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PROJECT SUMMARY FORM

DATE:

September 19, 1988

PROJECT NO. 3521-2:

PROJECT LEADER:

RAMAN MICROPROBE INVESTIGATION OF MOLECULAR STRUCTURE
AND ORGANIZATION IN THE NATIVE STATE OF WOODY TISSUE

R. H. Atalla

IPC GOAL:
Develop relationships between the critical paper and board property parameters
and the way they are achieved as a combination of raw materials selection,
principles of sheet design and processing.
OBJECTIVE:
Develop a better understanding of wood fiber structure through the use of Raman
microprobe spectroscopy. Establish the molecular structure present in cell
walls of native woody fibers, including cellulose, hemicelluloses, and lignin.
Determine the response of structure to process variables.
CURRENT FISCAL YEAR BUDGET:

$50,000*

PRIOR RESULTS:
A substantial component of our effort has been dedicated to the assembly of the
new Raman microprobe system with multichannel detection. A major redesign of
the microscope-spectrometer interface was necessary before the system became
operational. The system is now assembled and we continue to optimize our procedures for its use. Preliminary results were reported at the PAC meeting in
March.
In the course of studies utilizing the older system we have investigated the
quenching effects of molecular oxygen on laser induced fluorescence. We believe
the effect may be related to the same class of interactions between lignin, oxygen, and light that may be responsible for color reversion.
The system for time resolved spectroscopy has been installed. The ultrafast
laser is operational. The gated detection system has also been installed. Our
first studies were directed at establishing the basic parameters necessary for
lignin detection. This system will allow us to obtain a Raman spectrum before
significant fluorescence develops.

*This work will also be supported by a DOE grant in fiscal year 1988/89.
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RESULTS SINCE LAST REPORT:
The Microprobe system has been transferred to a vibration isolation table; this
has eliminated the residual minor mechanical instabilities which continued to
occur occasionally after the prior modifications. Automation of the stage
translation is currently underway.
Continued studies of luminescence have led us to the conclusion that stable free
radicals generated during the mechanical fiberization or sectioning of samples
may be responsible for the fluorescence. It also appears that such radicals may
contribute to enhancement of the 1600 cm- 1 band in untreated woody samples. We
continue to pursue this possibility.
The system for time resolved spectroscopy has been used to acquire a spectrum of
ethylene glycol that had a fluorescing dye dissolved in it. By proper gating it
was possible to discriminate against the fluorescence from the dye. This is the
procedure which we believe will result in spectra from kraft pulps. The ultrafast laser is currently being modified to include a Q-switch system which, in
conjunction with the mode locker, will allow us to select pulses of much higher
energy for excitation. This will allow us to generate the Raman spectra of the
pulps in spite of the unusually high fluorescence that lignin produces.
Two studies aiding assignement of the spectra of lignins have been completed.
One focused on the changes in the spectra during the early stages of acid
chlorite delignification, the other was concerned with a lignin model compound.
Both will enhance our ability to interpret the spectra of lignins in pulp
fibers.

|
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I
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I
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PLANNED ACTIVITY FOR THE PERIOD:
Exploration of the spectra of different woods and native fibers will be continued. The effects of chemical treatments on the architecture of the cell
walls will also be investigated.
A preliminary assessment of the photophysical process in lignin will be undertaken. Lignins, chemically modified lignins, and lignin model compounds will be
examined.

I

I
I

POTENTIAL FUTURE ACTIVITIES:
Continuation of the program in conjunction with the DOE supported effort is
anticipated through Fiscal 1989/90. The methods developed under this program
will be adapted to explore the effects of mechanical and chemical treatments on
structure and organization in high yield pulps. Some of these methods will also
be incorporated into the program, directed at development of an on-line lignin
sensor.
STUDENT RELATED RESEARCH:
J. Wiley, Ph.D.-1986; J. Bond, Ph.D.-1990.

I

I

I

I
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FINE STRUCTURE OF WOOD PULP FIBERS
Reporting Period:

September, 1987-September, 1988

INTRODUCTION

The programs which have been carried out under Funded Projects 3288 and
3521, have been closely related to each other and to a number of other investigations carried out within the framework of the academic program, or under
contract with FKBG or grants from DOE or member companies.

We will report on

all of these activities in the following discussion, which is divided into overviews of the Funded projects and the parallel programs related to each.

At the outset it should be noted that although in the past the programs
under Project 3288 have focused on studies of chemical pulps, while those under
3521 have concentrated on the structure of native wood, they have now become
more closely related.

This has resulted in part from recent concern, under

3288, with understanding the influence of the noncellulosic components of wood
on the strucuture of pulp fibers and on the pathways of isolation processes.
expanded interest in high yield pulps has also been a factor.

An

Our program under

3521, which initially was focused primarily on Raman microprobe studies of wood
cell walls, has, because of the importance of luminescence phenomena, expanded
to include explorations of a number of other aspects of both the chemistry and
the molecular physics of cell wall structures in native wood.

Our other

research programs, whether undertaken within the academic program or in relation
to external funding, have also been primarily in these areas.
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OVERVIEW - PROJECT 3288

Our studies of fiber structure have been based on two complementary
approaches.

The first is based on examining the effects of isolation procedures

on the structure of pulp fibers, and has typically focused on the organization
of cellulose within fibers and the manner in which it varies with delignification processes and postdelignification treatments.

The second approach has

been directed at eliciting information by examining native structures and
biosynthetic processes.

Investigations in this area have included exploring the

manner in which noncellulosic components may be incorporated within the structure of cellulose during the biosynthetic process, both in bacterial cellulose
and in wood, as well as a study of the diversity of cellulose forms in different
classes of native forms.

These approaches are complementary to the goals of

Project 3521 related to cell wall structure.

An overview of some of our recent work is provided by the paper prepared for the 10th Cellulose Conference held at Syracuse in May of this year.

A

preprint is attached; it will be included in the Proceedings, which are to be
published in the Symposium Series of the Journal of Applied Polymer Science.

In addition to the studies relating to the primary theme of the projects, we consistently carry out extensions of these whenever an opportunity to
expand our understanding of process technology presents itself.

In the most

recent period we undertook a study of the effects of cyclic drying on cellulose
fibers.

This grew out of our earlier observations of spectral phenomena that

clearly suggested the development of high level of stress within the fibers upon
dehydration.

Project 3288 and 3521-2

-8-

Status Report

Fiber Isolation
In our studies of the effects of isolation, we have carried out examinations of the effects of different delignification procedures on the nature of
the core crystalline domains in pulp fibers.

At the March 88 meeting we

reported the results of a preliminary comparison of the crystallinity in fibers
isolated using the kraft process with the crystallinity of fibers isolated by
acid chlorite treatment.

The comparisons were based on solid state 13C NMR

spectra, incorporating relaxation measurements.

It was observed that the pro-

portion of Ia cellulose was somewhat higher in the acid chlorite pulp.

It was

also noted that the basic crystalline core was approximately 25% greater in the
kraft pulp than in the acid sulfite pulp.

We have now extended the study to include more comprehensive studies of
morphologically homogeneous pulps.

We have isolated latewood fibers from a

single annual ring of a loblolly pine log using a low temperature acid chlorite
treatment.

These samples were then heat treated at different temperatures to

explore the degree to which elevated temperature environments alter crystallinity.

In addition, latewood from an adjacent annual ring has been used to pre-

pare both kraft and alkaline sulfite pulps.
currently under investigation using

13

All of the isolated pulp fibers are

C NMR and x-ray diffractometry.

Prelim-

inary results indicate that subtle but significant differences in crystallinity
do indeed occur.

We believe that these results will provide significant new

insights concerning the manner in which pulping processes determine both fiber
crystallinity and mechanical properties.

It is anticipated that the results

will be available at the time of the PAC meeting in October.

-9-

Project 3288 and 3521-2

Status Report

Native Celluloses and their Biosynthesis
The studies of native forms have included a survey of the degree of
variation of cellulosic structures among various plant forms as well as explorations of some biosynthetic processes.

The survey of variability of structure in

native forms has been undertaken as part of a Postdoctoral research program
funded by the Weyerhaeuser Company, with emphasis on exploring the celluloses
produced by algae and by related primitive plant forms.

The studies of biosynthesis have included two IPC doctoral programs as
well as some effort under 3288.

The recently completed doctoral program of E.

Byers has been concerned with the patterns of deposition of hemicelluloses in
the cell walls of red pine trachieds during formation of the secondary wall.
The ongoing program of I. Uhlin is concerned with interactions between hemicelluloses and cellulose during the biosynthesis of cellulose by the bacterium
Acetobacter xylinum.

Finally the program under Project 3288 has focused on the

influence of lignin precursors on the aggregation of cellulose during biosynthesis.

The studies of biosynthesis of cellulose have been directed at
understanding the manner in which noncellulosic components can interact with
cellulose at the earliest stages of biosynthesis and initial aggregation.

Since

hemicelluloses and lignin precursors are present during the biosynthesis of the
secondary wall, their interactions with cellulose are likely to be primary
determinants of cell wall structure.

Algal Celluloses:

The primary objective of the studies of algal cellu-

loses has been to establish the natural boundaries for the diversity of cellulose fiber structure available in nature.

Since in some of the early work

undertaken under one of our exploratory projects we had discovered some highly
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crystalline celluloses produced by fresh-water algae, we decided to expand our
studies to include a survey of the celluloses from different algal forms as well
as from a variety of primitive plant forms somewhat more developed than the
algae.

The key finding relevant to our programs under 3288 is that the balance

between the I a and IS fractions of native celluloses seems to be related to the
nature of the biosynthetic complexes that assemble the cellulose at the cell
wall membranes.

We find a parallel between the classification of plants

established by Malcom Brown according to whether they have linear terminal
complexes or arrays of rosettelike structures, and our classification of the
plants according to whether their celluloses are predominantly of the I a or Ig
types.

It is now clear that, on the basis of this correlation, the celluloses

from higher plants are predominantly of the Io type, although subtle differences
between the levels of the minor Ia component seem to occur.

As noted above, the

mode of isolation of the celluloses remains an important factor as well.

Hemicellulose Deposition:

The studies of hemicellulose deposition were

the primary objective of the doctoral research program of Erin Byers, who
completed his work during the past summer.

By supplying radiolabeled hemicellu-

lose precursors to the growing cells of red pine trees, and by preparing autoradiographs of sections of the tissue, he was able to identify the sites of
deposition of the the hemicelluloses.

He found that the highest concentrations

of the mannan and related hexosans were in the central region of the secondary
wall, while the concentrations of the arabinose-derived pentosans were lower in
the central region of the secondary wall and higher in the inner and outer
layers of the cell walls.

Acetobacter Cellulose:

The studies of cellulose biosynthesis by

Acetobacter xylinum have been directed at the effects of different agents in the
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biosynthetic medium on the manner of assembly of the cellulose.

Of particular

interest were the effects of hemicelluloselike agents as well as agents similar
to lignin precursors.

I

The studies of the effects of hemicelluloselike materials

are the central subject in the doctoral research program of Ingegerd Uhlin,
while the studies of the effects of ligninlike model compounds have been carried
out under 3288.

The key observations so far in the studies of the hemicellulose-

like model systems have been that mannan oligomers do indeed disrupt the
assembly of cellulose, while the xyloglucans do not.

Among the ligninlike model

compounds, it was observed that coniferyl alcohol can indeed block the assembly
of the cellulose, although the effect was found to be sensitive to the conditions of growth of the organism.

These studies point to different levels of

interactions with cellulose, all of which enter to one degree or another in
determining the properties of the cell walls in high yield pulps.

Cyclic Drying Effects
The experiments involving cyclic drying grew out of our observations
that features associated with crystalline domains in both Raman and 13C NMR
spectra were somewhat broadened when cellulosic samples were dried, and were
sharpened again when these samples were wetted.

|

Such changes suggest rather

high levels of stress resulting in a high level of lattice distortion, which in
turn can result in the broadening of the spectral lines.

I

We pursued these

effects because we thought the development of high internal stresses may be
related to the degradation of properties of recycled fibers.

I

In summary, the experiments involved preparation of handsheets from
never dried kraft pulps, drying them, disintegrating them, and making handsheets
again.

The cycle was repeated five times.

spectral measurements were made.

After each cycle diffractometric and

I

Although an increase in crystallinity of the

I
I
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cellulose was observed after the first cycle, no additional changes occurred
after succeeding cycles.

Therefore, the cellulose structure supports stabilize

after the first drying cycle.

This structure is resistant to water and remains

relatively stable in subsequent processing.

After further consideration, we postulated that the high internal
stresses could result in chain scission.

Measurements of pulp viscosities did

show a very slight decline, but were within the range of experimental error.

We

now believe a chemical determination of the number of chain end groups via a
procedure developed at IPC by Gentile, Schroeder, and Atalla is the best way to
test the hypothesis.

In summary, the diffractometric and spectral methods should prove useful in guiding research aimed at improving the properties of recycled papers.
At this time, no further work is planned in this area.

OVERVIEW - PROJECT 3521

A major component of our effort under this project has necessarily been
devoted to completion of the instrument system.

In addition we have devoted

some effort to preliminary studies of structure, and to further explorations of
the luminescence phenomenon and its relationship to more general questions concerning the photochemistry of wood cell wall components.

Instrumentation
Much of what we had done by April is summarized in our technical report
to the DOE University Research Instrumentation Program, a copy of which is
attached.

All components of the Microprobe system, except the stage automation,

are essentially complete.

The time resolved spectrometry system is currently

operational for investigations of photodynamics in model systems.

However, much
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of our time has been taken with modifications in relation to developing the online lignin sensor; we anticipate these will be completed within the next few
weeks.

For the Microprobe system the key modifications have included
remounting the microscope in such a way that it is more solidly attached to the
spectrometer, and transferring the whole system to a vibration isolation table.
This has eliminated the mechanical instabilities which have haunted us since the
first installation of the new Microprobe system.

A considerable amount of time

has also been devoted to assembly of the hardware necessary for image analysis
and spectral data analysis.

The only remaining modification, which was planned

quite some time ago and is yet to be completed, is the automation of the motions
of the microscope stage for precise scanning of cell wall cross sections.

The

delay has arisen because of some in-house problems at the firm that was to
design and build the traversing mechanism.

We believe these problems will be

overcome within the next few weeks.

The time resolved spectrometry system is now operational for excitation
with pulses from the dye laser.

Indeed we have demonstrated the basic principle

of discrimination against fluorescence by appropriate gating of the detector.
Spectra were acquired for a solution of a Rhodamine dye in ethylene glycol.
When the gating of the detector was appropriately synchronized with the exciting
pulses, it was possible to record Raman spectra of the solvent without any
interference from the dissolved dye.

What remains to be accomplished is the adaptation of the system so that
the dye laser can be bypassed, and the frequency doubled pump laser operated
with a Q-switch and a pulse picker, enabling us to apply considerably higher

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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This is the approach we believe

necessary for generation of spectra from kraft pulps.

We expect to have the two

subsystems necessary for this purpose installed within the next three weeks.

We

anticipate that feasibility of our approach for an on-line sensor will be fully
demonstrated by the end of this year.

Structural Studies
The primary concerns in this area were the questions raised by the
decline in the intensity of the 1600 cm-l
the exciting line in the microprobe.

band upon exposure of woody tissues to

This is an effect that could not have been

observed with the old microprobe, and required that we reconfirm our earlier
findings about the orientation of lignins in wood cell walls.

Spectra were

obtained from 8 neighboring spots in sections of cell walls of black spruce.
The orientations of the electric vector of the exciting laser were parallel to
the cell wall in some cases and perpendicular in others.

The resulting spectra

clearly support the lignin orientation hypothesis.

I
I
1
I
I
I
I
I

We anticipate that studies in this area will be accelerated quite
significantly as soon as the automated stage translation system is completed.
Now that the Microprobe system has been stablilized mechanically, however, we
expect to move forward irrespective of the availability of the automated
translation.

Luminescence, Photophysical, and Photochemical Processes
As noted above, we had observed decay of the intensity of the 1600 cm- 1
band which we have taken to be a measure of the lignin content of the sample
under study.

We have found that the intensity of this band in the spectra of

woody tissue diminishes rapidly at first with acid chlorite treatment, and subsequent decay of the band upon irradiation is much slower.
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Much of the evidence suggests to us that both with respect to the decay
of the 1600 cm- 1 band and with respect to the luminescence excited by exposure
to the exciting laser, free radicals generated during the mechanical processing
of the samples are the primary cause.
tation along a number of avenues.

We are currently pursuing this interpre-

These include the application of agents and

procedures that ought to quench the radicals, as well as procedures to detect
their presence more directly.

In this area we have also maintained close correlation between our
findings and the related observations in the program to investigate brightness
reversion under Project 3524.

Assignment Studies
In connection with our effort to expand the base for interpretation of
the Raman spectra of lignins, we undertook an investigation of the effects of
acid chlorite delignification on the intensities of the different lignin bands
in the spectra of loblolly pine groundwood.

The work was undertaken as part of

the academic program, and will be reported in detail at a later date.

In addi-

tion to the study of the spectra of lignin in wood, a study of another of the
model compounds related to lignin was completed.

This also will be reported at

a later date.

On-Line Sensor Program
The on-line sensor program has continued under the sponsorship of FKBG.
As noted above, we have devoted a considerable effort to modifying the time
resolved spectroscopy system.

When the modifications are completed we expect to

be able to acquire useful spectra of kraft pulps in, at most, seconds.

In addi-

tion to modification of the laser system, we have optimized the optical coupling

Project 3288 and 3521-2
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between the sample compartment and the spectrometer.
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Availability of higher

power levels from the modified laser will allow us to further optimize the
coupling.

THE INSTITUTE OF PAPER CHEMISTRY

Rajai . Atalla
Chemical Sciences Division
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DOE DE-FG-05-85ER75212

TIME RESOLVED RAMAN MICROPROBE SYSTEM
Grant No. DE-FG-05-85ER75212

Progress Report One

R. H. Atalla
The Institute of Paper Chemistry

April, 1988

Prepared for
THE U.S. DEPARTMENT OF ENERGY

I
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SUMMARY

The objective of the program is to provide an instrument system capable

of generating a new class of information about molecular structure and organiza-

I

tion in the. structural tissues of plants.

The system is intended for time

-

resolved Raman microspectroscopic studies of plant tissues.

The conception of the system described in the proposal was based on
state-of-the-art instrumentation available at the time.

3

It allowed for the

possibility of two alternative types of laser excitation, continuous or pulsed,
and included a monochromator equipped with a gatable detector, and entry optics
for coupling either to a microscope or to a chamber for macroscopic samples.,

|

Thus, the intent was to allow experiments with two kinds of excitation, and-with
two classes of samples.

*

After award of the grant, and upon commitment of the Institute to pro-

3

vide funding beyond that initially proposed in the cost sharing program, an
alternative concept was adopted.

3

This was based on assembly of two relatively

independent though more simple subsystems, which could be coupled to each other,
but which could also be used independently and simultaneously.

I

Such a design

allows more efficient execution of the programs proposed, and was the one implemented and now operational.

Though some difficulties were encountered due to failure of some of the

~*

component subsystems purchased, these have now been overcome, and we continue to

3*

improve the system in an evolutionary manner.

Some representative spectra

acquired with the different subsystems are included in the report.

Future efforts will focus on the programs outlined in the proposal, and

3

I

on further enhancements of the capabilities of the system.
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INTRODUCTION

The objective of the program funded by the DOE URIP grant is to provide
an instrument system capable of generating a new class of information about
molecular structure and organization in the structural tissues of plants.

The

system was intended to enable us to carry out Raman microspectroscopic measurements on plant tissues under investigation in our own programs, as well as on
materials generated in a number of other investigations underway in the laboratories of colleagues active in related fields of plant biology.

The conception of the system presented in the proposal was based on the
possibility of two alternative types of laser excitation, continuous or pulsed.
The monochromator was to be equipped with a gatable detector, and entry optics
for coupling either to a microscope or to a chamber for macroscopic samples.
Thus the intent was to allow experiments with two kinds of excitation, and with
two classes of samples.

After award of the grant, and upon commitment of the Institute to provide funding beyond that initially proposed in the cost sharing program, it
seemed that an alternate concept, based on two relatively independent though
more simple subsystems, would be more effective for execution of the proposed
programs.

This is the plan which has been followed and which has been effec-

tively implemented.

In the following sections the basic concept for the two related subsystems is outlined first.

Each of the subsystems is then described, and repre-

sentative spectra from each are presented.

Some of the difficulties which had

to be surmounted in order to achieve successful operation are outlined.
Finally, the plans for future work are summarized.
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immersed in water; the upper spectrum is recorded with the polarization of the
laser parallel to the cell axis, and the lower one is recorded with the polarization of the laser perpendicular to the axis of the cell.

The spectra on the

right hand side of the figure were recorded in a manner analogous to those on
the left side, but after the cell was allowed to dry in air at room temperature.
While there are differences in the underlying background luminescence, the main
features in the spectra are quite similar.

The major point to be made in connection with Figure 1 is that each of
the spectra was acquired in 8 to 10 minutes.

With our earlier spectrometer,

which operates with single channel detection, spectra of comparable signal to
noise ratio would have required 4 to 6 hours each.

MACRO SYSTEM WITH ULTRAFAST LASER EXCITATION

This subsystem also includes a triple monochromator equipped with a
diode array detector, but in this instance the monochromator is coupled to an
optical platform holding the components necessary for investigating macroscopic
samples, and the detector is gatable.

That is, the intensifier on the diode

array can be switched on and off electronically in synchrony with the pulses of
the exciting laser.

The triple monochromator is a Spex model 1877B, similar to the one
described in detail:above, except that it is equipped with a scanning drive permitting its use as a scanning spectrometer if such use becomes desirable.

Thus

it also has a filter stage, consisting of two short focal length monochromators
with opposed dispersion, and a third dispersive stage of longer focal length,
and can be adjusted so that different spectral intervals cover the full width of
the detector.

Project 3288 and 3521-2
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Here again the detector is a Tracor Northern system.

It consists of

the model TN-6122A detector head equipped with a model TN-6500/BDCBA data
acquisition system.

As in the detector.attached to the microprobe, it has

approximately 1000 active diodes, is approximately 2.5 cm wide, and is
adjustable to allow precise positioning in the plane of the exit slit of the
spectrometer.

As noted earlier, in the present instances the spectrometers do

not have exit slits.

Rather they form images of the entrance slits in the

planes where the exit slits would be mounted in traditional scanning spectrometers.

The pulsed laser currently used with this system is the Coherent
Ultrafast 702-1 dual jet dye laser pumped by a mode locked and frequency doubled
Quantronix model 416 YAG laser.

The YAG laser operated in the mode we use pro-

duces 100 picosecond pulses at 532 nanometers.

These emerge from the dye laser

approximately 1 picosecond wide when both jets are used, or 6 to 8 picoseconds
wide when only one jet is used.

In illustration of the capabilities of this subsystem, we attach in
Figure 2 some spectra which were acquired quite recently.
possibility of discriminating against fluorescence.

They illustrate the

One of the spectra was

recorded from a sample of ground wood without gating of the detector, the other
spectrum was recorded with the detector gated to suppress fluorescence.
clear that the level of background fluorescence has been reduced.

It is

The dif-

ference is even more noteworthy when one considers that the spectrum recorded
without gating was recorded approximately one hour after the gated spectrum.
Such extended exposure to the laser beam usually results in a quenching of the
fluorescence.

Thus the capacity of the system to discriminate against

fluorescence is in fact greater than suggested by Figure 2.
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NON-GATED
ET=1440s
excitation duration
during ET= 100ms

GATED
gate width=50ns
rep rate=50 kHz
ET=3.6s (total time= 1440s)
excitation duration during ET=0.72ms
0

100 200 300 400 500 600 700 800 900 1000
Diodes

Figure 2.

Comparison of gated and nongated spectra of groundwood handsheets
immersed in water. The nongated spectra were recorded approximately
one hour after the gated spectra, so that the discrimination against
fluorescence is in fact greater than suggested by the comparison
above.
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Furthermore, these are among the earliest spectra recorded in this
effort, so that we expect to achieve far more significant discrimination against
fluorescence as we develop greater experience in the operating characteristics
of the experimental system.

Another point to be noted in connection with Figure 2 is that the
spectra were acquired with extremely short exposures.

An even more dramatic

illustration is the spectrum of glucose shown in Figure 3, which was acquired
with an effective exposure time of 1.8 microseconds.

This is to be contrasted

with acquisition time of the order of 20 minutes for a spectrum of comparable
signal to noise quality acquired in a scanning spectrometer.

In this respect

the performance of the system is beyond our earlier expectations, as we had
expected the spectra acquired to be related to the average power of the laser in
a manner similar to that of a continuous laser.

Instead we find spectra which

are considerably enhanced relative to those that would be acquired with excitation by a continuous laser of equal power.

PROBLEMS

Completion of the systems has been delayed relative to the originally
anticipated schedule because of a number of unanticipated problems encountered as
the different components were received and installed.
with the systems were in two different categories.

The problems encountered

The first were related to a

disproportionate number of defective components received from the suppliers, as
well as failures of some components very soon after installation.

The second

were related to mechanical instabilities of the microscope coupling to the
spectrometer in the microprobe.

These problems have now been overcome, though

we continue to improve the systems in an evolutionary manner.

As we do so, we
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Raman spectrum of glucose recorded in the gated mode to test the
efficiency of the spectrometer system.
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will prepare technical notes to be published in instrumentation research journals, and we will include these in future technical reports in relation to the
present grant.

FUTURE PROGRAMS

The primary effort in the coming months will be devoted to the programs
of research currently in progress with the support of DOE grant No. DE-FG0284ER13189, entitled "Raman Microprobe Investigation of Molecular Structure and
Organization in the Native State of Woody Tissue."

This is a program directed

at exploring the organization of both the polysaccharides and the lignin in the
cell walls of woody tissue.

As indicated in the instrument proposal, when the

procedures have been well established, we expect to expand this effort to
include studies of other classes of plant tissue which are of interest.

Among

these will be tissues generated in the research programs of colleagues both at
the Institute and elsewhere.

In addition to the programs outlined in the proposal, we expect to continue to enhance the capabilities of the instrument system by evolutionary
improvements in the methodology for its use.
currently under development.

Two such enhancements are

The first involves interfacing the microprobe to

an image analysis system to be used in mapping the cell wall structure and
correlating molecular organization with position in the cell wall.

The micro-

probe imaging system has been equipped with a binocular phototube equipped with
a color video camera.

This will be interfaced with an 80386 microprocessor

based microcomputer system containing an image acquisition board, and holding
image analysis software.
of summer 1988.

This enhancement is expected to be in place by the end
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The second enhancement is more a procedure development program, and is
directed at use of ultrafast laser excitation with the microprobe.

The key to

this is developing the capability of measuring the spectra with a power that is
low enough to avoid damage to the microscope objectives.

Although the average

power of the pulsed laser is similar to the levels currently used in continuous
excitation, the peak power levels in individual pulses is considerably higher,
so that the procedures have to be approached with caution, particularly when the
more expensive high quality imaging objectives are used.

As we progress in our enhancements of the instrument, and as we
develop new procedures, we expect to publish accounts of our progress, and these
will be appended to future technical reports related to the present grant.
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STUDIES ON THE STRUCTURE OF CELLULOSE USING RAMAN
SPECTROSCOPY AND SOLID STATE 13 C NMR.

RAJAI H. ATALLA
The Institute of Paper Chemistry
Appleton, Wisconsin 54912

DAVID L. VANDERHART
National Bureau of Standards
Gaithersburg, Maryland 20899

SYNOPSIS

An overview of earlier reports on Raman spectroscopic
and solid state 13C NMR studies is presented, together
with the results of recent investigations extending
earlier programs. The earlier studies have shown that
there are two stable ordered conformations of the cellulose molecule; they are predominant in celluloses I and
II respectively. They occur separately or with each
other, and together with disordered conformations in
most cellulosic materials. The earlier studies have
also shown that the majority of native celluloses are
composites of two crystalline forms, Ia and IS, which
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occur in different proportions depending on the source
of the cellulose. The Ia form is dominant in celluloses
produced by primitive organisms, while those produced by
the higher plants have the I$ form dominant.
Further studies have shown that the Ia and the Io forms
possess cellulose molecules with the same conformations
of the heavy atom skeleton, but with different hydrogen
bonding patterns. These in turn result in slightly different lattices. Studies of the effects of perturbing
treatments show that the I. form is more susceptible to
hydrolytic treatments, and that it can be transformed
into the 18 form by a number of treatments which are
known to disrupt the structure of the lattice without
dissolution. All of these observations point to greater
stability of the I1 form. The results of examination of
celluloses from a variety of algal sources were found
consistent with a speculation that the balance between
the I a and IS content of a particular native cellulose
is correlated with the pattern of organization of the
terminal complexes at the site of biogenisis of cellulose fibrils on the surface of the cell wall membrane.
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INTRODUCTION

I

Though the structures of cellulose have been the
subject of investigation over many decades, probably
more intensively than those of any other natural homopolymer, many questions remain unanswered [1]. No
single proposal or hypothesis has reconciled all the
data from different approaches to structural investigation. Over the past decade the difficulty has arisen
anew as attempts were made to reconcile the results of
spectroscopic investigations, using newly available
instrumental methods, with the results of diffractometric studies which have been used to refine the
classical models of structure. In recent years,
however, a measure of convergence has emerged.

I

In past reports we have described the results of
our investigations of the structures of cellulose, based
on use of both Raman spectroscopy and solid state
(CP/MAS) 13C NMR. In this report we present an overview

I
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I
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I
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of the results of our earlier studies, and then extend
our understanding of the nature of the structures by
incorporating recent findings from our continuing studies.

BACKGROUND

Studies of Molecular Conformations

In the first comprehensive report on Raman spectroscopic studies of cellulose, one of us concluded that
the differences between the spectra of celluloses I and
II could not be accounted for on the basis of the then
available structures derived from diffractometry [2].
It was argued that the differences between the spectra
of celluloses I and II, particularly in the conformation
sensitive low frequency region, could only be accounted
for by a structural model in which the chain conformations are different, and in which they depart from the
two-fold helical symmetry generally assumed to prevail
in all the structures accepted at that time. It was
speculated that the conformations of celluloses I and II
might be represented as slight right-handed and lefthanded departures from the two-fold symmetry, respectively. These speculations were informed, in part, by
examinations of the structures of cellobiose [3] and
B-methyl cellobioside [4], as well as some of the
conformational energy calculations available at that
time.
Further consideration of packing in the unit cells,
and further examination of the structures and spectra of
the two model disaccharides led to revisions of the proposed conformational differences [5].
The new proposal
was based, in the first instance, on the infrared and
Raman spectra of the two disaccharides in the OH
stretching region, and on the proximity of the dihedral
angles of their glycosidic linkages to those associated
with the double minima observed in conformational energy
maps. These minima occur on either side of the line
which defines all structures possessing two-fold helical
symmetry, though they are quite close to the line [6,7].
The revised proposal envisioned the glycosidic linkages
in a chain of cellulose as alternating in conformation
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between small left- and right-handed departures from a
two-fold helix conformation. The differences in conformations between celluloses I and II were viewed as
resulting from differences between the internal organization, in space, of the anhydrocellobiose unit which is
taken to be the basic repeat unit of physical structure.
In the first studies of the solid state (CP/MAS)
spectra of cellulose, the resonances for Cl and C4 were
clearly shown to be split into multiplets [8,9]. These
observations were taken to support the proposal that the
disaccharide unit, consisting of anhydrocellobiose with
nonequivalent anhydroglucose units, was the basic
repreat unit of structure. Such a structure inherently
implies glycosidic linkages which alternate in confornation along the cellulose chain [8].
Particularly in
the case of cellulose II, where only the resonances of
carbons 1 and 4 are split, the spectra imply that
neither lattice packing nor hydrogen bonding patterns
can account for the splitting, but rather a nonequivalence of adjacent anhydroglucose units, centered at the
glycosidic linkage is the most plausible explanation.
Finally, these'interpretations were brought
together with the results of studies of the vibrational
spectra of celluloses I and II, for the OH stretching
regions, in the proposal that the key difference between
the two conformations characteristic of the two forms of
cellulose, is the presence in cellulose I of a bifurcated intramolecular hydrogen bond analogous to that
observed in s-methyl cellobioside. This hydrogen
bond involves the proton from the hydroxyl group on C3
of one ring, and both the ring oxygen and the oxygen of
the primary hydroxyl on the adjacent ring [10]. Such a
bond was assumed to occur in association with the alternate glycosidic linkages that have internal coordinates
similar to those of the s-methyl cellobioside, and
which therefore would have interatomic distances, between the three oxygen atoms involved, which are short
enough to allow the bifurcated intramolecular hydrogen
bond system to form.
'
Schematics of the two proposed conformations are
shown in Figure 1. They have been identified as ki and
kii because of their predominance in celluloses I and
II respectively. The key difference between the conformations depicted in Figure 1, is the presence of the
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Schematic representation of conformations k I
and k1 I. Skeletal atoms are depicted in
approximately the same positions in both;conformations; the key difference lies in disposition of the intramolecular hydrogen bonds.
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I
bifurcated intramolecular hydrogen bond associated with
every other glycosidic linkage in conformation ki. The
association of distinctive Raman spectra with each of
these conformations, particularly in the low frequency
region, allowed the development of procedures for quantifying the varying degrees of conformational distributions in samples of cellulose which are only partially
converted from one form to another. One of the key
practical consequences of this work was the realization
that most processes which convert cellulose I to cellulose II, whether based on mercerizaion or regeneration,
result in only partial conversion of the cellulose; a
residual amount of cellulose in the conformation characteristic of cellulose I is always present, even though
it is usually not detected by x-ray diffractometry.
Since these proposals were presented, a number of
their elements have received support from the results of
other investigations. The occurence of the double
minima in the conformational energy maps was confirmed
in the study by Perez et. al. [11], who also found that
nonequivalent glycosidic linkages are to be expected in
cellotetraose. The plausibility of alternating glycosidic linkages has been supported by the investigations of
French [121 and of Sakthivel et. al. [13] both reported
in the present proceedings.

Studies of Crystallinity

The first major undertaking in our joint effort was
an investigation of the origin of the multiplicities in
the solid state (CP/MAS) 13C NMR spectra of the celluloses, particularly those of native celluloses [14,15].
The multiplicities in the spectra of pure samples of
cellulose II could be rationalized in terms of physically non-equivalent environments for chemically equivalent carbons, but within a single unit cell. For the
native celluloses, however, the multiplicities could not
be accounted for in terms of different sites in a unique
unit cell. The sharper components of the C-1, C-4, and
C-6 resonances possess multiplicities that suggest
magnetically nonequivalent sites within crystalline
domains. The narrow lines observed are different within
the spectra of different native forms; the relative
intensities are not constant, and they are not in the
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ratios of small numbers as would be expected if they
arose from different sites within a single unit cell.
We have found the proposal that native celluloses
are composites of two distinct crystalline forms, identified as Ia and Ig, the most plausible basis for
intepretation of the spectra. A decomposition of the
spectra based on such a model has been described in our
earlier reports. The spectra were obtained by taking
appropriate linear combinations of the spectra of a
regenerated cellulose I and of a cellulose from
Acetobacter xylinum; these two celluloses were judged to
be the closest to the two extremes on the basis of a two
component model.
In further investigations of the solid state 13C
NMR spectra, relaxation measurements on both protons and
carbon nuclei were made [16]. They confirmed that unit
cell inequivalences, rather than crystal surface chain
resonances, determine the profiles of the sharp
multiplets. It was also found that the higher plant
celluloses contain a smaller proportion of the Ia
form than had previously been proposed.
Experiments based on weak 13 C - 13C spin exchange
were also conducted. These probed the spatial environment, within a radius of 0.7 to 1.0 nm, around carbons
identified with individual multiplet components, assumed
to belong exclusively to the Ia or Io forms. The
spectra of "nearest neighbors" were isolated for
three different multiplet lines in an algal cellulose,
and for two different lines in a higher plant cellulose.
The results rule out the possibility that tertiary
morphology can give rise to any multiplicity in these
spectra. The results also provide.strong support for
the hypothesis of multiple crystalline forms in the
algal cellulose; however, no additional evidence for
multiple crystalline forms in the higher plant celluloses was developed from these measurements.
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FURTHER STUDIES OF NATIVE CELLULOSES

Raman Spectral Studies

In light of the earlier proposals concerning the
conformational states of cellulose chains, the question
naturally arose whether the two forms, la and Ig,
represent true solid state allomorphs, with molecules
possessing identical conformations, or whether, like
celluloses I and II, they contain molecules with different conformations as well as different lattices [17].
Comparison of the Raman spectra in the conformation
sensitive region revealed a great deal of similarily in
the spectra of the native celluloses used in the 13C NMR
studies. In the OH stretching region, on the other
hand, there were significant differences. These observations have been described in detail by Wiley and
Atalla [18,19], and led to the conclusion that the
I a and Ig forms of cellulose represent lattices with
nearly identical conformations of the heavy atom molecular skeletons, but with different hydrogen bonding patterns.
In an extension of these studies, an effort was
made to resolve the the OH stretching bands into those
of the Ia and Ig components. The original spectra used
in the resolution were those of a regenerated cellulose
I, which was known to be essentially of the pure I
form, and of a cellulose from Cladophora glomerata,
which is similar to celluloses from Valonia ventricosa,
and equally rich in the Ia form. Beginning with the
proportions of the two forms determined from the solid
state 13 C NMR spectra, it was possible to resolve the
Raman spectra in the OH stretching region into two component spectra correspondiong to the two pure forms.
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The two spectra are shown in Figure 2, which
displays the Raman spectra of the two forms in the OH
stretching region. It is clear from Figure 2 that the
Ia spectrum possesses bands which do not occur in the
Ig spectrum, and vice versa. Though in the studies by
Wiley and Atalla it was not possible to distinguish the

I
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bands seen in Figure 2, it was clear that the lowest
frequency band in the OH stretching region of the
spectrum of the Ia component does not occur in the
spectrum of the Il component. Similarly, the high frequency shoulder that is pronounced in the spectrum of
the Ig component does not occur in the spectrum of the
Ia component. These spectra, when taken together with
observations noted earlier, provide further support for
the view that they key difference between celluloses I.
and I g lies in the patterns of hydrogen bonding.

I'
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The resolved spectra of the Ia and Ig components
of native celluloses in the OH stretching region
of the Raman spectra.
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I
Susceptibility to Structural Peturbation

-

In an important extension of the characterization
of the structure of cellulose, the relative susceptibilities of the different forms to perturbation have been
explored. We have carried out studies of the response
to acid hydrolysis, and to the partially reversible
transformations associated with treament with liquid
ammonia. Others have carried out different transformative treatments which are similar in effect. We
review these here.

Studies of hydrolysis

In our first exploration of the effects of acid
hydrolysis [20] we reported that in the highly
crystalline cellulose from Rhizoclonium heiroglyphicum,
both components of the original material were equally
susceptible to acid hydrolysis. We have since applied a
more severe hydrolytic treatment corresponding to
boiling in 4 Normal HC1 for 44 hours. In this instance
the algal source was Cladophora glomerata, which produces a cellulose equal to that of Rhizoclonium in
crystallinity and Ia content. This treatment resulted
in a yield of 22% and did indeed show a greater susceptibility of the I. form to the hydrolytic environment.
The 13C NMR (CP/MAS) spectra are presented in Figure 3,
and clearly show a significant loss of the I a component.
This can be interpreted as the result of greater susceptibility of the Ia form to acid hydrolysis, or of some
transformation of the I a form to the Is form.
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Horii and coworkers have reported a transformation
of the Ia form to the Io form as the result of treatment
in steam at high teperatures, up to 280°C [21]. The
conditions they used are expected to be highly hydrolytic. They report, however, that their yield was
approximately 85% [22], so that a substantial amount of
the Ia form must be transformed to the IS form.

I

Both our results and those of Horii, et. al. indicate that the Is form is more stable than the Ia form,
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whether its disappearance is attributed to hydrolysis or
to coversion.

Cladophora

100 I
100

FIG. 3.

I

80

I

I

IPPM
60 PPM

Solid state CP-MAS 13C NMR spectra of Cladophora glomerata cellulose before and after acid
hydrolysis.

Liquid ammonia treatment

In yet another study of the response of the structure of native forms to perturbation, we treated some of
the cellulose derived from Cladophora glomerata in
anhydrous liquid ammonia, under conditions that result
in transformation to high crystallinity cellulose III
[23]. We then recovered some cellulose I by boiling a
portion of the cellulose III in water. We have labelled
this sample III I to indicate that it is regenerated
from cellulose III. The 13C NMR (CP/MAS) spectra are
shown in Figure 4; they are quite similar to spectra
reported by Chanzy and coworkers for cellulose III and
IIII prepared from Valonia macrophysa cellulose [24].
The Raman spectra we have recorded are included in
Figures 5 and 6, together with spectra of samples of
celluloses I and II, for purposes of comparison.
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Raman spectra of celluloses I, II, and III, in
the conformation sensitive region.

(CP/MAS) and Raman spectra of cellulose IIII, shown in
Figures 4 and 6, repectively, are typical of those of
celluloses derived from the higher plants, where the
Ig component is dominant. Thus, the treatment in
anhydrous liquid ammonia followed by boiling in water,
results in transformation of I n cellulose to IS cellulose. Here again there is a clear implication that the
Io form is more stable than the Ia form.
It should be noted that in the course of electron
microscopic examination Chanzy and coworkers observed
that the transformation from I to III to IiiI, is
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accompanied by a reduction of the lateral size of the
fibrils from dimensions typical of Valonia celluloses to
ones characterisitic of higher plant celluloses. This
led them to the speculation that the differences in the
NMR spectra are associated with differences in morphology.

Acetate transformation

In their study of the acetylation of Valonia cellulose, Horii and coworkers [25] investigated the effects
on the (CP/MAS) spectra of heterogeneous acetylation,
followed by heterogeneous deacetylation. They observed
an effect almost identical to that reported above for
the transformation of Cladophora cellulose when it was
converted to cellulose III and then to cellulose III I .
That is, it was changed from a cellulose of quite high
crystallinity and with the Ia form dominant, to a
cellulose of somewhat lower crystallinty, with the
IS form dominant. An analogous experiment with a
cotton cellulose showed little or no change in the form
of the cellulose recovered when it was compared with the
starting material. These results also are consistent
with greater stability of the Io form.

