to
effectively reduce the chromophore content of brownstock kraft pulps. This is likely due
to oxidation of quinone/carbonyl groups, reduction of carbonyls, and removal of metal
ions from the wood chips prior to kraft pulping. Different pulping conditions yielded
different responses to these pretreatments. In terms of chromophoric properties of the
brownstock kraft pulps, a low effective alkali, high sulfidity pulping condition generally
yielded better results than a high effective alkali, low sulfidity pulping condition. This is
perhaps due to the higher amount of metals and hydroxyl-substituted carbonyl groups in
the low effective alkali, high sulfidity pulps. In addition, this response could be due to

561

the nature of the chromophoric structures and the residual lignin in these pulps. Multiple
pretreatments decreased the chromophore index to a greater extent than a single
pretreatment.

However, the extent of this reduction was dependent on the pulping

condition, with the low effective alkali, high sulfidity pulps having the greatest response
to the multiple pretreatments. Although the costs of utilizing these pretreatments under
the conditions employed in this study are likely too high for industrial use, these
pretreatments do provide useful information as to the chromophoric nature of different
brownstock kraft pulps.
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11. CONCLUSIONS
The results of this study showed that the dilution pulp method is an effective technique to
find the absorption coefficient of an unbleached kraft pulp while staying in compliance
with the Kubelka-Munk theory. A method was developed to find the chromophore
content of lignocellulosic materials by evaluating the integral of the absorption
coefficient over the entire visible region. This measurement was known as the total
visible absorption. Another feasible technique to evaluate the chromophoric properties
was to evaluate the integral of the Kubelka-Munk remission function over the entire
visible region. This measurement was known as the chromophore index. The results
indicated that both techniques provide valuable tools for characterizing the total
chromophore content of a wide range of unbleached and fully bleached kraft pulps as
well as wood meal samples. The total visible absorption showed that the majority of
color in kraft pulp is formed early on during the kraft pulping process. This study also
revealed that the chromophore index was linearly related to the total visible absorption
for a variety of wood meal, fully bleached kraft, TMP, and brownstock kraft pulps. This
suggests that the total visible absorption and the chromophore index are valid techniques
when characterizing the overall color and chromophore content of unbleached kraft
pulps. The pulp brightness was related to the chromophore index and the total visible
absorption in a non-linear manner, indicating that brightness should not be utilized to
evaluate the changes in chromophore content of a material.
Although kraft pulping is a complex technology involving both physical and chemical
processes, it can be simplified by using a systematic approach. The effective alkali and
sulfidity had the greatest impact on the pulp chromophore index while the maximum
cooking temperature was not significant at the 95% confidence level. At a constant
lignin content, the minimum chromophore index was obtained as the effective alkali
increased and sulfidity decreased while the maximum chromophore index was achieved
at decreasing effective alkali and increasing sulfidity. The influence of hexenuronic acid
groups on the chromophore index was analyzed and it was found that there is no clear
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relationship between chromophore index and hexenuronic acid group content. Although
carbohydrates may contribute to the chromophore index, this was not surprising since
their contribution to the overall chromophore development during kraft pulping is
presumably small. The extractives had a significant impact on the pulp chromophore
index. However, their contribution to the overall chromophoric content of the kraft pulps
used in this study is likely small.
The chemistry of the kraft cook seems to dictate the exact relationship with the
chromophore index as well as the content of these chromophores in the pulp. This is
perhaps due to the fact that kraft pulping under varying effective alkali and sulfidity
changes not only the nature of the residual lignin, but also the nature of the substituents
on the aromatic rings of the residual lignin.
The formation and removal of chromophores during kraft pulping was elucidated for two
different pulping conditions. The rate of chromophore removal will vary depending on
the process conditions. Chromophores are removed at a greater rate for pulps produced
under high EA, low sulfidity conditions than those produced under low EA, high sulfidity
conditions. The amount of NaOH (and EA) consumed during the kraft cook was directly
proportional to the chromophore index.

These results may also indicate that pulps

produced under low EA, high sulfidity conditions have chromophores which are more
difficult to remove than pulps produced under high EA, low sulfidity conditions. Several
mechanisms behind these observations were proposed. One mechanism involves the
chemistry of the kraft cook. Under high EA, low sulfidity conditions, the chemistry of
the kraft cook is dictated by hydroxide ions whereas hydrosulfide ions dominate the
chemistry of the kraft cook under low EA, high sulfidity conditions.

Kraft cooks

deficient in hydroxide ions will reduce the solubility of lignin in solution, therefore
causing lignin from black liquor to precipitate onto the fiber.