STRUCTURE AND THE PATTERNS OF BIOGENISIS

In further extension of our studies of the two
forms of cellulose I, we have considered the possibility
that the distribution of the two forms in different
native celluloses may reflect patterns of biogenisis; we
have previously noted that the more primitive forms of
cellulose producing organisms are the ones which produce
the native forms with higher Ia content. It occured to
us that the balance between the Ia and IS forms may be
associated with the organization of the assembly of the
In pursuit
elementary fibrils during biogenisis [26].
of this possibility we have examined celluloses from a
variety of primitive plant forms.. These will be
reported in detail elsewhere, but we present here two
preliminary observations. They are based on examination
of celluloses from the two algae, Chara excelcius and
Laminaria japonica.
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Chara excelcius is a member of the order
Zygnemateles, which is thought to be the algal precursor
to the higher plant forms; it appears to be the most
primitive plant form possessing arrays of rosettes as
the primary sites of cellulose biosynthesis. The organization of biosynthetic complexes has been investigated
most comprehensively by Brown and his coworkers and presented in overview by Brown [27]. Laminaria japonica is
a brown alga, and is of particular interest because it
is one of the primitive algae which possess linear terminal complexes as the sites of cellulose biosysnthesis,
but, unlike the other algae of this type examined by us
so far, it produces cellulose with crystalline lateral
dimensions more akin to those of the higher plants.

i

The (CP/MAS) spectra of the cellulose from Chara
excelcius show it to be similar to the higher plant
celluloses, in that it is predominantly of the Iv form.
Thus, it appears that the indication of a correlation
between the predominance of the Ig form and the organization of biosynthetic sites into rosettes, is indeed
supported by all of our observations so far.
The (CP/MAS) spectra of cellulose from Laminaria
show it to be very much like those of other primitive
algae wherein the Ia form is dominant. As noted
earlier, it is of interest here because the X-ray
diffractogram of this cellulose shows it to be more like
the celluloses of the higher plants with respect to
lateral dimension. The observation that it is predominantly of the I. form even though it is limited in
lateral dimension, excludes the possibility that the
differences between the two forms, Ia and Il, are primarily manifestations of morphological differences.
These observations, when taken together with pattern
of variation of the organization of synthesizing
complexes described by Brown, lead us to the suggestion
that the native celluloses synthesized by the organisms
which possess arrays of rosettes as the primary sites of
biosynthesis are predominantly of the Ig form, while
the celluloses synthesized by organisms which possess
linear or otherwise arranged terminal complexes as the
synthesizing sites are predominantly of the Ia type.
Thus, it appears that the differences between the two
forms are related to the architecture and organization
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in space of the synthesizing complexes. The implications of this conclusion are quite broad, but we will
discuss them in greater detail elsewhere.
In an interesting extension of the question of the
relation between biogenesis and structure Chanzy and his
coworkers [28] recently investigated the (CP/MAS)
spectra of tunicin, which is an animal cellulose derived
from a marine organism. They observed that the spectra
were of the pure IB form. That is, there were no indications in the spectra of any of the spectral features
normally associated with the I. component. There findings are consistent with the proposal of distinct
crystalline forms of cellulose, as well as with our
conclusion that the Io form is the more stable one.

CONCLUDING SUMMARY

In summary then, the Raman spectra of the many
celluloses investigated over many years support the
conclusion that there two stable ordered conformations
of the cellulose molecule, which occur most often in the
majority of samples. The two conformations are predominant in celluloses I and II, repectively, and occur
separately or together with disordered conformations in
most cellulosic materials.
The 13 C NMR (CP/MAS) spectra indicate that the
majority of native celluloses are composites of two
crystalline forms, Ia and I8, which occur in different
proportions depending on the source of the cellulose.
The celluloses produced by primitive organisms have the
Ia component dominant, while those produced by the
higher plants have the Io form dominant.
Further Raman spectral studies have shown that the
Ia and the Io forms possess cellulose molecules with the
same conformations of the heavy atom skeleton, but with
different hydrogen bonding patterns. These in turn
result in slightly different lattices.
Studies of the effects of perturbing treatments,
both by ourselves and by others, leave little question
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that the Is form is the most stable oneo Studies of
the effects of boiling in acid and in water at high temperatures and pressures, resulted in preferential hydrolysis of the I a form or the transformation of the I
form to the I B form. Processes which disrupt the structure of the native cellulose, but nevertheless allow
regeneration of cellulose I, were also found to result
in transformation of cellulose from the I. form to the
IS form. These processes included treatment with
anhydrous ammonia followed by regeneration in boiling
water, and heterogeneous acetylation followed by heterogeneous deacetylation.
Examination of celluloses from a variety of algal
sources confirmed a speculation that the celluloses with
the Io form dominant arise from organisms that possess
arrays of rosettes at the primary sites of assembly of
the cellulose molecules, while those with the Ia form
dominant arise from organisms that possess the geometrically more simple arrangements of terminal complexes.
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PROJECT SUMMARY FORM

DATE:

September 8, 1988

PROJECT NO. 3456-2:
PROJECT LEADER:
IPC GOAL:

SMELT-WATER EXPLOSIONS

T. M. Grace

Increase the capacity potential of processes

OBJECTIVE:
Decrease in frequency (and ultimately elimination) of destructive explosions in
recovery boilers. Continual evaluation of underlying causes of recovery boiler
explosions and dissemination of that information to operating personnel. An
increased understanding of the phenomena of smelt-water explosions and the
application of that knowledge to reduce the hazard of smelt-water contacts.
CURRENT FISCAL YEAR BUDGET:

$20,000

PRIOR RESULTS:
The experiences in the industry on explosions and recovery boiler safety continue to be monitored. In the past few years we have played a major role in
identifying combustible gas explosions originating from black liquor pyrolysis
as a distinct hazard and getting the industry to recognize this hazard by
working with the API Recovery Boiler Committee and BLRBAC. Our analysis of past
incidents also identified that over two-thirds of the recent recovery boiler
explosions involved a failure to follow generally recognized safe practices to
some extent. This has helped to focus attention on the role of management and
operator training in this continuing problem.
We carried out on-site investigations of four major recovery boiler explosions
in 1987, either under the auspices of API Recovery Boiler Committee or consultation contracts.
A separate project (3575) funded by the Nuclear Regulatory Commission has been
completed. The first phase determined the energy released from a number of
actual explosions and compared this with thermodynamic estimates of the maximum
potential energy release based on the amounts of smelt and water present. The
second phase dealt with scaling criteria for this type of explosion based on
models of the explosion process. This analysis provided a convincing rationale
that smelt-water explosions in recovery boilers are inherently low efficiency
events.
SUMMARY OF RESULTS SINCE LAST REPORT:
We carried out on-site investigations on two recovery boiler explosions since
our last PAC meeting. We have kept abreast of regulatory and insurance issues
and are serving on API's task force on recovery boiler safety which is dealing
with these issues.
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Papers based on the project entitled "Energetics of Smelt-Water Explosions,"
which was funded by the U.S. Nuclear Regulatory Commission, have been written.
A salt bridge model, which takes into account mass transfer of components between
the two fluids, was developed and proved successful in interpreting the effects
of composition on explosiveness in the smelt-water system. The model was able
to provide an explanation of why NaC1, NaOH and Na 2 S act as smelt sensitizers
and a semiquantitative definition of the concentration ranges in smelt and in
the quench solution where spontaneous explosions are likely. A paper describing
this work is attached to this report.

I

A second paper was written which focused on the energy conversion efficiency of
recovery boilers and compared them with thermodynamic efficiencies. A copy of
that paper is attached to this report.
We continue to keep abreast of the state of knowledge concerning the physical
phenomena involved in smelt-water explosions as it is developed at other universities and laboratories. Recently we attended a workshop on smelt-water explosions that was held at Sandia National Laboratory in Albuquerque, New Mexico.
Explosions in the aluminum, phosphorus, ferrometals, kraft pulp, and nuclear
industries were discussed. This is a broad-based problem. Although there is
now a good bit of understanding on the nature of these types of explosions,
technical methods to prevent smelt-water explosions are not yet in sight.

I
3

PLANNED ACTIVITY THROUGH FISCAL YEAR 1989:
Explosion monitoring activities and active participation in API Recovery Boiler
Committee and BLRBAC will be continued.

3

FUTURE ACTIVITY:

|

We expect to continue to do whatever we can to reduce the risk of and hopefully
eliminate smelt-water explosions in recovery boilers.

5

STUDENT RESEARCH:
In view of the sensitivity of the issues involved, this is not normally a
suitable topic for student research.

|

I
I
I
I
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SMELT-WATER EXPLOSIONS

Reporting Period:

September, 1987-September, 1988

A MODEL TO EXPLAIN COMPOSITION EFFECTS IN SMELT-WATER EXPLOSIONS

N. T. Shiang and T. M. Grace
The Institute of Paper Chemistry
Appleton, Wisconsin
and
J. R. Hopenfeld
Nuclear Regulatory Commission
Washington, D.C.

ABSTRACT

A salt bridge model, which takes into account mass transfer of components between the two fluids, was developed and proved successful in
interpreting the effects of composition on explosiveness in the smelt-water
system.

The model is based on the fact that the main smelt constituent, sodium

carbonate, is not soluble in water at temperatures approaching the critical
point, while certain other constituents are soluble.

The soluble substances

allow a substantial increase in the critical temperature of the solution, which
in turn shifts the range of contact interface temperatures at which spontaneous
explosions can occur (between the spontaneous nucleation temperature and the
critical temperature of the coolant) to higher values.

The model was able to

provide an explanation of why sodium chloride, sodium hydroxide, and sodium
sulfide act as smelt sensitizers and a semiquantitative definition of the concentration ranges in smelt and in the quench solution where spontaneous explosions are likely.

-
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INTRODUCTION AND BACKGROUND

Smelt-water explosions have been a problem in the kraft pulp industry
for a long time.

It has also long been recognized that smelt composition can

have a pronounced effect on explosiveness.

Sallack (1) found dissolving tank

violence to be correlated to the NaCl content in the normally Na2 CO 3 smelt.
confirmed this sensitivity in laboratory tests.

He

Nelson and Kennedy (2) also

found that smelt composition could have a pronounced effect on explosivity in
laboratory experiments.

Following some major explosions in recovery boilers, a Smelt-Water
Research Group was set up under the auspices of the Fourdrinier Kraft Institute.
The initial study was conducted by Babcock & Wilcox and Combustion Engineering
under coordination by The Institute of Paper Chemistry (3).
was sponsored at Arthur D. Little and Battelle-Columbus (4).

Subsequently work
In addition to

conclusively showing that smelt-water explosions were noncombustible in nature,
laboratory explosivity tests demonstrated a marked dependence on composition of
both smelt and the quench liquid.

NaCl, NaOH and Na2 S were shown to be sen-

sitizers for Na2 CO 3 smelts, while Na2 S0 4 and Na2 CO 3 themselves did not give
explosions.

No satisfactory explanation of composition effects was developed,

although Battelle did note that sensitizers were compounds whose solubility in
water increased with temperature as the critical temperature of water was
approached.

Thus their saturated solutions could be heated above the critical

temperature of water without reaching a critical point.

Shick (5) extended the Battelle concepts by proposing a concentration
gradient mechanism for smelt-water explosions.

He stated that at the smelt-

water contact interface it is necessary to consider the mutual solubilities of
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Instead of a sharp interface between smelt and

water, there are concentration gradients on both sides with water present in
smelt and smelt dissolved in water.
bridge" at the interface.

These concentration gradients form a "salt-

Shick's concept provided a commonality for sensitizers

that no other theory was able to give.

However, he was unable to use it to make

quantitative predictions on the effects of smelt composition on explosivity.

Explosion Theories

Work on explosions in LNG-water systems led to the homogeneous
nucleation theory of explosions.

Enger and Hartman (6) found that a necessary

condition for explosions was that the hot liquid temperature exceeds the homogeneous nucleation temperature (also called the limit of superheat temperature,
Ts1 ) of the cold liquid.

This was confirmed by Porteus and Reid (7) in LNG-

water and by Henry and Fauske (8) in Freon-water and Freon-mineral oil systems.
This condition provides a lower bound for explosions.

At 1 atm pressure, the

superheat limit temperature for hydrocarbons is about 0.89-0.9 times the critical
temperature.

For hydrocarbon mixtures, the Tsl is closely approximated by a

mole fraction average of the Tsl of the pure components.

Spiegler, et al. (8a) computed the Leidenfrost temperature (which is
almost the same as the limit of superheat temperature) by using the Van der
Waals equation of state.

For simple cryogenic fluids they obtained a value of

0.844 times the critical temperature.

We have calculated the limit of superheat

for water at low pressure from several equations of state and obtained values of
0.895 Tc; 0.919 Tc and 0.922 Tc from the Redlich-Kwong, Soaye, and Peng-Robinson
equations,t respectively., Apfel (8b) has shown that the limit of superheat for
many liquids is from 0.85 to 0.9 times: the critical temperature.

In this paper
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we have used 0.89 Tc as the limit of superheat temperature for water and for
aqueous salt solutions.

There is also an upper limit to the hot fluid temperature above which
explosions are not probable and stable film boiling occurs instead.

This limit

is less definite, but data from laboratory scale experiments indicate that a
value equal to 1.1 * Tsl is a reasonable approximation.

In summary, the simple homogeneous nucleation theory indicates explosions may occur if

1.00 < Thot/Tsl,cold < 1.10

An equivalent statement for light hydrocarbons is

0.89 < Thot/Tcrit,cold < 0.98

It is interesting to note that the upper bound for explosions is almost
the same as the critical temperature of the cold fluid.

Ochiai and Bankoff (9)

showed that film boiling becomes quite stable at temperatures higher than the
critical temperature because wetting is not possible.

Swift (10) and Henry (8)

also considered the critical temperature of the coolant as the maximum value of
the surface temperature.

The coolant critical temperature as an upper bound of

explosions was confirmed in many systems - light hydrocarbon-water (7), Freonmineral oil (8), tin-water (11) - and is consistent with experimental results in
aluminum-water (12,13) and steel-water (13).

A very different theory of these types of explosions is the detonation
model of Board (14).

He applied the classical theory of detonation to the one-

dimensional case of a plane explosion front propagating through a coarsely mixed
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This concept has been refined into the 4-stage

model of explosions now commonly accepted.

~I

3*

The four stages are coarse inter-

mixing, triggering, escalation/propagation, and expansion.

Versions of the

4-stage model have the potential of predicting energy conversion ratios and
details of the blast wave.

This is not possible with the homogeneous nucleation

model which only predicts the boundaries of the explosive region.

3fI
~~Fauske

(15) has proposed a criterion which can serve as a tie between

the homogeneous nucleation concepts and the 4-stage model.

3

He suggested that.

· large-scale explosions only occur if the interface temperature on contact is
above the superheat limit temperature of the cold liquid.

This was ration-

a-lized as a necessary condition for film boiling, which stabilized the system
B

~

while coarse intermixing proceeded.

Large scale explosions could only occur if

there was extensive intermixing before triggering.

The simple homogeneous nucleation theory has been most successful in

3*

predicting explosive boundaries in weakly explosive systems that are selftriggered.

|

~

step.

It is.likely that the criterion is most germane to the triggering

Many systems which are nonexplosive in simple contact modes have reacted

violently in shock tube experiments or when a sufficiently energetic detonator
was used as a trigger.

3*(~
~In

this paper we will show that the effects of smelt composition on ex-

plosiveness in laboratory scale experiments can be explained by using the simple
homogeneous nucleation theory in conjunction with Shick's salt-bridge concepts.

I

I

.

.

.

.

,
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FORMULATION OF SALT-BRIDGE MODEL

Keevil (16) presents data on the vapor pressure of aqueous solutions at
high temperature.

The vapor pressure of the sodium carbonate and sulfate solu-

tions approaches that of pure water as the temperature is increased.

On the

other hand, the vapor pressure of more soluble salts such as sodium chloride and
sodium sulfide (16) and potassium carbonate (17) remains below that of water as
the critical temperature of water is approached.

Furthermore, their solubilities

increase with temperature so that their saturated solutions could be heated well
above the critical temperature of water without reaching a critical point.

Keevil

(16) indicated that the intermolecular forces for NaCl-water may be strong
enough to prevent critical conditions even at temperatures as high as 800°C and
pressures of 400 atm.

Since the upper bound for explosiveness is the critical temperature of
the cold fluid, it is important to find data on the critical temperature as a
function of salt concentration.

Marshall (18) compared his critical tempera-

ture-composition measurements for NaCl-water with those obtained previously by
Olander (19), Sourirajan (20), and Schroer (20a).

The critical temperature

increases from 374°C for pure water to 388°C for a 1% (by weight) NaCl solution,
to 424°C for a 5% solution and to 467°C for a 10% NaCl solution.

Sourirajan

(20) showed critical temperatures at higher concentrations to be 600 0 C at 19.6%
and 700 ° C at 26.4% NaCl.

Urusova (21) investigated the vapor pressure of NaOH-water and NaClwater solutions at 350-550°C.

The critical temperature of NaOH solutions increases

to 450°C at 10.3 % (by weight) NaOH, 500°C at 15.3%, and 550°C at 20%.

We could

not find similar data in the literature for Na2 S, possibly because it may be
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The sodium sulfide could form sodium hydroxide by hydroly-

sis or react with water to form hydrogen and sodium sulfate at high temperature.

The homogeneous nucleation theory predicts that explosions occur only
when the temperature at the fluid-fluid interface is between the homogeneous
nucleation temperature and the critical temperature of the coolant.

The inter-

face temperature is commonly calculated from the equation in Carslaw and Jaeger
(22) for the time-independent contact temperature between two infinite slabs of
material, each initially at a uniform temperature.

T 1 = (rl*Th + Tc)/(1 + r1 )
where
r1 = "^Ph
h
Cvh" 1/2
12
lkc Pc Cvc
k, p, and Cv are the thermal conductivity, density and specific heat
capacity.

Subscripts h, c refer to hot and cold phases, respectively.

When dealing with fluids which are soluble in each other, there will be
concentration gradients as well as temperature gradients, and an interfacial
concentration will be established.

We define T* as the critical temperature for

the coolant at the interfacial concentration, Ci.

It is assumed that the inter-

face temperature can be calculated from the conduction equation with constant
properties (the effect of mass transfer on the heat transfer is neglected).

It

is further assumed that the homogeneous nucleation temperature for solutions is
also given by 0.89 times the critical temperature.
can be written as

0.89 T* < Ti < T*

Then the explosion criterion
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For a given interface temperature, Ti, the explosive range will be bounded
between two interface concentrations.
corresponding to T*

Ti.

One boundary will be the concentration

This would be the lowest interfacial concentration at

which explosions would occur.
be that corresponding to T*

The upper bound on interface concentration would
Ti/0.89.

Thus the criteria can be written as

C(low) < Ci 0 C(high)

where Ci is the smelt-water interface concentration.
C(low) is the salt concentration corresponding to Ti.
C(high) is the concentration corresponding to Ti/0.89.

The interface concentration can be calculated in a manner directly
analogous to that used for calculating the interface temperature.

The equation

is

Ci = (r2 * Ch + Cc)/(1 + r2 )
where r2

=

(Dh/DC)1/ 2

Ch = salt concentration in the smelt.
Cc = salt concentration in the bulk water.
Dc = diffusion coefficient of salt in water.
Dh = diffusion coefficient of water in salt if salt concentration is
dominant in the smelt, or diffusion coefficient of salt in
Na2 CO 3 if salt concentration is low.

For smelt at 800°C contacting boiling water, the interface temperature is
estimated to be 440°C.

The system will be within the explosive region for solu-

tions having critical temperatures between 440 and 528 0 C [(440 + 273)/0.89 273].

The salt concentrations that correspond to these temperatures are 7 and

12% by weight, respectively.

I
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Diffusion coefficients are needed to calculate the interfacial salt concentration.
18.5°C.

The diffusion coefficient for NaCl in water is 1.35E-5 cm2 /sec at

At 150°C, the diffusivity of NaCl in water is estimated at 1.17E-4

using the Nernst-Haskell equation (23).

The self-diffusivities of sodium and

chloride ion in molten NaCl at the melting point are 7.38E-5 and 5.82E-5,
respectively and increase with increasing temperature (24).

The diffusivity of

water in molten LiC1-KC1 eutectic mixtures was found by Melendres (25) to be
3.1E-5 and 8.0E-5 at 390 and 480°C, respectively.
fusivities are of the same general magnitude.

All of the relevant dif-

If they were equal, the interface

concentration would be a simple numerical average of the salt concentrations in
the hot and cold fluids.

If the hot fluid diffusivity were 1/2 of the cold

fluid diffusivity, the interface concentration would be given by
Ch + 0.586 x Cc.

Ci = 0.414 x

If the hot fluid diffusivity were twice that of the cold, the

interface concentration would be given by Ci = 0.585 x Ch + 0.414 x Cc.

The

arithmetic average is a reasonable approximation and is used as an estimate of
the interface concentration in this paper.

COMPARISON OF SALT BRIDGE MODEL WITH DATA - EFFECTS OF SMELT COMPOSITION

The effects of smelt composition on explosivity tests under laboratory
conditions were summarized by Battelle (4) as follows:

*

The major smelt constituent, Na 2C0 3, was not in itself explosive.

*

The likelihood of an explosion increased with increasing amounts of Na 2S
in the smelt.

*

Smelt containing relatively small amounts of Na2 S were more easily
S sensitized by the minor smelt constituents, NaC1 and NaOH.

*

Other minor smelt components, K 2 C0 3, Na 2S04 , and Na 2S0 3, in descending
order, were minor sensitizers.
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All of these results were obtained in experiments in which the explosions
were self-triggered.

The same is true of the dissolving tank experiments of

Sallack (1) and Nelson (2).

Composition effects are much less marked when

external triggers are used.

Bergman and Laufke (26) obtained explosions with

all tested smelt compositions, including pure Na 2C0 3, by using detonators with a
high ignition impulse.

Na 2 C0 3 - NaC1 System
a.

Pure Sodium Carbonate
The lowest interface temperature for this system is calculated to be 524°C

for sodium carbonate at its melting point of 851°C in contact with water at
25°C.

Since this lowest interface temperature is far above the critical tem-

perature of water (3740 C), pure sodium carbonate will not explode spontaneously
and needs a strong external trigger.

b.

Sodium Carbonate-Sodium Chloride Mixtures
The data of Sallack (1),

range are shown in Table 1.

covering the entire NaCl-Na 2CO 3 concentration

Soda smelt (without sulfide), at temperatures

ranging from 1600 to 1700°F, was poured into water at 170-180°F.

With smelt con-

containing 6% NaCl, explosions occurred in 1/3 of the tests.
taining 8% or more NaCl, explosions occurred in all tests.

With smelt

The heaviest explo-

sions were produced with smelt containing from 8 to 20% NaCl.

Explosions with

smelt containing more than 20% NaCl were light, amounting to no more than the
shattering of the smelt.

The interface NaCI concentrations for the heaviest explosions are estimated to range between 4 and 10%.

This range agrees reasonably well with the 7

to 12% range predicted by the salt bridge theory, especially when considering
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the uncertainty in the interface concentrations due to the lack of good diffusivity data.

It is also consistent with data from the Smelt-Water Research

Project (3) which showed no explosions at 5% NaCl and violent explosions at both
15 and 20% NaCl.

(Table 1)

c.

Pure Sodium Chloride
Nelson (2) observed violent surface interactions for pure sodium chloride

dumped into quench water.

Hohmann (27) found that explosions did not occur in

flooding mode experiments without an external trigger but did occur in pouring
mode experiments with coolant temperatures higher than 50°C.

At coolant tem-

peratures of 20°C, violent surface interactions prevented the penetration of
large melt masses into the coolant.

Anderson and Bova (28) did extensive experiments injecting small amounts
of water into molten NaCl at temperatures between 880 and 980°C.

Tests with

water at high velocity (50 ft/sec) generated mild interactions which splashed
the smelt out of the crucible, but no large explosions.

Later tests, run at

lower injection velocity, produced several violent interactions.

Anderson and Armstrong (29) found two types of behavior in their tests.
In some cases with subsurface injection and in all cases in which glass spheres
filled with water were broken beneath the molten salt surface, the water boiled
harmlessly to the surface, causing some splashing of the salt but no explosion.
Other subsurface injection tests in the same equipment gave explosions from
equivalent water masses and geometries.

Subsurface movies showed that every

explosive case was initiated by an external force which tended to drive the two
liquids across the insulating vapor film into contact with each other.
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The experimental evidence indicates that the NaCl-water system is not
explosive.without external triggering.

This is in agreement with the salt-

bridge model, since the interface concentration (estimated at 50%) is well above

I

the upper boundary.

Na 2 S-Na 2 CO 3 System
The effect of sodium sulfide concentration on smelt-water explosions is
summarized in Table 2.

In general, there are only mild explosions or none at

all at sulfide concentrations below 20% by weight.

3

Battelle (4) found that the

explosion probability ranged from 100% for smelt containing 30% Na2 S down to 10%

3

for a melt containing 20% Na2 S.

(Table 2 here)

After comparing concentration ranges in Table 2 with those in Table 1, it
appears that 1% Na2 S is equivalent to about 0.36% NaCl in sensitizing explosions.

I

If so, the upper concentration boundary for Na2 S should be about 35%.

Battelle (4) found that pure Na2 S is very reactive with water with explosions

I

occurring in more than 90% of the tests.

5

necessarily mean severe explosions.

The high probability does not

The behavior of pure Na2 S may be analogous

to what Sallack found with NaCl-Na 2 CO 3 at very high NaCl concentrations.

3

Another factor, that could be an influence at the upper boundary, is that with
pure or mostly pure sensitizers the diffusion coefficient for water into smelt
is the relevant parameter in determining the interface concentration and not the

3
3

diffusion coefficient of the sensitizer within the molten smelt.

NaOH-Na 2 CO3 System

I

Sallack (1) found that smelt composed of NaOH and Na 2 CO3 exploded with
100% probability when the NaOH content was above 10% by weight.

3

Nelson (2)

I
I

Project 3456-2

Status-·Report

-67-

obtained consistent results in laboratory quenching-tests in which there were no
explosions at 5% NaOH and violent explosions at 10 and 15% NaOH.

These results

are summarized in Table 3.

(Table 3 here)

After comparing Table 3 with Table 1 it appears that 1% NaOH is equivalent
to 0.7% NaCl in sensitizing Na2 C0 3 smelt.

If so, then the upper explosive con-

centration would be expected to be about 17% NaOH.

There are some data from the

Smelt-Water Project (3) in which no explosions were produced on injection of
water into melts containing 15, 20, 50 and 100% NaOH.

On the other hand, there

are several reports (2,3) of violent surface interactions of water on pure NaOH
melts.

Kraft Smelts
Kraft smelts normally consist of Na2 C0 3 and Na 2S with relatively small
concentrations of other sensitizers such as NaCl and NaOH.

Data from Nelson (2)

on the effect of smelt composition in dissolving tank explosions are summarized
in Table 4.

Also included in Table 4 are the calculated NaCl equivalent con-

centrations using the following equivalencies.

1% NaCl = 1.43% NaOH (1/0.7) = 2.78% Na2S (1/0.36)

(Table 4 here)

It can be seen that the lower limit for equivalent NaCl concentration is
about 7%.

This is in very good agreement with Sallack's (1) results for NaCl-

Na 2 C0 3 smelts.

It is also in close agreement with the predicted lower limit of

7% NaCl at the interface from the salt bridge theory.
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If each of the NaCl equivalencies are divided through by the molecular
weights of the salts, the proportions become;

1 NaCl = 2.09 NaOH = 2.08 Na 2 S

Although these ratios may be coincidences, it is tempting to speculate that
one mole of NaCl has the same effect as a sensitizer as two moles of NaOH or Na 2S.

EFFECT OF SALT CONTENT OF QUENCH WATER ON EXPLOSIONS

It has been shown (2,3,4) that green liquor (an aqueous solution of smelt)
resulted in more severe explosions than pure water even though the salt concentration (excluding Na2 CO 3 ) is typically not more than 3% NaCl equivalent in
green liquor.

Other data (3) showed violent explosions for smelt with 24% Na2 S

quenched by 5% NaCl solution and 20% Na2 S smelt quenched by 10% NaCl solution,
but 15% NaC1 solution poured into smelt with 27% Na 2S gave only mild pops on
each of 18 tests.

The salt bridge model can be used to explain why the dilute salt solutions
resulted in more violent explosions than the more concentrated ones.

The NaCl

equivalent concentration at the interface for 27% Na2 S quenched by 15% NaCl
solution is calculated to be 12.4% which would be just above the upper boundary
of 12% from the salt bridge theory.

The two smelts quenched with 5 and 10% NaCl

solution have interface concentrations of 6.8 and 8.6% respectively, one of
which is close to the lower bound and the other is within the predicted explosive region.

Considering the assumptions made in calculating the interface con-

centrations and the theoretical explosion boundaries, one should not attach much
significance to exact numerical values.

What is significant is that the salt
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bridge theory does predict that there should be a range of aqueous NaCl concentrations in which the explosivity of the system is enhanced, and this is borne

!I
3|

out by the data.

It is also significant that the concentration range is about

at the magnitudes where it would be expected to be from the salt-bridge model.

3

EFFECT OF WATER TEMPERATURE ON EXPLOSIONS

Both Sallack (1) and Nelson (2) found that the temperature of the quench
*

liquid, but not that of the smelt, had a major effect on explosion behavior.

In

general, the hotter the quench liquid, the less frequent and violent were the
explosions.

3

Some smelts which gave immediate, very violent explosions in cold

water produced only mild explosions in water at 210°F.

Battelle also found that

the explosion probability decreased with increasing water temperature.
*

were exceptions.

3|

Nelson (2) reported "Another composition which gave an imme-

diate violent surface explosion in cold water produced a terrifically violent
deep explosion in hot quenching water.

I

There

This blast, the most violent'of all, was

heard more than a quarter of a mile away."

Hohmann (27) also found a shift from

surface interaction to violent explosion in NaCl-water experiments when the water
*

temperature was increased from 20 to 50°C.

I

-The
"

~

perature alone, since it would respond to changes in either smelt or water temperature.

I

above phenomena can not be explained by considering the interface tem-

The salt bridge model can provide a qualitative explanation.

of the dissoving tank experiments, the salt content of the smelt is near the
lower concentration limit.

|

In most

The diffusion coefficient on the coolant side

increases by a factor of 3.6 in"going from 25 to 95°C.

This could lead to a

dramatic decrease in the interface concentration as the coolant temperature is
*

increased which could easily drop the concentration below the explosive range.
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There are two reasons why a temperature change on the smelt side does not
have a major influence on explosions.

First, the smelt side diffusion coef-

ficient temperature dependence is only about 1/3 that of the coolant side diffusivity.

Secondly, an increase in smelt temperature will increase both the

interface temperature and the smelt-side diffusivityo

But an increase in smelt

side diffusivity will tend to increase the interface concentration which will
tend to cancel out the effect of the higher interface temperature.

On the

coolant side, these two effects will be additive.

DISCUSSION OF RESULTS

In general, the salt-bridge model provides a very good, semiquantitative
interpretation of the effects of smelt composition on explosion behavior.

The

lower concentration limit appears to be more sharply defined experimentally and
more universally obeyed.

There is also, generally, an indication of an upper

concentration limit as well, but the exact boundary appears to be much more sensitive to the details of the contacting process and to external events.

It is possible to interpret the explosion criterion used in the saltbridge model in terms of the 4-stage detonation model of explosions and this
provides further insight into the phenomena.
is bounded by two temperatures.

Basically, the "explosive range"

The lower temperature limit (which corresponds

to the high concentration limit) is the spontaneous nucleation temperature, a
condition for immediate boiling on contact.

This establishes film boiling inde-

pendently from hydrodynamic considerations and allows the two fluids to mix
without being immediately blown apart.

The upper temperature limit (which

corresponds to the low concentration limit) is the critical temperature of the
coolant.

Above this temperature, the two fluids are unable to wet each other
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Large impulses are needed to bring the

two liquids into direct contact.

At interface concentrations below the lower concentration limit, the
interface temperature is greater than the critical temperature and film boiling
will be very stable.

This is favorable for extensive intermixing.

would tend to make a system prone to a large violent explosion.

This effect

However, the

very stability of the film boiling would in turn require highly energetic
triggers to start an interaction and the inability of the two fluids to wet each
other would interfere with the fragmentation and rapid heat transfer that are
essential to the escalation step.
quent and relatively nonviolent.
in the smelt-water system.

Thus one would expect explosions to be infreThis seems to be what is generally observed

The lower concentration boundary seemed to be more,

,sharply defined and there were fewer exceptions.

At interface concentrations above the upper concentration limit, the
interface temperature would be below the spontaneous nucleation temperature and
a vapor layer would not immediately form on contact of the two fluids.
would be able to interpenetrate each other without being stabilized.

The fluids
Thus the

coarse intermixing stage which is necessary for a large coherent explosion would
not be able to take place to any great extent.

The system would have a tendency

to experience surface interactions which would tend to blow the fluids apart
before a major interaction could take place.

In effect the system would be too

unstable to allow a large violent explosion.

Instead vaporization would proceed

incoherently as spatters, sizzles, etc.
experience in the smelt-water system.

This also is in accord with the
The upper concentration boundary was less

rigidly defined and there were more exceptions.
sitive to external disturbances.

The behavior was also more sen-
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It might be conjectured that the region between the spontaneous nucleation

3

temperature and the critical temperature is the region where self-triggering due

3

to spontaneous film boiling collapse is most likely.

If this is the case, then

the composition effects would be expected to be most marked in simple contacting
experiments without external triggers.

This also seems to be the case.

3

The

Swedish studies (26) in which detonators were used showed much less dependence
on composition.

Interestingly enough, composition effects observed in dissolv-

ing tanks at pulp mills corresponded quite closely to those found in laboratory
experiments in which smelt was poured into the quench liquid.

This suggests

dissolving tank explosions may also be easily self-triggered.

The experience of smelt-water explosions within the recovery furnace
itself is quite different.

No evidence has accumulated to suggest that the fre-

3

quency or violence of explosions is greater for mills having high concentrations
of NaCl in the smelt or those operating at higher sulfidity (a higher concentration of Na2 S).

Recovery boiler explosions are also generally characterized by

3

delay times ranging from a few minutes to several hours between the first opportunity for water to contact smelt and the explosion.
are also rather infrequent.

Recovery boiler explosions

3

Most instances where water has an opportunity to

come in contact with smelt in a recovery furnace do not result in an explosion.
A part of this behavior is undoubtedly simply contact geometry.

The molten

I
I

smelt is present on the hearth of the furnace along with a substantial amount of
frozen smelt and unburned carbonaceous char, and water entering the furnace may
not have direct access to the smelt.
involved.

|

However, something besides access may be

Perhaps large-scale furnace explosions require a fairly stable pre-

mixing period, and thus an energetic, external trigger.

I

Perhaps the water

entering the furnace must first dissolve some of the smelt to form a green

I
I
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liquor pool within the furnace before the explosive range is reached.

In this

latter case, the salt-bridge model might provide some guidance.

Composition effects similar to those exhibited by smelt-water would be
expected for any system in which one or more components from one fluid are
soluble in the other.

Where this is the case, it will be extremely difficult to

extrapolate results from laboratory scale tests to predict behavior in
industrial scale systems, because the laboratory scale tests are easily dominated by triggering phenomena and details of the contact geometry.

The lack of

correlation between laboratory explosion tests and the experience with recovery
boiler explosions is a good example of this problem.

CONCLUSIONS

A salt bridge model, which takes into account mass transfer of components
between the two fluids, was developed and proved successful in interpreting the
effects of composition on explosiveness in the smelt-water system.

The model is

based on the fact that the main smelt constituent, sodium carbonate, is not
soluble in water at temperatures approaching the critical point, while certain
other constituents are soluble.

The soluble substances allow a substantial

increase in the critical temperature of the solution.

This in turn shifts the

range of contact interface temperatures (between the spontaneous nucleation temperature and the critical temperature of the coolant) at which spontaneous
explosions can occur to higher values.

The model was able to provide a semi-

quantitative interpretation of the available data on smelt-water.

At least in the smelt-water system, laboratory scale explosion experiments
have limited predictive capability for the behavior in industrial scale systems.
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Experiments without external triggers show great sensitivity to minor composition effects and to system disturbances.

Experiments with external triggers

merely shift the industrial scale problem to one of trying to predict the magnitude of the triggering impulses.

The large scale experience with smelt-water

explosions in recovery furnaces is not easily interpretable and is not in accordance with the experiences in laboratory explosion experiments.
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Table 1.

The Effect of Varying the Concentration of Salt in the;Smelt
on Laboratory Test Explosions.

Percent
Sodium
Carbonate
in Smelt

Percent
Salt
in Smelt

0.0
1.0

100.0
99.0
98.0
97.0
96.0
95.0
94.0
93.0
92.0
91.0
90.0
85.0
80.0
70.0
50.0
20.0
0.0

2.0.

3.0
4.0
5.0
6.0
7.0
8.0
9.0

1'0.0
15.0
20.0
30.0
50.0
80.0
100.0 .

Table 2.

Status Report

Number
of Tests
Made

Number
of Tests
Causing
Explosions

5
1
1
2
1
7
6
7
1
1
18
1
1
1
1
1
1

0
0
0
0
0
0

Percent
of Tests
Causing
Explosions

0.0
0.0
0.0
0.0
0.0
0.0

2

33.3

5
1
1
18
1
1
1

71.4
-100.0
, 100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

1
1
1

Effect of Sodium Sulfide Concentration on Laboratory Test
Explosions

Na2 S (wt.%) in Smelt
8.9
15.9
19.1
22.9
25.0
27.5
30.0

Explosion Result
None
None
None
None
Moderate
Violent
Violent

References
2

2
2
3
3,4
3
3,4
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Table 3.

Effect of Sodium Hydroxide Concentration on Laboratory
Test Explosions (1,2)

NaOH (wt.%) in Smelt

% Test Causing Explosions

0.0
3.0
5.0
8.010.0
12.0
15.0
100.0

0
0
0
0
25
100
100
100

Table 4.

Explosion Result

0
2
0
0
2
0
0
2

2
0
1
2
0
1
2
0

Explosion Result
None
None
Mild
Violent Deep
Violent Deep
Violent Deep
Violent Deep
Violent Deep

I
I
I

I
Violent Deep
Very Violent Deep
Violent Surface

Effect of Smelt Composition on Dissolving Tank Explosions

Smelt Composition (wt.%)
Na2 S
NaCl
NaOH
8.9
8.9
15.2
15.5
15.5
19.1
19.1
19.1

Status Report

NaCl Equivalence

4.60
5.20
6.16
6.98
7.58
7.58
8.28
8.88

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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Energy Conversion and Scaling Rules for Steam Explosions

T. M. Grace and N. T. Shiang
The Institute of Paper Chemistry
Appleton, Wisconsin
and
J. R. Hopenfeld
Nuclear Energy Commission
Washington, D.C.

ABSTRACT

Energy conversion efficiencies, thermal to mechanical, for smelt-water explosions in recovery boilers are compared to thermodynamic efficiencies and to
efficiencies obtained in various steam explosion experiments.

Global efficien-

cies for smelt-water explosions are only about 0.1 to 1% of the thermodynamic
efficiencies, about one order of magnitude lower than efficiencies obtained with
other intermediate scale systems.

Smelt-water explosion efficiencies calculated

on a "localized" basis range from 1 to 20% of the thermodynamic efficiencies,
similar to other intermediate scale systems.

A simplified engineering analysis

of explosion energetics is developed to help interpret the data and to provide a
basis for estimating the effects of size scale.

The analysis suggests that

global energy conversion efficiencies should decrease as the size of the system
increases.
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INTRODUCTION

Violent explosions can take place when two liquids are brought into direct
contact and the temperature of the hot fluid is well above the boiling temperature of the cold fluid.

When the cold fluid is water, these explosions are

usually referred to as steam explosions.

These explosions are noncombustible in

nature and involve the sudden, violent generation of steam (vapor).

Explosions

of this type have been encountered in the kraft paper industry, the steel and
aluminum industries, and the liquefied natural gas industry and are considered
in the analysis of hypothetical accidents in the nuclear power industry.

Steam explosions are still not very well understood.

Extensive effort has

been devoted to identifying the necessary conditions for such explosions, the
probability of occurrence, the pressure-time characteristics, and the mechanical
energy in the blast wave.
through four stages:

It is now generally accepted that explosions proceed

coarse mixing, in which the two fluids are kept apart by a

vapor film; triggering, in which a local shock wave develops which collapses the
vapor film separating the fluids; escalation, in which the propagating shock
wave fragments the coarse mixture, resulting in very large contact areas, rapid
heat transfer, and vaporization at an explosive rate; and expansion and destructive work.

Complex, highly-detailed models of aspects of this phenomenon have

been developed, but they have not resulted in a predictive capability for any
industrially important condition.

One of the critical issues concerning steam explosions is the estimation of
the fraction of the thermal energy of the hot fluid that is converted into
mechanical energy (work) during the explosion.

I1_
I
I
I
I
I
I.
I
I
I
I
I
I
I
I
I

Much experimental work involving

different fluid-pairs, different contact methods, and different size scales has

I
I
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Analyses of the damage patterns from

a few industrial accidents.have been carried out to provide additional.information.

The results have been confusing.. Energy conversion efficiencies range

from 0.001 to 10% of the available thermal energy, and there is no clear pattern
as to what governs the efficiency.

Steam explosions occur in the kraft paper industry.

During processing of

spent pulping liquor for chemical recovery, the concentrated liquor is burnt in
a recovery boiler producing a mixture of molten sodium carbonate and sodium
sulfide (smelt) which collects on the hearth and is then drained out and
dissolved in water.

Steam explosions have occurred within the recovery boiler

as well as in the dissolving tank.

Information on smelt-water explosions in

recovery boilers has been accumulated and provides a data base for estimating
energy conversion efficiencies in large scale systems.

A study of the energe-

tics of smelt-water explosions has provided energy conversion efficiencies for
19 incidents (NUREG/CR-4745) (1).

Structural models for recovery boilers and

dissolving tanks were developed and used to calculate the amount of mechanical
energy consistent with the observed damage.

These data, along with estimates of

the amount of smelt and water, were used to calculate the energy conversion
efficiencies of the explosions.
low, ranging from 0.005 to 0.37%.

The calculated efficiencies were all extremely
These results raised the question as to

whether the low efficiencies were just a characteristic of the smelt-water
system, or if they are a general characteristic of large scale systems.

In dealing with .this issue, one is forced to deal with the broader question
of how to "scale" data for these types of. explosions.

This might be stated as

finding means to project the degree of violence observed in small laboratory
tests, involving small masses of fluids, to industrial scale installations where
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the masses are three to four orders of magnitude larger.

More broadly, the

question is one of determining how to use yield and pressure data obtained for
one fluid-pair at one size-scale to predict what would happen with another
fluid-pair at another size-scale.

A complete, quantitative answer to the scaling question is beyond the scope
of this paper.

Instead we will seek to formulate a simple scaling criterion and

to determine the conditions when it can be applied.

The heart of the approach is

a focus on energy rather than other characteristics of the explosion.

ENERGY CONVERSION EFFICIENCIES

Thermodynamic Efficiency Calculations
Steam explosions involve the conversion of a portion of the thermal energy
in the hot fluid into work or mechanical energy.

Since heat energy is being

converted into work, the second law of thermodynamics places an upper bound on
the energy conversion.

The maximum conversion efficiency can be calculated by

devising reversible paths for carrying out the interaction and making an
appropriate calculation of the work done.

Thermodynamic energy conversion efficiency calculations usually follow an
approach first described by Hicks and Menzies (2).

The interaction is assumed

to take place as a two-step process in a closed system.

The first step is a

constant volume heat transfer between the two fluids (e.g., smelt and water)
without vaporization until a single intermediate "equilibrium" temperature is
reached.

Step two is a reversible adiabatic expansion to ambient pressure with

both fluids remaining in thermodynamic equilibrium with each other throughout
the expansion.

An alternative and more realistic second step is an isentropic

expansion of the coolant (water).

Project 3456-2

-83-

Status Report

We have modified the Hicks-Menzies approach slightly.

The intermediate

equilibrium temperature is based on constant specific heat of the hot fluid and
no phase changes.

The coolant state is assumed to be on the saturation line for

pressures below the critical pressure and to extend along the critical pressure
line for temperatures above critical.

The expansion step is taken as an

isentropic expansion of the coolant (water) only.

The calculation is straightforward.

The intermediate equilibrium tem-

perature is calculated from the masses, specific heats and temperatures of the
two fluids according to the equation,

Te = (Mh*Cvh*Th + Mc*Cvc*Tc)/(Mh*Cvh + Mc*Cvc)

(1)

For equilibrium temperatures near or above the critical value, a trial and
error procedure is necessary, since the specific heat of the coolant (water) is
not constant.

For a closed process, the work done during the isentropic expansion is equal
to the internal energy change in going from the intermediate "equilibrium" temperature to that corresponding to ambient pressure.
to carry out this calculation.

Steam Tables (3) are used

The reference temperature for the thermal energy

is taken to be the boiling point of water, 100°C.

Plots of the thermodynamic energy conversion efficiency for the smelt-water
system are given in Figure 1.

The main parameter influencing the efficiency is

the relative mass of water and smelt.

Smelt temperature has only a minor effect

on efficiency because of the low specific heat of smelt.
a greater influence.

Water temperature has

The highest efficiencies are obtained at intermediate mass

ratios with the efficiency dropping off at both low and high water/smelt ratios.
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At low water/smelt ratios the intermediate "equilibrium" temperature will
approach the smelt temperature and the specific internal energy change during
the expansion will be greatest, but the total work done is small because this
internal energy change will be multiplied by a small mass of water.
violence at this end is limited by the amount of water.

Explosive

At high water/smelt

ratios the intermediate temperature will be low so the specific internal energy

|

of the coolant before expansion will be low.

I

This effect is magnified if the

original water temperature is substantially below the boiling point.

At the

extreme, the intermediate "equilibrium" temperature will be below the boiling
point at ambient pressure and the work obtained by expansion will be negligible.
In this case the explosion is quenched by overwhelming the smelt with water.

|

(Note, this is what normally takes place in a smelt dissolving tank.)

(Figure 1 here)

A comparison between the thermodynamic energy conversion efficiency for
smelt-water and that for thermite-water is given in Figure 2.
curves are very similar.

The shapes of the

|

Thermite-water shows a higher peak efficiency because

thermite has a much higher temperature and only slightly smaller heat capacity
than smelt.

The maximum occurs at coolant/melt mass ratios of 0.63 for smelt

and 1.3 for thermite.

The thermite-water efficiency can be as much as 40%

greater than that for smelt-water, but there is little difference for mass
ratios below about 0.2.

The base for these efficiencies is the heat in the hot fluid referenced to
the boiling temperature of the coolant at ambient conditions (373°K for water).
This is the most logical basis to use.

I

I

I
I
I
I
I
I
I
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Actual Energy Conversion Efficiency
The thermodynamic efficiency determines the maximum amount of work which
could be obtained.

In any real system the work would be less.

Conceptually,

one can look upon the deviation between the actual work and the thermodynamic
work as resulting from an inability of the two fluids to completely intermix and
exchange heat within the time scale of the explosive interaction.

This can be

treated quantitatively by introducing a mixing parameter, F, in conjunction with
the thermodynamic efficiency, e.

The mechanical energy or explosion yield

is then given by

E = Q*e*F

where,

(2)

E = mechanical energy (work) from the explosion

Q = thermal energy available in the hot fluid
e = maximum energy conversion efficiency from thermodynamics

F = fraction of the system that mixes to an extent that the
thermodynamically calculated amount of work is obtained.
The remainder of the system, (1-F), is assumed to do no work.

NOTE:

The reference temperature for the thermal energy, Q, must be the same as
that used in the thermodynamic analysis for calculating e.

The thermal energy of the hot fluid is given by the product of the mass,
the specific heat, and the difference between the hot fluid temperature and the
reference temperature.

Q = Mh*Cph*(Th - Tr)

(3)

The thermodynamic efficiency is a function only of the temperatures of the hot
and cold-fluids, the reference temperature chosen, the cold to hot fluid mass
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ratio, and the properties of the two fluids.

It is not a function of any param-

eter having to do with the size scale of the system.

(4)

e = e(Th, Tc, Tr, Mc/Mh, properties)

The actual energy conversion efficiency is given by E/Q.

Thus data on the

mixing parameter can be obtained by measuring the explosive work and dividing it
by the thermal energy and the thermodynamic efficiency.

F = (E/Q)/e

(5)

This is considered in the next section.

Energy Conversion Efficiency Data
Industrial Scale
A study of the energetics of smelt-water explosions has provided energy conversion efficiencies for 19 incidents, 18 recovery boiler explosions and one
dissolving tank explosion.

Efficiencies were

calculated as the ratio of the

mechanical deformation energy to the total thermal energy in the smelt.
are given in NUREG/CR-4745 (1).

Details

The energy conversion efficiencies for these 19

incidents are summarized in Table 1.

Thermodynamic efficiencies are provided

for comparison along with calculated values of the mixing parameter.

(Table 1 here)

The energy conversion efficiencies for the smelt-water explosions are very
low.

The highest value was 0.37%.

greater than 0.1%.

Only four other explosions had efficiencies

The ratio of the actual efficiencies to the thermodynamic

efficiencies ranged from 0.03% to about 5%.

The dissolving tank case (DT) is

interesting in that an explosion occurred even though the thermodynamic analysis
indicates there would be no work done on a global basis.

In this case the
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inefficiency of the mixing process led to the explosion.

This illustrates a

weakness in an analysis based on a single mixing parameter.

One obvious reason for the very low energy conversion efficiencies in the
|I

recovery boiler explosions was that not all of the smelt within the furnace was
involved in the explosive interaction.

*I

The molten smelt is present on the

hearth of the furnace along with solidified smelt and unburned char.

Furnace

dimensions are on the order of 20 to 40 ft square, and the molten smelt inventory, even though it is many tons, corresponds to an average smelt depth of only
|*

a few inches.

When water enters the furnace cavity from some source, it is

unlikely that it would uniformly contact all of the smelt.

In some of the inci-

dents there is clear evidence in the form of localized indentations of the
floor that only a part of the smelt took part in the interaction.

For these

incidents it is possible to calculate a localized energy conversion efficiency,
based only on the amount of smelt in the interaction area, and to compare it with
the thermodynamic conversion efficiency.
shown in Table 2.

The results of such a comparison are

The area fraction given is the indented area over the total

floor 'area. The local efficiency is obtained by dividing the deformation energy
by the 'product of the total thermal energy and the area fraction.

The localized

energy conversion efficiencies are about 1-20% of the thermodynamic efficiencies.

3

- .......
.,.

.

..

(Table 2 here)

Laboratory Sdale
Anderson and Bova (4) reported the measured work was 35% of the isentropic
coolant expansion work for small scale experiments with molten NaCl and water.
These experiments were carried out with very low coolant/melt mass ratios.

I

Their calculation of the isentropic work was based on the coolant (water) heated
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to the melt temperature instead of the heat in the molten salt.
energy conversion efficiency ranged from 0.006 to 0.025%.

The actual

Later, Anderson and

Armstrong (5) investigated small-scale aluminum-water explosions using several
different contacting techniques.

They found explosion yields as high as 62.5%

of the isentropic coolant expansion work.

Table 2.

Localized explosion energy conversion efficiencies.

Incident
Number

Thermal
Energy,
106 Btu

Mechanical
Energy,
103 Btu

Area
Fraction

6

10.3

5.2

1/25

1.26

20.5

10

26.5

28.0

1/6

0.63

3.5

27

17.9

14.0

1/3.7

0.29

9.1

37

7.9

6.6

1/2

0.17

43

11.2

1/4

0.50

20.

2.5

45

14.7

4.5

1/6

0.18

19.

0.95

48

10.4

5.3

1/3.3

0.17

19.

0.90

14.0

Local
Efficiency,
%

Thermodynamic
Efficiency,
%

< 21.5

Efficiency
Ratio, %
6.1
18.
3.2
> 0.8

Bergman and Laufke (6) reported a "TNT equivalent" ranging from 0.03 to 0.2
for experiments in which a small amount of water (10-100 g) was introduced into
a large amount of smelt (10-30 kg) at 900°C.

"TNT equivalent" is an energy unit

corresponding to about 2 MJ/lb (1) or about 4400 kJ/kg (1840 Btu/lb).

The

isentropic coolant expansion work for this case (water expanding from 900°C) is
1330 kJ/kg.

A "TNT equivalent" of 0.2 amounts to 880 kJ/kg which is 66% of the

isentropic work.

This is greater than the 35% found by Anderson and Bova (4),

and close to the 62.5% found by Anderson and Armstrong (5).

These data indicate that systems in which a small amount of coolant is effectively dispersed in a large amount of melt can approach thermodynamic bounds.
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The only experiments that yielded a high % of the thermodynamic work involved
small amounts of water dispersed in large quantities of melt.

Such a contact

geometry is conducive to getting the most possible work out of a limited amount
of water, but it does not lead to highly energetic events and it does not simulate industrially important situations.

The most dangerous situations have

mass ratios close to the peak in the efficiency curve, since this results in the
greatest amount of mechanical work being obtained.

Intermediate Scale
Intermediate scale experiments with thermite-water were performed by Buxton
and Benedick (7) in an open system.

They measured the mechanical energy in

crushing aluminum honeycomb blocks beneath the interaction vessel and the plastic
work done in deforming the interaction vessel, and used high speed motion pictures to measure the kinetic energy of the ejecta.

They did not measure the

mechanical,energy in the shock wave leaving the top of the interaction vessel.
The highest value of the conversion efficiency that they found was 1.34% of the
thermal energy of the thermite.

Most values were between 0.1 and 1.0%.

Mitchell and Evans (8) performed a series of experiments in which 18.7 lb of
thermite was delivered into a water mass 1.5 to 15 times greater in a closed
container.

They measured the kinetic energy in the water slug by a combination

of high speed motion pictures and fast response pressure gages as well as the
energy in pressurizing the chamber air.

They found the kinetic energy ranged

between 0.3 and 1.6% of the thermal energy in the thermite while the energy in
pressurizing the chamber air ranged between 0.2 and 8.6% of the thermal energy,
in the thermite.

It,was later,shown by Baker, (9) that only a portion of the

pressure energy stored in the chamber could do work on the,surroundings. ,After
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applying the necessary correction, the maximum energy conversion efficiency in
these experiments decreased from 9.9 to 4.7%

Corradini et al. (10) later reported that the conversion ratio for the experiments done at Sandia were consistently in the 1-2% range.

High pressure peaks

(10-30 MPa) are measured near the leading edge of the explosion wave propagating
at velocities of 200-600 m/sec through the mixture.

Lower sustained pressures

follow behind the peak.

While data are not provided on the thermodynamic efficiencies for the above experiments, the thermodynamic efficiencies for thermite and water are between 15 and
30% over a wide range of coolant/melt ratios.

Thus the ratio of actual efficiency

to thermodynamic efficiency ranges between about 1 and 10% for these cases.

Other Systems
Kottowski et al. (11)

carried out a series of experiments with controlled

fine fragmentation and mixing.

Both stainless steel and uranium dioxide granu-

lates, 200 micrometers in diameter, were heated to sintering temperature and
then subjected to the impact of a high pressure water column in a shock tube.
Explosions occurred at an impact pressure greater than 1 mPa for the stainless
steel and at impact pressures greater than 2.6 mPa for U02 .

The mechanical work

was calculated from pressure and vapor void recordings from consecutive time
steps.

The energy conversion ratios scatter between 0 and 3%.

Bird (12) investigated the thermal interaction between 0.5 kg of molten
uranium oxide at 3600°K and 55 liters of water.

The energy conversion ratios

were calculated on the basis that only fragmented material with particle size
less than 280 micrometers was involved in the interaction.

He reported the

average conversion efficiencies in the restricted release and free release mode

-91-

Project 3456-2

Status Report

were 6.8 and 3.2% of the Hicks-Menzies value (750 kJ/kg), respectively.

(While

not specifically stated, the Hicks-Menzies value of 750 kJ/kg is probably the
thermodynamic work, assuming complete equilibrium between melt and coolant during
the expansion.

The more realistic, isentropic expansion of the coolant which we
The maximum conversion found by

use would give a value about half as much.)
Bird was about 13% of the Hick-Menzies value.

This is estimated to be about

6.5% of the thermal energy in a small fraction (about 6% of the total charge) of
material actually involved in the explosion.

The overall energy conversion

efficiency for this case would be about 0.4%.

Summary of Experimental Data
Smelt-water explosions in recovery boilers were extremely inefficient, involving only 0.005 to 0.37% of the thermal energy in the melt.

The efficiencies were

only 0.03% to about 5% of the thermodynamic efficiencies.

In only three cases was

the energy conversion efficiency over 1% of the thermodynamic efficiency.

One reason

for this behavior is that one of the characteristic dimensions of the smelt pool is
between one to two orders of magnitude smaller than the other two dimensions.

For

those few cases where the damage pattern was sufficient to define a localized
interaction area, localized energy conversion efficiencies ranged from about 1
to 20% of the thermodynamic efficiencies.

Thus the inhomogeneous distribution of

the smelt withinthe furnace seems to be responsible for at least one order of
magnitude of the low efficiency.

This suggests that the size scale of an inter-

action may be determined by the smallest characteristic dimension of the system.

Laboratory scale experiments at very low coolant/melt ratios with effective
dispersal techniques can give interactions in which the actual work approaches the
maximum thermodynamic work.

In this case, however, the maximum work is a very

small fraction of the available thermal energy, so these interactions are not
very energetic.
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Intermediate scale experiments with thermite/water gave energy conversion
efficiencies'which were about 1-10% of the thermodynamic efficiency.

Con-

finement tended to give somewhat higher efficiencies.

Kottowski's (11) experiments with hot granular material gave efficiencies of
up to 15% of the thermodynamic efficiency.

This indicates that a mixing inef-

ficiency on the order of one magnitude exists even after the material has been
fragmented to a size scale of about 200 micrometers.
similar.

Bird's (12) data are

Energy conversion efficiencies were on the order of 10% of the thermo-

dynamic efficiency (isentropic expansion of coolant) even though they were based
only on the material that was smaller than 280 micrometers.

ENGINEERING ANALYSIS OF MIXING

The mixing parameter, F, would be a function of melt and coolant temperatures,
mass ratio, properties, system geometry and size, contact method and triggering
action.

The scaling question reduces to being able to predict how F depends on

these variables, since Q and e are directly calculatable for any system.
plete, quantitative, predictive function for F is not attainable.

A com-

In reality,

F is a probability distribution function, as is evident from the fact that macroscopically similar situations result in a broad range of explosive yields.

We

will have to be content with developing scaling criteria which govern the range
of F.

The experimental data on energy conversion efficiency are summarized below.
The objective of the engineering analysis is to provide a basis for
understanding this experience.

1.

If Mc << Mh, and dispersal is effective; F ->
Very little work is done.

1 while e ->

0.
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If Mc and Mh are the same order of magnitude, and system dimensions are
homogeneous; F is in the range of 0.01 and 0.1.

3.

If Mc and Mh are the same order of magnitude, and one system dimension
is much smaller than the others; F is about one order of magnitude
smaller than it would be if all system dimensions were homogeneous.

4a. If Mh << Mc, dispersal is effective, and the coolant is at saturation
temperature; F ->

1 and e ->

constant value, but the work, E, will be

small because Q is very small.

4b. If Mh << Mc, dispersal is effective, and the coolant temperature is
below saturation; F ->

1 while e ->

0.

Little or no work is done.

4c. If Mh << Mc, the coolant temperature is below saturation, and the
coolant is not completely mixed; work could be done even if e = 0.
quench action of the coolant would not be complete.

The

This does happen

in dissolving tank explosions.

It is evident that a single mixing parameter cannot be used to describe
explosion energetics over the full range of coolant/melt mass ratios.

This is

especially so with very high coolant/melt ratios and some subcooling, where the
thermodynamic efficiency is zero on a global basis.

In this case it is only the

inefficiency of the mixing process that results in an explosive interaction.
This cannot be handled with a single parameter because F would have to approach
infinity as e went to zero in order to get a finite amount of work.

This

doesn't fit with the concept of a mixing parameter, which assumes thermodynamic
efficiencies in a fully-mixed system as an upper bound.
.. :-
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A better approach is to define separate mixing parameters for the hot and
cold fluids, fh and fc.

Then the masses of fluids which interact (to the thermo-

dynamic limit) are fh*Mh and fc*Mc, respectively.

The thermal energy available

is then given by

(5)

Qa = fh*Mh*Cph*(Th - Tc) = fh*Q

The thermodynamic efficiency would then be given by

(6)

e' = e'[(fc/fh)*(Mc/Mh), Th, Tc, Tr, properties]

In general, e' is a highly nonlinear function of the mass ratio and hence of the
ratio of the mixing parameters.

The work done, E, is given by

E = fh*Q*e' = F*Q*e

(7)

Thus the measured efficiency parameter, F, can be expressed as

F = fh*e'/e

(8)

It should be noted that the only variable that causes e' to differ from e is
the mass ratio which is (fc/fh) (Mc/Mh) for e' and (Mc/Mh) for e.
variables are the same.

All other

Thus e' - e when (fc/fh) " 1 or if the mass ratio is in

the range where the thermodynamic efficiency is not a strong function of the
mass ratio.

The greatest differences between e and e' are expected at the

extremes (Mc << Mh or Mh << Mc).

In the intermediate range the efficiency is

relatively independent of the coolant/melt ratio and so e' " e and F ° fh.

Thermodynamic efficiencies are calculated by a two-step process.

1.

The system attains an "equilibrium temperature," Te, which is determined
by a simple heat balance.
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Mh*Cch*Th + Mc*Cvc*Tc
Mh*Cvh + Mc*Cvc

I
where the Cv's are appropriate averages over the temperature interval.

~Thus
3*I
3|~

2.

Te = Te (Th, Tc, Mc/Mh, properties) and is bounded, Tc < Te < Th.

The work is obtained by an isentropic expansion of the coolant from Te
down to the temperature corresponding to the reference pressure, Pr
(normally ambient pressure).

Then the work per unit mass of coolant, w,

is given by w = w (Te, Pr, coolant properties only), with w = 0 if

Te <

Tsat (at Pr)

I
|

The two extreme cases can now be analyzed.

Water Limited Case

If Mc <

Mh, then Te ->

Th, and w = w (Th, Pr, coolant properties).

The

thermodynamic efficiency is then given by

Mc*w (Th, Pr, coolant properties)
Mh*Cph* (Th - Tr)

|

3

Thus e is a linear function of the coolant/melt mass ratio at low values of that
ratio.

For the case with two mixing parameters, the interactive efficiency, e', is
|

I|

given by

e-

=fc*Mc

*w

(Th, Pr,

coolant properties)

fh*Mh*Cph* (Th - Tr)

I

fc*e
fh
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Combining Eq. (11) with Eq. (8) gives

F = fc for Mc << Mh

(12)

Thus for the water limited case, the thermodynamic efficiency is directly proportional to the coolant/melt mass ratio and the water mixing parameter is the
only significant mixing parameter.

The experimental data indicate that fc can

approach unity when Mc << Mh under some conditions.

Melt Limited Case
The situation of primary interest here is that of poor mixing.

In this case

the amounts of each fluid which interact are given by fc*Mc and fh*Mh.

Te
e-

fc*Mc* Cvc*Tc + fh*Mh*Cvh*Th
fc*Mc*Cvc + fh*Mh*Cvh

or Te " Tc + (fh/fc)*(Mh/Mc)*(Cvh/Cvc)*Th

(13)

No work is done if Te < Tsat, and this occurs if (fh/fc)*(Mh/Mc) ->
Tsat.

(14)

for Mh << Mc

0 and T c <

If Tc > Tsat, there will be a finite amount of work which will tend to be

proportional to (fh/fc)*(Mh/Mc).

The global equilibrium temperature is given by

Tc +

(Mh/Mc)*(Cvh/Cvc)*Th
1 + (Mh/Mc)*(Cvh/Cvc)

Te

Comparing Eq.

(14)

and (15),

it

can be seen that when T c < Tsat, it

is

possible

for Te (global) < Tsat while Te (interactive) > Tsat, if fh/fc is sufficiently
greater than 1.

This would occur if fh ->

pens in a dissolving tank explosion.

1 while fc

<<

1, which is what hap-
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Intermediate Region
The region of greatest interest is that of intermediate mass ratios where

the magnitude of the thermodynamic efficiency is highest and is also relatively
independent of mass ratio.

In this region, F " fh, and we can focus on the

mixing of the hot fluid.

The first case to be considered is one where the two fluids are uniformly
intermixed on a coarse scale and the system is dimensionally homogeneous (each
spatial dimension is approximately the same).

We will formulate a simple analy-

sis of this case and then extend it to more complex situations.

The conceptual model used to formulate the analysis considers that the
explosion initiates at a triggering point.

The disturbance then propagates

through the mixture causing mixing, rapid heat transfer, and violent expansion.
Mixing and thermal interaction are assumed to occur first.
follows is assumed to terminate the mixing process.

The expansion which

In any local region, there

will be a characteristic interaction time interval, ti, from the start of the
rapid mixing process until the start of expansion.

If the disturbance propagates

at a velocity, c, there will also be a characteristic interaction length, Li,
given by Li = c*tio
relationships.

These two parameters, ti and Li, can be used to derive scaling

Mechanical constraints placed on.the system will tend to delay

the start of expansion and this will result in an increase in ti and thus Li.

One of the critical aspects of steam explosions is that of coherency.

An

energetic explosion can only occur if the mixing and thermal energy transfer
takes place in a coordinated manner within the time scale of the explosion.
This effect must be incorporated into the "mixing model."

This can be done by

writing the hot fluid.mixing function, fh, as a product of a coherency factor,
fcoh, and a mixing/heat transfer factor, fmix'
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fh

=

(16)

fcoh * fmix

The coherency factor accounts for the fraction of the global system volume that

I

3

is able to participate in the coordinated interaction, while the mixing/heat
transfer factor accounts for the local processes that allow extremely rapid
energy transfer to the coolant.

|

The mixing factor, fmix, involves two separate but interlinked physical processes, the increase in the thermal contact area, Ah, as the two fluids intermix
and the transfer of heat from the melt to the coolant.

The mixing process itself is

3

described by giving the contact area as a function of time, i.e., by specifying
Ah(t).

The increase in contact area during mixing can be assumed to be exponential.

Ah(t) = Aho * ekt

(17)

where Aho is the prefragmentation contact area and k is a fragmentation parameter (which would be dependent on melt and coolant properties).

I

|

|

The exponential

form was chosen because that is the form that the area increase would take if

|

the fragmentation process occurred by continuing division of droplets at a

I

characteristic time interval.

The heat transfer is treated as a 1-dimensional,

unsteady-state conduction problem.

3

This results in a thermal penetration

distance, z, which is proportional to (0H t)1/ 2 , where oH is the thermal dif|

fusivity of the hot fluid.
z = k'*(caH t)1 / 2

(18)

The product of the contact area, Ah(t) and the thermal penetration distance, z,

1
3

is the volume of the hot fluid that has interacted thermally with the coolant.
The ratio of that volume at time ti to the total volume of the hot fluid can be

|

equated to the mixing factor.

I
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Ph*Aho*e
Mh

k* t i

*k'*(ati)l/2

(19)

We can define Ph*Aho/Mh = l/dho, where dho is a characteristic prefragmentation

3|

hot fluid dimension.

Then,

3~~|
~fmix=

d

(20)

*(aHti)1/2 *ek*ti

The values of k' from standard unsteady-state heat conduction theory is 4.
This would be the correct value to use if all of the surface area was available

3|

~throughout time interval ti.

However, new surface area is continually, being

created as fragmentation proceeds, so that thermal penetration is smaller for

3|

some of the area.

It can be shown by solving a convolution integral that k'

should lie between 1 and 1.5 for the expected range of area expansions.

The exponential term, ekti, is the ratio of the final area to the initial
H

~

*

area.

For spheres, when the total volume is constant, the area ratio is given

by
A

3*g~

/~Aho

.

5*

Nd

2

dho
2

Nhod ho

(21)

d

where Nho = initial number of melt particles and N = final number of fragmented
particles.

3*

_

Thus,

kti can be interpreted as In do/d where d is

the fragmented particles.
6.9.

the diameter of

For fragmentation ratios of 100 to 1000, kti = 4.6 to

Thus if ti is on the order of 1 millisec, k

5 x 103 seci 1.

It is possible to estimate the order of fmix for the smelt water system.
The thermal diffusivity of smelt is about 0.0018 cm2 /sec.

~|

be 1 millisec.
"1

~

(1 inch).

Then

ti can be assumed to

The prefragmentation diameter can be taken to be about 2.5 cm
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x 0.001 e5X10 3 x 0.001 = 0.12

Thus, it is not unreasonable to expect the mixing efficiency to be on the order
of 10% for the smelt-water system.

Similar, or slightly higher values might be

expected for other systems such as thermite and water.

It appears reasonable to assume that fmix is determined by the properties of
the two fluids, the initial state of intermixing, and possibly the magnitude of
the triggering impulse, and is not dependent on any global dimensions of the
system.

The coherency factor can be looked on as a ratio between the volume of the
system able to participate in a coordinated interaction and the total volume of
the system.

It would be expected to be dependent on the size of the system.

For the spatially homogeneous case, the system size can be characterized by a
single parameter, Lg, defined by Lg = [Mh/p h + Mc/pc]1/3.

This can be con-

sidered to be a global characteristic length for the system.

It is not unreason-

able to assume that the coherency factor would be a function of Li/Lg, where Li
is the characteristic interaction length discussed earlier.
fcoh
Lg.

->

It is clear that

1 as Li becomes > Lg, and that fcoh will become small as Li becomes <<

The exact form of the dependence will depend on the "dimensionality" of the

explosion.

If the disturbance is propagating as a one-dimensional wave, we

could expect a linear dependence of fcoh on Li/Lg.

If the disturbance is propa-

gating three-dimensionally, we could expect fcoh to depend on (Li/Lg)3 .

In

general one can use a power law relation,

fcoh = k"(Li/Lg)n

(22)

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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The "dimensionality" which determines n

will be dependent on the constraints existing in the system, and could be very
difficult to predict.

The coherency factor used here defines the interactive

region around a single triggering point.

In actual cases, such as the smelt-

water explosions, multiple explosions may occur and a violent interaction in one
region may trigger one someplace else.

In these cases, the energy releases from

each interaction would be added.

It is only possible to make rough estimates of fcoh'

The intermediate

scale experiments with thermite-water, discussed earlier, gave F " fh = 0.01
to 0.1.
1.0.

Since fmix could be expected to be about 0.1, fcoh ranged from 0.1 to

The-global dimension of these systems, Lg, was apparently on the order of

1 ft.

Interaction lengths are difficult to estimate.

of 200 to 600 m/sec were reported for thermite-water.

Propagation velocities
If the interaction time

is 1 millisec, interaction lengths would range from about 0.5 to 1.5 ft.
appears reasonable.

Since confinement (which would tend to lower n) tended to

give somewhat higher efficiencies, n must normally be > 1.
be incompatible with a situation where k"
to 1.5.

This

X

1, n

The data would not

2, and Li/Lg ranged from 0.5

Note fcoh cannot be greater than one, so if k" (Li/Lg)n > 1, fcoh = 1.

For systems, such as the recovery boiler, where the system dimensions are
not homogeneous, we need to introduce another characteristic dimension, lmin,
which is the minimum system dimension.
lmin = depth of the smelt + water layer.

For example, in the recovery furnace,
In this case, the efficiency needs to

be reduced by another factor, (lmin/Lg), the ratio of the minimum characteristic
length to the global characteristic length.
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Thus the scaling critera for the intermediate region can be summarized by

Li n

F " fh

=

k" (--)

I

m
Ii
-

) fmi

(23)

g

I

where fmix depends on properties, the initial state of subdivision and trigger
pulse magnitude, but not system size.
and n " 2.

The parameter k" will be on the order of 1

Li would depend on properties of the two fluids, but would be

3

expected to be on the order of one foot in magnitude.

I

Conclusions

Energy conversion efficiencies in steam explosions are normally a small fraction (< 10%) of the thermodynamic energy conversion efficiencies.

The only

1
I

exception is when small amounts of coolant are effectively dispersed in a large
amount of melt.

This latter case has minimal industrial importance because the

3

magnitude of the energy release is small, since it is limited by the amounts of
coolant.

Smelt-water explosions in recovery furnaces have energy conversion efficien-

I

cies generally in the range of 0.1 to 1% of the thermodynamic efficiencies.
This is about one order of magnitude lower than efficiencies obtained with
intermediate scale thermite-water experiments.

Part of this difference may be

|

due to the higher thermal diffusivity for thermite, but it is mainly due to the
geometry of the smelt-water system in a recovery boiler.

Smelt (and water) are

present as wide, shallow pools, and the explosions are localized and do not
involve the global smelt-water system.

I
I

When calculated on a localized basis,

the smelt-water efficiencies are about the same fraction of the thermodynamic

3

efficiency as are those for thermite and water.

I
I
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A simplified engineering analysis of steam explosions was developed which
allows thermodynamic calculations to be used to estimate explosion energetics
and.which provides means for estimating the effects of system size.

According to

this analysis, the fraction of the thermodynamic efficiency which is actually
realized depends on three multiplicative factors:

a property dependent factor, a

-factor dependent on the global characteristic dimension, and a factor related to
inhomogeneities in system dimensions.

In general, the analysis suggests that

energy conversion efficiencies decrease as the size of the system increases,
particularly as system dimensions exceed an "interaction length" which appears
to be on the order of one foot.

The analysis does provide a plausible interpre-

tation of the experimental results.
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PROJECT NO. 3473-1:
PROJECT LEADERS:
IPC GOAL:

FUNDAMENTAL PROCESSES IN ALKALI RECOVERY FURNACES

T.M. Grace

Increase the capacity of existing systems

OBJECTIVE:
A quantitative description of all key processes in the burning of alkaline
process black liquor, encompassing reaction paths and rate equations for
drying, pyrolysis, gaseous combustion, char oxidation, sulfide formation and
fume formation. The overall goal is a comprehensive understanding of black
liquor combustion and application of that knowledge to improve recovery
boiler performance.
CURRENT FISCAL YEAR BUDGET:

$250,000

PRIOR RESULTS:
The important reactions for reduction of sulfate and the factors governing
reduction rates are understood. This information has been reported and the
results used in practice.
Char burning via the sulfate-sulfide cycle has been conclusively established.
The research and its implications have been.reported. Recent work has indicated
that direct carbon oxidation may occur in parallel with the sulfate-sulfide
cycle, but the implications to operations are not changed.
The cause of intense fume formation during oxidative processes in black liquor
combustion has been determined and the work has been reported. This phenomenon
had not been recognized prior to our research. Our work suggests that this phenomenon is responsible for most of the fume formed in the recovery boiler.
The experimental part and analysis of the phenomenological study of black liquor
burning behavior using the single-particle reactor has been completed. A report
on all of this work is in preparation. The collaborative effort with Professor
Mikko Hupa of Abo Akademi in Finland on this problem is continuing.
Initial studies of the reaction of H2 gas with Na2 S04 and Na 2CO 3 under high temperature conditions have been completed. The implications of this work are being
pursued.
Ph.D. theses on swelling during pyrolysis, drying of black liquor drops, and
char burning under an impinging jet have been completed. Student research is
also underway on single-particle combustion, fume formation during particle
burning, fume condensation/deposition, sulfur release during pyrolysis and
burning, corrosion of steel by smelt, and liquor spray characteristics.
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SUMMARY OF RESULTS SINCE LAST REPORT:

I

Char Burning

3

The major effort on char burning is being carried out under the DOE sponsored
black liquor combustion project and is described in that report. In addition to
the experimental char burning work, Dan Sumnicht has developed an advanced version of the sulfate-sulfide cycle model for char burning which incorporates a
path for direct oxidation of char carbon. This helps to avoid the need to
postulate extremely high burning temperatures when trying to predict char burning
times. Mass transfer models are being developed which predict burning rates of
about the same magnitude as found experimentally in the char bed burning tests.
Fume Formation
This work is now being carried out entirely as student research. Chris Verrill
will study the production of fume during single-particle burning. He is now
constructing the experimental apparatus. Fume particles will be caught on a
moving filter tape to provide a time record of fume production during a particle
burn. Kristin Goerg is studying the deposition of fume particles on cooled surfaces. She has shown that thermophoresis is the main mechanism for deposition,
so that particle deposition rates are directly proportional to thermal gradients
near the cool surface. An M.S. project on reactions of SO2 with Na 2CO 3 fume
particles by Greg Maule has been completed. This work showed that sulfitation
can lead to chemical sintering of particles and may be important in dust hardening. This work is not currently being pursued because of a lack of manpower.

I

|

I

I

Single-Particle Burning
The phenomenological study of black liquor burning behavior using the singleparticle reactor continues, as does a collaboration on this subject with
Dr. Mikko Hupa at Abo Akademi in Finland. The single-particle reactor has been
modified so that the particle can be subjected to radiant heat transfer from hot
walls as well as to convection from hot gas. A two-color probe developed by NBS
is being used for measuring the particle surface temperature during burning.
Several separate studies are underway. Kathy (Crane) Kulas has acquired
detailed experimental burning data and is developing a quantitative model for
single-particle burning of black liquor. A student of Hupa's from Finland,
Taina Noopila, has spent two months at IPC working with Kathy studying the
burning of single black liquor drops as a function of wood species, pulping conditions, and particle size. A large amount of data on single-particle burning
behavior for different liquor composition and test conditions has already been
obtained and little further data acquisition is planned. This includes data
obtained from testing of random samples of mill liquor as well as liquors produced in controlled laboratory experiments. There remains a need to interpret
and correlate all of these data. Dr. W. J. Frederick of Oregon State University
is spending three months at IPC as part of a sabbatical. He will also spend six
months at Abo Akademi in Finland. He will have the responsibility for synthesizing all of the single-particle data into a comprehensive set of results.

I

|

I
I
I

Project 3473-1

-111-

Status Report

Sulfur Release
Frank Harper's work on sulfur release during pyrolysis and burning of black
liquor has progressed nicely. He has acquired data on the release of sulfur
gases as a function of temperature and rate of heating and as a function of the
nature of the sulfur compounds present in the liquor. This confirms Strohbeen's
findings that sulfate and sulfite sulfur are quite stable to volatilization
during black liquor pyrolysis, while sulfide and thiosulfate sulfur are not. He
is now working on a model to interpret his data.
Corrosion
Greg Kulas has developed an apparatus for studying the corrosion of mild steel
in molten smelt under conditions where a frozen smelt layer adheres to the steel
surface. He has had considerable problems getting reproducible data with this
system. Initial results have not been entirely in accordance with expectations
based on the literature. Work is continuing.
Drying
All of the experimental work on drying of black liquor drops in high temperature
environments shows that experimental drying rates are greater than predictions
based on external.heat transfer control. Since internal resistances would be
expected to reduce drying rates, external heat transfer control should give the
fastest possible drying rates. There appear to be two reasons for the observed
behavior. First, the temporary expansion of the drop that occurs during the
violent boiling phase when the drop exhibits bursting and collapse behavior
increases the available heat transfer area. Second, pyrolysis and volatile
burning can be initiated before the drop is completely dry, resulting in an
apparent shortening of the drying period.
DOE Combustion Project
There is a very close tie-in between the DOE-sponsored work on black liquor
combustion and this funded research project. Extensive data on drying rates,
pyrolysis, carbon fixation, and particle characteristics have been obtained on
the in-flight reactor module have been reported in progress reports issued by
DOE and in press. The char bed reactor is now operational and is being used in
a systematic study of char bed burning rates. This work is discussed in a
separate project summary for Project 3473-6.
DOE Liquor Delivery Systems Project
We are still awaiting funding of this project by DOE which is expected some time
during September. A spray test facility has been constructed which allows
testing of spray nozzles using real black liquor at temperatures, pressures and
solids contents that are representative of commercial practice. A flash x-ray
technique is used to "photograph" the spray patterns. Image analysis techniques
can then be applied to determine spray size distributions and the angular
distribution of the liquor coming off the nozzle. The system is currently being
modified to overcome some of the deficiencies found during initial testing and
to reduce environmental impacts. Data acquisition should begin in October.
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PLANNED ACTIVITY THROUGH FISCAL YEAR 1989:

|

Char Burning
i

The basic chemistry of char burning is now established. Continuing work will
focus on quantification of the mass transfer resistance and the effect of
geometry variables. A substantial amount of char burning data will be acquired
on the DOE reactor. The results of these studies will be incorporated into the
3-dimensional recovery furnace model. Pat Medvecz will develop a spectroscopic
analysis technique for measuring the concentrations of selected gases above the
char bed in the DOE reactor.
Fume Formation and Deposition
Chris Verrill will continue his work on the quantification of fume formation
during single-particle burning. Kris Goerg will complete her work on fume deposition. A postdoctoral fellow, Paul Ku, will implement an in-situ method of
monitoring fume concentration and size distribution in the DOE reactor.

I

3

Single-Particle Burning
Kathy Kulas will complete her work on single-particle burning in combined
convective/radiative heat fields. The collaboration with Mikko Hupa will continue. Jim Frederick will interpret and summarize the results of all of the
single-particle data.

I

Sulfur Release

3

Frank Harper will complete his work on sulfur release in black liquor pyrolysis
and burning.

I

Corrosion
Greg Kulas will complete his work on the corrosion of mild steel in smelt with a
frozen smelt layer on the metal surface.
DOE Combustion Project

I
|

'

Data will continue to be obtained from the DOE project. The study of in-flight
processes will be completed and reported. The char bed reactor will be used to
obtain fundamental data on bed burning rates, structure, and behavior. The
Phase-3 equipment to study fume formation processes in simulated furnace
environments will be installed.

I

DOE Black Liquor Delivery Systems Project

|

The black liquor spray and nozzle characterization project will continue and be
expanded as DOE funding becomes available. An image analyzer will be obtained
at a very early stage to facilitate data analysis.

|

I
I
I
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Much of the information on black liquor burning now exists as fragments in
various stages of completion. We will be examining methods for synthesizing
this into a comprehensive theory of black liquor burning. At this stage, we do
not know the form that will be used to achieve this goal.
FUTURE ACTIVITY:
Apply results of fundamental studies to improve recovery boiler operation.
Directions for future activities will depend on restaffing of the Recovery
Group.
STUDENT RESEARCH:
P. Miller, Ph.D.-1986; K. Goerg, M.S.-1986, Ph.D.-1989; K. Kulas, M.S.-1986,
Ph.D.-1989; D. Sumnicht, M.S.-1986;.G. Aiken, Ph.D.-1987; C. Verrill,
M.S.-1987, Ph.D.-1990; M. Robinson, Ph.D.-1987; F. Harper, Ph.D.-1989; G. Kulas,
Ph.D.-1989; G. Maule, M.S.-1988; P. Medvecz, Ph.D.-1990; T. Spielbauer,
M.S.-1988, Ph.D.-1990.
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FUNDAMENTAL PROCESSES IN ALKALI RECOVERY FURNACES

Reporting Period:

September, 1987-September, 1988

Review and Overview

The overall goal of this project is a comprehensive understanding of
black liquor combustion and application of that knowledge to improve recovery
boiler performance.

The project is very closely connected to a DOE funded pro-

ject on Fundamental Studies of Black Liquor Combustion.

Work in this area has

been going on for some eight years and a good deal of knowledge has been
acquired on pieces of the combustion process.
carried out by Ph.D. students.

Most of this effort is now being

Earlier work focused primarily on specific

aspects of the black liquor combustion process.

Although there remains ongoing

work on key aspects of the process, the primary focus is now on more global
aspects of black liquor burning.

Both our work and Hupa's in Finland have shown that black liquor combustion can be divided into four basic process steps; drying, volatile release
and burning, char burning, and inorganic (smelt) oxidation.

Superimposed on

this general burning behavior are certain process steps which are highly relevant to black liquor burning; sulfur release and recapture, sulfate reduction
and sulfide behavior, and fume formation.

In addition, black liquor tends to be

unique in terms of the very high degree of swelling of the burning particle
which takes place during volatiles release and burning.
about black liquor combustion.

Much is now understood

A brief summary of completed work and areas

where understanding has already been gained is given below.

1.

Rate equations for sulfate reduction by char carbon and other forms of
carbon in kraft smelt.
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2.

Rate equations for carbon gasification by 02 and CO2 in carbonate melts.

3.

A sulfate-sulfide cycle model for char burning which demonstrates that
char oxidation and reduction of oxidized sulfur species can take place
simultaneously in an oxidizing environment.

4.

Demonstration that the concept of the sulfate-sulfide cycle can be
applied to pile burning of char.

5.

Quantitative understanding of the mechanism of sodium volatilization and
fume formation and the role of gas-side mass transfer in enhancing fume
forming rates.

6.

Rate data on volatilization of sodium and potassium chloride and an
understanding of the mechanisms by which dust deposits become enriched
in chloride and potassium.

7.

Data demonstrating that NaOH vapor is not a significant source of fume.

8.

Quantitative data and a theory of external heat tranfer control for the
drying of black liquor drops.

9.

Data on the effect of process variables on swelling during pyrolysis
which demonstrates that the lignin and carbohydrate in the liquor
interact to produce high degrees of swelling.

10.

Data and an empirical relation for single particle burning of black
liquor drops.

11.

Rate data on the reaction of SO2 with fume particles and evidence for a
chemical sintering effect which could cause deposit hardening.

In addition, on-going work should provide insight and understanding in
the following areas.

1.

Mechanisms and rates for fume deposition on cooled surfaces.

2.

Detailed quantitative knowledge,of how fume is formed during the burning
of a single particle of black liquor.

3.

Quantitative model of the burning rate for single black liquor drops.

4.

Knowledge of the gas composition and dust concentration immediately
above a char bed.

5.

Quantitative bed burning data which can be used to develop relationships
for oxygen mass transfer rates to char beds.

6. ,Knowledge of the process and composition variables which govern the
release of sulfur gases during black liquor burning.

Project 3473-1
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Understanding of the protective role of a frozen smelt layer on the
corrosion of mild steel in simulated recovery furnace environments.

Most of this work is expected to be completed in the coming year.
Future directions for black liquor combustion research is partially dependent

3

on the restaffing of the Recovery Group prior to and after the relocation to

I

Georgia Tech.

3

Summary of Results and Status

Sulfur Release
The object of this work is to develop a model for sulfur release during
burning by determining the stages of burning when sulfur is released and quantifying the effect of changes in the important process and compositional
variables on the amount of sulfur volatilized.

Experimental studies of the

amount of sulfur released during rapid pyrolysis of black liquor containing
controlled amounts of different sulfur compounds have been completed.

Equations

have been developed to describe the pyrolysis behavior of sulfide and
thiosulfate.
reaction.

|

Sulfur release from sulfide is modeled as a single first order

The thiosulfate equation models the release of sulfur as a large

number of competing first order decomposition reactions that differ only in
activation energy.
gible.

3

3

Sulfur release from sulfate and sulfite tends to be negli-

The model now needs to be extended to handle the behavior of a pyro-

|

lyzing black liquor droplet.