Another proposed

mechanism involves the nature of the initial pulping conditions. The chromophores
formed during kraft pulping are formed early on during the cook and likely during the
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initial phase of kraft pulping. Therefore, the nature of these chromophores will be
dictated by the initial chemistry of the cook. By further understanding the chemistry of
the initial phase of kraft pulping, we can further our understanding of the nature of
chromophore formation during the kraft process. In addition these studies revealed that
the chromophores produced in low EA, high sulfidity pulps are of lower energy (longer
wavelength) than those from pulps produced under high EA, low sulfidity conditions.
ESCA analyses of the surfaces of two series of unbleached pulps indicated that the
surface was enriched in lignin. However, the surfaces of both series of pulps appeared to
be enriched by the same amount. Therefore, the major difference in the chromophoric
properties of these two series of pulps was not due to more surface lignin in one series
compared to another. The total visible absorbance of residual lignin isolated from the
high effective alkali, low sulfidity and low effective alkali, high sulfidity kraft pulps was
directly proportional to the pulp chromophore index. This research was the first to
provide direct evidence that lignin is indeed the major contributor to the chromophoric
properties of unbleached kraft pulps.
NMR studies of the residual lignins showed that that quinones, catechols, biphenyls, and
carbonyl functionalities are directly related to the pulp chromophore index. Condensed
structures may have a role in the final chromophoric properties of unbleached kraft pulps.
However, there was no apparent difference in the condensed nature of the residual lignin
from the low EA, high sulfidity and high EA, low sulfidity kraft pulps. In addition,
substituents on these chromophores can have a detrimental impact on the final
chromophoric properties of unbleached kraft pulps. Interestingly, the pulp series having
a low chromophore index also had the greater amount of chromophores compared to the
high chromophore index series.

However, UV/vis analysis indicated a higher

absorptivity for the residual lignins from the high chromophore index pulps.

This

provided evidence that the quinones present in the low effective alkali, high sulfidity
condition pulps are likely hydroxy-substituted, thereby enhancing the chromophoric
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properties of these pulps. Obviously, a balance must exist for these and other alkalibased reactions that may generate or destroy chromophoric structures.
Metals analysis of a series of constant lignin content kraft pulps indicated no clear
relationship with the pulp chromophore index. However, a cold acid treatment was
utilized to liberate metal cations while concomitantly retaining hexenuronic acids. This
research showed that the pulp chromophore index was reduced by the acid treatment.
However, the limited decrease in pulp chromophore index indicated that other
functionalities (i.e., quinones, carbonyls, biphenyls, catechols) are responsible for the
remaining color of unbleached kraft pulps. Interestingly, the pulps produced under low
EA, high sulfidity conditions had the greatest initial calcium content and the greatest
reduction in chromophore index as a result of the acid treatment. Meanwhile, the pulps
produced under high EA, low sulfidity conditions had the lowest initial calcium content
and the lowest reduction in pulp chromophore index after the acid treatment. Obviously,
intractable metals like iron may also be responsible for some of the color of unbleached
kraft pulps, but could not be accounted for in this study.
Principle component analysis indicated that the calcium, magnesium, and manganese
accounted for 98% of the variation in the pulp chromophore index after a cold acid
treatment.

Calcium does not likely bind with certain functionalities in the lignin.

Instead, it likely induces precipitation or coagulation of lignin back onto the fiber. Under
low effective alkali conditions, the solubility of lignin in solution is small.

Since

dissolved lignin has been shown to preferentially chelate calcium ions, it is possible that
dissolved lignin may be precipitating back onto the fiber under the low effective alkali
conditions. The dissolved lignin is much darker in color than residual lignin from pulp.
Further evidence of this phenomenon was observed when the calcium content of the pulp
increases as the surface lignin coverage increases. This research also revealed that pulp
washing can have a significant impact on the metals content of unbleached kraft pulp. A
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pulp that is completely washed is not greatly impacted by the calcium content. Instead,
iron present in tap water may enhance the chromophoric properties of the kraft pulp.
Chelation and acid treatments on wood chips can significantly reduce the metals content
prior to kraft pulping. However, chelation was more efficient at removing these metals
than an acid treatment. The pulps produced from these treated wood chips also showed
significant differences in their chromophoric properties.

The chelation treatment

decreased the chromophore index primarily due to the loss of metal cations.

By

removing metals like calcium magnesium, and manganese prior to kraft pulping, there
were less of these metals present to induce dissolved lignin to precipitate back onto the
fiber.
Pulping additive can also have a significant effect on the chromophoric properties of
unbleached kraft pulps. Polysulfide pulps provide a pulp with a lower chromophore
content than that from conventional kraft, anthraquinone, or PS/AQ pulps. This may be
due to the incorporation of the polysulfide into the lignin macromolecule. The electronwithdrawing ability of polysulfide may cause the changes in the chromophore system of
the pulp, resulting in a lighter-colored pulp.