Single-Particle Burning
The objective of this work is to determine an overall model for the
combustion of a single drop of kraft black liquor.

|

A substantial amount of

data has been acquired in the single-particle reactor which has been modified to

I
I
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The NBS two-color

probe has been successfully adapted to measure the surface temperature of the
burning droplets.

Recent results have included the following:

1.

Measurements of mass loss and surface temperature as a function of gas
The rate of mass loss was a strong function of
velocity for pyrolysis.
the initial diameter squared for each velocity tested.

2.

A technique has been developed which permits pyrblyzing a drop in
nitrogen and immediately switching to an airInitrogen mix for char
burning.

3.

A method for quenching burning drops with liquid nitrogen to permit a
determination of the state during burning has been developed.

4.

A simplified method for calculating the surface temperature of burning
char with CO or CO2 as the primary product has been developed.

Work planned for the near future includes:

1.

Finishing experimental data acquisition on char burning stage. The
validity of the sulfate/sulfide cycle wil be tested with soda liquor
Drops will be quenched
tested with and without addition of Na2 S04.
before, during, and after char burning for further analysis.

2.

The gas velocity profile in the reactor will be characterized.

3.

The drying step will be studied by quenching drops at ignition and
determining the weight loss.

4.

A method will be devised to vary the oxygen level in the reaction chamber without gas flow. High temperature will be maintained with the
radiant heater.

5.

A preliminary model for single drop combustion will be developed and
tested.

Fume Deposition
The objective of this work is to understand the processes that control
the rate of deposition of fume particles onto cooled surfaces and to determine
why surface temperature has a pronounced effect on deposition.
results to date are:

The major
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1.

Sodium carbonate fume deposition is controlled by thermophoresis, diffusion of particles caused by the presence of a temperature gradient.

2.

The deposition rate is directly proportional to the concentration of
fume particles in the.gas phase.

3.

The deposition rate is directly proportional to the difference in temperature between the gas and the cooled surface for gas temperatures up
to 480 C.

4.

At gas temperatures above about 500 C, the deposition rate was significantly lower. The reasons for this behavior is presently unknown, but
some morphological differences in the deposited particles were observed.

5.

Flue gas flow rate has no effect on the deposition rate.

Recently some evidence has been obtained for a gas phase reaction which
converts Na 2 C0 3 fume to Na 2S04o

The source of the sulfur for this reaction is

unclear, and present work is aimed at discovering the reasons for the observed
behavior.

Fume Formation
The objective of this work is a quantitative understanding of fume formation during single particle burning, in particular relating the formation of
fume to the different stages of the burning process.

A method will be developed

to coordinate timed observation of the combustion with a means for monitoring
the rate of formation of particulate.

The experimental apparatus is now under

construction.

Corrosion
The objective of this work is to develop an understanding of the mechanism of the corrosion of carbon steel protected by a layer of frozen smelt on
the surface.

An experimental system has been developed using an air-cooled

probe immersed in a molten smelt pool.

Much effort had to be exerted to get a

working experimental system that could give reproducible data.

That has now
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Experiments have focused on the role that polysulfides play

in this corrosion process.

Although a relationship was found between the corro-

sion rate and the amount of polysulfide originally put into the melt, only trace
amounts of polysulfide were found in the smelt after an experiment was
completed.

In addition, the corrosion products were found to be iron oxides and

not iron sulfide.

Evidence has now been obtained that although polysulfide is

unstable in molten carbonate melts, the decomposition is not rapid and the stability can be influenced by the gas environment in contact with the melt.
to clarify the issues and determine the corrosion pathway is continuing.

Work

I
I
I
I
I
I
I
I
I
I
I
I
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PROJECT NO. 3473-6:

PROJECT LEADER:

FUNDAMENTAL STUDIES OF BLACK LIQUOR COMBUSTION
(DOE FUNDED PROJECT)

T. M. Grace
NBS Subcontractor - Dr. A. Macek

IPC GOAL:
Develop fundamental data on black liquor combustion which can be used to enhance
energy efficiency and productivity of recovery boilers.
OBJECTIVE:
The three main objectives are:
1.

To develop laboratory scale flow reactor systems which will enable the
study of both state-of-the-art and advanced recovery systems.

2.

To study gas phase and char bed mechanistic processes under realistic
and controlled environments with advanced optical and spectroscopic
techniques.

3.

To develop a data base which will bridge the gap between ongoing fundamental research and commercial application of the resultant findings,
culminating in increased thermal efficiency, productivity, and capital
effectiveness.

CURRENT FISCAL YEAR BUDGET:

January 1988 to December 1988 budget is in the
process of revision.

PRIOR RESULTS:
The project is divided into 4 phases: Phase 1'- in-flight processes; Phase 2
- char bed processes; Phase 3 - inorganic fume formation processes; Phase 4
- recovery furnace simulation. Progress Reports One and Two have been issued by
the Department of Energy. These reports cover all of the work on the project
through January 1987. This includes the majority of the work on in-flight processes, which includes data on drying rates, carbon fixation rates, and particle
dynamics. Phase 1 was substantially completed at the time of the October 1987
"PAC meeting. Some of that material will be reported in Progress Report Three,
the draft of which is nearly complete.
The NBS two-color temperature probe was successfully used to measure singleparticle burning surface temperatures. This probe has been adopted as an
integral part of Kathy Kulas' single-particle burning work.
An experimental char bed furnace was designed, installed, and made operational.

r-
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SUMMARY OF RESULTS SINCE LAST REPORT:
The DOE char bed reactor module has been substantially modified to allow char
bed burning rate data to be acquired under conditions where the burning rate is
not limited by overall reactor stoichiometry. Data on burning rates using preformed beds of fully pyrolyzed char are now being acquired. Char burning rates
substantially higher than those found earlier have now been obtained. These
rates suggest that a significant fraction of the total char carbon burning load
could take place on the surface of the bed in the recovery furnace. Details of
this work are provided in the attached report.
Phase 1 tasks have been essentially completed and the results of this work are
being reported in Progress Report Three. The draft of this report is being
completed by the previous project leader, Dr. David Clay, on a part-time basis.
It is anticipated that the draft will be ready to send to DOE shortly.
An in-situ laser light-scattering technique for measuring the concentration and
size distribution of fume particles was developed by a postdoctoral student,
Dr. Jay Hsu. The technique is based on the measured scattered light polarization ratio from fume particles. Multiangle measurements provide the necessary
information on the imaginary part of the complex refractive index. The technique was succesfully applied to the measurement of the concentration and size
distribution of fume from a laboratory smelt fume generator. This work has been
on hold since June, when Jay Hsu left to accept another position, until
September, when a new postdoctoral student, Dr. Paul Ku, arrived to continue the
work. A paper describing the results to date is attached to this report.
Pat Medvecz has initiated work to use Fourier transform infrared absorption
spectroscopy to measure the composition of the gas phase above a burning char
bed. A small combustion reactor has been designed, constructed and tested. A
reference cell which will permit the spectroscopic measurement of pure gases or
gas mixtures at high temperatures has been designed and construction is in
progress. The FTIR has been purchased and set up in-house. An optical configuration which directs the infrared beam from the interferometer through the
reactor/reference cell and to a detector has been successfully tested.
PLANNED ACTIVITY THROUGH FISCAL YEAR.1989:
A systematic study of char bed burning will be completed. Initially, the focus
will be on burning beds of fully pyrolyzed char. These data will be used to
determine oxygen mass transfer rates to char beds. Attempts will be made to
determine the oxidation state of sulfur compounds in the bed as burning proceeds. Information on temperature gradients in beds and the ability of oxygen
to penetrate below the bed surface will also be sought. We will also attempt to
carry out bed burning experiments with partially pyrolyzed bed material.
Volatile burning will accompany char combustion in these cases and could consume
oxygen above the bed surface. It. will be necessary to make further modifications to the reactor to permit acquiring this type of data.
The literature data are unclear as to whether or not carbon gasification by
reaction with CO2 or H2 0 is significant in char burning. We will carry out
experiments to resolve these uncertainties.
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The fume particle monitor will be developed further to overcome some of the
limitations which currently exist and will then be installed to monitor fume
concentrations above the bed in the char bed reactor.
The work on FTIR monitoring of the gas phase above burning char will be
continued.
We will address the recovery furnace simulation issues that constitute Phase 4
of this study. The exact method of doing this remains to be defined.
DOE Progress Report 4 will summarize the char burning work currently in
progress. We hope to have the draft of this report completed by early 1988.
FUTURE ACTIVITY:
".A comprehensive summary report on all of the work will be written at the end
of the project.
Opportunities to apply the results of this work to commercial practice will
be sought.
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'FUNDAMENTAL STUDIES OF BLACK LIQUOR COMBUSTION

Reporting Period:

September, 1987-September, 1988

CHAR BED BURNING

1.0 Introduction
Combustion in the recovery boiler furnace can be separated into two
areas:

in-flight and char bed combustion.

During in-flight burning a portion

of the liquor's heating value is released as the liquor droplet falls toward the
bed or is entrained in the gas stream.

This energy release may consist of vola-

tile burning and/or heterogeneous char combustion.

The remaining portion of the

liquor's heating value is released on or near the char bed.

This too may con-

sist of volatile burning and/or char combustion.

All currently designed black liquor recovery furnaces employ some combination of in-flight and char bed burning.

Maximizing bed burning rates is

thought to be one way to increase capacity of existing units.

This is based on

the premise that reducing in-flight combustion will reduce carryover and furnace
exit gas temperatures, both of which contribute to pluggage.

Recent firing

strategy directions, namely stationary firing and greater air supply to the
lower furnace, seem to be directed at increasing the portion of burning
occurring on the char bed.

Although this direction seems logical, a fundamental understanding of
char bed combustion in a realistic bed geometry is necessary in order to optimize this burning process.

For instance, with our current understanding we can-

not answer the basic question, "How much combustion can or should be supported
on the bed?" In particular, information is required on char bed combustion

Project 3473-6

rates.

-125-

Status R port

One goal of this work is to obtain the fundamental char bed combustion

data necessary to describe the char bed combustion process.

The primary tool

for obtaining this information will be the char bed burning furnace of the IPC
process 'flow reactor.

Combined with information on in-flight burning, this

should give us a fundamental basis upon which to make decisions for optimizing
char bed burning.

2.0

Test Program for Char Burning

2.1

Objective
The overall goal of the char bed burning work is to identify means to

optimize char bed burning in actual recovery furnaces.

The specific objectives

of the project are:

1.

Obtain experimental data on char combustion rates and
bed chemistry under conditions similar to those seen
in the actual furnace.

2.

Interpret the data in terms of the underlying fundamental
processes.

3.

Examine the implication of the results on optimizing the
char bed burning process in actual recovery furnaces.

2.2

Approach
The overall approach is to obtain burning rate and bed chemistry data

from laboratory-scale char beds.

These data will then be applied to develop

strategies to optimize/maximize bed burning rates in actual recovery furnaces.
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In order to bridge the gap between the experimental system and the actual furnace an attempt will be made to describe the data through existing theoretical
expressions.

The expression derived may then be used in conjunction with a

model of the recovery boiler'furnace to predict optimizing/maximizing conditions.

Key tasks in the experimental program include the following:

1.

Demonstrate capability to measure bed burning rates and
characterize bed chemistry for preformed char beds (fully
pyrolyzed char) during mass transfer controlled burning.

2.

Carry out a systematic study of mass transfer limited
burning on preformed char beds.

3.

Demonstrate capability to measure bed burning rates and
characterize bed chemistry for continuously fed (partially
pyrolyzed) char beds.

4.

Carry out a systematic study of mass transfer limited burning
on partially pyrolyzed char beds.

The primary focus of the first series of tests will be to obtain data
which will be used to develop an expression for the mass transfer coefficient.
Key independent variables to be investigated will be 02 concentration, gas velocity, and bed temperature.

Other variables may include air nozzle to bed

geometry (i.e., impinging vs. sweeping) and char density.
variables will be bed burning rate and bed temperature.
release, and fume composition may also be included later.

Key dependent
Sulfur release, fume
Bed temperature is
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listed as both an independent and dependent variable since we will have some
control over it through gas preheat and reactor temperature.

To evaluate optimum bed burning strategies the expression derived for
bed burning rate may be used in conjunction with some form of a recovery furnace
model.

One such furnace simulation model is currently being developed at IPC as

part of three Ph.D. theses.

Demonstration of the optimizing techniques will

ultimately have to be done in an actual recovery furnace.

Simulation of these

approaches may be possible in the process flow reactor as well.

2.2.1

Char Bed Burning Furnace
The char bed burning furnace has been added to the IPC process flow

reactor to study char burning under conditions similar to those seen in an actual
recovery boiler char bed.

The furnace consists of metal retort (Fig. 1), which

encloses the burning char and a series of heating panels which surround the
retort to maintain the high temperature of the char bed system (Fig. 2).

The char bed retort is a metal chamber which allows combustion of black
liquor to proceed through pyrolysis and into the char burning and smelt formation stages.

The main portion of the chamber is 13 x 13 inches wide and 42

inches high (33 x 33 x 107 cm).

Char from the in-flight reactor falls into this

unit through a 5-inch ID (12.7 cm) inlet pipe and collects in a tray near the
bottom of the furnace.

Combustion air is introduced through a 12-inch long slot

jet in the front of the furnace.

Oxygen concentrations of the inlet gas are

varied by metering air and nitrogen through mass flow meters.
exit the unit through a 2-inch outlet pipe.

Combustion gases

Slide gates are provided in the

inlet and outlet lines to isolate the furnace during batch burns.
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Figure 1.
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Metal retort used in the IPC char bed burning furnace.
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Figure 2.

Char bed burning furnace showing outside electrical heating panels.
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Several issues surfaced following initial tests of the reactor system.
Among these were:

(1) insufficient air delivery capability to overcome

stoichiometric control.of the burning process, (2) nonuniform velocity and 02
profiles across the bed surface, (3) short burn times, (4) changing burning
geometry as the bed burned away from the air jet, and (5) insufficient burning
temperatures to ensure mass transfer control.
reactor system to alleviate these problems.

Several changes were made in the
Some of these are shown schematically

in Fig. 3.

The stoichiometric limitation was overcome by reducing the bed area and
increasing the air delivery capacity.

Reducing the bed area from a 12-inch

square to a 4 by 8 inch cross section also lessened the nonuniformity in gas
velocity across the bed surface.

In the new configuration the 8-inch wide air

jet traverses only 4 inches of char as opposed to the original 12 inches.

By

locating the leading edge of the bed several nozzle diameters back from the jet
outlet, it was also possible to avoid the steep velocity gradients which occur
as the jet initially begins to expand.

Decreasing the bed area also reduced the

variation in oxygen concentration across the surface.

Burn times were increased and burning geometry was made more constant
by adding a moveable char tray.

The tray is filled with char in the down posi-

tion; as the char burns away from the air jet the tray can be moved up.

A

variable speed drive controls the rate at which the tray is elevated.

An air preheater capable of 250°C preheat was added to ensure sufficiently high burning temperatures.

In addition, three thermocouples of dif-

ferent lengths have been attached to the char tray.

As the char tray is raised

and the char bed burns away, each one of these will pass through the active

L
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DRY/PARTIALLY PYROLYZED
BLACK LIQUOR SOLIDS FROM
PROCESS FLOW REACTOR

SLIDE GATES

EXHAUST

INFLIGHT
SAMPLE
PORT

VIEWPORT

AIR-NITROGEN
MIXTURES---

PREFORMED
CHAR BED

.CHAR
SAMPLING --

PORT

ELECTRICALLY

HEATED WALLS
(750°C)

RETORT-

(13 x 13 x 42 INCHES)

Figure 3.

CHAR TRAY
CONNECTED
TO VARIABLE
SPEED DRIVE

CHAR BED
RETAINING
INSERT
(4x8 INCHES)

Modified char bed burning system.
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The temperature data obtained will give an indication of the

burning temperature and the thickness of the active layer.

Significant improvements were also made in the gas analysis and data
logging system as well.

These included reducing the dead and dynamic response

time of the extractive gas system and increasing the frequency of data logging.

2.2.2

Method for Measuring Bed Burning Rates:
The approach being used to measure bed burning rates involves batch

rather than continuous burns.
nitrogen purge.

Char beds are preformed in the furnace under

Since the furnace is preheated to about 750°C (1380°F) the bed

material is expected to be completely dried and pyrolyzed. '' Once a sufficient
amount of material has accumulated in the char tray the liquor feed is shut off.
The furnace is then isolated from the in-flight reactor by a slidge gate in the
inlet pipe.

The preformed bed is burned down by introducing air-nitrogen mix-'

tures through the'air nozzle.

Burning rates are determined from analysis of the

off gases.

A straight forward material balance can be applied to determine the bed
burning rate.
H2 0.

Significant combustion products are assumed to be CO, C02 , and

The bed burning rate in terms of oxygen consumption can then be calculated

as follows:

N0 2 = Fout(O5 YCO + YC02 + 0.5 YH20)/Abed
where:
N0 2

= molar flux of 02, gmol/cm 2 -sec,

Fout = outlet gas flowrate, gmol/sec,
Yxx

= molar concentration of species in outlet gas stream,
gmol/gmol, (i.e., vol/vol)

Abed = bed burning area, cm2 .
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The exit gas flow rate is determined based on the measured inlet gas flowrate
and a material balance on a nonreacting species as shown below:

YN2, in
Fin YN2,out

Fout

1 + 0.79 f
YN2,i

where:
Fout

=

outlet gas flowrate, gmol/sec,

YN2,xx = molar concentration of N2 in inlet and outlet gas streams,
gmol/gmol,
f

= fraction of leakage air based on inlet gas flow.

For simplicity, nitrogen is used as the nonreacting species.
in the outlet gas stream is determined by difference.

Nitrogen

When nitrogen is used as

the species, the percent error in exit gas flow rate (and therefore burning
rate) will be approximately equal to the percent of leakage air based on the
inlet gas flow.

Leakage can be estimated before and/or after each burn based on

an 02 balance.

A direct oxygen balance may also be used to determine burning rate as
shown below:

N0 2 = (0.21*Fair + Y02,out*Fout + 0.2 1*f*Fin)/Abed
where:
Fair = flowrate of air in, gmol/sec,
Fin = flowrate of air and nitrogen in, gmol/sec,
Y02,out = molar concentration of 02 in outlet stream.
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In addition to picking up 02 consumed for combustion of carbon and
hydrogen, this balance would also include any 02 storage or release from the
bed.

Oxygen lost as S02 is assumed negligible.

The difference between this

direct measure of 02 consumption and the combustion product measure will be an
indication of sulfide oxidation or sulfate reduction.

However, if the 02 con-

sumed represents a small fraction of the inlet 02, the direct 02 balance will be
inherently inaccurate.

Since it is desirable to have a uniform 02 concentration

across the bed surface, the direct 02 balance may not be very useful.

The batch burning mode described above offers some advantages over continuous feeding of material to the bed.

One advantage is that burning rates

will not be limited by the capabilities of the in-flight module.

Current design

hearth loadings for recovery furnaces are in the range of 120 to 150 lb/hr-ft 2
of black liquor solids.

Although the in-flight module of the process flow reac-

tor has been designed to handle 120 lb/hr-ft 2 , the one square foot section of
the bed burning furnace is about 11 times larger than that of the in-flight
module.

I
I
I
I
I
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Isolating the char bed also makes it possible to use the straight forward material balance technique described above to measure burning rate.

If-.

material were being continuously fed to the reactor it would be very difficult
to isolate off gases from the bed from those in the in-flight module.

By isolating the char bed from the in-flight module, data gathering
will not be subject to unnecessary operational problems (e.g., pluggage) associated with the in-flight module.

Furthermore gas flows into the char bed fur-

nace will not interfere with flows in'the in-flight module.
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Decoupling the bed burning furnace from the in-flight module has disadvantages as well.

In this mode of operation we are not able to continuously

refresh the surface with new material as in actual furnaces.

It is also

I
I
I

impossible to vary significantly the state of the material on the char bed for
the same liquor source, i.e., extent of pyrolysis or degree of swelling.

These

I

steps are carried out either in the in-flight module or while the material sits
in the preheated reactor.

In order to obtain experimental data on compositional

impacts it will be necessary to develop a technique by which the char surface
can be continuously refreshed with new material of varying composition.

Accurate bed samples and temperatures are necessary to characterize the
bed chemistry.

A technique using probes cooled in liquid nitrogen prior to

insertion into the reactor is being developed to obtain bed samples.
couple techniques are being developed to measure bed temperature.

Thermo-

The use of a

two-color optical pyrometer developed to measure particle temperatures in the
single particle reactor is being explored for measuring bed surface temperatures
as well.

In order to use the technique described above to measure mass transfer
coefficients, the 02 concentration and gas velocity profile across the bed surface need to be known.

Ideally they would be uniform.

In practice, air veloci-

I
I
I
I
I
I
I
I

ties are very nonuniform by virtue of the fact that air jet velocities decay
rapidly as the jet expands.
discussed later.

02 concentrations are also very nonuniform as

In addition, with a stationary bed support and air manifold,

the geometry of air to char contact changes during the course of a burn.
Several reactor modifications have been proposed to overcome these problems.
These are discussed later.
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3.0

RESULTS

3.1

Sample Analysis - Preformed Char Beds
Results of analyses of char taken from preformed char beds are given in

I*

~Table 1. For comparison, analyses are also shown for the material as it arrived
at the char bed, for a typical pyrolysis char, and for samples taken from actual
operating char beds.

3|

The typical pyrolysis char data were adapted from the IPC

~Char Burning Report (Grace et al., 1985) by assuming a liquor composition.
Similarly the operating char bed data were adapted from the A.D.L. Phase II

I....

3

'
report (Merriam et'al.
, 1978).

Table 1.

Char comparison.

-'

|I

Solids loss, %
Carbon loss, %
Hydrogen loss, %
Oxygen loss, %
Sulfur loss, %
Fix C/org. C,'%

3

Sulfide/total S, %
Solids, %
HHV, Btu/lb
Bulk density, g/L

Preformed

Arriving

Pyrolysis

A.D.L.

Char Bed

at Bed

Chara

Dataa

44
61
95
43
40

27
30
68
35
30

100

49

0-50
100
2 8 0 0 -3 40 0 b
8 ,8 0 C

31
44
88
33
70

45-55
75-85

100

15
99
3500-4500
11

100
3800-4800

All losses are calculated based on the assumption of no sodium loss from liquor
to char samples (e.g., solids loss ='1 -

|3

~

Na liquor)

aCalculated by assuming typical feed liquor composition and no sodium loss.
bCalculated based on composition.
CCalculated based on in-flight sample and integrated carbon in off gases.

The preformed char bed samples were obtained by inserting a 7/8-inch
tube into the char bed.

Prior to insertion the sample tube was cooled in a
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This purged the tube of air and provided a heat sink to

This technique seemed to minimize any reaction with air.

The "arriving at bed" samples were collected through a sample port in the bed
burning furnace just above the bed.

These samples were collected in liquid

nitrogen using the same procedure developed during earlier in-flight trails.

Particles arriving at the bed are completely dried and partially pyrolyzed.

This is expected,based on earlier in-flight results (Clay et al.,

1987).

After arriving at the bed the particles sit in an inert atmosphere at about 700
to 750°C for at least 15 minutes.
all carbon is fixed.

During this period pyrolysis is completed and

Higher solids, carbon, and hydrogen losses in comparison

to the typical pyrolysis char suggest that the bed samples have been partially
burned as well.

This may be caused by air leakage into the furnace.

The

solids, carbon, and hydrogen losses are not as high as those reported for
operating char beds in the A.D.L. study.

The reduced sulfur loss relative to pyrolysis char is interesting.

One

possible explanation is that the rapid heating of the particle in the in-flight
and bed reactors create temperature gradients within the particle which enhance
sulfur capture.

No good measurement of our char bed density have been made yet.

How-

ever, calculations based upon integration of the carbon.gases evolved or based
on the density of material arriving at the char bed suggest that it is 1 to 2
orders of magnitude less than that of operating char beds as reported in the
A.D.L. study.

This density combined with the cohesiveness of the char sets an

upper limit on the gas velocities we can.use.
material to be entrained off the bed.

Excessive velocities cause

I
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Bed Burning Rates - Preformed Char Beds
Figures 4 and 5 show gas analysis and bed thermocouple data obtained

during a typical test in the char bed furnace.

~

During this particular test air

~Iwas introduced at 300 slpm (635 scfh) into the slot jet.
about 13 m/s (43 cps).

Jet exit velocity was

The gas analysis data have been time-shifted to account

for sample system dead time.

3*t~~As

shown in Fig. 4, air introduction initiates the burn.

dominant combustion product.

~I
~parison.

CO 2 is the

CO levels are generally insignificant in com-

As suggested by Aiken (1987), this is probably due to gas phase reac-

tions of CO and 02 above the bed rather than C02 being produced directly.
Earlier tests with large beds and low excess oxygen produced CO levels on the
same order as CO2 levels.

Although H2 0 appears to be a significant product,

this is likely due to an analyzer problem.

Integration of the gas data suggests

similar molar quantities of hydrogen and carbon are evolved.

However, char ana-

lyses suggest that less than 1 mole of hydrogen is present for every mole of
carbon.

Figure 5 shows readings obtained from the three thermocouples as the
char tray was raised.

The point at which the thermocouples each reach the

burning zone is very obvious.

Peak temperatures between 1100 and 1150°C are

shown, however, actual peak temperatures may have been even higher.

Data

logging frequency was only every 20 sec during these trials and peak temperatures
on analog outputs were observed to last only a few seconds.
as high as 1250°C have been observed.

Data logging frequency for the thermo-

couples has since been increased to every 5.seconds.

3

I

Peak temperatures

These data were also

obtained before the addition of the variable speed drive to the char bed.
During these trials the tray was being moved manually.

. : -.

Combined with the slow
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data logging frequency, this makes it difficult to determine the thickness of
the active layer.. More recent observations of bed temperatures suggest this
layer may be less than 1 inch thick.

Using the method described earlier, the gas analysis data can be used
to determine oxygen consumption/burning rates.

This has been done in Fig. 6

where oxygen consumption is presented as a flux based on the 4 x 8 inch bed area.
The flux is calculated in two ways:

(1) by a balance on the inlet and outlet

oxygen and (2) by the oxygen associated with product gases (C02, CO, and.H 2 0).
The.initial peak, in the flux determined by 02 balance is due to the slower
dynamic response of the 02 analyzer.
curves is very good.

This aside, the agreement between the

Theoretically, differences between the. curves may be used

to determine whether an oxygen source (i.e., sulfate) or sink (i.e., sulfide) is
However, usefulness in this respect may be limited by measure-

playing a role.

ment uncertainties.
Teat 140C -

300 alpm Air

100
90
80,

iAJ

so
80
70

E

30
20

10
0
0
2

0
D

4

6

From CO,C02.H20
Figure 6.

8

10

Time. min

12
+

14.

16

02 Bolanoe

Calculated oxygen fluxes.

18

20

Project 3473-6

-140-

Status Report

Two distinct periods are typically observed during these bed burns:
A quasi-steady-state period followed by a declining rate period.

We are most

interested in the steady-state period since this should be the mass transfer
controlled portion of the burn.

During the burn shown in Fig. 6, a period of

fairly steady-state burning lasts 3 to 4 minutes.

Recent attempts to extend

this steady-state period by using denser char have been fairly successful.

A declining rate period follows the steady-state period.
tors may contribute to this.
inches.

Several fac-

First, the char tray cannot be raised the last 6

Once this limit is reached, air no longer sweeps the surface and must

diffuse to the bed.

At these lower mass transfer rates temperatures may be

insufficient to maintain mass transfer control.

The kinetically limited burning

rate would decline with decreasing carbon concentration.

Another possibility is

that smelt formed as the surface burns penetrates the bed and dilutes the lower
layers.

At dilute carbon concentrations the burn may no longer be mass transfer

controlled.

For the test shown in Fig. 6, oxygen fluxes during the steady-state
period are about 50 gmol/cm 2-sec.

In order to achieve higher fluxes in air, the

char bed must be densified to avoid entrainment off the bed.

For beds formed

with some mechanical crushing, fluxes as high as 100 gmol/cm 2 -sec have been
observed.

During one special trial a flux of 130 gmol/cm 2 -sec was observed.

this case char from a previous in-flight trial was crushed through a 1/6-inch
mesh screen.

This was then poured into a cool furnace.

raised to 700 to 750°C over a couple of hours.

The temperature was

The bed formed in this fashion

did not appear to be made up of discrete particles and was very cohesive.
Maximum velocity in this case was limited by our flowmeter.

In

I
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The fluxes above are calculated based on the 4 x 8 inch bed area.
During an actual burn the bed surface is typically very nonuniform.

This is due

~ ~I
to nonuniformities in the velocity profile and variations in the char density.

3|~

At any given point in a burn the air may be impinging on one part of the bed and
sweeping across another.

3

Attempts to improve the velocity and char density uni-

formity have been modestly successful.

By repeating tests and extending burn

times it is hoped that some sort of average area may be assumed.

It is interesting to compare the maximum fluxes achieved in the char

I

-bed furnace with the fluxes achieved in actual recovery furnaces.
parison is made in Table 2.

Such a com-

In the first row of Table 2, the stoichiometric

oxygen demand for furnace firing 150 lb/hr-ft 2 of black liquor solids is com-

3

pared to the maximum oxygen flux measured in the char bed furnace.

This very

simple analysis suggests that something on the order of 20% of the total burning

3

load could be supported on the char bed.

3

Table 2.

Comparison of experimental char bed and commercial furnace 02 fluxes.

Char Bed
Furnace

3

Ratio

Total solids
02 demanda

100
(24)

563
(135)

0.18

Char carbon
02 demand

100
(24)

233
(56)

0.43

aUnits:

3

Typical Recovery
Furnace

gmole 02/sec-cm 2 x 106; in parentheses, lb 02 /hr-ft 2 .

In the second row of the table only the oxygen demand to combust the
char carbon is considered.

In this case it has been assumed that the black

liquor solids are 35% by weight carbon and that 40% of this carbon ends up in

I
I
___

____
__ __

the char.
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It is also assumed that all carbon is converted to CO2 .

been neglected.

Hydrogen has

Using the maximum measured rate as a basis, 40 to 50% of the

char carbon in the actual furnace could be consumed on the char bed.

Of course

if CO was assumed as the primary product essentially all the char carbon could
be consumed based on this analysis.

The analysis given above is overly simplistic.

The maximum measured

burning rate was achieved with near 21% oxygen concentration over the char surface.

In the actual recovery furnace 02 concentrations are likely to vary from

21% at the air inlets to near 0% in the center.

Theoretical mass transfer models suggest velocity
It is also possible that in the

dependence between the 0.5 and 0.8 powers.

actual recovery furnace CO2 and H 2 0 gasification may enhance the carbon consumption rates as well.

Clearly, in order to predict optimizing firing strategies some form of
char bed model which predicts velocity and oxygen fields over the char surface
Such a model is currently being developed as part of three stu-

dent theses at IPC.

One necessary element is a model of the mass transfer coef-

ficient for the char surface.

The thrust of current efforts on the char bed

reactor is to develop the experimental database necessary to validate such a
model.

I
I
I
I

I
I
I

This would be particularly true in the 02 deficient-CO 2

rich region near the center of the furnace.

is necessary.

I

On the other hand, much higher

velocities (up to an order of magnitude higher) are expected near the air ports
in an actual recovery furnace.

I
I

A systematic series of tests with oxygen concentration and velocity as

the key variables is currently underway.

The analysis of this data and its use

in the furnace model should provide very interesting insight into optimization
of furnace firing strategies.

I
I
I
I
I
I
I
I
I
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FUME PARTICLE SIZE AND NUMBER DENSITY MEASUREMENT
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|
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ABSTRACT

In the kraft recovery furnace, significant fuming of sodium takes place.
It is essential to quantify the fuming rate because fume particles not only coat

3

heat transfer tubes and plug flue gas passages but also act as SO2 scavengers.
An in-situ light scattering technique has been developed to measure fume
This technique is

|

particle size and number density from synthetic kraft smelt.

*

based on the measured scattered light polarization ratio from fume particles.
The multiangle measurements provide the necessary information on the imaginary

|

part of the complex refractive index.

Results show that fume particle sizes can be correlated with a log-normal
distribution function.

3
3

The fume mean particle sizes vary from 0.23 to 0.30 Pm

and number density from 3 x 107 to 2 x 108 particles/cc.

Limited process studies showed that a higher nitrogen flow rate generates
smaller fume particles, while a higher air flow rate generates larger fume particles.

The effect of nitrogen flow rate on particle number density is opposite

Hsu is currently with Fluor Daniel, Pulp and Paper & Forest Products
Engineering Division, Greenville, SC 29601.
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that on the particle size.
insignificant.
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The effect of air flow rate on number density is

On balance, higher nitrogen flow rates produce higher fume mass

density, but the effect of air flow rate on fume mass density is insignificant.
The fuming rates determined here were less than those reported in the literature
but showed a similar relationship between gas flow rate and fuming rate.

INTRODUCTION

The combustion of black liquor can be divided into four stages:
volatiles burning, char burning and smelt coalescence (1).

drying,

During the char

burning stage, significant fuming of sodium and potassium takes place.

Fume

particles form upon condensation of inorganic sodium and potassium salts from
the vapor phase.

Their sizes observed from the scanning electron microscope

(SEM) picture, shown in Figure 1, range from 0.2 to 1 pm.

The sodium vapor in the gas stream reacts with CO2 and 02 to form Na2 CO3
and subsequently with SO2 and 02 to form Na2 SO 4 .
essential to control SO 2 emission.

Thus some level of fuming is

The fume particles are recycled to the

furnace via mixing with the fired liquor.

This increases the inorganic content

and reduces the fuel value of the fired black liquor (2).

Fume particles are

also detrimental, since they can coat heat transfer surface and reduce boiler
efficiency.

Together with carryover (entrained particles typically 0.1-1.0 mm),

fume particles can contribute to plugging of flue gas passages.

Plugging can

lead to reduced capacity or shutdowns.

Figure 1 here

The cause of fume formation within the recovery boiler was once considered
to be Na and NaOH vaporization which occurs at high temperature and reducing
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However, Borg et al. (3) reported that fuming

also took place from the secondary air/liquor spray level.
during single particle burning (1).

Fume also evolved

Clay et al. (5) and Cameron (6) discovered

that copious quantities of sodium carbonate fume were formed when Na2 S was oxidized with air to Na2 SO4 in a sodium carbonate melt.

Since fuming can occur under oxidative conditions, it may be possible to
control the fuming rate by manipulating burning variables.
this possibility, an on-line fume sensor was needed.

In order to evaluate

The objective of this work

was to develop a nonintrusive fume sensor which can measure both fume particle
size and number density within the gas stream, subsequently verifying that
burning variables can affect particle size and number density.

The particle

number density is directly related to the fuming rate if both particle size and
gas flow rate are determined.

Determination of the particle size history with

time may also provide supporting information on the fume formation mechanism.

THEORY

A large number of particle sizing instruments have been developed based on
a variety of measurement principles.

Among them, only imaging techniques,

single particle counting techniques and ensemble techniques could be considered
as likely nonintrusive techniques (7).

The imaging methods rely on freezing the image through the use of short
duration light pulses.

They have difficulty in determining particle sizes smaller

than 5 pm because high quality small resolution lenses are hard to fabricate (8).
The single particle technique measures individual particles as they pass through
a focused laser beam.

The particle size and number density is obtained through

the information on individual particle counting (9,10,11).

At present, these
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techniques are limited to particle concentration less than or equal to 106

3

particles/cc and particle size greater than 0.3 pm.

The ensemble technique samples a large number of particles passing through
a volume of space.

The limitations on particle size and concentration are more

relaxed in these techniques.

The diffraction technique is applicable to the

particle sizes between 1 and 1800 pm (12,13).

I
I

The light scattering methods,

including measurements of laser extinction/scattering (LES), scattering dissym-

3

metry (SD) and polarization ratio of the scattered light (PR), with the aid of
the Lorenz-Mie theory have been used to determine particle size in the range of

I

0.01 to 100 pm with particle concentration up to 1012 particles/cc (14-16).

Based on existing knowledge of the possible particle size (0.2 to 1 um)
and number density (above 106 particles/cc), the polarization-ratio technique
with the Lorenz-Mie light scattering theory is used (15).

The Lorenz-Mie theory

3

(17) provides the differential scattering cross section, Cij(0,x,m), of a homogeneous spherical particle, where x is the size parameter (x = w D/X), m is the
complex refractive index (m
the absorption index),

=

I

ni + n2 i, n1 is the refractive index and n2 is

X is the wavelength of the incident light and D is the

particle diameter.

3

The subscripts i and j assume the letters v (vertical) or h (horizontal)
according to whether the state of polarization of the scattered (i) and incident
(j) radiation is perpendicular or parallel, respectively, to the plane of observation.
interest.

I

For spherical particles of isotropic material, only i = j is of
A computer code developed by J. V. Dave at IBM is available to calcu-

|

late the value of Cii((,x,m) (18).

I
I
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For the polydispersed particles such as fume, the mean cross section, Cii
is needed.

It is defined as

Cii =

Cii P(D) d D

(1)

o

Thus a specific particle size distribution function, P(D), must be assumed to
calculate the mean cross section.

A two parameter logarithmic normal distribu-

tion function is used,

P(D) =

1

r2 T

D ag

exp{ - [ In (D/Dg)2}
/2
z

(2)

where Dg is the geometric mean diameter and ag is the geometric mean standard
00
deviation. The size distribution function is normalized such that f P(D) dD = 1.
o

The fume particle sizes in a preliminary test were first determined by the
scanning electron microscope (SEM) and the image analyzer.

The measured values

were correlated with the log-normal distribution function and presented in
Figure 2.

The log-normal size distribution function fits the data with a corre-

lation coefficient of 0.82,

This is acceptable considering the limited sample

in the SEM and the experimental errors in SEM and image analyzer measurements.

Figure 2 here

The intensity of light scattered by an ensemble of spherical particles of
varying size, at a given scattering angle (e), is determined from

Qii(9) = N Cii(o)
where N is the particle number density (particles/cm-3).

(3)
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is further defined as

= hh(l)
J
CW =i)
(i )

hh(LI
.... = r [8(i), m, X, Dg, og]
Cv(i )

Qvv

(4)

Since it is independent of particle number density, it can be related to particle diameter, Dg.
tion angles.

Figure 3 illustrates the relationship at several detec-

Thus the measured value of r can be used to determine the mean

particle size, Dg, under a given specific scattering angle 8, known values of ag,
X, and m, and r is a monotonic function of Dg.
will be available from Eq. 1.

After Dg is determined, Cvv(8)

Then the number density can be determined from

the local value of Qvv by Eq. 3.

Figure 3 here

To obtain the information on Og, X, and m, several measurements of r and a
nonlinear least square data fitting technique are needed.

Eq. 4 can be further

expressed as

rj

= rj

[xl,X2,......,xn;bl,b2,....,bn]

(5)

where j = 1 to m with n < m and the values of x represent the unknown variables,
while the values of b represent the known parameters (14).

Thus with several

measurements of r at various detection angles, it is possible to determine best
values of x i which are appropriate for the measured rj. The Levenberg-Marquart
algorithm has been found to be very useful for this application (19).

In our system, the unknown variables are Dg, ag, and the imaginary part of
the refractive index, n2.
system.

The values of 0 and X are available from our optical

The fume particle composition from the synthetic sodium salt melts is
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Thus the real part, n1 in m for Na2 CO 3 is taken as 1.535

from the Handbook of Chemistry and Physics (20).

To the authors' best

knowledge, the value of n2 is not available from the literature.

EXPERIMENTAL APPARATUS

The fume generation experiments are conducted by air introduction into
synthetic sodium carbonate/sulfide melts.

The experimental setup consisting of

an electrical heated reactor and gas flow meters is shown in Figure 4.

The

ceramic reactor is normally charged with about 82 g of sodium carbonate and 5 to
14 g of sodium sulfide.

These salts are mixed, added to the reactor and heated

under a nitrogen purge to the reaction temperature, 940°C.
takes about 100 minutes.

The heating period

Once the temperature was reached, air was added to the

carrier gas to achieve the desired N2 /02 ratio.

Insignificant fuming is

observed during the nitrogen purge in comparison with the air/nitrogen purge.

Figure 4 here

The optical setup used for the light scattering measurements in the fume is
shown in Figure 5 (20).

A 4W argon ion laser operating at the 488 nm laser line

with power at about 200 mW is the light source.

The incident beam intensity is

modulated using a mechanical chopper which operates at 1015 Hz.

This frequency

is used as a reference input for the lock-in amplifier to reject the noise at
other frequencies and enhance signal quality.

The beam passes through a

polarized rotator which allows selection of the incident light polarization
orientations.

Figure 5 here
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The detection system consists of a polarization analyzer, collection optics
and a photomultiplier tube (PMT) detector.

I

A circular aperture (2.54 mm in

diameter) placed in front of the collection optics defines the collection
solid angle to be 2.6 x 10-5 sr (steradian).

A pair of 250 mm lenses is used

I

to focus the scattered light from the probe volume onto a 0.5 mm pinhole in
front of the detector.

The overall magnification of the collection optics is

0.5, thus providing a spatial resolution of 1 mm in the fuming.

3

A narrow band

interference filter centered at 488 nm is used for background rejection.

The

detection system is mounted on a movable carriage and two circular tracks.

This

3

allows continuous rotation of the optics about a fixed detection point over the
range of 0 to 160 degrees.

The output data from the lock-in amplifier are

3

recorded by a microcomputer-based data acquisition system.

The scattered light detection system is calibrated to account for effects
of the incident laser power, probe volume, light collection efficiency, detector
sensitivity and electronic gain on the measurement.

Propane gas with known

Rayleigh scattering cross section was used for calibration (21,22).

I
B

This allows

for determination of the absolute value of the scattered light intensity, Qij(e)

|

(m-lsr- 1 ) in direction 0 per unit solid angle, per unit volume and per unit
incident light.

|

EXPERIMENTAL RESULTS

When the laser beam passes through the generated fume stream, a scattered
light pattern forms as shown in Figure 6.

|

|

This indicates that a strong scat-

tered light signal has been produced by the fume particles.

|

Figure 6 here

I

I
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The value of n2 .was first determined from r measurements at several scattering angles.
Table 1.

The reproduced small values of n2 were obtained and shown in

This indicates that fume particles do not absorb the incident light,

which is anticipated since their color is white.
the future Mie calculation.

The n2 value was assumed 0 for

The average Dg value, 0.233 pm, determined here was

smaller than 0.301 pm observed from the SEM and the image analyzer.

It is

generally believed that the collection method, the SEM and image analyzer technique have a bias toward larger particles.

;: ~

-

.

Table
.... 1 here

The cross polarization effect which is significant when measured particles
are not spherical was experimentally determined.
zation effect on the
6% at 8 = 120).

Table 2 shows that the polari-

r measurement is small (2% at 0 = 100, 7% at 0 = 110, and

The cross polarization effect is even smaller on the Dg measure-

ment (1% at both 8 = 110 and 0 = 120) mainly because the curve of r vs. Dg has a
high slope, 12.7 at 8 = 110 and 15.17 at 8 = 120, at Dg from 0.20 to 0.25 pm.
This is a confirmation that the shape of fume particles generated from our
system is spherical.

Table 2 here

The experimental system was further used in limited tests to measure the
fume particle size and number density under various reaction conditions.

The

empirical model
Fume generation rate, g/min
= 161*(N 2 , L/min)0 *9 0 7 *(02 , L/min) 0 -2 7 4
*exp(-20,5 4 0 cal/mole/RT)

(6)
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developed by Cameron (6) shows that reaction temperature, nitrogen and oxygen
flow rates will be important process variables of study.

The effects of nitrogen

and air flow rates on the fume particle size, number density and the fuming
rate were studied.

The particle size, Dg, was interpreted from r measurements

at the detection angle, 110 degrees.

3

The fume particle geometric standard

deviation was assumed at 0.241, an average value of those reported in Table 1.

Figure 7 and Table 3 show that fume particles with smaller size are

1
3

generated from the smelt at higher nitrogen flow rates when the oxygen flow rate
is kept constant.

The significance level for this relationship is above 99%.

1

At a higher gas flow rate less retention time is allowed for particle growth.
In addition, at a higher nitrogen flow rate the partial pressure of other gases,
especially 02, will be lowered.

In the gas phase above the smelt surface, fume

3

particles are formed by the following reaction.

1/2 02 + C02 + 2 Na

->

Na2 CO3

If the oxygen partial pressure is lower in the gas phase, sodium molecules will

I

have fewer collisions with oxygen molecules.

3

Cameron (6) showed that sodium

vaporization rates increase with increasing nitrogen flow rates.
nitrogen flow lowered the Na partial pressure in the gas phase.

The higher
This increased

the mass transfer driving force for sodium vaporization from the melt.

|

Data

from the present work suggest that this increased vaporization occurs as

3

smaller fume particles.

Figure 7 and Table 3 here

The effect of nitrogen flow rate on the particle number density is opposite
that on the particle size.

The dependence is significant at a level above 99%
7

I
I

Project 3473-6

-153-

(Figure 8 and Table 3).

Status Report

However, higher nitrogen flow rates still produce

higher fume mass densities (Figure 9) even with finer particles, which is consistent with Cameron (6).

The fume mass density is defined as N V p where:

N = particle number density, particles/cc
V = mean particle volume, cc/particle
V =

f

4/3 r (D/2)3 P(D) d D

o

p = density of Na 2CO 3, gm/cc.

Figures 8 and 9 here

Figure 10 and Table 4 show that higher air flow rates produce larger fume
particles with a significance level above 99%.

One possible explanation is that

the effect of retention time on the particle size is overwhelmed by that of the
oxygen partial pressure.

The increased air or nitrogen flow reduces retention

time, but only increased air flow maintains the same oxygen partial pressure.
Another explanation is that the higher turbulence promoted more frequent early
particle collisions.

Figure 10 and Table 4 here

The effects of air flow rate on both particle number density and fume mass
density shown in Figures 11 and 12 are insignificant even if the significance
level is chosen at 90%.

As Cameron (6) points out, for the present contact

mode, sulfide oxidation is gas side mass transfer limited.

Also, oxygen con-

sumption and the nitrogen flow rate are approximately inversely proportional.
This means that as the nitrogen flow rate increases, the oxygen consumption rate
decreases, and more oxygen is available to react with vaporized sodium.

There-

fore, more fume is generated, since reaction with oxygen lowers the partial
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pressure of sodium in the gas phase.

If both nitrogen and oxygen flows are

simultaneously increased, no change in fuming rate is expected.

Figures 11 and 12 here

I
The particle number densities observed in Table 4 are lower than in Table
3.

This likely resulted from different positions of measured fume volumes.

The

measured fume volume in Table 4 was farther downstream from the furnace than
that in Table 3.

I
3
3

The ambient air dilutes the fume stream as it continues

downstream of the furnace.

The fuming rate is estimated by

Fuming rate

where:

=

(7)

N V p Fgt

Fgt = total gas flow rate at gas exit temperature, cc/min.

The effects of nitrogen and air flow rates on the measured fuming rates by Eq. 7
and predicted by Eq. 6 are shown in Figures 13 and 14.

The gas temperature was

|

measured by a thermocouple inserted into the fume stream at the exit of the furnace.

It is interesting to see that in both figures the measured values are

|

always smaller than the model prediction but with the same trend of the gas flow
rate effect on the fuming rate.

Figures 13 and 14 here

The lower measured fuming rate by Eq. 7 could result from the dispersion
effect that has diluted the fume particle number density in the fume stream at
the exit of the furnace.

3
|
I

In addition, the fume particle number density is not.

expected to be uniform in the fume stream.

Thus the fuming rate determined by

3

Eq. 7 could be only an approximation for the given experimental system.

I
I
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CONCLUSIONS

*

A nonintrusive laser-polarization-ratio technique to measure the fume particle size and number density has been successfully demonstrated.

~

|

verifies that fume particle size and number density can be affected by the
burning variables such as nitrogen and air flow rates.

|f·

It also

Significant conclusions

are summarized as follows:

1. The fume particle sizes determined by the SEM and the image analyzer can

3

be correlated with a log-normal distribution function with a correlation coefficient, 0.82.

I

2. Several measurements of polarization ratio,

3

r,

provide us with the

information on Dg, Og and n2.

3

3. The fume mean particle size, 0.23 pm was smaller than 0.30 pm that was
measured by the SEM and the image analyzer.

I

4. A higher nitrogen flow rate generates smaller fume particles, but a

3

higher air flow rate generates larger fume particles.

The effect of nitrogen

flow rate'on particle number density is opposite that on the particle size, while
*

~

3

the effect of air flow rate is insignificant.

In summary, higher nitrogen flow

rates produce higher fume mass densities with finer particles, but the effect of
air flow rate on fume mass density is insignificant.

~~* ~
|

*

5. The fuming rates determined here were less than those reported in the
literature but showed a similar relationship between flow rate and fuming rate.

This technique will be used to measure the fume particle size and number
density generated within the IPC black liquor process flow reactor (23).

I
I
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Determination of Dg, og, and N 2 through r measurements at several
detection angles

r
r (average)

8 (degs)

measurements

First

90

0.58, 0.60, 0.61

0.60

Dg = 0.235 pm

test

105

0.68, 0.73, 0.69

0.70

ag = 0.259

120

0.93, 0.94

0.94

n2

130

1.11, 1.13, 1.16

1.13

0.41, 0.44, 0.38, 0.42

0.41

Dg = 0.232 pm

100

0.47, 0.46

0.46

ag = 0.223

110

0.63, 0.62

0.62

n2 = 0.0003

120

0.80, 0.79

0.79

Second

90

test

=

0.00005

Reactor conditions: T : 940 C, N2 : 0.8 L/min,
air : 0.1 L/min.

Table 2.

Cross polarization effect on

r

and Dg measurements.

r Qhh
h
(--)
Qvv

Dg
(pm)

QhhQhv
() Dg
Qvv+Qvh (um)

(degs)

Qhh

Qvv

Qhv

Qvh

90

0.0061

0.0150

0.0004

0.0007

0.41

0.217

0.41

0.217

100

0.0149

0.0318

0.0009

0.0022

0.47

0.222

0.46

0.222

110

0.0068

0.0107

0.0004

0.0014

0.64

0.230

0.60

0.227

120

0.0089

0.0111

0.0004

0.0014

0.80

0.231

0.75

0.228

Reactor conditions : T : 940 C, N 2 : 0.8 L/min,
air : 0.1 L/min.
unit of Qij, i,j = v,h : particles/cm.
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Nitrogen flow rate effect on Dg and N measurements.

N ± Std. Dev.
(particles/cc)

N2
(L/min)

Dg ± Std. Dev.
(Pm)

0.579

0.244 ± 0.002

1.94 ± 0.08

x 108

0.279

0.249 ± 0.002

1.37 ± 0.18

x 108

0.079

0.277 ± 0.012

0.96 ± 0.13

x 108

F0 = 24.4 > F0.0 1 ,2 9 = 8 .02 for Dg
F0 = 52.2 > FO. 0 1 ,2,9 = 8.02 for N
Reactor condition 'T : 940 C
02 : 0.021 L/min.

Table 4.

Air flow rate effect on Dg and N measurements.

Air
(L/min)

Dg ± Std. Dev.
(nm)

N ± Std. Dev.
(particles/cc)

0.5

0.300 ± 0.018

3.78 ± 1.16 x 107

0.3

0.279 ± 0.011

4.64 ± 0.65 x 107

0.1

0.264 ± 0.002

4.97 ± 0.15 x 107

FO = 9.1 > F0.0 1 ,2,9 = 8.02
F0 = 2.5 < F 0.1,2, 9 = 3.01
Reactor condition : T : 940
N 2 : 0.1

for D
for N
C
L/min.
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PARTICLE SIZE (pm)

0.55

Comparison between model prediction and experimental data.
N = number of particles counted. Dg = geometric mean diameter,
microns. ag = geometric mean standard deviation.

EXPERIMENTAL DATA

0.05

00-5

20

30

40

50

60

70

80

FUME PARTICLE SIZE DISTRIBUTION

c

rt

cw

, -:

ON

I

w
, ..

-4

w

0 rrt

o.

-mm

I.0

0.

co~

-.4

c~1

%D
II
0n

-

-

8*0

mm

soop

OnL

c
(wri)

99'0

Ba

-

m
-iaqaWLTP

ECo

SBGP OLL +

pue o~iva uojlpzjvwod uaamlq diqsuoI~Tlva

mm-

V

ueam oijao9

SOOP OLL

901

wrf 88V'0='"0'0+9S9L~w

NOISU~dSIGAIOd

mmm
*-; aan2Ta

'O

soop OL

90*0.
4

L0
I-

90,0
,80

9L
8ZL

IV

0

I-

z

0

IC

mm-

03

-

Gas
Flow
Meter

N2

Air

-

_

Figure 4.

Purge
Tube

MelIt
.Level

Gas
FlIo-w
Meter-

¶72

- -r - - -n-

Furnace

.. Electrical

"hermocouple

-

Fume generation system.:

Steel
Retort

-iFume

n

rH
I

Ceramic
Crucible

r
-

10

0r
A)

Wj

W
I

I
I.0%

9%

n

0

L.a.

-~~

Status Re~port

-164-

Project 3473-6

I

BS - Beam stop
C - Chopper
F - Int filter
L- Lens
M - Mirror
PA - Pol analyzer
PH - Pin hole
PMT- Photomultiplier tube
PR- Pol rotator
SF - Spatial filter

Traverse
Assembly

MiniComp

Figure 5.

I

A/D Conv

Lock-in
Amp

Experimental apparatus for laser scattering measurements.
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PROJECT SUMMARY FORM

DATE:

September 6, 1988

PROJECT NO. 3474:
PROJECT LEADER:

IMPROVED PROCESS FOR BLEACHED PULP
T. J. McDonough

IPC GOAL:
To improve the process of production of bleached chemical pulp.
OBJECTIVE:
Define pulping and bleaching technology that will decrease or eliminate the need
for chlorine in the bleaching sequence.
CURRENT FISCAL YEAR BUDGET:

$150,000

PRIOR RESULTS:
Kraft and kraft-anthraquinone pulping were systematically studied under conditions that give pulps of unusually low lignin content. The results were
incorporated into an empirical model that allows assessment of the economic and
environmental impacts of reducing unbleached kappa number in a variety of
situations. Alkaline sulfite anthraquinone systems were also evaluated as lowlignin pulping alternatives. Conditions were found that gave extremely low
kappa numbers at acceptable viscosity and yield levels. Further improvements
will require an understanding of the kinetics of delignification and carbohydrate degradation. An appropriate investigation was therefore undertaken,
and estimates of some of the important parameters were obtained. This study is
being continued as Ph.D. thesis research.
In other student research related to low-lignin pulping, the impact of pulping
,variables and unbleached kappa number on response to subsequent CED and OC/DED
bleaching has been quantified and a new dynamic model of the kraft and kraft-AQ
processes has been developed. Current work on the kinetics of chlorination at
both low and medium consistencies also has implications for improved bleached
chemical pulp processes.
Research on nonchlorine bleaching was first aimed at identifying effective
cellulose protectors by understanding the action of harmful radicals on pulp
carbohydrates during oxygen bleaching. An improved understanding was achieved
but it has not yet resulted in the identification of effective control methods.
Emphasis was subsequently shifted to improving selectivity by accelerating
delignification instead of retarding carbohydrate degradation. Pretreatments
with nitrogen oxides and peracetic acid have been investigated in considerable
detail. The former was shown to play the dual role of delignification catalyst
and carbohydrate protector, prompting efforts to learn more about the mechanism
of its action. Experiments in model systems have provided evidence for the
hypothesis that lignin modified with NO2 limits carbohydrate attack by oxygen by

Project 3474
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serving as a free radical scavenger. In situ analysis of lignin structure
indicates that promotion of lignin removal is not a result of the introduction
of free phenolic hydroxyl groups; current research is designed to clarify the
role of carboxyl groups and to assign NO2-induced changes in the FTIR spectrum
of kraft pulp to specific structural changes.

|

Pretreatment with halogens has also been investigated, mainly to provide mechanistic information but also to test the feasibility of sequences based on them.
Relative to the sequence nitrogen dioxide-oxygen, the sequence bromine-oxygen
gave better delignification and equivalent viscosity protection. Bromine was
superior to chlorine (on either a weight or molar basis) by both criteria.

I

An alternative approach to reduced chlorine usage, hydrogen peroxide delignification, has also been investigated. An evaluation of several transition metal
ions as potential catalysts showed that copper accelerates delignification but
also reduces viscosity. Manganese was shown to be an effective carbohydrate
protector, while slightly retarding delignification.

·

X

I

3

SUMMARY OF RESULTS SINCE LAST REPORT:
Recent activity on this project can be divided into three areas:
(1) generation
of chlorinated organic materials during bleaching, (2) analysis of bleaching
effluents for the determination of organically bound chlorine and specific
chlorinated organic compounds, and (3) investigation of the mechanisms by which
nitrogen dioxide pretreatment accelerates oxygen-alkali delignification and
retards cellulose depolymerization during the oxygen stage.

|

Generation of Chlorinated Organic Materials

i

A protocol was developed for laboratory bleaching to generate effluents for
analysis of chlorinated dioxins and furans, chlorophenols, chloroform, and
adsorbable organic halogen (AOX). As the first step in a systematic evaluation
of control measures, it was used to compare a conventional pulping and bleaching
sequence with an experimental, low-chlorine sequence. The experimental sequence
employed low-lignin pulping, exhaustive brown stock washing, oxygen predelignification, low-multiple chlorination, virtually complete replacement of chlorine
with chlorine dioxide, and combined use of oxygen and hydrogen peroxide in the
first extraction stage.

I

The total amount of 2,3,7,8-tetrachlorodibenzodioxin (TCDD) generated in the
conventional sequence was 23 pg per metric ton (tonne) of pulp bleached. The
low chlorine sequence produced virtually none (< 0.8 pg/tonne). The corresponding amounts of 2,3,7,8-tetrachlorodibenzofuran (TCDF) were 13.2 and 1.6 Vg/tonne.
Both compounds were present to a much greater extent in the combined effluents
than in the bleached pulp or toluene rinsates of the laboratory apparatus that
contacted the pulp or effluent during bleaching.
Like TCDD and TCDF, AOX was present in much smaller amounts in effluents from
the.low-chlorine sequence (0.31 kg/tonne) then from the conventional sequence
Similarly, the amounts of chlorophenols and chloroform were
(6.2 kg/tonne).
markedly lower in effluents from the low-chlorine sequence.

3
I

I

I

I
I

3
3
I

I

-
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The effluent improvements obtained by employing the low-chlorine sequence were
accompanied by a deterioration in pulp quality. More work is needed to identify
the factors responsible and the relative effects of various combinations of AOX/
dioxin control measures or pulp quality.
Analytical Aspects
An instrument for measuring adsorbable organic halogen (AOX) in bleaching
effluents was purchased (Mitsubishi TOX-10) and started up in late June. Even
with a state-of-the-art instrument, AOX determinations are labor-intensive;
operation of the instrument requires an analyst with talent and dedication.
In a typical day, mornings are devoted to instrument maintenance and preliminary
runs. A maximum of three samples in duplicate plus a trichlorophenol spike are
run in an afternoon.

Brief studies were undertaken to learn the effects of sample pretreatments and
chloride content on AOX measurements. Bleaching effluent samples which were
preserved by freezing did not require pH adjustment prior to storage. However,
the pH of all samples must be below 2 when the AOX determination is performed.
AOX determinations run on sodium chloride solutions containing the same amounts
of chloride as typical bleaching effluents indicated that the effect of chloride
on AOX values of bleaching effluents was insignificant.

Differences between duplicate AOX determinations were used to compute the precision of the method. Relative standard deviation and repeatability values were
approximately 3% and 6%, respectively.

i
monitorin Ras
Extracts from lololly pine sawdust were anazed by select
results suggested the possible presence of
chromatgraph/mass spectrometry.
dibenzofuran and ibenzodioxane, but the identifications are not certain.
Stronger evidence will require more rigorous sample cleanup and, possibly, use
of a high resolution mass spectrometer.
Dibenzofuran (DBF) was subjected to "bleaching" with chlorine and chlorine
dioxide. Although the principal reaction product of both bleaches was
monochloro-DBF, compounds with as many as five chlorines were detected.
Oxygen Bleaching Pretreatments
Work on this aspect has slowed somewhat as a result of increased emphasis on the
chlorinated organics aspect. The general direction has been to experimentally
test hypotheses concerning the mechanisms of the accelerating and protective
effects of nitrogen dioxide pretreatments in oxygen bleaching.
Investigation of the effects of impregnation medium and consistency led to the
conclusion that significant changes in mechanism due to these effects were un-I
likely. .
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I

A study of the effects of the pretreatment on phenolic hydroxyl group contents
showed that increases in the content of these groups were unlikely to be a major
factor in the acceleration mechanism. F
ation and subsequent degradation of
quinone structures to solubility-enhancing car-oxyl- c acid groups was, however,

shown to baikely

component of the mechanism.

An attempt to obtain evidence for the protection of a carbohydrate protecting
effect of N02 -modified lignin involved adding N02 -treated kraft lignin to
oxygen-alkali treatments of cotton linters. No protective effect was seen.

3

Further hypotheses and experiments designed to test them are outlined.
Recent Student Research
Kinetic studies concerning the alkaline sulfite-anthraquinone pulping process
have demonstrated the importance of the initial phase of the cooking sequence.
Preliminary results demonstrate the suitability of the experimental flow-through
reaction to study the system.

I
I

PLANNED ACTIVITY FOR THE PERIOD:

I

Activity will center on understanding and controlling the generation of chlorinated organics during bleaching of pulp. Additional segments of the experimental
design will be completed. Appropriate analytical techniques will be developed.
Joint work with NCASI will start. New faculty, when hired, will be assigned in
the area of improved oxygen bleaching.

I

STUDENT RESEARCH:

3

S. Pugliese, Ph.D.-1988; B. Burns, M.S.-1986, Ph.D.-1989; M. Breining, M.S.1986; J. Fisker, M.S.-1986; J. Rogers, M.S.-1986; K. Biasca (Sime) M.S.-1986;
Ph.D.-1989; D. Boyle, M.S.-1987; T. Stroh, M.S.-1987; S. Graf, M.S.-1988; W.
Tracy, M.S.-1988; M. Best, M.S.-1989.

|

I

I

I
I

I
I
I

I
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IMPROVED PROCESS FOR BLEACHED PULP
Reporting Period:

September, 1987-September, 1988

OBJECTIVE

The ultimate objective of this project is to develop pulping and
bleaching technology that will simplify bleached pulp production by decreasing
chlorine usage.

This will eliminate the need for complex effluent treatment

systems in the event that it becomes necessary or desirable to limit the
discharge of chlorine containing materials.

The current goals are to investigate the extent and mode of formation
of chlorinated dioxins, chlorinated furans, and other chlorinated organic compounds and to propose viable methods for limiting the generation and discharge
of these compounds.

These may include methods for selectively pulping and/or

oxygen bleaching to lower lignin contents coupled with improved chlorination
through better understanding and control.

INTRODUCTION

With the discovery that pulp bleaching produces minute traces of potentially harmful chlorinated dioxins and furans has come increased concern with
the more general phenomenon of chlorinated organics generation during bleaching.
Accordingly, work under this project has been increasingly directed toward
achieving a better understanding of the amounts of chlorinated organic materials
formed, and how these depend on the parameters of the bleaching process.

In

addition, since reduction or elimination of chlorine usage may be expected to
correspondingly reduce chlorinated organics generation, work has continued,

-180-
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although at a somewhat reduced rate, on pretreatments that will allow more
lignin to be removed by oxygen bleaching.

Related student work is addressing

the longer=range possibilities of using an alternative pulping method to achieve
lower unbleached lignin contents and of improved chlorination through the
achievement of a better understanding of the fundamentals of that process.

GENERATION OF CHLORINATED ORGANICS DURING BLEACHING

OBJECTIVES

The objectives of this part of the project are to:

1.

Develop information on the total amounts of organically bound
chlorine generated in multistage bleaching of softwood and hardwood
kraft pulps,

2.

Determine the amounts of specific classes of compounds (e.g., dioxins,
furans, chlorophenols, and chloroform) in the effluents, and

3.

Determine the effects of specified changes in pulping and bleaching
strategy on the amounts of these compounds produced and on pulp
quality.

Various changes in pulping and bleaching strategy may be expected to
reduce the rate of generation of chlorinated materials.

These include pulping

to lower unbleached lignin content, improved brownstock washing, oxygen predelignification, substitution of chlorine dioxide for chlorine, reduction of the
total equivalent oxidizing power used in the chlorination stage, and extraction
stage enhancement with oxidizing agents.

To evaluate the relative effectiveness

of various combinations of these will require a very large amount of experimentation.

Furthermore, when the response variables of interest include the

Project 3474
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amounts of chlorinated dioxins and furans produced, the costs involved become
potentially prohibitive, because of the high costs of the analyses required.

A first step that can be taken at moderate cost is to compare a control
sequence with a sequence embodying one particular combination of the individual
control measures listed above.

A combination of particular interest is the one

that includes all of these control measures.

The resulting modified sequence

will probably represent the maximum reduction that can be achieved without
resorting to radically different bleaching technology.

Subsequent experimenta-

tion can then be planned in the light of the information and experience so
obtained.

It will probably take the form of statistically designed experiments

that minimize redundancy such as fractional factorial and Plackett-Burman designs.

EXPERIMENTAL APPROACH

The following difficulties must be recognized in any study of dioxins
generation in pulping bleaching:

*

the unproven precision of the analytical procedures

*

the very low concentrations of analytes present
* their tendency to adhere to or be adsorbed by surfaces

*

the possibility that the sample will become contaminated

*

the associated likelihood of outlying or "maverick" results

*

the high cost of analysis

*

,the potentially long analytical turnaround time

In recognition of these potential difficulties, the following experimental procedure was adopted:

Project 3474
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For each species, a control sequence (K-CEDED) and a low-chlorine

sequence were run in parallel.

|

The entire experiment was replicated by starting

from wood after the first replicate was completed.

The low-chlorine sequence

differed from the control in the following respects:

(a)

pulping to low unbleached kappa number (pulping to kappa
number of 20, vs. 30 for the control),

(b)

3

perfect washing before first bleaching stage vs. 1% carryover of black liquor into the chlorination stage,

(c)

oxygen delignification before the chlorination stage vs.

|

direct chlorination of brownstock,
(d)

98% C102 in the C-stage vs. 10% substitution,

(e)

low total av. C12 charge in C-stage (0.16 kappa factor vs.

|

0.22 for the control), and
(f)

oxygen and peroxide in the extraction stage vs. conventional

|

extraction.

2.

3

Adsorbable organic halogen (AOX), chloroform and chlorophenols were

determined on effluent from each bleaching stage and on the combined effluent
from all stages; dioxins were determined on combined effluent samples only.

The

3

fully bleached pulp was also submitted for analysis of chlorinated dioxins and
furans.

3.

The control sequence was K-(OW)-CEDED and the modified sequence was

(LLK)-(PW)-D(EO/P)DED.

|

K is kraft, LLK is low-lignin kraft, OW is ordinary wash

(1% carryover), and PW is perfect wash.

In addition, we ran a "blank" sequence:

K-(PW)-AEAEA in which A is sulfuric acid and E is NaOH, both added in amounts

3
I

I
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needed to give the pH of the corresponding stage in the control sequence.

This

was to guard against contamination by the environment, apparatus, solvents, etc.

4.

To ensure that the only effluents produced were those analyzed, all

washing was done by simple dilution and thickening (no displacement).

After

each bleaching stage, the pulp was diluted to 3.5% consistency, and vigorously
mixed.

It was then thickened to 15% before adding the bleaching chemical for

the next stage; in effect this is equivalent to carrying over 20.5% of the
effluent from each stage to the next one.

The filtrate from this thickening

step was the effluent analyzed.

6.

The bleached pulp, together with the spent final-stage liquor it con-

tained after thickening, was submitted for dioxin and furan analysis without
further washing.

7.

Physical properties determinations (PFI mill evaluation) were made on

bleached pulps.

8.

Effluents were stored in special sample bottles and kept frozen.

9.

The experiment was completed once, and samples were submitted for

analysis.

Then the entire procedure was repeated, starting from wood.

APPARATUS, FACILITIES, AND PROCEDURES

1.

A dedicated laboratory was prepared for this work.

It was cleared of

all existing equipment and thoroughly cleaned.

2.

As an alternative to carrying out the bleaching experiments in a glove

box, we constructed a walk-in enclosure (approximatly 8 x 10 ft) around the fume
hood in which the bleaching was done.

The enclosure is a framework of 2 x 4
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3

inch struts covered inside and out, walls and ceiling, with polyethylene
The stirred pressurized reactor in which the Eo stages were done was

sheeting.

placed within this enclosure.

3.

Pulping was done outside the enclosure.

Five southern pine bolts were debarked and chipped after cleaning the

chipper and associated equipment with ethanol.

I

The chips were subsequently

screened to remove oversized (> 1 inch) and fines (< 1/4-inch) fractions, bagged

3

and frozen.

4.

Pulping was done in a modified M/K digester in a clean environment.

3

Before use, the digester was washed successively with toluene, ethanol, and
distilled water.

After each cook, a sample of full strength black liquor was
The digester was rinsed with

collected and the pulp was fiberized and washed.
toluene and the washings reserved.

5.

3

Pulping conditions are included in Table 2.

All bleaching stages except the Eo stage were done in plastic (Kapak)

bags after boiling the bags to remove volatile components.

I

3

Each bag was rinsed

before and after use and the washings from the latter reserved for analysis of
bleach liquor components that are adsorbable by the bag material.

The pulp and

dilution water were preheated before addition of the bleaching chemicals.

3

After

chemical addition the bag was sealed and vigorously kneaded to mix the chemical

3

with the pulp.

6.

At the end of a stage's retention period, the effluent was sampled

before opening the bag by means of a syringe fitted with a needle.
was reserved for analysis of volatile components.
its contents transferred to a dilution vessel.

This sample

|

The bag was then opened and

The bag was thoroughly washed

with distilled water to remove all remaining pulp and soluble effluent components and the washings added to the pulp in the dilution vessel.

It was then

3

3

3|

Status Report

-185-

Project 3474

washed with high-purity ethanol and toluene and the washings combined with all
similar washings from the same bleach sequence.

I

7. The pulp in the dilution vessel was diluted to 3.5% consistency and

3

thoroughly mixed.

It was then thickened to 15% consistency and the filtrate

reserved for analysis.

~*

The thickened pulp was transferred to the next bleaching

stage without further washing.

|

8.

Bleaching conditions are given in Table 1.

I

RESULTS AND DISCUSSION

|

PULPING AND BLEACHING

31*~
~The

experimental pulping data are shown in Table 2.

Two cooks of each

type were done for bleaching to generate effluents for analysis.
|

Two additional

cooks of each type were done to produce samples for physical properties measurements.

The reproducibility of both types of cooks was good.
|

The conditions

used to produce the pulps of low unbleached lignin content were determined in
earlier work under this project and are the results of an empirical optimization
study.

3l|
*

These cooks successfully produced the desired large reduction in kappa

number with no reduction in unbleached viscosity, relative to the control cooks.

The bleaching data are contained in Table 3.

The low-chlorine sequence

required substantially less chlorine, caustic and chlorine dioxide and more

3.

I

readily achieved a high final brightness than did the control sequence.

It also

produced a greater overall loss in viscosity than the control sequence.

This

was in part due to the oxygen stage, not present in the control sequence, which

m

mM
_-m

10

10

10

1.0

-_b

70

70

_

_

_

MM
_

a% NaOH = 0.55 x % av. C12 in C-stage.
bEnd pH target 3.5-4.5.
CFinal brightness target 88.
do 2 pressure maintained only for first 20 minutes.

C10 2, % o.d.p.

H202, % o.d.p.

% C10 2 substitution

Total av. C12 /kappa no. % o.d.p.

NaOH, % o.d.p.
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Consistency, %

Oxygen pressure, psig

40
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put the low-chlorine pulp at a 10 cp. disadvantage as it emerged from the first
extraction stage.
pected.

This was neither atypical of oxygen-based sequences nor unex-

However, the low-chlorine pulp suffered an additional 4-8 cp. loss in

the first chlorine dioxide stage, which was unexpected.

It may be speculated

that the combined use of oxygen and a substantial amount of peroxide in the
extraction stage is in some way responsible for this sensitivity in the
following stage.

Table 2." Experimental pulping data.

Cook Type

Conventional Kraft
(CK)

Effective alkali, % o.d. wood

16

18

Sulfidity, % active alkali

25

40

Liquor-to-wood ratio, mL/g
o.d. wood

4

5

Maximum temperature, °C

Low-Lignin Kraft
(LLK)

166

173

Time to reach max. temp., min
H-factor

90

90

1675

2100

Cook No.

7

9

12

15

8

10

14

16

Kappa no.

29.6

33.3

33.8

30.6

19.6

19.8

20.4

17.1

Total yield, % o.d. wood

47.8

47.8

47.7

47.3

45.0

46.4

45.0

45.1

Viscosity, cp.

35.8

40.5

35.4

33.5

32.9

34.5

32.8

32.8

,CHLORINATED ORGANICS IN EFFLUENTS AND PULP

Analysis of the effluents for AOX gave the results presented in Table
4.

Reproducibility was good, even between bleaches done on pulp samples from

different cooks.

In the conventional sequence, AOX production was concentrated
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Experimental bleaching'data.

Sequence Type
Cook no.

7

Unbl. kappa no.
Unbl. viscosity, cp.
Bleach no.

Conventional
9
12

8
19.6
32.9

29.6
35.8

33.3
40.5

33.8
35.4

30.6
33.5

1

7

9

11

Oxygen stage
Kappa no.
Viscosity, cp.
Chlorination
Kappa factor
Total av. C12 ,
% o.d.p.
C102 substitution,
Exit pH

15

~--~----0.22
7.33

6.73

1.7

1.5

29.6
35.8

6

10

12

8

2

9.3
21.3

10.2
20.1

4

30.6
38.6

8.6
n.d.d

0.16

1.52

1.49

1.2

2.2

2.3

-

n.a. n.a.-

0.16

0
0
n.a.
1.7

0
0

1.63

1.38

2.1

1.9

6.72
10
1.3

1.25
10.7
n.d.
n.d.

3.70
10.9
n.d.
20.1

0
0
3.58
10.2
5.4
31.5

0.4
4.5
82.7
n.d.

0.4
4.9
84.3
12.5

0.5
3.8
67.8
23.4

0
0
5.3
n.d.
n.d.

98
1.5

Dummyb
7

17.1
32.8

----7.44

Extrd.a
9

20.4
32.8

10

%

16

19.8
34.5

9.5
21.8

n.a.
-n.a.2

6.51

Low Chlorine
10
14

First Extraction Stage
02 pressure, psig
H202, % o.d.p.
NaOH, % o.d.p.
Exit pH
Kappa no.
Viscosity, cp.

3.58
10.5
n.d.
n.d.

4.03
11.1
6.0
30.8

4.09
12.3
6.7
33.7

3.70
11.0
5.7
30.2

1.25
10.5
n.d.
n.d.

First C102 Stage
C102, % o.d.p.
NaOH, % o.d.p.
Exit pH
Brightness
Viscosity, cp.

0.5
4.4
n.d.
n.d.

0.5
5.2
59.2
25.6

0.2
3.6
57.0
n.d.

0.2
3.1
62.2
28.5

0.5
5.0
85.1
n.d.

Second Extraction Stage
NaOH, % o.d.p.
Exit pH

10.4

10.9

10.8

11.1

10.9

0.5 11.1

11.3

11.5

10.8

10.8

Second C10 2 Stage
C10 2, % o.d.p.
NaOH, % o.d.p.
Exit pH
Brightness
Viscosity, cp.

0.5
0.05
3.9
88.4
26.2

0.8
0.1
3.5
86.3
28.4

0.7
0.1
2.8
86.9
29.7

0.7
0.1
2.9
87.1
28.2

0.2
0
5.7
89.0
14.3'

0.2
0
5.7
88.9
15.0

0.2
0
5.5
89.0
12.4

0.2
0
5.3
89.0
12.2

0.7
0.1
3.6
88.3
21.9

0
0
3.1
n.d.
n.d.

25
0.7

0
0 ---------

1.25
10.6
n.d.
19.6

1.0
0.5
4.8
84.9
15.6

apulp extracted with ethanol-benzene before bleaching.
bControl in which appropriate amounts of acid (H2 S04 ) or base (NaOH) were
substituted for bleaching chemicals in each stage.
Cn.a. = not applicable.
dn.d. = not determined.

11.6
n.d.
n.d.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

m

-

-

--m

,m

n.a.
2.69
2.24
0.76
0.15
0.12
5.96

n.a.
2.43
3.07
0.66
0.14
0.09
6.39

AOX, kg/tonne o.d. unbl. pulp
Oxygen stage
Chlorination
First extraction
First C10 2
Second extraction
Second C10 2

Total AOX

n.a.
123
102
35
6.9
4.3

n.a.
111
140
30
6.2
3.1

AOX, mg/L
Oxygen stage
Chlorination
First extraction
First C10 2
Second extraction
Second C10 2

Conventional
7/1
9/7

0.324

0.0
0.197
0.028
0.064
0.014
0.021

0.0
9.0
1.3
2.9
0.63
0.75

0.303

0.0
0.153
0.035
0.077
0.013
0.025

0.0
7.0
1.6
3.5
0.58
0.91

Low-Chlorine
8/4
10/6

Adsorbable organic halogen (AOX) in bleaching effluents.

Sequence Type
Cook/Bleach No.'s

Table 4.

-

5.68

n.a.
2.58
2.26
0.66
0.11
0.07

n.a.
118
103
30
5.1
2.7

Extracted
9/8

,mm

m

0.00

0.00
0.00
0.00
0.00
0.00
0.00

n.a.
0.02
0.00
0.00
0.00
0.00

Dummy
7/2

m

m

10
*1

r?
C

cj

r?

%O

I

-.1

0

't
0

m
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in the chlorination and caustic extraction stages; the amounts found in sub-

I
I

sequent stages were small enough to have originated primarily in carryover from
earlier stages, which was approximately 20% from each stage to the next.

In the

low-chlorine sequence the total amount of AOX produced was sharply lower,
amounting to only 5% of that in the control sequence.

Most of this originated

in the "chlorination" stage, which was actually a low-pH chlorine dioxide stage
containing a very small amount of chlorine.

AOX concentrations in the effluents

from the caustic extraction stages were so small as to be attributable entirely
to carryover.

The last two chlorine dioxide stages were both responsible for

the production of a small amount of AOX.

Preextraction of the pulp with

solvents gave a small, but possibly not significant, reduction in the amount of
AOX produced.

Determinations of the concentrations of 2,3,7,8-tetrachlorodibenzo-

I
I
I
I
I
I
I

dioxin (TCDD) in the bleached pulps, combined effluents and toluene rinsates
gave the data in Table 5.

Reproducibility from one pulping and bleaching

experiment to the next was good.

The observed variability can be attributed to

the variability between duplicate analyses on identical effluent samples, which
was substantial, as indicated in the footnotes.

Measurable (but extremely minute) amounts of TCDD were produced in the
conventional sequence, but not in the low-chlorine sequence, the reduction being
95% or greater.
effluents.

Much less TCDD was found in the pulps, than in the combined

I
I
I
I
I

The amounts found in the toluene rinsates were measurable, but small

in comparison to those in the effluents.

The "dummy" bleaching sequence, in

which bleaching agents were replaced by appropriate amounts of sulfuric acid or
sodium hydroxide, produced no detectable amounts of TCDD, showing that the procedures used for pulping, bleaching, and sample preparation effectively avoided
contamination.

I
I
I
I
I
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Table 5.

,3,7,8-Tetrachlorodibenzodioxin in pulp and combined effluents,
pg/tonne.

Sequence Type

Replicate 1

Replicate 2

Conventional

Dummy

24.0 a
< 1.6
0.7

< 0.5c
< 1.0
< 0.02

< 0.22e
< 1.8
< 0.03

Total

26.3

< 1.5

< 2.0

Effluent
Pulp
Toluene

17 .5 b

< 0 .56 d
< 0.21
< 0.04

Total

20.0

< 0.81

23.2

< 0.8

Effluent
Pulp
Toluene

Average or
upper limit

aDuplicate
bDuplicate
CDuplicate
dDuplicate
eDuplicate

Low-Chlorine

analyses:
10.7,
analyses:
14.6,
analyses: < 0.51, <
analyses: < 0.95, <
analyses: < 0.22, <

2.0
0.5

< 2.0

37.3
20.4
0.51
0.56
0.65

Corresponding measurements of the concentrations of 2,3,7,8-tetrachlorodibenzofuran (TCDF) are given in Table 6.

Similar conclusions to those

given above for TCDD may be drawn, except that the reductions associated with
the sequence change were slightly smaller than in the case of TCDD, amounting to
about 88%, and the analytical reproducibility was better.

The conventional

sequence produced about 75% more TCDD than TCDF, while the low-chlorine sequence
produced more TCDF than TCDD.

The "dummy" sequence gave no detectable amounts

of TCDF, confirming the absence of contamination.

Chlorophenols production was sharply lower in the low-chlorine sequence
than in the conventional sequence, as shown in Table 7.

This effect is signifi-

cant even though the reproducibility of the data was not as good as in the case
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The analytical procedure has only recently been implemented and is

still undergoing development.

2,3,7,8-Tetrachlorodibenzofuran in pulp and combined effluents,
pg/tonne.

Table 6.

Conventional

Low-Chlorine

Dummy

Effluent
Pulp
Toluene

12.0a
3.7
1.1

< 1.08 C
0.12

< 0.22 e
< 0.77
< 0.09

Total

16.8

1.65

< 1.1

Sequence Type

Replicate 1

Replicate 2

1.29d
< 0.22
0.10

Effluent
Pulp
Toluene

7.3b
1.7
0.5

Total

9.5

1.61

13.2

1.63

Average or
upper limit

aDuplicate
bDuplicate
CDuplicate
dDuplicate
eDuplicate

< 0.45

analyses:
analyses:
analyses:
analyses:
analyses: <

< 1.1

12.5
11.5,
7.7
6.9,
1.70, < 0.47
1.07
1.51,
0.22, < 0.24

Determinations of chloroform were attempted by an abbreviated procedure
(direct injection gas chromatography) that proved to give unacceptable reproducibility.

In spite of this, the data showed that chloroform was virtually absent

from the effluents produced by the low-chlorine sequence, but present in

I
I
I
I
I
I
I
I
I
I
I
I
I
I

substantial amounts in effluents from the conventional sequence.

I
I
I
I
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Total chlorinated phenols in bleaching effluents.

Sequence Type
Cook/Bleach No.'s

Chlorophenols, mg/L
Oxygen stage
Chlorination
First extraction
First C10 2
.Second extraction
Second C10 2

Conventional
7/1
9/7

n.a.a
1.05
0.79
< 0.05
0.10
< 0.05

Low Chlorine
8/4
10/6

n.a.
2.60
0.80
< 0.30
< 0.45
1.0

<
<
<
<
<
<

0.10
0.05
0.15
0.15
0.25

Chlorophenols, g/tonne unbl. pulp
n.a.
n.a.
Oxygen stage
23.0
56.9
Chlorination
17.3
17.5
First extraction
<
6.6
First C10 2
< 1.1
<
9.8
Second extraction
2.2
< 1.4
27.6
Second C10 2

<
<
<
<
<
<

6.1
2.2
1.1
3.3
3.3
6.9

45.0

Totald

118.4

0 .02 8 b

< 22.9

<
<
<
<
<

0.20
0.25
0.20
0.15
0.05
n.d.c

<
<
<
<
<

4.4
5.5
4.4
3.3
1.1
n.d.

< 18.7

Extracted
9/8

n.a.
1.84
1.53
0.61
0.42
n.d.

n.a.
40.3
33.5
13.4
9.2
n.d.
96.4

an.a. = not applicable.
bContained 0.08 mg/L dichlorophenol, but no more than 0.28 mg/L total
chlorophenols.
Cn.d. = not determined.
dAssuming upper limits for unquantitated components.

PULP QUALITY

The results of PFI mill evaluations of pulps made and bleached by the
conventional and low-chlorine sequences are presented in Fig. 1.

The reproduc-

ibility of these determinations was good, as indicated by the good agreement
between measurements on pulps from different cooks, and several statistically
significant differences can be seen.

Figure 1 shows that the low-chlorine (LC) pulp had lower tensile strength
than the conventional bleached pulps at any given density level.

Furthermore,

at a given tensile strength, the tear strength of the LC pulps was significantly

Project 3474

lower (Fig. 2).

-194-

Status Report

Both observations suggest that the fiber strength of the LC

pulps was lower, and this was borne out by measurements of zero-span tensile
strength, as shown in Fig. 3.

Both pulp types exhibited the same light

scattering-density relationships (Fig. 4), showing that bonded areas were similar and suggesting the absence of any fundamental differences in sheet structure.
On the other hand, marked differences in load-deformation behavior were seen, as
Fig. 5 shows; the LC pulps had higher stretch and were therefore much tougher at
intermediate tensile values.

TENSILE VS DENSITY
100

80

SO

z60
w
UJ.

4o

k-

Ru

.60

.65.

DENSITY, g/cm3

Figure 1.

Tensile index of, bleached pulps vs. handsheet density.

.80

I
I
I
I

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
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TEAR VS TENSILE
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E

2

zxZ
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TENSILE INDEX, Nm/g

Figure 2.

Tear index of bleached pulps vs.
Fig. 1.

tensile index.

Symbols as in

ZERO SPAN VS DENSITY

0
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.45

.50
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.60

.65
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DENSITY, g/cm'

Figure 3.

Zero span tensile index of bleached pulps vs. handsheet density.
Solid line represents statistically significant regression on
density and pulp type. Symbols as in Fig. 1.
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SCATTERING COEFFICIENT VS DENSITY
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Figure 4.

Scattering coefficient of bleached pulps vs. handsheet density.
Symbols as in Fig. 1.
TEA VS TENSILE
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Figure 5.