Differential ionization UV/vis spectra

suggested that phenolic α-carbonyl structures correlated well with the chromophore
index of the four pulps investigated and may be a critical factor in determining the overall
color or color differences between conventional kraft, polysulfide, anthraquinone, and
PS/AQ kraft pulps.
Laccase and laccase-mediators were investigated for their feasibility in eliminating
chromophoric and leucochromophoric structures in wood chips prior to kraft pulping.
These treatments indicated that an LMS stage incorporating HBT as the mediator could
enhance the chromophoric properties of unbleached kraft pulps. However, the practical
viability of this novel discovery will require additional breakthroughs in the development
of more effective laccase mediator systems.
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Alkaline hydrogen peroxide, borohydride, and chelation pretreatments led to improved
chromophoric properties in the unbleached kraft pulps. This is likely due to oxidation of
quinone/carbonyl groups, reduction of carbonyls, and removal of metal ions from the
wood chips prior to kraft pulping.

However, different pulping conditions yielded

different responses to these pretreatments. In terms of chromophoric properties of the
brownstock kraft pulps, a low effective alkali, high sulfidity pulping condition generally
yielded better results than a high effective alkali, low sulfidity pulping condition. This is
perhaps due to the higher amount of metals and hydroxyl-substituted carbonyl groups in
the low effective alkali, high sulfidity pulps. In addition, this response could be due to
the nature of the chromophoric structures and the residual lignin in these pulps. Multiple
pretreatments decreased the chromophore index to a greater extent than a single
pretreatment.

However, the extent of this reduction was dependent on the pulping

condition, with the low effective alkali, high sulfidity pulps having the greatest response
to the multiple pretreatments. Although the costs of utilizing these pretreatments under
the conditions employed in this study are likely too high for industrial use, these
pretreatments do provide useful information as to the chromophoric nature of different
brownstock kraft pulps.
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12. RECOMMENDATIONS FOR FUTURE WORK
The results from this extensive study on chromophore content of unbleached kraft pulps
have been informative on the chemical and physical mechanisms leading to chromophore
formation and removal during the kraft pulping process. Certainly in such an area as
complicated as delignification and chromophore formation in lignocellulosic materials,
no one dissertation can lead to complete elucidation of these phenomena, since many
chemical and physical processes are taking place at the same time.

However, this

dissertation provided many conclusions from which further research could be conducted.
This research examined one softwood tree species to limit the variations in the raw
materials. However, different wood species should also be examined in a similar effort to
that investigated in this dissertation. Examples of specific tree species that are currently
used in the pulp and paper industry include eucalytpus, northern black spruce, maple,
aspen, and red cedar.

Perhaps different results would be observed based on the

geographical location of the tree species and due to the extractives, lignin, and
hemicellulose composition of the tree species. More pulping conditions could be utilized
to fully map the kraft pulping process. In other words, high EA, high sulfidity and low
EA, low sulfidity conditions could be used along with intermediate EA and sulfidities.
Further research could also be conducted in the area of kraft pulping by pulping to lower
H-factors. This could further elucidate the initial phase of the kraft pulping process since
this chemistry is not well understood. In addition, better understanding of the formation
of chromophores during kraft pulping could be obtained.
Research could also be conducted to determine the impact of alkaline reactions on model
quinones. In addition, milled wood lignin and dissolved kraft lignin studies could be
used to further validate the results observed in this dissertation. Studies could also be
conducted on holocellulose cooked under several different pulping conditions.

The

chromophore index could be observed before and after the kraft cook. In addition,
enzymatic hydrolysis could be utilized to isolate the chromophores present in the
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holocellulose before and after the kraft cook. These isolated chromophores could then be
analyzed with HPLC. In addition, lignin could be isolated from unbleached kraft pulps
through either an enzymatic hydrolysis or mild acid hydrolysis/mild enymatic hydrolysis
procedure. These residual lignins could be isolated and fractionated by molecular weight
using SEC. The resulting fractions could be analyzed with UV/vis spectroscopy to
determine the fractions of lignin most responsible for the chromophoric properties of krat
pulps. Similar analyses could be performed on dissolved kraft lignins. Finally, different
chemical pulping technologies could be tested and compared to the conventional kraft
pulping process using the experimental protocol outlined in this dissertation. Some
examples of the different pulping technologies include soda, soda/AQ, sulfite, RDH,
MCC, EMCC, SuperBatch, and ITC pulping. These pulps also could be analyzed for
their bleachability in subsequent ECF and TCF bleaching sequences. Mechanical pulps
could be analyzed in a similar fashion to determine the chromophores responsible for
yellow color of these pulps.
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