Tensile energy absorption index of bleached pulps vs.
Symbols as in Fig. 1.

tensile index.
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In general, the strength of the pulp made in the low-chlorine sequence
was inferior to that made in the conventional sequence.

This result was

somewhat unexpected (although it is consistent with the observed difference in
viscosity between the two types of bleached pulp) because the unbleached viscosities were similar and the viscosity of the low-chlorine pulp after the oxygen
stage was normal for oxygen bleached pulps.

An unusually large viscosity loss

in the chlorine dioxide stage following the oxidative extraction stage may be
associated with the observed strength loss.

Further work would be necessary to

determine the point at which the strength loss occurred.
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DETERMINATION OF CHLORINATED ORGANICS - ANALYTICAL ASPECTS

INTRODUCTION

Laboratories in many parts of the world are presently measuring
adsorbable organic halogen (AOX) and determining chlorophenols, chloroform, and
chlorinated dibenzodioxins and furans in effluents from pulp bleaching.
Consequently, a laboratory which initiates studies of bleaching effluents does
not have to develop new methods of analysis.

The laboratory must, however,

adapt existing methods and instruments for its use, perfect the techniques of
its analysts, and then demonstrate the accuracy and precision of its results.

Although the Institute has an array of chromatographic and spectrometric instruments, additional equipment and expertise had to be acquired in
order to perform state-of-the-art bleaching effluent analyses.

An AOX analyzer

has been purchased, and an electron capture detector will be obtained in order
to determine chlorophenols in large numbers of samples with adequate sensitivity.

An outside laboratory has been hired to determine chlorinated dibenzo-

dioxins and furans.

This report describes the analytical aspects of our bleaching effluent
investigation.

Included are instrument acquisition and start-up, orienting

experiments, quality assurance, and methods'of analysis.
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ADSORBABLE ORGANIC HALOGEN (AOX)

EVOLUTION OF METHOD

AOXis a so-called sum parameter which, ideally, should represent all
of the organically-bound;halogen in a sample.

The most popular means of

measuring AOX employs carbon adsorption, oxidative combustion, and determination
of hydrogen halide by microcoulometry.

Evolution of the AOX measurement and its

use outside of the pulp and paper industry have been reviewed by Stevens, et al. 1
Note that Stevens used the abbreviation TQC1 (total organic chlorine) to indicate this method.

In the current report, we will use TOC1 to signify a

somewhat different procedure, as described below.

Two procedures for determining total organic halogen in bleaching
effluents evolved in Europe in the early 1980's.

A method developed at STFI in

Sweden employed sorption on XAD resin, Sch6niger flask combustion of the organics eluted from the resin, and potentiometric titration of 'the resultant
halide.2

This is now commonly referred to as the TOX or TOC1 procedure.

The

method most widely used in Germany, however, was based upon carbon adsorption,
combustion, and microcoulometric titration, i.e., the AOX analyzer.

The pending promulgation in Europe of effluent limitations based upon
TOC1 or AOX prompted comparison studies of the two methods.

Results from the

AOX instrument were in most .cases 10-20% higher than TOC1, 3 although no general
conversion factor for all mills could be developed.4

TOC1 determinations are

quite labor-intensive; analysis of a single sample may require a day or longer.
Volatile compounds are not determined in the TOCl method; their inclusion in AOX
values depends on sample storage and manipulation.
ficantly better than TOCl. 3

Sensitivity of AOX is signi-

Thus, despite the' substantial cost of an AOX analyzer
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(approximately $20,000), it has been regarded as the better candidate for development into a routine method for environmental analysis and control.

The first draft of an AOX standard method for pulp mill effluents was
presented by P. 0. Bethge of STFI at a meeting on "Measurement of Generic
Organic Chlorine Compounds" in Toronto in February, 1988.5

Most of the other

papers at the meeting dealt either with AOX methods themselves or with their
application to the study of mill effluents.

AOX data were also included in

several papers presented subsequently at the TAPPI 1988 Environmental
Conference.

It is evident that, at present, AOX is the sum parameter of choice

for representing the organically-bound halogen in bleaching effluents.

INSTRUMENTATION

Instruments for AOX measurements are produced by three different manufacturers:

Dohrmann, Mitsubishi (sold in the U.S. by Cosa Instrument

Corporation), and Euroglas.

The Dohrmann and Mitsubishi instruments operate

according to similar principles; organics are adsorbed as the sample solution
passes through two carbon columns in series.

Following elution of inorganic

chloride, the columns are combusted separately, and the HC1 produced in each
combustion is measured in a separate microcoulometric titration.

In the

Euroglas instrument adsorption occurs as the sample is shaken with carbon.

The

carbon is then filtered from the sample, washed to remove chloride, and subjected to a single combustion and titration.

Figure 6 (from Bethge6 ) compares

the operating principles of the instruments.

Euroglas AOX instruments are used principally in Europe.

In the spring

of 1988, service on Euroglas instruments was not available in North America.
Thus the choice for studies at IPC was between Dohrmann and Mitsubishi.
chose the Mitsubishi TOX-10.

Figure 7 is a diagram of the instrument.

We
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*Instrument installation and on-site operator training were completed on
June 22, and reliable data were being generated on July 1.
extraordinarily smooth start-up.

This represents an

A month or more of familiarization runs is

regarded as typical for starting AOX analyses.

When a laboratory is planning to perform AOX analyses, the selection of
the instrument operator may be more critical than the selection of the instrument.

AOX is labor-intensive, and the operator must possess the talents which

are essential for the task.

Critical operator characteristics include manual

dexterity, attention to detail, diagnostic ability, and determination to be successful in a complex analysis.

In addition, the laboratory must be kept

spotlessly clean and be located in a chlorine-free environment to avoid interferences and erroneous results.

PROCEDURES

Procedures for measuring AOX using Dohrmann or Mitsubishi instruments
are found in EPA Method 90207 and in Method 506 in Standard Methods. 8

Detailed

techniques for operating specific instruments are included in manuals and
on-site training provided by the instrument vendors.

In a typical day's AOX schedule the mornings are devoted to maintenance
and preliminary runs.

The operations, in order, are:

*

Perform titration cell maintenance.
electrodes.

*

Check performance of titration cell.
and gain.

*

Run blanks on charcoal and potassium nitrate (used to remove inorganic chloride). Four blanks should give values under 1.0 ug C1.

Change solutions and polish

Adjust end point potential
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Run AOX-spiked knowns containing 200 ppb 2,4,6-trichlorophenol in
distilled water. Recoveries of 95-105% should be obtained on two
samples, and recovery on the second charcoal column should not
exceed approximately 10% of the first column.
Samples are run in the afternoon.

l

If no problems are encountered, a

maximum of three samples in duplicate can be completed.

Finally, a trichloro-

phenol spike is run to demonstrate continued satisfactory performance.
Several valuable techniques have emerged from our initial two months'
experience in the performance of AOX analyses.

4

I

They are listed below for the

benefit of other analysts:

|

*

Clean the titration cell with tap water, distilled water, then
electrolyte. Don't just flush with electrolyte.

*

Wrap Teflon tape around all electrodes so they don't stick in the
titration cell cap.

*

Discontinue AOX analyses when the titration cell becomes cloudy due
to silver halide precipitate or when the electrolyte level falls
below the silver sensor electrode. This often signals the end of a
day's run. Cell maintenance must be performed before analyses can
be resumed.

o

|

Do not use the liquid sample injection port. Injected samples tend
to splatter and contaminate the pyrolysis tube.

I

I

*

Prior to extruding a carbon column into the sample boat, gently
shake the column (like a clinical thermometer) to expel free water.

I

*

Use platinum sample boats, if they are available, rather than
quartz.
Quartz boats become pitted and break in a few weeks; they
leave a deposit in the pyrolysis tube which must be removed by
disassembly and cleaning.

I

*

Do not open the cover on the solid sample inlet port too quickly.
Hold the cover closed while unlocking it; this avoids a rapid
pressure change which compacts the quartz wool in the pyrolysis
tube.

SAMPLE PRESERVATION AND PRETREATMENT
Procedures for sample preservation and pretreatment differ somewhat
between the several AOX methods.

I

I
|

|

The EPA method7 specifies that samples must be

I
I
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preserved by acidification to less than pH 2.

In Standard Methods8 , samples

which can be analyzed promptly are not acidified upon sampling, but they are
acidified before analysis.

Bethge's proposed method 5 does not require sample

acidification until immediately before analysis; it does, however, specify that
the analysis be performed within 24 hours after sampling.

Studies by LaFleur

and Dodo9 indicated that there was not a significant difference between pH 2
preserved and unpreserved samples, but there did appear to be greater losses
with pH 10 preservation.

Methods were generally consistent in specifying that samples completely
fill bottles with no headspace, be protected from light, and be stored under
refrigeration.

Work in this laboratory using E1 and E2 effluents from a CDEDED bleach
(10% substitution of C12 by C102) has demonstrated the effects of sample
pretreatments.

Sample treatments and data are described in Table 8.

Values

obtained on the E 1 effluent show that the pH of the diluted sample must be below
2 when the AOX determination is performed.

Data on the E2 effluent suggest that

if samples are frozen, pH during storage is not critical.

The pH must be

lowered to under 2 at the time of analysis, however.

EFFECT OF CHLORIDE

In theory, inorganic chloride should not be measured in an AOX determination.

In practice, however, high chloride contents have been reported to

affect AOX results. 8

Standard Methods has indicated that the AOX procedure may

not be applicable to samples with inorganic halide concentrations above 500 mg
C1- per liter.8

Because bleaching effluents are likely to contain substantial

amounts of chloride, the effect of typical chloride contents on AOX was investigated.
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Table 8. ,Effect of sample pretreatments.

Treatment

AOX, mg/L

E1 Effluent

No pH adjustment prior to freezing sample
for storage. Sample pH approx. 10.5.
Sample diluted 2:250 for analysis without
further pH adjustment.

14

Sample pH adjusted to 2 prior to storage
(freezing). Sample diluted 1:250 for
analysis without further pH adjustment.
pH of diluted sample approx. 4.5.

42

Sample pH adjusted to 2 prior to storage
(freezing). Sample diluted 1:250 for
analysis; one mL HN0 3 added to adjust
pH to less than 2.

68

E 2 Effluent

No pH adjustment prior to freezing sample
for storage. Sample pH approx. 10.5.
Sample diluted 2:250 for analysis; one mL
HN0 3 added to adjust pH to less than 2.

6.3

Sample pH adjusted to 2 prior to storage
(freezing). Sample diluted 2:250 for
analysis; one mL HN0 3 added to adjust pH
to less than 2.

6.0

Chloride was determined by ion chromatographic analysis of effluents
from a CDEDED bleaching sequence.

Then, AOX determinations were performed on

sodium chloride solutions containing the same amounts of chloride as the
bleaching effluents.

Results of these measurements are termed "inorganic AOX".

Table 9 shows the data obtained in this study.

The effect of inorganic chloride

on the AOX values of these bleaching effluents appeared to be insignificant.
All "inorganic AOX" values were less than 1% of the measured AOX in the
bleaching effluents.
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Effect of chloride on AOX in bleach effluents.

AOX,
mg/L

Chloride,
mg/L

"Inorganic AOX" from
Chloride at Level found
in Bleach Effluent, mg/L

"Inorganic AOX" as %
of Measured AOX

CD

117

2,450

0.037

0.03

E1

115

700

0.024

0.02

D1

32

265

0.029

0.09

E2

6.1

400

0.020

0.3

D2

3.4

300

0.029

0.8

PRECISION OF AOX MEASUREMENTS

All AOX determinations were performed in duplicate.

Differences

between duplicate values were used to compute standard deviations of AOX
measurements performed on effluents from all stages of the CDEDED experimental
bleaches run in this project.

Relative standard deviations were approximately

3%; they did not vary significantly with the AOX level in the effluent.

Repeatability values were approximately 6%.

In the repeatability

calculations a test result was considered to be the mean of duplicate determinations; this is consistent with EPA Method 9020.7

Repeatability represents

the value below which the absolute difference between two test results obtained
under the same conditions (same operator, method, and apparatus) may be expected
to lie with a 95% probability.

The precision of the AOX measurements in this study is similar to that
reported by LaFleur, 9 "The precision of the method was somewhat dependent on
matrix and/or concentration level but was found to be < 4% for pulp mill
wastewaters."
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CHLOROFORM

The principal methods used for determining chloroform and other volatile organics in aqueous samples include purge-and-trap, solvent extraction,
static headspace analysis and direct aqueous injection.

Detection limits of

these methods depend on their ability to concentrate the compounds of interest
and on the detector used on the gas chromatograph.

As developed by Bellar and Lichtenberg, 10 purge-and-trap analysis
involves purging the organics from a sample, concentrating them on a porous
polymer, and thermally desorbing the compounds into the gas chromatograph.
A microcoulometric detector is used to improve selectivity for halogenated compounds.

Disadvantages of purge-and-trap include the use of specialized equip-

ment and the need to run samples sequentially.

NCASI formerly used the

purge-and-trap method to determine chloroform in bleached pulp mill effluents. 1 1
A more recent application of purge-and-trap in mill effluent analysis involved
trapping the desorbed compounds on a capillary GC column maintained at -80°C and
using a mass spectrometer as the GC detector. 12

In contrast with purge-and-trap, determination of chloroform by solvent
extraction does not require special equipment.

Chloroform is extracted from the

aqueous sample into pentane or hexane, which is injected into a gas chromatograph for analysis. 1 3

An electron capture or other element-selective detec-

tor is used to minimize the effect of the extracting solvent on the
chromatogram.

Compounds of interest are concentrated by extraction into the

organic solvent; however, they will be lost if the volume of the solvent is
reduced by evaporative concentration.

NCASI's recent studies of chloroform
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formation in pulp bleaching have employed the solvent extraction procedure for
chloroform determination.14

Although it is a simple procedure, static headspace analysis is
generally regarded as having low sensitivity because it has no sample concentration step.

Under optimized conditions, however, static headspace analysis

was shown to be as sensitive as purge-and-trap.1 5

Another simple method for determining chloroform is direct aqueous
injection.
centration.

Like static headspace analysis, it does not involve sample conDirect aqueous injection on the Hewlett-Packard 5985 gas

chromatograph/mass spectrometer was used for chloroform determinations in the
current investigation.

Separation was achieved on a 6-ft x 2-mm Carbopack B

column programmed from 50 to 210 ° at 10° per minute for 7 1/2 minutes, then at
20° per minute until the final temperature was reached.

Three microliters of

sample was injected; chloroform was detected by selected ion monitoring of
masses 83 and 85.
pared in methanol.

Quantitation was based on chloroform external standards preThe detection limit of this method was 10 pg/L.

A significant blank on distilled water was encountered in the early
phase of our analyses of bleach liquors.

It was later found that this was due

to ghosting, which could be eliminated by raising the column temperature to
210 ° , as described above, and holding it at 210 ° for about five minutes at the
end of each determination.

Elimination of the blank has permitted accurate

measurements in the parts per billion range.

CHLOROPHENOLS

In the past, gas chromatographic determination of chlorophenols in
aqueous samples has required solvent extraction followed by analysis on a
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I

special GC column (SP-1240DA) or derivatization to form methyl, ethyl, or silyl
ethers.

The derivatization procedure now favored for pulp mill effluents

involves direct acetylation of the buffered aqueous solution.,1 6

1

7

Gas chromat-

ographic analysis in other laboratories has employed a capillary column and an
electron capture detector.

Direct aqueous acetylation has been used in recent chlorophenol determinations at the Institute.17

For initial work we have separated the acetylated

chlorophenols by packed column GC with a flame ionization detector.

I
5

The GC/MS

has been used to identify unknown peaks and to provide enhanced sensitivity in
the selected ion monitoring mode.

Conditions for operation of the Hewlett

3

Packard 5890 GC are listed below:

Packed column:

OV-1, 6 ft x 2 mm

I

Column temperature program:
Initial temperature 110°C;
5°/min to 145°;
0.5°/min to 152°;
5°/min to 205°;
hold at 205 ° for 10 minutes.
Carrier gas:

.

helium at 20 mL/min.

1

3

A calibration solution containing the internal standard
(2,3,6-trichlorophenol) and 13 chlorophenols of interest was prepared, acetylated, and injected into the GC to determine response factors.
included in Table 10.

Data are

Chromatograms of the calibration solution and of a C-stage

effluent are shown in Fig. 8 and 9, respectively.
chromatogram obtained on the GC/MS.

3

Figure 10 is a total ion

These packed-column chromatograms compare

3

favorably with the capillary-column chromatograms in the literature. 1 6,17

I
I
I

I
I
I
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RESPONSE

I

5

Figure 8.

.

.

I
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Packed column gas chromatogram of chlorophenol
calibration solution.
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Figure 9.

l

-

Packed column gas chromatogram of chlorophenols
in C-stage effluent.
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Relative response factors of compounds of interest.

Substance

Abbreviation

Concentration,
mg/L

Relative
Response
Factor

2,4-Dichlorophenol

DCP

1.23

1.08

2,4,6-Trichlorophenol

TCP

3.57

2.74

2,3,6-Trichlorophenol

INT. STD.

1.09

1.00

4,5-Dichloroguaiacol

DCG

3.59

2.53

6-Monochlorovanillin

MCV

1.60

0.51

4,5-Dichlorocatechol

DCC

1.86

1.16

4,5,6-Trichloroguaiacol

TCG

1.46

0.94

5,6-Dichlorovanillin

DCV

2.33

0.45

Pentachlorophenol

PCP

4.25

2.43

3,4,5-Trichlorocatechol

TCC

3.05

1.01

Tetrachloroguaiacol

TeCG

1.94

0.98

3,4,5-Trichlorosyringol

TCS

1.14

0.82

Tetrachlorocatechol

TeCC

2.05

0.54

Bleaching effluent samples were stored frozen and were removed from the
freezer one day prior to analysis.
of chlorophenols.

Fifty-mL aliquots were taken for determination

Detection limits were about 50 pg/L using packed-column GC

and 1 ug/L using selected ion monitoring GC/MS.

An electron capture detector

will be acquired to provide improved sensitivity in GC analysis of future
samples.

A large interfering peak was observed at 7.4 minutes on the chromatograms of several samples.
toluene (BHT).

It was identified by GC/MS as butylated hydroxy-

This is a common antioxidant which might have been introduced by

a solvent or reagent.

. *-,I

-.:.

I.
*,
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DETECTION OF DIBENZOFURAN AND DIBENZODIOXANE IN LOBLOLLY PINE

PROCEDURES

Two 60-g samples of loblolly pine sawdust were extracted with 95%
ethanol for 12 hours in a Soxhlet extractor.

One sample was spiked with dibenzo-

furan and dibenzodioxane (0.22 mg of each compound) before extracting.

After

the solvent was removed with a rotary vacuum evaporator, the extracts were saponified with alcoholic KOH.

The neutral fraction was isolated and analyzed by

GC/MS; selected ion monitoring was used to detect dibenzofuran and dibenzodioxane.

Due to the shortage of specific ions in the spectra, only the molec-

ular ions (168 and 184) and their isotopes (169 and 185) were used.

The spiked extract was diluted with wood extract to verify retention
times and to provide an estimate of detection limits and approximate concentrations of the compounds of interest.

OBSERVATIONS

The total ion chromatogram of the neutral fraction, Fig. 11, shows
that the wood extract is comprised of a complex mixture of materials.

Selected

ion monitoring chromatograms, Fig. 12 and 13, present evidence suggesting the
possible presence of the compounds of interest.

Vertical lines on Fig. 12 and

13 indicate the retention times of dibenzofuran and dibenzodioxane, respectively.
Although peaks are present at the correct retention times, the chromatograms are
too complex to permit accurate measurements of peak areas and isotope ratios.
Thus, the identifications of dibenzofuran and dibenzodioxane in this sample are
not unequivocal.
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If the peaks on these chromatograms do represent dibenzofuran and
dibenzodioxane, these compounds would be present in wood at concentrations no
greater than about 10 to 20 parts per billion.

The detection limit of this anal-

ysis is about 1-10 ppb.

More clear-cut evidence of the presence of the compounds of interest
should be obtainable from more rigorously cleaned up samples and from measurements of exact masses of the ions on a high resolution mass spectrometer.
CHLORINATION OF DIBENZOFURAN
PROCEDURES

'Separate 100-mg quantities of dibenzofuran (DBF) were dispersed in
chlorine- and chlorine dioxide-containing bleach liquors.

Amounts of C12 and

C102 available for reaction with DBF were 325 mg and 277 mg, respectively.
C10 2 was 98% pure; it contained 2% C12 as an impurity.
ducted for 1 hour at 28-30°C.

The

"Bleaches" were con-

The reaction mixtures were extracted with chloro-

form, and the concentrated chloroform extract was injected on the GC/MS.

An

OV-1 column that was temperature programmed from 60 to 300°C at a rate of
10°/min was used to separate the components.

Identification of the reaction

products was achieved with a computerized mass spectral library search and
manual interpretation.
OBSERVATIONS

The products of "bleaching" dibenzofuran are shown on the total ion
chromatograms, Fig. 14 and 15.

Although the principal product of both bleaches

was monochloro-DBF, compounds with as many as five chlorines were detected.
Specific isomers could not be identified by this GC/MS analysis.

The presence

of dichlorocyclohexane and tetrachloroethane suggests that fragmentation of the
DBF might have occurred.
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OXYGEN BLEACHING PRETREATMENTS

5

.6.

lqS8

OBJECTIVES

The objectives of this work are to gain an understanding of the mechanisms by which pretreatments both retard cellulose depolymerization and accelerate delignification in oxygen bleaching.

The resulting information will be

used to design a superior pretreatment process.

INTRODUCTION

Work on this aspect of the project has slowed with the departure of the
Postdoctoral Fellow (Bihani) and with the recent emphasis on the chlorinated
organics aspect, as described above.

The present report is intended to provide

a brief overview of the status and direction of the work.

The general thrust has been to establish appropriate conditions under
which to conduct the pretreatments for studies of their mechanisms and then to
experimentally test mechanistic hypotheses.

These hypotheses have involved the

participation of phenolic hydroxyl groups, the formation and degradation of
quinones, and the possibility that chemically modified lignin can protect cellulose by serving as a free radical scavenger.

RESULTS AND DISCUSSION

10)

-

Workdescribed
in the last report confirmed literature reports of the
Work described in the last report confirmed literature reports of the
effects of nitrogen dioxide treatment of pulp at 30% consistency on the ease and
selectivity of oxygen bleaching.

More recent literature reports had indicated

that the effectiveness of the pretreatment was improved by the presence of
nitric acid and sodium nitrate.

Since we wished to study the mechanism of the

4 t-s
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pretreatment under conditions of maximum effectiveness, experiments were done in
an attempt to verify that improvements could be obtained in this way.

Table 11 shows the effects on post-oxygen kappa number of preimpregnating the pulp with HN0 3 and/or NaN03.
of NaN0 3 was not significant.

Nitric acid had a moderate effect but that

No statistically significant effects on viscosity

were seen (Table 12), although there was a suggestion of improved viscosity in
the presence of NaN0 3.

All experiments were done at both 15 and 30% consistency,

but no statistically significant effect of consistency was seen.

There was an

indication, however, of higher rates of delignification after pretreatment at
the higher consistency.

It was concluded that, in view of the small sizes of

these effects, significant changes in mechanism were unlikely to occur as a
result of changes in the impregnation medium.

Table 11.

Effect of varying impregnation medium on kappa numbera after
oxygen bleaching.

Impregnation
Medium

Added N02, % on pulp
2
4

H 20

12.6

0.4M HN0 3

10.5

9.0

0.4M NaN0 3

12.1

9.6

0.2M HN0 3 +
0.2M NaN0 3

11.1

9.8

10.2

aAverages of results at 15 and 30%
consistencies.
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Effect of varying impregnation medium on viscosity a after
oxygen bleaching.

Table 12.

Impregnation
Medium

Added N02, % on pulp
2
4

H 20

21.0

20.2

0.4M HNO 3

20.6

20.1

0.4M NaNO 3

22.7

22.1

0.2M HN0 3 +
0.2M NaNO 3

20.6

20.4

aAverages of results at 15 and 30%
consistencies.

The pretreatment with NO 2 appears to have two distinct effects on the
course of a subsequent oxygen stage.

One is to accelerate delignification, the

other to retard cellulose depolymerization.
understood.

The mechanism of neither is well

In an attempt to shed some light on the former, it was hypothesized

that the acceleration was due to an increase in the population of phenolic
hydroxyl groups in the lignin as a result of the pretreatment.

This is a reason-

able hypothesis, because oxygen delignification is known to be initiated at free
phenolic hydroxyl groups, and ether cleavage is known to occur during the pretreatment.

Abrahamson et al., for example, have shown that methanol is a reac-

tion product.

The hypothesis was tested in two different sets of experiments, both
involving determinations of the content of free phenolic hydroxyl groups after
treatment with N02.

In the first case, isolated kraft lignin was used as a

model for the residual lignin in the pulp.

Duplicate determinations of phenolic

groups by aminolysis of acetylated samples gave the averages in Table 13.

They
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indicate that the pretreatment had no effect on phenolic hydroxyl content.

The

second set of experiments involved the treatment and analysis of pulp samples,
and gave the results in Table 14.

In this case, low levels of pretreatment

increased phenolic hydroxyl group content, while higher levels decreased it.
Since acceleration is more apparent at higher pretreatment levels, these results,
like those of the first set, show that increased phenolic content is not responsible.

Table 13.

Phenolic hydroxyl groups in lignin after treatment
with N0 2/0 2.

PhOH Groups,
mmol/g lignin

N02,
% on lignin

Table 14.

0

3.3

2

3.2

4

3.3

8

3.2

10

3.1

Phenolic hydroxyl groups in pretreated and
unpretreated pulps.

N0 2 ,
% on pulp

Phenolic Hydroxyl Groups
mmol/g Lignin
Groups/100 Phenyl Units

0

0.58

10.7

2

0.88

16.3

8

0.38

7.0
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Since methanol is known to be liberated in the pretreatment, and the
phenolic hydroxyl group content does not increase markedly, it appears either
that phenolic groups are not formed upon ether cleavage or that the initially
formed phenolic groups undergo rapid further oxidation.

In either case, it

seems likely that quinones would be formed and would be subject to cleavage producing carboxylic acid groups in the lignin, together with low molecular mass
carboxylic acids.

To test this, Lebo's procedure for orthoquinone determination was
applied to samples of kraft pulp before and after pretreatment.

This involves

reacting the pulp with trimethyl phosphite to convert the quinonoid structures
to cyclic phosphate triesters and determining the number of such groups introduced by phosphorus microanalysis.

The specificity of the reaction in any par-

ticular case can be verified by solid state 31-P NMR.

Table 15 contains the

relevant phosphorus content data and indicates that quinones are present in both
the untreated and treated pulps but that it is nearly three times as high in the
latter.

NMR spectra of the pulps, although noisy because of the low lignin con-

tent of the pulps and the low quinone content of the lignin, verified that the
phosphorus occurred as cyclic phosphate triesters.

The major signal occurs at

15-12 ppm relative to H 3 P0 4, a chemical shift that is characteristic for these
structures.

Table 15.

Phosphorus in pretreated and unpretreated pulps
after reaction with trimethyl phosphite.
% N0 2
Applied

Sample
No.

Phosphorus,
%

0

2
4

0.18
0.16

8

6
8

0.50
0.47
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The formation of carboxylic acids, either from some of the quinones or

|

directly from phenolic groups or other precursors, was demonstrated by ion chromatographic analysis of filtrates from NO2 treatments of lignin (Fig. 16) or
pulp (Fig. 17).

The corresponding acid groups remaining in the lignin offer a

possible explanation for the accelerating effect of the pretreatment.

The asso-

ciated increase in lignin hydrophilicity may result in higher molecular weight
units being solubilized in subsequent oxygen bleaching.

I

3

This hypothesis has

lent some credence by the observation that preimpregnation by nitric acid
increases both the amount of carboxylic acids formed (Table 16) and the amount
of lignin removed in a subsequent oxygen stage (Table 11).

One hypothesis concerning the mechanism by which cellulose. depolymerization is retarded is that the modified lignin is a free radical scavenger.

|

This was tested by adding NO2-modified kraft lignin to simulated oxygen bleaches
of cotton linters.

The results (Table 17) indicate that there is no protection.

3

However, these results could be affected by a failure of impregnation of linters
with L~gnin solution to simulate the morphological proximity of the lignin to

3

the point of radical generation in the pulp.

I

FUTURE WORK

3

It is planned to continue to develop and test hypotheses concerning
important aspects of the NO2 pretreatment mechanisms and to use the resulting
information to develop better pretreatments.

I

Specific.near-term plans include

tests of two hypotheses.

I
I
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Acetic Acid
mg/g lignin

Formic Acid

H2 0

0.39

1.20

1.40

0.4M HN03

0.46

1.40

1.60

0.4M NaN03

0.32

0.60

1.20

Oxygen-alkali treatment of cotton linter in presence of N02 /0 2
treated lignin.
N0 2,
% on lignin

Oxygen-Alkali Treatment
Time, min
15
30
60
120
Viscosity, cps

Average

0

21.5

17.6

19.8

17.8

19.2

1

22.9

19.4

19.0

18.5

19.9

2

22.6

19.6

19.0

18.4

19.8

4

22.6

19.8

19.0

19.0

20.1

8

22.8

19.8

19.2

18.8

20.2

The first of these is that nitro group assisted ether cleavage is
responsible for the acceleration effect.

Lindeberg has shown that introduction

of a nitro group into lignin related aromatic ethers renders them susceptible to
cleavage under the conditions of oxygen bleaching.

If this happened in the

residual lignin in pulp some of the linkages broken would be interunitary ones
and the rate of delignification would consequently be enhanced.

Perhaps more

importantly, however, each such cleavage would produce a new phenolic hydroxyl
group at which oxygen delignification reactions could be initiated.
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It would thus.be desirable to test the hypothesis that nitro group

I
I

assisted ether cleavage is at least partially responsible for the accelerating
effect.

Although a way of doing this is not immediately apparent, it is

possible to devise a test of a slightly more general hypothesis that reactions

I

which are not dependent on the initial presence of a free phenolic hydroxyl
group can be at least partly responsible for the accelerating effect.

This will

be done by comparing the effects of complete methylation of phenolic hydroxyls
on the oxygen delignification rates of pretreated and unpretreated pulps.

If

the hypothesis is true the effect of methylation of the pretreated pulps should
be much less because of the presence of new pathways, including nitro group

I
I
I
I

assisted ether cleavage.

The second hypothesis that will be tested is the one described above
that invokes the concept of increased lignin hydrophilicity leading to dissolution of larger lignin fragments at an earlier stage of lignin depolymerization
and more complete lignin removal.

This can be done by varying the carboxylic

acid content by other methods and determining it, together with the associated
oxygen delignification rate.

Alternatively, or additionally, the effect of the

pretreatment on the molecular weight distribution of the lignin dissolved during
oxygen bleaching can be determined.
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RELATED STUDENT RESEARCH

An alternative, longer-range route to reduced chlorine usage is the
use of a selective unconventional pulping process to achieve low unbleached
lignin contents.

Previous work under Project 3474 has demonstrated that the

sulfite-anthraquinone process is potentially superior to the kraft process in
this respect.

Kinetic studies of this process have accordingly been undertaken as
Ph.D. thesis research by Karyn Biasca.

It is hoped that the resulting infor-

mation will form the basis of proposed process modifications intended to improve
the economics of low-lignin sulfite-anthraquinone pulping.
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KINETICS OF DELIGNIFICATION DURING ALKALINE
SULFITE ANTHRAQUINONE PULPING
..

1

|

3

(Ph.D. Thesis - K. L. Biasca)

Alkaline sulfite anthraquinone (ASAQ) pulping processes have shown con-

I

siderable promise as an alternative to conventional kraft pulping, producing
pulps of higher yield at equivalent lignin content and fiber strength.

The pro-

3

cess, however, is not well understood on a fundamental level.

There have been several studies of the process resulting in empirical

kinetic models.

Ojanen, Tulppala and Virkola' compared the response of pine and

birch chips to "neutral" sulfite anthraquinone pulping.

I

A rate law of the form

dL = kLb
dt

3

was postulated, where
L = unreacted lignin (% on wood)
b = constant (order of reaction)

I

k = rate constant

3

Values for the exponent b for pine were found to be 0.356 and 0.877 for

I

the bulk and residual phases, respectively.

The rate constant k was determined

as 0.058 and 0.0201 for the bulk and residual phases.

The activation energy for

pine was determined to be 156 kJ/kmole (18.8 kcal/kmol).

3

Changes in sulfite

concentration were neglected, an assumption of questionable validity that casts

|

doubt on the applicability of the above rate law and parameters.

Eagle and McDonough2 conducted a kinetic study of bulk phase ASAQ
pulping of loblolly pine.

A parallel reaction model consisting of one reaction

I

I
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that involved AQ and one that does not, gave the best fit to the data.

The

reaction rate expression had the form
dL = Ale(-E1/RT)Ll + A 2 eE2/R)Ln2

in which the right hand side consists of terms for each reaction type.

The

values obtained for the constants in this equation are shown in Table 1.

The

value of the lignin exponent indicates that there is more going on in this
system than just the two parallel reactions.

There is evidence that AQ is not a

catalyst for the normal sulfite reactions, but instead catalyzes reactions with
lignin species not normally attacked by sulfite alone.

Table 1.

Values for kinetic parameters of Eagle's model.

Activation Energy
kcal/gmol

29.15 (1)
37.00 (2)

Reaction

1.389 x 1010 (1)

Constant

1.102 x 1015 (2)

Lignin Exponent

2.4 (1,2)

McDonough 3 presented an analysis of the residual phase of the process.
Data from cooks of loblolly pine were reduced to an empirical model of the form

-

d

dt

= 1.2 x 10- 3 L2 -0

' 0
(S03 =)

75

(OH)0

18 1

(AQ)0

Although this model is purely empirical, it is the only kinetic representation
of the residual phase of ASAQ pulping in the literature to date.

Though there have been numerous studies of ASAQ pulping, all have been
limited in their application to fundamental reaction kinetics determinations due
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to different objectives for their experiments..The

objective of this thesis is

|

|

the development of a mechanism-based kinetic model of the delignification reactions taking place during ASAQ pulping.

The model is to be consistent with

current knowledge of wood chemistry, and supported by experimental evidence.

A novel approach to the study of the reaction kinetics has been taken
in this work.

A flow-through.reactor is-employed for the pulping experiments,v

allowing close control of the reaction temperature and the maintenance of liquor
concentrations at a constant level.

3

In addition, the concentration of dissolved

lignin at the reactor outlet is monitored spectroscopically and used to enhance
the development of the kinetic model.

.

The method used for lignin concentration measurement was.,developed
early in the thesis.

Ultraviolet absorbance spectroscopy was not suitable due

to its limited range of linear response 'to concentration.

I

Fluorescence

spectroscopy, however, was found to be linear over.a wide range of lignin concentrations.

Figure 1 shows the fluorescent response of liquors generated in

replicated ASAQ pulping experiments in a batch.digester.

3

This range includes

the lignin concentrations expected at the flow through reactor outlet.

Experimental.work inthis thesis to.date has been concentrated in the

3
I

initial phase, with pulping experiments performed based on a postulated reaction
network, shown in Fig. 2.

Experiments are performed under conditions which iso-

U

late single reactant pathways on this network, allowing their contribution to
delignification to be determined.

Subsequent experimentation should yield

information about the more complex interaction between sulfite and anthraquinone in the pulping system.

...

'* ...- ./

.

.

3

., " , ';
. ,...V
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Figure 3 shows the unique information that may be obtained from this
reactor.

The figure'is a plot of lignin concentration in the liquor at t:he

reactor outlet.

This value is an indication of the instantaneous deligniifica-

tion rate in the reactor at any time.

The values are based on the measuirement

of liquor fluorescence.
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Figure 3.

Data from the flowthrough, reactor.

This type of data'may be combined with a mathematical model for the
flow in the reactor to develop a rate expression for delignification in the
following way.

It was found through tracer dye experiments that the flow

through the reactor may be modeled as a series of three equal volume stirred
tank reactors.

The behavior of this model is relatively simple to characterize

mathematically as a series of coupled differential equations.

When these flow

equations are combined with a postulated reaction rate expression, the concentration of dissolved lignin may be predicted as a function of time.

The

I
I
i
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
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predictions of several reaction rate expressions may then be compared with the

~measured concentration profile.

13

The rate expression which fits the data the

best is chosen based on the minimization of the least squared differences between

~

~*the model and the actual data.

3*I~
~The

initial phase, as seen in Fig. 3, seems to consist of two stages in

the presence of sulfite alone.

The first stage involves a very rapid decrease

in rate to a constant rate second stage.

This type of phenomenon has been

observed by Kondo and Sarkanen 4 for kraft pulping.

The fact that this two stage

behavior is observed under the very mild conditions employed in these experiments leads to the speculation that this phenomenon is due to some property of
the wood itself, rather than being a result of pulping conditions.

~

One possi-

~*bility is that the pores in the fibers are rapidly blocked by reaction products
generated by reaction of sulfite with lignin, resulting in a second stage that

I*
~

is mass transfer limited.

Future work for this thesis involves the completion of experiments
designed to isolate pathways on the proposed reaction network, and the evaluation of the more complex reactions.

(~~

3I|
3*~
~

.
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DATE:

September'14, 1988

PROJECT NO. 3475:
PROJECT LEADER:

FUNDAMENTALS OF SELECTIVITY IN PULPING AND BLEACHING
D. R. Dimmel

IPC GOAL:
Improved process for bleached chemical pulps
OBJECTIVE:
Provide a fundamental understanding of the chemical and physical reactions that
control both:
(1)
(2)

the rate of lignin removal, hemicellulose dissolution, and cellulose
degradation, and
the structures of the lignin, hemicelluloses and cellulose that remain
in the pulp after pulping and bleaching.

CURRENT FISCAL YEAR BUDGET:

$90,000

PRIOR RESULTS:
The high selectivity of anthraquinone (AQ) pulping is probably associated with
its ability to promote single electron transfer (SET) reactions. We have used a
variety of experimental probes to establish that anthrahydroquinone (AHQ) a
reduced form of AQ, can transfer electrons to quinonemethides; the latter are
important intermediates in lignin reactions. The electrons which are accepted
by appropriately substituted quinonemethides can cause fragmentation of the
structures; these fragmentation reactions are synonymous with delignification.
An electrochemical technique known as cyclic voltammetry has been used by us to
establish the feasibility of SET delignification reactions. These studies were
done in cooperation with Dr. Helena Chum and coworkers at the Solar Energy
Research Institute (SERI) in Golden, CO. After substantial design modifications, an electrochemical cell has been developed at IPC which can function at
high temperatures (165°C) in aqueous alkali. Cyclic voltammograms of mixtures
of AQ with bleached kraft pulp and wood meal show the catalytic action of AQ/AHQ
during simulated pulping.
Carbohydrate chain cleavage reactions are a common occurrence during alkaline
pulping and bleaching operations. Such reactions cause a lowering of the degree
of polymerization (DP) and thus a loss in paper strength properties. Changes in
DP are seen by changes in pulp viscosities and molecular weight distributions.
Earlier-work in this project involved developing the GPC method.
Amylose, a water soluble, a-linked glucose polymer, is severely degraded by the
action of hot (100°C) alkali containing AQ. In contrast, cotton linters cellulose (a crystalline, water insoluble, B-linked glucose polymer) appears relatively
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I

unaffected by AQ at high (150°C) temperatures. Similarly, little differences
in viscosity and molecular weight distributions have been seen for the carbohydrate fraction obtained from the pulping of wood by the soda and soda/AQ or
kraft and kraft/AQ processes. Specific model studies have .indicated that the
reactivity difference between amylose and cellulose toward AQ is not related to
the a- or B-linkage,difference, but to solubility differences.
.
A relatively high viscosity amorphous cellulose sample has been prepared from a
cotton linters cellulose. The amorphous sample was reduced with sodium borohydride (NaBH4 ) to prevent "peeling" losses in monomer units when heated. inalkali. It was of interest to compare the reactivity differences of amorphous
and crystalline cellulose samples; any observed difference should reflect.the
importance of "physical effects" in carbohydrate chain cleavage reactions.

I

Another way to study physical effects related to DP losses is to examine the
reactions- of an insoluble carbohydrate model which .is chemically modified to
prevent competing peeling reactions. The thesis work of M. Bovee has produced
such an insoluble model. Additional amounts of the model have been prepared by
us. In a,step which couples the carbohydrate unit to the polymer, we employed
DMF, rather than THF, as the solvent. This led to a different degree of loading
and distribution of model onto the.polymer than what Bovee had observed. Not
all of the carbohydrate units in the DMF-produced model polymer-are accessible
with certain solvents.

I
I

SUMMARY OF RESULTS SINCE THE LAST STATUS REPORT:

I

|

Carbohydrate Reactions
Viscosity-values as a function of time have been obtained for stabilized (NaBH4
treated):amorphous cellulose and stabilized and unstabilizedcrystalline cellulose after heating in aqueous alkali at 150°C. The viscosity losses were much
greater for, the amorphous sample; the unstabilized crystalline:,sample displayed
the greatest scatter in its viscosity values throughout the experiment. The
rate of DP loss was increased slightly when either amorphous or crystalline
cellulose was heated in alkali in the presence of AQ.
The reactivity trends observed for .amorphous and crystalline cellulose in the
"pulping" experiments were similar in an oxygen-alkali "bleaching" reaction at
100°C. :The more reactive sample was the amorphous cellulose. The viscosity
losses for amorphous cellulose in oxygen-alkali were inhibited by the presence
of magnesium. The.addition of cobalt, above a level of 0.162 pmole.CoS,04/10 0 g
of cellulose greatly accelerated the amorphous cellulose viscosity losses. The
combination of Mg and Co was even more harmful to the sample's viscosity. Some
exploratory peroxide studies indicate that rather severe viscosity losses are
associated with treating amorphous cellulose with hydrogen peroxide at pH 11 at
50-60°C; a combination of magnesium sulfate and sodium silicate was stabilizing.
Copperalso displayed-a small stabilizing effect.
.

|

|

Several new techniques have been developed to characterize the.polymer supported
carbohydrate models. We now have a better understanding of the degree of model
loading on.the polymer surface and the relationships of:the. polymer's morphology

I

I
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to reactivity. The polymer model degraded much slower in alkali at 170-195°C
than the corresponding soluble model carbohydrate. Again, the results suggested
that "physical" effects play a significant role in the rate of carbohydrate
chain cleavage reactions.
Lignin Reactions
The sensitivity of our measurements when observing the AQ/AHQ catalytic redox
pulping reactions by electrochemical means were quite low; therefore, we have
attempted to develop a more sensitive electrochemical cell, one which would also
allow the measurement of the internal cell temperature and pressure and allow
sampling of the cell's contents. Work in the last year has centered on
achieving stable potentials between the working and reference electrodes and
examining sensitivity improvements associated with the use of microelectrodes
and the use of pulse voltammetry techniques. The new approaches have been partially successful. While distinct improvements in stability and sensitivity
have been observed with some of the changes, the electrode materials have not
functioned well at high temperatures in caustic and with repeated use.
Funding for a joint research project between IPC and SERI on a "sulfur-free
selective pulping process" began in September, 1988. Considerable efforts have
been devoted to planning, writing, and interfacing with SERI and the Department
of Energy (DOE) prior to the granting of $1.07 million for the 3-year study.
PLANNED ACTIVITY THROUGH FISCAL YEAR 1989:
Many activities presently being pursued in the lignin area will be transferred
to a new DOE funded project (3661). The emphasis in this new project will be to
generate pulping catalysts from lignin. We will be assessing the suitability of
different substrates as starting materials for the catalyst syntheses. One such
set of substrates will be the residues from supercritical extraction of pulping
liquors. Selected electrochemical studies will continue, with the focus on
improving the cell sensitivity, correlating electrochemical behavior with
delignification rates, and assessing the potential of these techniques.
The very interesting preliminary results on the reactions of amorphous cellulose
with oxygen-alkali and peroxide will be substantiated by selected repetition
and expansion of key experiments and by determining molecular weight distributions by gel permeation chromatography (GPC). Efforts will be made to publish
the large backlog of results which exists from past carbohydrate research. This
should be completed before anticipated changes in personnel occur next year.
The reduced dollar allotment to this project reflects a change in personnel commitment in the immediate future. Accordingly, the research activities in
Project 3475 will be slowed temporarily.
FUTURE ACTIVITY:
The extent of future activities will depend on how rapidly the new Georgia support personnal can be assimilated into the project activities following the move
to Atlanta. The amorphous cellulose bleaching chemistry studies could be
expanded to examine (1) additional chemicals (ozone, chlorine dioxide, etc.),
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(2) process variables, (3) the"influence of selected metals and "dead load" salt
effects, and (4) more detailed molecular weight distributions. The aim will:be
to develop a fundamental understanding of bleaching chemistry which may lead to
better nonchlorine bleaching systems.
Lignin research will continue under the DOE project and student studies. As
additional personnel becomes available, research on pulping fundamentals, such
as how'to promote bulk delignification reactions, will continue. The DOE project will be concerned with optimizing synthetic procedures for obtaining
pulping'catalysts from lignin, electrochemical monitoring of catalysts during
pulping, and commercialization of these concepts.
'
STUDENT RELATED RESEARCH:
W. Molinarolo, Ph.D.-1988; R. Barkhau, Ph.D.-1989; J. Wozniak, Ph.D.-1988;
G. Reed, Ph.D.-1988; M. Van Lente, Postdoctoral Fellow.
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FUNDAMENTALS OF SELECTIVITY IN PULPING AND BLEACHING

Reporting Period:

September, 1987-September, 1988

OBJECTIVE

The goal of chemical pulping is to liberate, without degradation, carbohydrate fibers from wood through delignification.

Unfortunately, alkaline pulp-

ing processes are not very selective for lignin removal.

For example, in kraft

pulping the loss of carbohydrate material may be comparable to, or even exceed,
that of the lignin. 1- 2

In addition, reduction of the carbohydrate chain length,

leading to decreased pulp viscosity and product strength, also occurs. 1- 3
The objective of this project is to elucidate the mechanisms of carbohydrate and
lignin degradation reactions which occur during pulping and bleaching.

A better

understanding of the chemistry involved will ultimately facilitate better
control of pulping and bleaching selectivities.

GENERAL INFORMATION

The Fall Status Report is for general distribution to Institute member
companies and covers research performed under this project since September of
last year.

This report contains information which has been discussed at both

the Fall 1987 and Spring 1988 Project Advisory Committee (PAC) meetings.
Occasional notations, primarily directed at PAC members, are given in the text
to alert the reader to research areas studied since the spring meeting.

This project contains two principal research areas:
pulping and bleaching reactions, and lignin pulping reactions.
divided accordingly.

carbohydrate
The report is

Much of the laboratory work in the carbohydrate area has

L
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Recent progress has been hampered by a

commitment to three contract research projects and a leave of absence on
Willenbrink's part.

The lignin studies and report are a result of the efforts

of Postdoctoral Fellow Mike Van Lente.

He has also been involved in teaching in

the Fall quarter.

CARBOHYDRATE REACTIONS

INTRODUCTION

Over the past 15 years, the research staff of Project 3475 and several
M.S. and Ph.D. students at. the Institute have been involved in research directed
at understanding the fundamental underlying chemistry associated with carbohydrate chain cleavage reactions.

Such reactions significantly affect hemi-

cellulose yield losses and cellulose viscosity losses.

Recent project research

has focused on determining the extent to which the physical state of the carbohydrate - dissolved, amorphous, or crystalline - influences the degree of
chain cleavage occurring during pulping.

Earlier project research demonstrated that the extensive degradation
seen with amylose/anthraquinone (AQ) did not apply to cellulose/AQ systems and
that the nature of glycosidic linkage (a for amylose, 0 for cellulose) was not
the cause of the reactivity differences

Rather, the high reactivity of amylose

appeared to be related to its water solubility.

Unlike amylose, most of the

glycosidic linkages of crystalline cellulose will be inaccessible to attack by
reagents, such as NaOH or AQ.

Another factor in explaining the amylose/cellulose

reactivity difference is the general low occurrence of significant reaction
between two insoluble substrates; both cellulose and AQ will be insoluble in
alkali, even at high temperatures.
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Amorphous cellulose (a random, disordered form) should be more reactive
than crystalline cellulose (an ordered form) since the accessibility of reagents
to the glycosidic linkages would be much greater.

Experiments were devised to

test this hypothesis using a crystalline cotton linters sample and an amorphous
sample derived from it; both were stabilized against "peeling" reactions by
sodium borohydride reduction.

Another way to examine physical effects is to compare the reactivities
of 1,5-anhydrocellobiitol (a soluble cellulose model) and 1,5-anhydrocellobiitol
which has been attached to a polystyrene network (an insoluble cellulose model).
Two insoluble polymer models have been prepared - one by Ph.D. student Matt Bovee5
and the other by staff technician Holly Willenbrink.

The methods of preparation

were the same, except the solvent used during the coupling step of the protected
1,5-anhydrocellobiitol 1 with a functionalized polystyrene 2 was different (Fig.
1).

Willenbrink employed dimethylformamide (DMF), rather than tetrahydrofuran

(THF), in hopes of getting a higher loading of model onto the polymer.

AO--OA

~~HO
W~OA
OA

-OA

I(XcH 2 1
NaH

2

POA

Pt

"
OH

i. RhCI

OH

OA
(ECH-

0

0
OA-

3
Figure 1.

2.1H2
H+
OA

OH
OHN

(OCH20

OA

OH

- OH

4

The final steps in the synthesis of a polymer-bound cellulose
model; A = allyl group (-CH 2 CH=CH 2), P = polystyrene.
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A loading value of 0.22 meq. of 1,5-anhydrocellobiitol per gram of
polymer had been observed by Bovee for the THF-produced insoluble cellulose
model.

The methods employed for determining load values, namely osmylation,

ethanolysis, and acetolysis, gave roughly the same values; the methods also gave
consistent, reliable results with unbound 1,5-anhydrocellobiitol.,5

6

However,

the same three methods gave quite different loading values for the DMF-produced
polymer.6

Additional questions associated with the peculiarities of the

DMF-produced polymer have been addressed during this last year.

Some model

degradations'have also been performed.

RESULTS

INSOLUBLE CELLULOSE-MODELS

'

Two additional methods of determining the extent of loading of 1,5anhydrocellobiitol on the polymer beads were examined.

The one method involves

treating an acetylated, benzylated sugar with iodotrimethylsilane in acetonitrile
and observing benzyl ether bond cleavage.o7

The procedure was tried several

times with acetylated methyl 4-0-benzyl-a,D-glucopyranoside 5 to find the proper
conditions for efficiently cleaving the 4-0-benzyl bond.

The acetylated insol-

uble cellulose model (4) was similarly treated with Me 3 SiI and the released
1,5-anhydrocellobiitol analyzed; a loading value of 0.16 meq./g was found.

The other new method used in determining loading was simply aqueous
acid hydrolysis at high temperature [Eq.

(1)].

Preliminary trials with

1,5-anhydrocellobii-tol (unbound sugar) showed that 1,5-anhydroglucitol (6) was
quantitatively produced in 30 min at 170°C in dilute'HCl and that the,
1,5-anhydroglucitol yield was unaffected by further heating'at 170°C and contact

I
I
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Acid hydrolysis of the insoluble cellulose

model gave the loading values shown in Table 1.

OH
COH
H2 0
H-

+
CH

5

4
Table 1.

OH

(1)
OH
6

Model-to-polymer loading values for the DMF produced
insoluble cellulose model.

Method

Loading (meq./g)

Osmylation

0.10

lodotrimethylsilane
Acid hydrolysis
0.1M HC1; 170°C

0.16 + 0.01
30 min
60 min
24 hr

0.23
0.25
0.26

Ethanolysis

0.26 ± 0.01

Acetolysis

0.35 + 0.01

The residual polymer obtained after the 30 min acid hydrolysis treatment was also subjected to acetolysis; another 0.08 meq./g of model was observed.
The total loading by the two methods

(0.23 + 0.08 = 0.31 meq./g) approached the

0.35 meq./g value obtained by the single direct acetolysis treatment and
exceeded the value (0.26) that was observed in prolonged acid hydrolysis.

It is

obvious from this result and the data given in Table 1 that the acetolysis technique is superior to the others; but why?
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GLYCOSYL BOND
CLEAVAGE

HO

0--

(PARTIALLY ALLYLATED
MODEL)

v"-<ET

OH

GLYCOSYL BOND
CLEAVAGE AND

\

ALLYL CLEAVAGE

OH

HO
OH

OH

OH

H

1,5-ANHYDROGLUCITOL
Figure 2.

Potential reactions of a partially allylated insoluble
cellulose model.

So, which loading value best reflects the carbohydrate available for
reaction during pulping of the insoluble model?

Probably the loading determined

by acid hydrolysis at 170°C, since this value reflects the number of (nonallylated) carbohydrates available for a reaction done in water at 170°C.

Some preliminary degradations of the insoluble model were performed
this spring; the results are given in Tables 2 and 3.

A time study was not done

at 170°C; but assuming that the model was continuously reacting, the degradation
rate is quite slow (about 1/10) compared to soluble 1,5-anhydrocellobiitol. 8
The loading value after reaction does not equal that at the start; this appears
to be related to the formation of another carbohydrate product.

This unknown

product has a GC retention time and mass spectrum similar to that of

j
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It appears to be an isomer of 1,5-anhydroglucitol but does

|
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1,5-anhydroglucitol.

not correspond to 1,5-anhydrogalacitol (a somewhat logic product).

Table 2.

1,5-Anhydroglucitol determination after heating the DMF-insoluble
cellulose model at 170°C for 10 days in 1.73M NaOH.

Analysis
Liquor

Loading (meq./g)
0.13 a

:

Acetolysis of residual beads
Total
Acetolysis of starting
cellulose polymer model

0.1 8 b
0.31

0.35

aDuplicate determination of 1,5-anhydroglucitol was identical; the
amount observed in the liquor was related back to an amount on the
polymer.
bThe value reported here is for .1,5-anhydroglucitol released by
reaction and does not include the amount of unknown isomer produced.

I

Higher temperatures were employed to get faster reaction rates (Table
3).

Control experiments indicate that the principal product, 1,5-anhydro-

glucitol, has good stability at 200°C.

|

The table includes the yield observed

for the unknown product; a GC response factor equal that of glucitol was used
for this unknown.

The overall material balances for glucitol, plus unknown,-

come fairly close to the polymer loading value of 0.35, especially at the 1- and
2-day time periods.

|

Additional work in this research area has ceased inifavor of the
amorphous cellulose studies.

I hope to interest a student in clarifying the

structure of the unknown degradation product and continuing this study.

'

I
I
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Time
(days)
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Alkaline cellulose polymer model degradation 198 ° C, 1.73M NaOH,
various times.

Liquor Yields (duplicate)
(meq./g)
Unknown
Glucitol

Bead Acetolysis
(meq./g)
Glucitol Unknown

Total
(meq./g)
Unknown
Glucitol

1

0.145 (0.146)

0.021 (0.021)

0.137

0.036

0.282

0.057

2

0.181 (0.186)

0.027 (0.028)

0.093

0.026

0.277

0.054

3

0.176 (0.188)

0.030 (0.030)

0.070

0.022

0.250

0.052

CELLULOSE PULPING REACTIONS

A direct comparison of the viscosity changes associated by heating
crystalline and amorphous cellulose in 1M NaOH at 152°C is presented in Fig. 3.
As can be seen, the amorphous sample is considerably more reactive than the
crystalline sample.

Presumably, the viscosity drops because of alkali-promoted

chain cleavage reactions; such reactions are more prominent with the amorphous
material because of the accessibility and increased flexibility around the glycosidic bonds, which allows cleavage mechanisms, such as SNlcB(2 ), to occur more
readily.

Amorphous cellulose would appear to be an ideal substrate for studying
the extent of carbohydrate chain cleavage reactions as a function of changes in
conditions and reagents.

The amorphous material will exaggerate the chemistry

over what might be displayed by crystalline cellulose or a wood pulp.

[The

chemistry displayed by a wood pulp might simply be a result of reactions
occurring with the amorphous regions in the pulp.]

Thus, a survey of some

pulping and bleaching chemistry was initiated with an amorphous cellulose
sample which was derived from crystalline cotton linters.
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Figure 3.

Viscosity
cellulose
different
different

changes associated with heating crystalline and amorphous
at 152°C in 1M NaOH for different time periods. The
symbols for each curve represent determinations done on
days, i.e., duplicate experiments.

As mentioned in the Introduction Section, we have been concerned over
the possibility that AQ causes carbohydrate chain cleavage reactions during
pulping, leading to pulps with somewhat lower tear strength.

However, before

studying a series of amorphous cellulose reactions, we first needed to define
the effects of different AQ levels and forms in a control case, namely reactions
with 1,5-anhydrocellobiitol.

Figure 4 shows that the level of AQ used has an

effect but the effect is not large.

I

After 2 days heating at 170°C in IM NaOH,

I
I
I
I
I
I
I
I
I
i
I
I
I
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I
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about 72% of the 1,5-anhydrocellobiitol had reacted; addition of 2 equiv. of AQ
to the system led to roughly 85% reaction under the same conditions.

S
C

E
S
4.

U1
0
.C
'a
-Cr
I
US

0

0.6

1.5

1.0

2.0

AQ Equivalents

Figure 4.

Degradation levels of 1,5-anhydrocellobiitol as a function of AQ
levels in a 1M NaOH solution heated for 1 and 2 days at 170°C.

In its oxidation reactions with carbohydrate, AQ is reduced to an ion
radical or a dianion of AHQ; the structures are shown below.
oxidized back to AQ as lignin is reduced.

The AHQ forms are

Earlier cellulose studies employed

low levels of AQ (approaching that typically used during pulping) and exhibited
no AQ effects; 3 one has to question the significance of these findings since, in
contrast to pulping of wood, AQ redox recycling reactions were absent.
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Attempts were made to promote AQ redox reactions during an alkaline,
high temperature degradation of a carbohydrate model compound, 1,5-anhydrocellobiitol (Table 4).

Assuming that 80% of an added lignin or lignin model would

react over the course of the experiment, the AQ would be recycled four times and
the effective concentration of AQ for entries 3 and 4 in Table 4 would be 2
equiv.

The increase from 0.5 to 2 equiv. of AQ should cause roughly 15% more

model degradation.

Yet, as can be seen, the recycling agents had little effect.

One explanation for these results is that the AQ/carbohydrate reaction is quite

3

slow relative to degradation of the lignin additive so that the AQ/AHQ recycle
timing is thrown off phase, and the effective concentration of AQ is not increased.

Table 4.

Degradation of 1,5-anhydrocellobiitol in 1M NaOH at 170°C after
24.5 hours with different additives.

Entry

Reagents

1

--

|

% 1,5-Anhydrocellobiitol
Remaining
55.4

2

0.5 eq. AQ

52.0

3

0.5 eq. AQ + 2.5 eq. lignin model

49.7, 50.8

4

0.5 eq. AQ + 2.5 eq. ethanol lignin

54.7, 53.0

5

0.5 eq. Na2 S0 3

59.3, 59.0

6

0.5 eq. AQ; 0.25 eq. Na 2 S2 04

58.4

aEntries 1-4 employed the condition indicated in the heading; 1 and 2 were
performed on a different day than 3 and 4; entries 5 and 6 were yet another
day - here the temperature was 171°C and the time 24 hours.

I

I
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The solubility of AQ in 1M NaOH, even at high temperatures, is very
low.9

The observed effectiveness of AQ as a pulping additive may be related to

one-electron transfer redox reactions of soluble components AHQ- and AHQ- 2; in
this case AHQ ~ would be the active reagent in causing carbohydrate oxidation
reactions.

But, how can we generate AHQ- to observe its effects on carbohydrate

chain cleavage reactions?

One way may be to prepare equal quantities of AQ and

AHQ - 2 and hope that the latter two disproportionate to give 2 equiv. of AHQ ~
[Eq. (3)].

The AHQ -2 could be generated by reducing AQ with sodium dithionite in

alkali [Eq. (2)].

AQ + S204-2 + 4HO-

AHQ- 2 + AQ =

> 2S03- 2 + 2H2 0 + AHQ- 2

2AHQ-

(2)

(3)

Table 4, entries 5 and 6 indicate the extent of 1,5-anhydrocellobiitol
degradation when heating the carbohydrate model with 1/2 equiv. of sodium
sulfite and with a combination of 1/2 equiv. of AQ and 1/4 equiv. of sodium
dithionite.

Since Na 2 SO 3 is a product of the dithionite reaction [Eq. (2)],

it was important to establish that any effects of the AQ/dithionite experiment
were not due to the Na2 SO 3 in the system.

Indeed, the AQ/dithionite did not

show any unusual acceleration of carbohydrate degradation over what was observed
for sodium sulfite.

In fact, both systems may have been somewhat stabilizing,

although the conditions used were slightly different than that of the control.

These background experiments with 1,5-anhydrocellobiitol established
that heating with an excess of AQ (and no other additives) was the best way to
see a possible AQ effect.

Therefore, four cellulose samples (2 different

crystalline and 2 different amorphous) were heated in alkali with and without

Project 3475 ·
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AQ; the two sets were done on different days.

In 3 out of 4 samples, the AQ

appeared to cause a small viscosity drop (Table 5).

Table 5.

Cellulose viscosities (cps) after heating in 1M NaOH.

Crystalline,a 148°C, 60 minutes
No AQ
AQD

Amorphous,a 135°C, 10 minutes
No AQ
AQ W

27.5 (27.1-28.0)C

29.3 (28.2-30.5)C

16.2 (14.0-18.0)C

14.6 (13 .9-1 5 .5 )C

35.8 (3 2 .5-38.4 )d

32.4 (3 1 .3-33. 4 )d

24.9 (2 1 .7-2 6 .8)d

22.1 (1 8 .0-2 4 .1 )d

aThe two samples had different starting viscosities.
bone equiv./glucose equivalent.
CTriplicate average (range).
dSix sample average (range).

Viscosities are only one measure of chain cleavage reactions; molecular
weight distributions should also be determined.

The latter have not been done

in these AQ experiments - primarily because of the time-consuming nature of the
GPC molecular weight determinations.

However, such measurements will have to be

done to draw valid conclusions on the effects of AQ.

For example, AQ could be

causing more chain cleavage reactions than the NaOH control, but stabilizing the
carbohydrate fragments from secondary peeling reactions.

The extent to which AQ

is giving rise to more, but longer, fragments in comparison to the control case,
could be determined by GPC.

Based on the limited data collected, it appears that AQ causes no '
significant chain cleavage reactions in insoluble carbohydrate substrates.

The

decreased tear strengths associated with AQ pulping may be better explained by
the greater yield, leading to retention of hemicelluloses in the pulp, than by
increased chain cleavage reactions.

Projct
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AMORPHOUS CELLULOSE BLEACHING REACTIONS

Since the Spring PAC meeting, several experiments involving amorphous
cellulose and oxygen-alkali-metal and peroxide-metal have been performed.
Numerous trial runs were first performed to arrive at conditions which were
reliable and straightforward.

For example, the oxygen-alkali experiments were

done in open beakers; for multiple runs, the beakers contained individually
restrained cellulose samples arranged concentrically around a bubbling oxygen
Control experiments were done similarly, with bubbling nitrogen.

inlet.

Both

oxygen and alkali were present in large excess and assumed to be constant over
the course of the experiments.

I

Table 6 records the viscosities observed when heating amorphous cellulose at 100°C for different time periods in 0.1M NaOH under selected conditions.
Some of the data of Table 6 is presented in graphic form in Fig. 5.

I

I
I
I

Table 6.

1

Viscositiesb at Four Time Intervals (Hours)
4
2

6

Metal

Gas

none

N2
02

41.5 (39.2,43.7)
36.7 (38.2,35.1)

34.9 (34.6,35.2)
31.1 (29.9,32.2)

29.9 (31.5,28.2)
23.3 (23.7,22.8)

MgC

N2
02

39.5 (38.3,40.6)
36.9 (36.3,37.5)

35.1 (35.2,35.1)
38.5 (41.5,35.5)

31.7 (32.2,31.1)
32.7 (32.9,32.7)

28.0 (29.3,26.7)
26.2 (25.3,27.0)c

Cod

N2
02

35.6 (35.6,35.7)
20.0 (18.9,21.1)

31.1 (29.4,32.8)
6.2 (6.8,5.5)

21.7 (21.5,22.0)
3.9 (4.2,3.6)

20.5 (21.5,19.5)
3.2 (3.5,2.9)

Mg +
Coc,d

I
III
I

Viscosity changes associated with heating amorphous cellulosea at
100°C .in 2 L of 0.1M NaOH with and without oxygen and certain metals.

02

8.0 (7.5,8.4)

4.0 (4.1,3.9)

3.1 (2.9,3.2)

aInitial viscosity is 46 cps.
averages of two determinations (in parentheses).
bCuene viscosities:
C1% Mg as MgS04-7H 20 (0.165 mmoles/2L).
d0 .3 0 8 Umole of CoS04'7H 20/100 g sample x 4 samples = 1.232 umoles/2L.
eThe viscosity may be even lower than reported since the sample lacked
continuous 100°C heating throughout the entire period.
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Amorphous Cellulose Reactions
100°C; 0.1m iaOH

Viscosity

.

o

.
.(cps).,,
30-

\

NITROGEN

X

*\

,, .
20-

OXYGEN

M~

N

..

,

-

'

\

10n

OXYGEN, COBALT

0

1

3

2

4

5

6

Time (hrs.)
Figure 5.

.

Variations in amorphous cellulose viscosities as a function of time
following treatment at 100°C in 0.1M NaOH with the indicated
chemicals; CoSO 4 was used at the level indicated in Table 6.
Duplicate determinations are shown.

.

In comparison to the nitrogen control, oxygen leads to a more rapid
viscosity loss, especially in the presence of cobalt.

The other metal tested,

magnesium, had a stabilizing effect when used alone in the oxygen-alkali system.
The amorphous cellulose degradation rate (viscosity loss) was not, however,
completely retarded in both the oxygen and nitrogen control cases by the presence of Mg.

Surprisingly, the combination of Mg and Co caused a greater loss

in viscosity than when Co was used alone.
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The two metals chosen for study, cobalt and magnesium, are known to
cause chain cleavage reactions in models and stabilize pulps toward oxygeninduced degradation, respectively. 1,0

11

The results observed here parallel

these known properties, but are unusual in a few aspects.

The data indicate

that the magnesium protecting effects are not lasting and apparently not helpful
in the presence of cobalt; the latter was an unexpected result.1 2

Also, cobalt

promoted degradation in the nitrogen control case, possibly indicating that the
control case is not completely oxygen-free.

A comparison of the reactivities of crystalline and amorphous cellulose
samples toward oxygen-alkali containing cobalt at 100°C is shown in Fig. 6.
Again, as in the pulping experiments, the amorphous sample exhibits a much
higher reactivity (loses viscosity faster).

After 4 hours, the viscosity of the

crystalline sample is roughly one-half that of the starting viscosity, while in
the amorphous case it is one-tenth after 4 hours.

The response of amorphous cellulose-oxygen-alkali system to different
levels of cobalt is shown in Fig. 7.

The cobalt appeared to have little effect

below a level of 0.162 Mnole of CoS04/10 0 g of amorphous cellulose.

Above this

level, there was a rapid drop in viscosity with increasing amounts of cobalt.

The cleavage of glycosidic linkages might possibly be linked to radical
reactions associated with lignin-oxygen reactions.

Therefore, a couple of

oxygen-alkali amorphous cellulose reactions were done in the presence of a kraft
pulp:- a material which contains lignin.

No noticeable effects on amorphous

cellulose viscosity losses were observed in the kraft vs. control cases.

A sample of amorphous cellulose was pretreated with nitrogen dioxide
prior to reaction with oxygen-alkali in the presence of cobalt and magnesium.
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The N02 treatment caused a severe loss of viscosity (45-->23) and did not
protect the cellulose from the oxygen-metal degradation reactions (Table 7).
70..

, .

. Cellulose, Oxygen, 0.1 M NaOH

100°C, 0.323

0
.60-

moles Co/OOmg sample

Viscosity
(cps)
50-

\

CRYSTALLINE

40-

30-

\

3'.

20- '
;

.\.

.n-

10
.~

AMORPHOUS

.

0_

0

1

-,

1

,3I

.

I

2

3

4

Time (hr)
Figure 6.

Variation of viscosities as a function of time for crystalline and
amorphous cellulose under the conditions stated; duplicates were
done 'in most cases.

A few exploratory peroxide reactions of amorphous cellulose provided
some interesting data.

Initial experiments were done in sealed ampoules for 1

hour at 75°C with different peroxide levels (0.2'1.0%) and consistencies'
(4-12%), while keeping a constant pH of 11.
low.

The observed viscosities were all

Subsequent experiments employed milder reaction temperatures, 12% con-

sistency, and an initial pH of 11; all reaction samples were still basic at the
conclusion of the heating period.

I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I
I

I
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40) 0

°0!

Amorphous Cellulose
Oxygen Alkali Reaction

Viscosity

(cps)

0

100°C; lhr., 0.1lM NaOH

\

30-

20

10

0

0.5

1.0

1.5

CoSO4 (ymoles/100g cellulose)
Figure 7.

Table 7.

Variations in amorphous cellulose viscosities with different levels
of cobalt for samples heated at 100°C for 1 hr in 0.1M NaOH;
duplicates were done at each cobalt level.

Viscosity changes associated with heating N02 -pretreated amorphous
cellulosea at 100°C in 2 L of 0.1M NaOH with oxygen, cobaltb, and
magnesium.C

Time (hour)
0

Viscosities (cps) - Duplicates
25.1, 22.4

1

5.7,

5.7

2

5.2,

5.4

4

2.5,

2.6

aStarting viscosity of 45 cps.
b0 .3 08 moles of CoS0 4 .7H2 0/100 g sample.
C1% MgS04-7H 2 0.
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As expected, the viscosity drop of an amorphous cellulose sample
increased with increasing peroxide application (Table .8).

Also, the addition of

magnesium and silicate stabilized the amorphous cellulose towardextensive
degradation.

Table 8.

Copper also seemed to have a small, stabilizing effect.

Viscosity values after heating amo'rphous cellulosea at 60°C for
1 hour at 12% consistency with different levels of peroxide and
metal salts.

Peroxide (%)

Alkali (%)

Additives

Viscosity (cps) - Duplicates

0.033

44.5, 43.2

0.2

0.10

12.3, 10.7

0.4

0.15

7.1,

7.8

1.0

0.39

4.4,

4.5

?.,

0.4

' I.

0.14
0.13

0.4

0037
-,

.. '

iM-CuS0 4 65H 20

0.,2-%MgS04' 7H20

13.8, 10.1
39.8, 35.1

4.5% Na 2 SiO 3
*~~~~~~~~~~~~~~z

aStarting viscosity 45 cps.

A time study of amorphous cellulose with 0.2% peroxide at 50°C produced
the data shown in Fig. 8.

It is apparent that peroxide, in the absence of sta-

bilizers, causes severe chain cleavage of amorphous cellulose.' The figure also
shows the results of two one-hour experiments with different levels of copper.
Again, copper showed a stabilizing'effect.

A more extensive study of copper

concentration effects produced the data presented in Table 9.

Copper was chosen

because it is known to strongly influence peroxide decomposition and lignin
model oxidation.13

1
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50-

I

Amorphous Cellulose Reactions
50°C; 0.2% Peroxide;
12% Consistency; 0.10% Alkali

40
'

Viscosity
(cps)

30I.

20-

. \, _~
I

10-

-

4

.I

...
I.

0

20,

40

60

-80

100

120

Time (minutes)
Figure 8.

Variations in amorphous cellulose viscosities as a function of
time under the conditions indicated. The spread is for two
determinations: no copper, a; 0.185 pM copper sulfate, X;
0.370 pM copper sulfate, 0.

While there appeared to be a solubility problem with the last set of
experiments, the trend continued, namely increased levels of copper leads to
increased stabilization of the cellulose.:

The viscosity value at the 0.18 pmole

copper level is nearly identical to 'that observed earlier (Fig. 8); however, the
0.37

mole level:shown in Fig. 7 appears-but'of line.

These data are contradic-

tory to the results obtained from lignin model studies, where copper facilitates
the model's degradation.

l
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Viscosity values after heating amorphous cellulosea at 50°C for 1 hour
with 0.2% peroxide in 0.10% NaOH at 12% consistency with different
copper levels. ;, ;. .
;.,
.
.. ,

Copperb Level - uM/liO0mg samples''

Duplicate Viscosities (cps)

0

10.7, 10.2?

0.045

11.7,

9.2

0.090

10.8, 11.8

0.18

15.0, 13.7

0.75

19.2, 19.2

aStarting viscosity 45 cps.
bThe CuSO 4 was dissolved in 0.001M NaOH; the solution'was
cloudy - indicating that not all was dissolved.

FUTURE STUDIES

The studies outlined above indicate that there is a great deal which
can be learned about carbohydrate degradation reactions from the behavior of
amorphous cellulose under selected conditions.

The preliminary experiments need

to be expanded to more clearly substantiate the findings.

Additional metals can

be studied and results compared to model and pulp bleaching studies.

Selected

experiments need .to be repeated to obtain sufficient sample quantities to perform both viscosity and GPC molecular weight measurements.

The amorphous.cellulose is obtained by. precipitation of a cotton linters
sample from an organic solvent.

The material should be relatively .!'clean" but

additional clean-up to remove trace metals with complexing agents should be performed.

A comparison of the reactivity of the cleaned:.sample with that:of a..,

simply precipitated sample is needed before further studies are undertaken.,

.

Project 3475 '

-265-

Status Report

If additional personnel is not provided, work in this area may"progress
somewhat slowly; roughly 50% of Willenbrink's time will be devoted to fulfilling
work on the DOE project.

LIGNIN CHEMISTRY

INTRODUCTION

Past project research has demonstrated the potential for observing the
action of AQ during the pulping of wood by electrochemical techniques.
was reviewed extensively in last year's Status Report. 6

The area

Research of this last

year has focused on improving the sensitivity and stability of the electrochemical signals with now a third generation electrochemical cell.

A lengthy

description of the new cell, the multitude of problems associated with use of
the old and new cells, and the attempts to improve the sensitivity/stability
factors are contained in an internal report prepared by Dr. Van Lente; the
report is available by request.

The discussion which follows is a condensed

version of the report.

The use of electrochemistry at elevated temperatures and pressures in
soda-AQ pulping mixtures is groundbreaking not only in the pulping chemistry
area, but also in the broader subject area of electrochemistry.
studies of this topic have been published.

Very few other

The most closely related work is

that reported by Bersier and Werthemann in 1983.14

They built a Teflon/stainless

steel, high pressure cell with a glassy carbon working electrode to obtain
current-time profiles for AQ as a function of applied temperature in IN sodium
hydroxide containing spruce chips.

The observed anodic current, which should

follow the concentration 'of anthrahydraquinone (AHQ), was seen to reach a maximum near 135

°

and to fall off at higher temperatures.

The authors concluded, in
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working, and counter electrode lines, a thermocouple for measuring internal cell
solution temperature, and a pressure gage.
wire.

The counter electrode is a platinum

There are six glassy carbon working electrodes connected by wires, which

pass through the cell lid via a Conax PL-18-6 multiple probe gland using a
Teflon sealant.

The reference electrode is a silver wire that has been oxidized

in a chloride solution to form an Ag/AgCl couple.

The reference electrode is

external to the cell and therefore at room temperature during measurements;

it

interfaces with the reactant solution by means of an 1/8-inch Teflon tube filled
with saturated aqueous KC1 (Fig. 10).

ref. electrode tube

Conax w. e. fitting

'_
J

thermocouple .

stainless steel lid

T

----

pressure
gauge
Pt wire c. e.

'

65 -mm.

brass base

. i
l--Figure 9.

The bomb cell.
for clarity.

76 mm.

-I

Gas inlet and outlet tubes have been omitted

When the revised cell was first tested, the observed current was found
to oscillate when a fixed potential was applied to the working electrode.

The

source of the current oscillation was eventually traced to the formation of gas
·.
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The working electrode connections were another area of concern.
Originally, the glassy carbon rods were attached to Teflon-coated single strand
contact wires with conducting silver epoxy.

The epoxy contact area was then

covered with a nonconducting red colored epoxy.

Some of the contacts were ini-

tially inadequate, with measured resistances going as high as 19 ohms.
Replacing the connections, which required several epoxy application-curing
cycles, brought all of the resistances to 2.1 ohms or less.

The red epoxy was

found, however, to crumble on exposure to 1N sodium hydroxide at 160°C under
pressure.

A more inert insulator is needed for prolonged measurements under

these conditions.

One of the most inert insulators commonly available is Teflon.

Several

working electrodes incorporating Teflon as the insulating material have been
tested.. The most successful design utilizes two Teflon pieces carved from
1/4-inch rods and press-fitted together around a 1/8-inch glassy carbon rod with
a tightly wound contact wire.

This arrangement exhibited low resistances and

allowed us to assign the previously observed background peaks to the epoxies
used in electrode construction.

The other advantage offered by Teflon sheathing

of the glassy carbon rods is the elimination of background currents resulting
from double layer charging at these previously exposed surfaces.

Another important factor is to have a clean electrode surface.

The

glassy carbon electrodes used in this study were initially polished with successively finer grades of emery paper and alumina powders in water slurries and
were polished before each set of experiments with 0.05 micron alumina.

Working electrodes of other materials have been prepared and tested in
the bomb cell as well.

Using Teflon casings prepared from short sections of
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1/4-inch Teflon rod, electrodes were prepared from platinum, copper, and
nichrome wires, from a piece of nickel shot, and from aluminum.and tin foils.
The silver and red epoxies and single strand Teflon-coated contact wires were
used as needed to form the contacts.

Various carbon fiber microelectrodes are

described in later sections.

Reversible couples have been seen using cyclic voltammetry (CV) with
the bomb cell.

Good reversibility with'the expected potential difference

'

between forward and reverse waves (AEp) of 60 mV was seen for BQ in aqueous KCI
on glassy carbon, but background currents were usually'almost as great as
Faradaic currents.

This is a serious problem when the goal is to'u'se peak

currents for quantitative measurement of the concentrations of the forms of AQ.

Microelectrodes
One way of increasing the signal/noise ratio of an elect'roanalyticai'
measurement is to effect a transformation from planar to radial'diffusion at the
electrode-electrolyte interface (Fig. 11).

The electroactive species is drawn

from a wider angular region in the case 'of "microelectrodes".

The advantages of

microelectrodes for analytical use are detailed in a review by Howell. 16

These

include their 'small size (allowing for small sample sizes), smaller "IR drop"
resulting from smaller currents', a time independent current response at long
times, a faster time response (making faster CV scans possible), and, perhaps
most importantly, a higher Faradaic to non-Faradaic current ratio.

Microelect'rodes have been constructed in 'a variety of ways by others.
For example, metallic 'or carbon fib'ers'can besealed' n 'glass'and'then polished
with alumina powders of finer and finer grades.17

Alternatively, a series of

microelectrodes can be connected to the same contact.
: .:
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spaced (termed an array) or randomly spaced (termed an ensemble).

This arrange-

ment offers the advantage of larger overall currents, which are less subject to
interference from electronic noise.

Other microelectrode arrays and ensembles

have been prepared by microlithography, 18 electrochemical deposition of platinum
into the pores of an inert membrane,19 or the impregnation of epoxy into the
pores of a carbon electrode. 20

a)

Figure 11.

L

b)

;

Illustrations of a) planar and b) radial diffusion to an electrode
surface showing lines of constant concentration.

All of the efforts to prepare microelectrodes in the present study centered on the use of carbon fibers, which were about 1/4-inch long and 6.5 to 8.0
microns in diameter.

One of the microelectrodes tested had the arrangement

shown in Fig. 12.

This electrode responded well in the first scans after preparation,
providing the anticipated plateaued CV waveshapes for benzoquinone (BQ) in the
20-200 mV/sec scan rate range.

Some runs showed relatively sharp CV peaks with

Faradaic to non-Faradaic current ratios which were obviously better than those
achieved in parallel runs with glassy carbon disk electrodes.

Sharp peaks at

microelectrodes probably result in part from adsorption effects.

The original

plan was to calibrate these electrodes in solutions of known concentration of a
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known reversible couple and, then, to use them to monitor AQ during pulping runs
in the bomb cell.

.
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t
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I

I

'

contact wire

.'.

XI

.. .1 . .

--

silver epoxy

red epoxy
carbon fiber:-polished surface
Figure 12.

A carbon fiber microelectrode.

Attempts to prepare carbon fiber microelectrodes according to the above
scheme and variations of it failed to produce.electrodes which worked well
repeatedly.

Inp the best cases,.:the reversible couple of a test solution

appeared in a few initial voltammograms before.the CV waveshape deteriorated and
currents increased.

This could be attributed to any of several possible causes,

including leakage of the electrolyte solution past the epoxy or Teflon barriers
to the contact wire.

Possibly, the high resistance of the fibers leads to local

heating when current flows, and channels in the epoxy open around the fibers.
The resistances of these electrodes appeared high in direct measurements with a
meter; this was also indicated by the large differences in potentials for forward and reverse peaks for solutions containing reversible couples.
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A second possibility is that the fibers were oxidized as the anodic
solution limits were tested.

Carbon fibers are known to foam when they oxidize,

and this results in a much larger surface area. 21

Experts have advised that

carbon fiber microelectrodes should be prepared in vacuum or under an inert
atmosphere, and this was not done in the above study.

The electrodes should be

stable to oxygen if they are to be relied upon to give reproducible quantitative
measurements.

Several other modifications were used in other carbon fiber microelectrode studies.

Various ways of separating the fibers within their epoxy

sheaths were attempted.
succeed.

The use of fine mesh screens for this purpose did not

Some previous investigators solved the problem by forming homogeneous

mixtures of fibers and epoxy.

These are called composite electrodes and have

the desired average distance between fibers in the final electrode. 2 2

Similar

preparations were attempted here.

Two types of carbon fiber composite electrodes were prepared.
first type lacked structural integrity and was not pursued.

The

The second type was

prepared with carbon fibers which had been shortened by running them through a
small mill and a 30/inch screen in the IPC pulp lab.

A new, room temperature

curing, black epoxy was used in this case in hopes that it would form a better
seal around the fibers.

This composite electrode was tested in a 1.00 mM ben-

zoquinone, 0.10M aqueous KC1 solution and showed much sharper-peaks and much
lower relative background currents compared with those obtained with a glassy
carbon macroelectrode in the same solution.

Again, however, these results did

not remain constant with repeated use of the electrode.
distinct, and currents increased in later trials.

Peaks became less
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Another attempt to make-carbon fiber electrodes work involved the
exclusive use of Teflon as the insulating material.

Some CV peaks were obtained

3

with these'electrodes in solutions of AQ in 1M NaOH (heated), AQ-glucose-NaOH
(heated); and AQ-lignin model-NaOH (heated).

There was no obvious pattern of

|

superior performance for these electrodes compared with glassy carbon electrodes
in the same solutions, and, in some trials, the glassy carbon 'electrodes"' actually gave better results.

3

For example, while the glassy carbon electrodes

showed the reversible couple for BQ in O.10M aqueous KC1, the microelectrodes in
Teflon showed only background currents.

We suspect that the slits opened and

I

allowed electrolyte to contact the silver epoxy.

'

Pulse Techniques

-

Another way to improve sensitivities 'is to use pulse electrolysis tech-

1

niques.' Two'pulse voltammetry 'techniques, normal and differential, have been
Before considering these, let'-s look at the

examined in the last few months.

characteristics of the simple cyclic voltammetry (CV) experiment.

,

Some elemen-

I
l

tary aspects were presented in last year's Status Report.

'

In the customary CV experiment, a potentiostat (with the aid'of a

programmer) supplies a potential difference between the working and reference

|

The level of current which flows

electrodes in a triangle waveform (Fig. 13).

3

between the counterelectrode and working electrode is then measured and plotted
vs. thezapplied potential.
shaped (Fig.

14).

'

The resulting plot for a reversible couple is duck..

.

-

'.

'

Interpretation of the CV "waves" depends on an understanding of what is
The current rises initially as the rate

occurring near the electrode surface.
c

t-

'

.

;

cIo.
r

tran..

ba

w

g

constant for electron transfer between an electroactive species and the working
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Potential

Time
Figure 13.

Triangle potential-time waveform for cyclic voltammetry.
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Figure 14.

Cyclic voltammogram of 1.00 mM benzoquinone in 0.10M aqueous
KC1 obtained at 10 mV/sec on glassy carbon in a glass cell.

electrode increases with changing potential.

The current then reaches a maximum

and declines as the electroactive material near the electrode surface is depleted.
The same process occurs for the reverse reaction after the direction of the
potential sweep is reversed.

The peak current (after background subtraction) is
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proportional to concentration; the peak current is also proportional to the
square root of the potential sweep rate for a freely diffusing species.

The

potential difference between the peak maxima for the forward and reverse peaks

3

of a reversible couple (AEp) is near 60 mV at room temperature, under.ideal
conditions.

Careful study of CV waves can yield useful information about

electrode reactions, their rates, and coupled chemical reactions.

|

In the normal pulse experiment, the potential of the working electrode

|

vs. the reference is initially held at some selected starting potential, then
stepped to successively more distant potentials and back (Fig. 15).

The current
The

is sampled atthe top of each pulse and.plotted yvso the applied potential.

I
I

differential pulse experiment is similar, but the potential is stepped to a new,
more extremebase value after each pulse (Fig. 16).

The differences between

3

currents measured before and after application of the potential pulse are
plotted vs. applied potential.

Normal pulse currents rise to a plateau when an

oxidation or reduction is recorded, while differential pulse voltammograms show
peaks (Fig. 17, 18).

I
3

Typical pulse widths are in the 5-50 msec range, and the

3

pulses are usually 1-4 sec apart.

The main advantage that pulse techniques offer over transient ones,
such as CV, is the virtual absence of charging currents-as a factor in the
measurement.

Any change in the potential applied to the electrode surface draws

The double
current which is used to charge,.the.elect.rical double layer. ..
can be thought of as a capacitance.2 3

3

layer

Charging current decays to zero when the

potential is,held constant,asthe charge on.the "capacitor" reaches its

I

.

equilibrium value., Under..typical conditions,, the charging current dissipates
within the first 1-2 msec of the pulse... The..current is sampled after this.

3

period.. A second major advantage offered by. normal pulse voltammetry is that

I

Project 3475-

-277-

Status Report

the species being examined is consumed only during the short
pulse duration.
Thus, the concentration near the electrode surface of the
species being examined
is effectively greater than it would be during a CV scan.

Potential

J

q
Time

Figure 15.

Potential-time waveform for normal pulse voltammetry
experiments.

Potential

Time
Figure 16.

Potential-time waveform for differential pulse voltammetry
experiments.
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Normal pulse voltammogram obtained for 1.00 mM of benzoquinone
in 0.10M aqueous KC1 at 10 mV/sec with 5 msec delay on glassy
carbon in a glass cell.
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Differential pulse voltammogram obtained for 1.00 mM of benzoquinone
in 0.10M aqueous KC1 at 10 mV/sec with 5 msec delay on glassy carbon
in a glass cell. .
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A major advantage of differential pulse voltammetry is that it offers

the opportunity to subtract "background" currents at times which are very close
to the actual measurement time for each point.

I

Thus, changes in the solution

composition, electrode surface condition, or the extent of disturbance due to
convection are taken into account to a large degree.

Background current values

measured in separate blank electrolyte solutions must necessarily be more
*

approximate.

The instrumentation used for pulse voltammetry experiments is similar
|

~

to that used in CV.

One difference is that the signal which is fed into the

potentiostat must have the desired pulse waveform (Fig. 14, 15).

|

Care must be

taken to ensure that the electronics of the potentiostat are of sufficiently
|

~

high quality to give square corners to the input potential pulses.

A second

difference is that one must have the capability for sampling current over short

~I
intervals at specified times and for storing the data for later plotting.

I

Most personal computers can be adapted to the task with a compatible

1

0I/O
(input/output) card and the appropriate software.

An IBM-PC and Techmar

Labmaster I/O board were available to develop the necessary instrumental capability.

|

The IBM Macroassembler and other paraphernalia required for writing

assembly language programs were already present in this laboratory; assembly

I

language subroutines can be fit into BASIC language programs using established

*

procedures.

After much study, programming, and debugging, Dr. Van Lente developed
the appropriate software to perform normal and differential pulse experiments.

*

31

A minimum of only about 25 microseconds was needed between data points, and at
least five points, 25 microseconds .apart, could be collected without seeing

I
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Electronic noise still appeared in most

of the final plots, however.

Tests with the pulse voltammetry programs in solutions of 0.001M benzoquinone in O.1OM aqueous KC1 on a glassy carbon electrode in red epoxy casing
gave good results.
(Fig. 16, 17).

I

Each program gave the expected current-potential waveforms

With either program, no difference was seen between responses

obtained at room temperature with the bomb cell and those obtained with the same
solution in a glass cell.

In the test solution, sensitivity seemed clearly

better with differential pulse when compared to CV's measured on the same solution in the same apparatus.
comparable to that of CV.

The sensitivity of the normal pulse response seemed
One noticeable feature of the normal pulse voltam-

mograms is the fact that the plateau of the current-potential plot is not level,
but slopes upward.

The rising portion of the wave sometimes blended too well

3

with the background.

Results with Simulated Pulping Mixtures
Several experiments involving AQ in 1M NaOH, with and without glucose
or lignin model compound, were performed.
ined.

Temperatures from 25-165°C were exam-

|

The expected AQ/AHQ redox couple was not observed in most of the experi-

ments.

Two problems appeared to persist:

(1) observation of signals related to

decomposition of the epoxy resins and (2) absorption of materials onto the
electrode surface.

The adsorption of anthraquinones onto glassy carbon

electrode surfaces has already been reported by Blankespoor and coworkers. 2 4

3

The "epoxyless" glassy carbon electrode has not yet been tested in pulping
systems.

The cell was recently inactivated for a period when heat and pressure

caused the Teflon of its inner lining to flow; the distorted shape of the lining
made the cell unusable.

3
3

A new lining was prepared and is now ready''for use.

I
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Some of the CV wave shapes did not show the current decaying in proportion to (time)- 1/2 as expected for a freely diffusing species in mixtures containing AQ.

Also, in some cases, currents increased for the same waves on

succeeding scans, suggesting a buildup of the electroactive species on the surface over time.

In these measurements, the waves were more distinct on the

microelectrodes than on the glassy carbon ones.

Anthraquinone had very little, if any, solubility in aqueous KC1 or
aqueous NaOH at room temperature.

Consequently, the electrodes were tested with

benzoquinone, which will dissolve at the 1.0 mM level in 0.10M aqueous KC1 at
room temperature.

Benzoquinone (BQ) solutions had a tendency to change irrevers-

ibly after a few hours, probably as a result of spontaneous or electrochemically
initiated polymerization reactions.

As mentioned earlier, we examined several other electrode materials;
these included platinum, copper, nickel, nichrome,

tin, and aluminum.

The

latter three gave inconsistent and unreliable results, and, therefore, were not
pursued further.

The nickel electrode gave CV waves at room temperature but

appeared inactive above 120°C.

The platinum wire electrode showed a wavy base-

line and inverse peaks part of the time.

The copper electrode showed the best

stability and gave the best response of the six.

The CV peaks, which were pro-

bably associated with epoxy degradation, were also much sharper on copper than
they were for the same experiment on carbon (Fig. 19).

The important question

remaining is whether AQ signals were a part of the pattern observed earlier.

Summary
In summary, many new techniques, procedures, electrodes and cell configurations have been tested, but ideal conditions still need to be found.

We
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feel that differential pulse electrolysis, possibly in combination with the use
of microelectrodes, offers the greatest possibility of improving the sensitivities of measurements made on pulping systems.

These techniques may allow

us to directly observe lignin quinonemethide chemistry during actual pulping
processes.
40
first scan

second sc n
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o| < 7 second scan

.. _.-\
<
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-40
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Figure 19.

Cyclic voltammogram obtained at 120°C on a copper electrode
at 50 mV/sec with 17 mg AQ in 2.0 mM glucose, 1M NaOH
aqueous solution.

|

FUTURE STUDIES

Work will continue on the application of macro- and microelectrodes,

I

coupled with either cyclic voltammetry or pulse techniques, for the purpose of
achieving higher levels of sensitivity with the bomb cell.

We have been unable

to prepare a stable carbon fiber microelectrode, embedded in an inert medium,
which will not oxidize during voltammetry; alternative electrode materials, such
as oxidation-resistant carbon, platinium, or gold, will be examined.

There are

I
I
I

Pro`
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good reasons to expect that these electrodes will allow the direct observation
of AQ and its various redox forms during pulping.

We still intend to pursue studies aimed at correlating the electrolytic
behavior of AQ, AHQ, and liquor components with the extent of delignification.
The latter will be determined by FT-IR or kappa number measurements on treated
wood meal samples and/or gas chromatography on lignin model compounds using a
sampling loop fitted to the bomb.

OTHER STUDIES

Several other research areas have been briefly examined by Dr. Van
Lente.

They have involved literature investigations into the feasibility of

attacking certain wood chemistry research areas, attempts to promote bulk
delignification reactions, and ways to electrochemically generate lignin oxidizing agents.

Some of these areas have been addressed experimentally; however,

the results have not progressed to the stage where inclusion into a Status
Report is warranted.

Continued work in these areas will be of relatively low

priority in comparison to the electrochemistry and DOE projects.

SULFUR FREE SELECTIVE PULPING PROCESS

John Wozniak's Ph.D. thesis research showed that lignin and lignin
model compounds can be oxidized to methoxylated benzoquinones and that the
latter can be heated with dienes to give fused-ring compounds.

Oxidation of the

fused-ring compounds leads to naptho-, phenanthrene- and anthraquinones, which
exhibit mild-to-excellent pulping catalyst activity.

The best yields of cata-

lyst result when using lignin model compounds (small molecules) having two
methoxyl groups per ring (syringyl, or hardwood type).
for the production of pulping catalysts from lignin.

A patent has been filed
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A group at the Solar Energy Research Institute (SERI), headed by Dr.
Helena Chum, has developed unique ways to extract pulping liquor to provide low
molecular weight lignin fragments.

These fragments could be excellent starting

materials for production of catalysts.

This obvious synergism of research

interests formed the basis of a research proposal which was submitted to the
Department of Energy (DOE).

A grant in the amount of $1.07 million over 3 years

has recently been approved for funding by DOE.

The project officially began

3

September 1.

The joint research will involve optimizing liquor extraction techniques,
searching for the best starting materials for benzoquinone production, optimizing
the synthetic steps for catalyst generation from benzoquinones, testing various

|

catalysts derived from lignin, assessing the techno-economic feasibility of
various steps, and examining electrochemical techniques as a means to monitor
and/or promote sulfur-free pulping processes.

Initial experiments will involve evaluation of SERI-extracted pulping
components toward the production of benzoquinones.

One of the best oxidants

available for producing benzoquinones is Fremy's salt; however, the material may
be too hazardous to use on an industrial scale.

3

Therefore, we are examining

electrochemical ways to continuously produce and use Fremy's salt while elimin-

I

ating any need to isolate this useful oxidant.

I

STUDENT RESEARCH

Two Ph.D. students, John Wozniak and Gregg Reed, graduated this June.
Wozniak's thesis produced a patent application, three papers for publication,
and the basis for further work under the DOE grant mentioned above.

|

Reed's

thesis also produced three papers which have recently been submitted for

I
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publication; his research concerned estimating the relative nucleophilicities of
pulping reagents at high temperatures.

A third student, Bill Molinarolo, is

expected to complete the requirements for the Ph.D. degree in late September;
his research has been directed at understanding certain aspects of the mechanism
of carbohydrate chain cleavage reactions.'

Ph.D. candidate Bob Barkhau is the lone student left in the wood chemistry area.

His thesis involves defining the importance of physical effects in

lignin-lignin condensation reactions' and examining the influence of AHQ in preventing undesirable condensation reactions.

Barkhau has been comparing the

homogeneous reactions of two soluble lignin model compounds with the heterogeneous reactions of a'soluble model with a polymer-bound lignin model.

The

thesis work has involved a large number of interesting polymer synthesis and
characterization reactions.
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PROJECT SUMMARY FORM

DATE:

September 6, 1988

PROJECT NO. 3477:
PROJECT LEADER:
IPC GOAL:

DEVELOPMENT AND APPLICATION OF ANALYTICAL TECHNIQUES
D. B. Easty

N/A

OBJECTIVE:
Evaluate and/or develop analytical techniques which are required to meet demands
of both Institute and member company activity.
CURRENT FISCAL YEAR BUDGET:

$45,000

PRIOR RESULTS:
Consistent with the stated objective of this project, analytical method developments and evaluations have been directed at meeting a wide range of Institute
and member company needs. Principal accomplishments since the start of this
project are listed below:
Developed a method for estimation of pulping yield in continuous digesters
from carbohydrate and lignin determinations.
Developed a gas chromatographic method for determination of elemental and
polysulfide sulfur in kraft pulping liquors.
Discovered and evaluated several sources of error in the amalgam method for
determining polysulfide in kraft white liquor.
Evaluated and validated the use of ion chromatography for analysis of
pulping liquors.
Demonstrated the utility of the UV detector for sulfide in the ion chromatograph and the importance of diluting samples with oxygen-free water.
Evaluated ion chromatography for analysis of bleaching liquors. Discovered
that ion chromatography could be used to determine chlorine dioxide.
Developed a method for estimation of lignin in pulp by diffuse reflectance
Fourier transform infrared spectrometry.
Developed a method for reduction of paper interference in the identification
of polymers in paper by pyrolysis-gas chromatography.
Revised the TAPPI Test Methods on ion chromatographic analysis of pulping
and bleaching liquors.
Developed a method for detecting rosin size and alkyl ketene dimer in paper
involving silation of the paper and GC/MS analysis of the products.
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Estimation of Lignin by Near-Infrared Spectrometry
Work performed in the laboratories of Pacific Scientific on samples prepared at
the Institute has revealed the potential value of near-infrared (NIR) spectrometry for estimation'of lignin in pulp and paper. Further studies are needed to
demonstrate the feasibility of NIR for at-line or on-line lignin monitoring.
Pacific Scientific has recently agreed to place a near-infrared spectrometer at
the Institute on consignment. It will be used to perform additional work on
lignin estimation and to explore other uses of NIR in the pulp and paper
industry.

Determination of Volatile Compounds in Paper
by Static'Headspace Analysis
Master's degree research performed by Michael Lundberg was.directed at learning
whether volatile organic compounds in paper could be measured quantitatively by
!
headspace analysis. He found that low molecular weight alkanes, alcohols, and
aldehydes could be determined and that the nature of the paper substrate did not
affect the measurement. Formaldehyde did not behave like the other compounds,
,I
.
perhaps because it reacted with the paper.

I

PLANNED ACTIVITY THROUGH FISCAL 1989:
High priority will be given to development of additional methods needed to support studies of chlorinated organics in bleaching effluents. Hopefully, AOX
determinations will become routine and will not need further study. An electron
capture detector will be acquired so that chlorinated phenolic compounds (after
aqueous acetylation) can be determined with improved sensitivity by capillary
column GC. More rigorous sample cleanup will be used in an attempt at
generating more conclusive evidence regarding the presence of dibenzofuran.and
dibenzodioxane in wood.

I

I

After it arrives, the near-infrared spectrometer will be used to investigate the
feasibility of NIR for lignin monitoring. Studies will be undertaken to reveal
wood species effects, to look further at measurements on wet samples, and to
determine what sample pretreatments are required to yield precise data. Other
possible subjects for NIR investigations include hardwood/softwood ratios in
pulp, and paper coatings and additives.
Student research (M.S'. degree) will be conducted on sample preparation for
inductively coupled plasma (ICP) spectrometry and determination of formaldehyde
in paper. The student ICP studies, combined with staff efforts to develop optimized procedures, should significantly benefit our routine ICP analyses..

|

I

FUTURE ACTIVITY:
Future work will involve continued studies of pulp, paper, and liquors by chromatographic and spectrometric techniques.,

I

I

Project 3477

-290-

Status Report

ESTIMATION OF LIGNIN BY NEAR-INFRARED SPECTROMETRY

Reporting Period:

September, 1987-September, 1988

SUMMARY

Work performed in the laboratories of Pacific Scientific on samples
prepared at the Institute has revealed the potential value of near-infrared
(NIR) spectrometry for estimation of lignin in pulp and paper.

Heights of peaks

at 1680 nm on second derivative reflectance spectra were found to be inversely
proportional to the kappa numbers of a series of fluffed pulps and to the Klason
lignin values of paper handsheets.
kappa numbers of wet pulps.

Peaks at 2106 nm were shown to vary with

Further studies are needed to demonstrate the

feasibility of NIR for at-line or on-line lignin monitoring.

The information contained in this report was presented orally in the
March, 1988 meeting of the Pulping Processes Project Advisory Committee., Since
that time, no additional experimental work has been performed.

The most signi-

ficant development, however, has been Pacific Scientific's recent decision to
place a near-infrared spectrometer at the Institute on consignment.

It will be

a top-of-the-line model 6250 spectrometer, and it should arrive at the Institute
momentarily.

INTRODUCTION
The near-infrared (NIR) region of the spectrum occupies the range from
750 to 2500 nm.

Absorptions in the near-infrared tend to be weak because they

consist of overtones and combinations of fundamental vibrations found in the
more familiar mid-infrared region.

The NIR bands strong enough to be analyti-

cally useful are the result of vibrations of light atoms that have strong molecular bonds, such as the bonding between hydrogen and nitrogen, oxygen, and

Project 3477:
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Although NIR spectra:contain overlapping bands from which it is diffi-

cult to obtain structural information, they have been found to be very useful
for quantitative analysis.

Near-infrared was formerly used principally for determining water,
protein, lipids,--etc.,

in agricultural.-products.

.More recently:it has been

applied to analysis of materials as diverse as coal, textile fibers, plastics,
and pharmaceuticalso-

Much of the appeal of NIR has resulted from its utility.,

for at-line and.on-line analysis.

Sample preparation is minimal, and multiple.

spectra a're obtained on a sample as it is moved past the instrument's viewport.
A computer is-used to control the spectrometer, collect the-data, and-analyze
the spectra..

Calibration is achieved by performing NIR measurements on a

. :

collection of real samples which have been characterized by independent analytical methods.

Earlier work in this laboratory has shown that diffuse reflectance
mid-infrared spectrometry can be used to estimate the lignin content of
unbleached pulps. 2

:

If near-infrared can also be proven capable of lignin esti-

mation, it should possess several advantages over mid-infrared, including the
ability to analyze wet pulps and. larger, more representative samples, and ease
of adaption for in-mill measurements.

A series of pulps and papers (handsheets) having varied lignin contents.were submitted to Dr. Paul Brimmer of Pacific Scientific for analysis by
NIRo. The study was sponsored by Pacific Scientific for the purpose of

:

demonstrating,.if possible, the utility'of NIR for estimating lignin in pulp and,
paper.

This-discussion.is based on the report of Dr. Brimmer.
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EXPERIMENTAL

Mixtures of an unbleached loblolly pine kraft and cotton linters were
prepared to yield pulps with kappa numbers ranging from 3.4 to 33.9.

These

pulps were fluffed in an Abbe mill before they were sent to Pacific Scientific.
The papers used in this study were handsheets made from pulps prepared by
cooking larch to lignin contents from 1.3 to 8.7%.

Pulps were placed in a cell which presents about 70 cm2 of the sample
to the incident NIR beam.

Four reloads were scanned from 1100 to 2500 nm using

a Pacific Scientific Model 6250 spectrophotometer in the reflectance mode with a
ceramic standard as reference.

RESULTS AND DISCUSSION

Four NIR scans of each of six pulp samples were averaged into a
single spectrum; these spectra are shown in Fig. 1.

Even with averaged

multiple scans, baseline differences presumably caused by sample inhomogeneities are evident in the figure.

Transforming absorbance spectra into the

second derivative compensates for baseline differences.

The second derivative

inverts absorption maxima to minima and increases the apparent resolution in the
spectrum.

Figure 2, containing expanded scale second derivative spectra, clearly
shows differences between the pulps.

These spectra have been interpreted as

representing a carbohydrate band with its intensity reduced in proportion to the
pulps' lignin content.
Fig. 3.

Similar spectra from larch handsheets are shown in

Regression lines for these data are presented in Fig. 4 and 5.
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Figure 3.

Expanded scale second derivative NIR spectra of papers.
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Laboratory kappa numbers of pulp-linters mixtures
vs. kappa numbers computed from NIR band at 1680 nm.
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Laboratory Klason lignin contents of papers vs. Klason
lignin computed from NIR band at 1672 nm.

The effect of wetting the pulp samples is shown in Fig. 6.

I

Because

the reload error is less at 2106 nm, that wavelength seems preferable to 1680
nm for wet samples, as suggested by Fig. 7 and 8.

Figure 9 illustrates the

variation with sample reloading for the dry pulps.

I

..

I
.I
I
I

BuTPvO1aJ 9Tdmvs ;0 oa j
qa

jo valoads IdI

Supmoqs sajnxvim s.~lu1T-dlnd

9AT.4eATaP PuoOs aluos papuudxg

- sainixTm
sjajuTj-dTnd Aip pull lam jo valoads

IdIN 9AT4UATJap

PU038S -9

.1ioda- snwviS

ajnBTa

.LLE

I
I
I
I
I
I
.I
I
I
I
I
I
I
I
I
I

4DaVOJd

2uTPBOIOJ aIdmvs. jo lzDejg

2upmoiqs sainlIx~W

sJ8:lu1T

-dind Aip jo vii~ads -dlN eAJ~vAJap puooes aluos popuudxa

06

9In2IA

(WN) M±3?G13AUR
L3ALK
c69KI

M.i

MC-

*2uipuoIaa aidwes jo qojj Bupmots seinjxpm s~iaufl
-dind qtbm jo Palods -dIN aA~jvA1j~p puooas a~uos papuudxa
(WW)ROOM13At
al
G69K

*9111'
Au

lioda-a snquqs

.. LL 47c ltogf'

-298-

Project 3477

Status Report

CONCLUSIONS AND FUTURE WORK

These rather limited data show the considerable potential value of NIR
for lignin monitoring.

It is quite evident that there is a spectrometric basis

for lignin measurements via this technique.

Principal obstacles to be overcome

in developing this method appear to be sample related.

Additional laboratory

studies are needed to reveal wood species effects, to look further at measurements on wet samples, and to determine what sample pretreatments are required to
yield precise data.
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DETERMINATION OF VOLATILE COMPOUNDS IN PAPER BY STATIC HEADSPACE ANALYSIS
INTRODUCTION
Papers exhibiting odors are often submitted for identification of their
volatile components.

The method usually used is headspace analysis.

Headspace

analysis employs measurements performed on the gas phase above a sample to indicate the composition of volatiles which are contained in the sample.

There are two types of headspace analysis, static and dynamic
(purge-and-trap).

In static analysis, the sample is placed in a serum vial

which is sealed with a septum and cap.

After the vial is heated in an oven, an

aliquot of gas is withdrawn from the headspace and injected into the GC or
GC/MS.

An advantage of this technique is that several samples can be heated

simultaneously, and automated equipment can be used for unattended sample injection.

The sensitivity of the method is often limited by the low concentration

of volatiles from the sample in the headspace; with rare exceptions, 1 there is
no means by which the volatiles are concentrated before analysis.

In purge-and-trap analysis, the headspace is swept through a porous
polymer trap in which the compounds of interest are concentrated.

The volatiles

are then thermally desorbed and carried into the GC for analysis.

For analysis

of water and other liquids, the purging gas is bubbled through the sample.2
Disadvantages of purge-and-trap analysis are the requirement of specialized
equipment and the sequential nature of the complete analysis.

Good sensitivity

is an advantage of purge-and-trap, and the stripping of the volatiles from the
sample by the purge gas should permit quantitative analysis of many substrates.
Quantitative purge-and-trap analysis need not require that the sample be an
aqueous solution; this technique has been used successfully on grain and grainbased products dispersed in water3 and on dry pharmaceutical preparations. 4
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Quantitative static headspace analysis is less straightforward than
purge-and-trap.

Henry's law describes the partition of a volatile solute

between gas and liquid phases for dilute solutions, 5 but such fundamental relationships are not readily applied to most real samples.

Multiple headspace

extraction (MHE) involves repetitive removal and analysis of the headspace over
a sample with re-equilibration between analyses; a regression calculation is
used to determine the quantity originally present in the sample.6

Commercial

instrumentation is capable of quantitative analysis of volatiles in solid
samples using the MHE technique. 7

Although the Analytical Sciences Group has considerable experience in
the qualitative identification of volatiles in a variety of samples, we have
found that quantitative determination of the same materials is a much more difficult task.

Consequently, research was initiated to develop the principles and

improve the practice of quantitative headspace analysis of paper.

The most

recent work on this topic was performed by Michael Lundberg in his independent
study required for the M.S. degree.
Lundberg's research.

This report will cover a portion of

The work was completed in March, 1988, but it has not pre-

viously been reported to the Project Advisory Committee.

Objectives of

Lundberg's investigation were to develop an accurate and reproducible technique
for the determination of volatiles in paper, to determine which volatiles can be
measured quantitatively as well as qualitatively, and to identify the effects of
different paper samples on the measurement of volatiles.

EXPERIMENTAL

Samples of several types of papers (identified in Table 1) were cut to
measure 0.5 cm x 3-4 cm and placed in 50-mL serum vials.

These and several

empty vials were closed with septa and sealed with crimp-on aluminum caps.
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The vials were weighed, volatile liquids (alkanes, alcohols, aldehydes, etc.)
were introduced via a 1-pL syringe through the septa onto the paper or the
bottom of the empty vials, and the vials were weighed again to determine the
mass of liquid added.

Table 1.

Papers used in headspace analysis investigation.

Paper

Abbreviation

Computer printout paper

CP

Paper towel

PT

MG twisting

#10

Glassine

RG

Converpak

2E

Linerboard

1P

Coated publication

2C

Registered bond

3C

MG laminating

#1

Paper towel

HT

Handsheet

HS

Kimwipe

K

Blotter paper

BP

Writing paper

WP

,.,

The vials were heated for 20-60 minutes, depending on the compound, at
100°C.

A 0.1-mL aliquot of headspace gas was then withdrawn through the septum

with a gas syringe and injected into a Packard Model 428 GC.

The GC contained a

Carbopack-B column programmed from 45 to 220°C at 8°C per minute and a flame
ionization detector.
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Results were plotted as GC response vs. mass of volatile liquid added
to serum vial.

A nonexperimental point was added at the origin so that Lotus 123

would include the origin in plots of the data.

RESULTS AND DISCUSSION

Figures 1-8 show some of the data from Lundberg's investigation.

On

the figures, points labeled with a number or letter were obtained from the volatile organic compound added to paper; unlabeled points were obtained from the
compound added to an empty vial.

The paper abbreviations are identified in

Table 1.

In general, the points from volatile liquids added to paper fell on the
same lines as points from liquids added to empty vials.

This was the trend

observed for heptane through decane; methyl through amyl alcohols; propyl,
butyl, and hexyl aldehydes; dichloromethane, and benzene.

The presence of the

paper samples did not inhibit volatilization of the compounds studied; this was
evident for papers ranging in structure from tissue to glassine.

Thus, under

the conditions of this study, quantitative determination of volatiles in paper
should be feasible.

Data for formaldehyde were an exception.

The line for formaldehyde

added to paper was below that for formaldehyde added to empty vials.

A possible

explanation is that some of the formaldehyde reacted with the paper.

FUTURE WORK

It is hoped that studies of the quantitative determination of volatiles
in paper will'be continued by other students.

Future work will involve larger

paper samples, hopefully to improve sensitivity, and additional volatile organic
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If compounds are found which are not readily volatilized from paper,

their removal by use of displacement fluids will be studied.

Two areas con-

sidered briefly by Lundberg, multiple headspace extraction and purge-and-trap
analysis, should also be included in future investigations.

LITERATURE CITED

1.

Booker, J. L., J. Chromatog. Sci. 23:415(1985).

2.

Bellar, T. A.; Lichtenberg, J. J., J. Am. Water Works Assoc. 66:739(1974).

3.

Heikes, D. L.; Hopper, M. L., J. Assoc. Off. Anal. Chem. 69(6):990(1986).

4.

Wampler, T. P.; Bowe, W. A.; Levy, E. J., J. Chromatog. Sci. 23:64(1985).

5.

McNally, M. E.; Grob, R. L., American Lab. 17(1):20(Jan., 1985).

6.

McAullife, C., Chem. Technol. 1:46(1971).

7.

Kolb, B.; Boege, D.; Ettre, L. S., American Lab. 20(2):33(Feb., 1988).

THE INSTITUTE OF PAPER CHEMISTRY

DwighV B. Eas t y
Group Leader
Analytical Sciences
Chemical Sciences Division

Project 3524

-308-

THE INSTITUTE OF PAPER CHEMISTRY
Appleton, Wisconsin

Status Report
to the
PULPING PROCESSES
PROJECT ADVISORY COMMITTEE

Project 3524
FUNDAMENTALS OF BRIGHTNESS STABILITY

September 12, 1988

Status Report

-309-

Project 3524

PROJECT SUMMARY FORM

DATE:

Status Report

5

September 12, 1988

PROJECT NO. 3524:
PROJECT LEADER:

FUNDAMENTALS OF BRIGHTNESS STABILITY
U. P. Agarwal

IPC GOAL:
A significant increase in yield of useful fibers
OBJECTIVE:
Establish mechanism for brightness loss in high yield pulps.
CURRENT FISCAL YEAR BUDGET:

$170,000

PRIOR RESULTS:
Optical equipment has been put in place to evaluate both color development and
photobleaching. This has been used to arrive at a comprehensive theory for
color change on exposure to light. The kinetics of the yellowing reaction have
been established and comparisons made between bleached and unbleached, hardwood
and softwood sheets. Laboratory results have been verified by outdoor exposure
to sunlight.
Bleached sheets yellow at a faster rate than unbleached. Heavy metals do not
have a major effect on light-induced yellowing. Direct reaction with singlet
oxygen suggests that singlet oxygen is not directly involved in the yellowing
reaction. We have support, but no positive proof, that photobleaching is a
result of triplet oxygen interaction with the quinone triplet state. ESR work
has confirmed the presence of radicals generated in the sheet on exposure to
light. An IPC Ph.D. thesis by S. Lebo entitled "Formation of ortho-quinonoid
structures in high-yield pulp lignins" has been completed. The contribution of
ortho-quinonoid lignin structures to the absorbance of yellowed spruce pulp has
been quantified. A novel method based on formation of the phosphate ester and
subsequent 31P NMR analysis was developed to aid in the quantification. While
the o-quinonoid lignin structures are a major reason for color development on
exposure to light, other colored structures are present. These may originate in
the carbohydrate component of the pulp. Acetylation has been used to give
sheets with greatly reduced yellowing. Mechanistic implications are being considered.
The Raman equipment necessary to study the initial photochemical reactions is
installed. Equipment evaluation trials are in progress. Preliminary model compound studies aimed at establishing the initial photochemical pathway for
yellowing have been completed. The relative occurrence of fluorescence vs.
phosphorescence is being investigated. Ferulic acid has been shown to be formed
during the photoyellowing of white spruce handsheets. Raman spectroscopic
studies as well as GC mass spectroscopic analyses were used to obtain direct
evidence in its detection. FTIR data were found to be in agreement.
Mechanistic implications are being considered.
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SUMMARY OF RESULTS SINCE LAST REPORT:
GC mass spec. analyses of yellowed handsheet extracts (obtained without using a
laser) have indicated the presence of both cis and trans ferulic acids. This
means that cis conformers are participating in the discoloration process.
Efforts are currently underway to see if such contributions can be quantified.
PLANNED ACTIVITY THROUGH FISCAL 1989:
Additional professional support for this project will depend on demand for
research on nonchlorine bleaching. In any event, no additional support is
likely before early in 1989. From the mechanistic point, we need to establish
the isomeric nature of the ferulic acid and investigate its role as a chromophore in yellowing. Work aimed at understanding the elementary mechanistic
steps in yellowing will be started. The applied work will center on ways to
interrupt the yellowing sequence. Acetylation will be considered in the initial
stage of applied research.

"

|

3

FUTURE ACTIVITY:
Once mechanism of color reversion is known, efforts will be directed to modify
and/or block the undesirable reaction pathways.
STUDENT RELATED RESEARCH:
G. Furman, Ph.D.-1986; D. Dallos, M. S.-1986; S. Lebo, Ph.D.-1987;
P. Medvecz, M.S.-1987; C. Stoffler, M.S.-1987.
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FUNDAMENTALS OF BRIGHTNESS STABILITY

Reporting Period:

September, 1987-September, 1988

INTRODUCTION

It is well known that mechanical pulps yellow when exposed to sun
light.

The cause and mechanisms of yellowing, however, are not well understood.

Although numerous studies, carried out in the past, have enhanced our understanding of the color reversion phenomenon, further work is required in the
wake of limited progress made in this area.

Lack of success has in part been

due to experimental difficulties encountered while dealing with complex heterogeneous lignocellulosic samples.

As a result, lignin model compounds have been

targets of a large number of studies.

Results of such work may or may not be

applicable to lignin units in mechanical pulp environment.

In this report, we describe results of our in situ studies of white
spruce RMP handsheets.

The objective here was to identify various chromophores

responsible for photoyellowing of pulp sheets.

A number of analytical techniques

including Raman, GC mass spectrometry, and FTIR were used.

In Raman work, a

unique sampling procedure has paved the way for obtaining novel results.

PROCEDURE

Both yellowed and unyellowed white spruce handsheets were used in this
work, and were the same as those used by Dr. S. Lebo in his doctoral thesis work.
These hand sheets were made from white spruce RMP, and a few were yellowed for
20 hr using a solar simulator. Although sheet portions were directly studied

Status Report

-312-

Project 3524

using Raman and FTIR methods, only their extracts were used during GC mass
spectrometry analyses.

Raman spectra were obtained on an Instruments SA Ramanor HG2S system
using 514.5 nm line of an Ar ion laser.
through which oxygen could be flushed.

Samples were mounted in homemade cells
Oxygen flushing was used in order to

reduce the background contribution to the total signal.

GC mass spec. analyses of samples were carried out using a HewlettPackard GC MS 5985B system available with the Institute's analytical group.
Samples were prepared from handsheets either by laser desorption technique or by
direct extraction in methanol.

In laser-induced thermal desorption the sheet

surface is subjected to a rapid temperature jump, during which neutral species
are vaporized from the surface.

These desorbed molecules are in turn solvated

by the surrounding solvent molecules.

MeOH extracts produced in this fashion

were concentrated and silylated using standard practices.

Samples were kept in

the dark in order to avoid further cis/trans transformation.

FTIR work was carried out on a Nicolet 7199 machine.
obtained in one or more of the available sampling modes;

Spectra were

i.e., DRIFT, thin film,

and KBr pallet.

RESULTS AND DISCUSSION

A yellowed sheet, when sampled as outlined above, gave a Raman spectrum
shown in Fig. l(a).

Oxygen flushing was continued for the next 24 hr and no

evidence for temporal changes in Raman features was detected.
background signal, as expected, showed a steady decline.

However, the

Such a reduction in

background signal is generally exhibited by lignocellulosic materials, and is

I
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Figure 1.
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Temporal invariance of Raman spectral

features was interpreted to mean that the spectrum did not arise as a result of
laser and/or oxygen induced chemical changes in the substrate.

I
e

Further evidence

in its support comes from GC mass spec. and FTIR studies (vide infra).

A

i

spectrum of nonyellowed sheet sample, obtained under identical conditions, is
shown in Fig.

l(b).

This sample, used as a control, showed spectral features

typical of lignocellulosics and are quite different from those in the spectrum
of yellowed specimen.

Actually, in the spectral region 1050-1650 cm

spectra are entirely different.

-1

|
I

the

This suggests that the photoyellowed surface

|

contains species that are substantially different from their precursors.

In order to assign the spectrum of Fig. l(a), Raman spectra of a number
of literature suggested compounds that could be responsible for yellowing were
looked at.

I
I

Such efforts proved unsuccessful and therefore, a Raman study of

lignin model compounds was undertaken.
were acquired.

Raman data on a number of lignin models

A simple comparison of ferulic acid Raman spectrum [Fig. 2(b)]

I

3

with the yellowed sample spectrum [Fig. 2(a)] resulted in the suggestion that
this compound is most likely present in the sheet sample.

Figure 2 shows these

|

spectra, along with that of the control, plotted in the 1050-1750 wavenumber
interval.

Table 1 lists various peak positions for this set of spectra.

|

In order to address the question of sample alteration under Raman

3

sampling conditions, infrared spectra of yellowed sample were recorded both
before and after Raman work [Fig. 3(a) and (b)].

Since it was not possible to

precisely locate the region from which Raman spectra were obtained, four IR
spectra in the general area of Raman studies were acquired.

3

These four spectra

were identical, and no significant differences between this set and the one
recorded before laser exposure could be discerned.

I

3

This supports our earlier

I
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Figure 2.

Raman spectra in the region 1050-1750 cm- 1 shown on expanded
frequency scale; (a) yellowed sheet; (b) ferulic acid; (c)
unyellowed sheet. Ferulic acid molecular structure is also
shown.
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thinking that green laser line in presence of molecular oxygen did not seem to
produce changes in the sample.

Table 1.

A comparison of Raman band frequencies (cm-1 ) of samples whose
spectra are shown in Fig. 2.

Figure 2(a)
Yellowed Sheet

Figure 2(b)
Ferulic Acid

1120 w

1122 w

1165
1175
1240
1271

sh
s
m
s

1163
1175
1240
1270

sh
s
m
s

1375
1420
1432
1465
1590
1600
1628

w
sh
s
w
sh
vs
s

1375
1420
1430
1465
1590
1600
1628

w
sh
s
w
sh
vs
s

Figure 2(c)
Unyellowed Sheet

1094 w
1120 m, br
1150 w, sh

1275
1335
1380
1420

w,
w,
w,
w,

br
br
br
br

1460 w, br
1595 s
1620 sh
1660 m

Having shown presence of ferulic acid in the yellowed sample, its role
in color reversion phenomenon needed to be established.

A number of alternatives

were being explored until it was realized that ferulic acid is capable of exhibiting photoinduced cis/trans isomerization.
ferulic acid is yellow in color.

Moreover, it was found that cis-

In view of this knowledge, we expected presence

of both isomers in the yellowed sheet, and more importantly, some yellow color
to arise from the cis-conformer.

In order to check out this hypothesis, efforts were focused'to detect
cis- and trans-ferulic acids using chromatographic techniques.

GC mass spectrom-

etry was considered ideally suited because of its high specificity and great
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Figure 3. Typical infrared spectra obtained from yellowed sample (a) before
and (b) after Raman experiment.
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Concentrated sheet extracts, which were obtained by laser desorp-

tion of material from both yellowed and nonyellowed sheet in methanol, were
silylated using standard procedures.
help of a GC mass spectrometry system.

Such samples were then analyzed with the
In addition, similar studies on material

obtained without laser desorption are being carried out, and preliminary data
support the results obtained using the laser desorption method.

Measurements of TAPPI brightness of extracted (without laser) and
unextracted sheet samples showed no significant differences.

This is believed

to be due to the fact that only a trace amount of the total yellowed material
goes in the solution.

Similar measurements of laser desorbed sheet samples have

not been carried out, but such studies are planned for the future.

Figure 4 shows a number of chromatograms including that from a yellowed
sheet extract, a nonyellowed sheet extract (used as a control), and a mixture of
cis/trans ferulic acid.

Upon comparision of Fig. 4(b), (c), and (d) one finds

peaks for both cis- and trans-conformers in the yellowed sample chromatogram
[Fig. 4(c) and Table 2].

On the other hand, peaks present in the control are

found not to be that of ferulic acid as is evident from Table 2.

I
I
I
I
I
I
I
II
I
I
I
II

Table 2 lists

characteristic ions found in mass spectra of separated chromatogram peaks of
silylated samples.

I

In the initial phase of GC mass spec. work, as described above, we have
used laser induced thermal desorption in order to dissolve samples from the paper
surface.

In later work, however, it became clear that sufficient samples for GC

I

mass spec. analysis could be obtained by simply using a larger amount of
solvent.

Once dissolved, this solution had to be concentrated by bubbling pure

nitrogen gas.

Studies on these samples are currently underway.

I
I
I
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Figure 4. Chromatograms of silylated samples; (a) t - ferulic acid; (b) cis/
trans ferulic acid mixture; (c) yellowed handsheet extract;
(d) control or unyellowed handsheet extract.
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Table 2.

Mass spectra of silylated samples separated in chromatograms
a, b, c, d of Fig. 4.

Chromatogram

Peak
No.

Sample
Identification

Base
Peak

t-ferulic acid

338

1

c-ferulic acid

73

338, 323, 308, 293, 249

3

t-ferulic acid

73

338, 323, 308, 293, 249

2,4,5

under analysise

6,7

under analysise

a

b

c

Other
Characteristic Ions
323, 308, 293, 249, 73

__--______________________

1

c-ferulic acid

73

338, 323, 308, 293, 249

3

t-ferulic acid

338

323, 308, 293, 249, 73

2,4,5

under analysise

6,7

under analysise

d

perhaps

Status Report

palmitic acid

73

328, 313, 145, 132, 117

stearic + oleic
acid

73

356, 341, 263, 145, 129

1,2,3

under analysise

4,5,6

under analysise

impurity peaks; also seen in solvent run.

Thus, analyses of sheet derived samples by GC mass spec. confirms our
findings obtained by using laser Raman technique.

Therefore, on the basis of

the above work, it can be safely concluded that white spruce based photoyellowed
handsheet contains both cis- and trans-ferulic acids.

Finally, we carried out infrared spectroscopic studies of our samples.
Initial IR studies made it clear that the spectral changes resulting from

Project 3524

-321-

Status Report

yellowing were subtle and, at best, interpretation of infrared data would be
supportive in nature rather than confirmatory.

Depicted in Fig. 5 are spectra of (A) yellowed sheet, (B) t-ferulic
acid adsorbed nonyellowed sheet, (C) unyellowed sheet, (D) cis/trans
equilibrated ferulic acid mixture, and (E) t-ferulic acid.

A comparision of

various features, in the region 1500-1800 cm -1 , has been carried out in Table 3.
Upon photoyellowing, the only noticeable changes are reduction in the 1662 cm- 1
band intensity and appearance of a new feature at 1680 cm -1

[Fig. 5(A) and (C)].

The new feature at 1680 cm- 1 can be easily accounted for in terms of a ferulic
acid band at the same wavenumber value.
acid containing samples; i.e., Fig. 5(B),

It appears in IR spectra of all ferulic
(D), and (E).

Ferulic acid infrared

spectra of trans as well as cis/trans mixture show many features that are also
seen in lignin IR data.

This is not totally unexpected in view of partial

structural similarity in these molecules.

FTIR studies, therefore, lend support to the experimental findings of
ferulic acid.

Although only limited information is available through IR analy-

sis, the fact that it supports our hypothesis is noteworthy.

In the end, an explanation is in order for not having detected evidence
for quinone type structures in our experimental work.

In the past such struc-

tures have been implicated in the brightness reversion phenomenon.

Although it

is too early to form an opinion on this matter, it is fair to say that the procedures and techniques used here may not have been the best suited for quinone
detection.

In any event, additional work specifically aimed at resolving this

issue will be helpful.

Project 3524

-322-

I

Status Report

B

C

E

1991

1697

1803

1i09

1615

1521

1427

1333

1239

li5

WAVENUMBERS

Figure 5.

Infrared spectra of (A) yellowed sheet; (B) unyellowed sheet +
(trans-ferulic acid); (C) unyellowed sheet; (D) cis/trans
ferulic acid mixture; (E) trans-ferulic acid.
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IR peak positions in the region 1800-1500 cm-1 for spectra
shown in Fig. 5.

A

B

1738

1738

1680

1687
1670

C

1599

E

1738
1684

1681

1625

1625

1594

1599

1662

1631
1593

D

1599

1593
1510

1510

1510

1517

1517

CONCLUSIONS

A new chromophore, namely ferulic acid, has been detected in the photoyellowed high-yield pulp from white spruce.
been detected experimentally.

Both cis- and trans-isomers have

In view of the fact that cis-ferulic acid is

yellow in color, its contribution in color reversion process needs to be evaluated.

THE INSTITUTE OF PAPER CHEMISTRY

U. P. Agarwal
Research Fellow
Wood Sciences
Chemical Sciences Division
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PROJECT SUMMARY FORM

DATE:

September 19, 1988

PROJECT NO. 3566:
PROJECT LEADERS:

STRONG, INTACT HIGH YIELD FIBERS
T. J. McDonough, S. Aziz

IPC GOAL:
A significant increase in the yield of useful fibers
OBJECTIVE:
Develop wood fiber separation and treatment methods that will allow good control
of the strength and physical form of the resulting fibers. The mechanical properties should be as good as or better than those possessed by the fiber as it
existed in the original wood, and the geometrical form of the original fibers
should either be preserved or altered in controlled directions. Develop bonding
methods applicable to strong, high lignin fibers that will translate fiber
characteristics to desired paper and board properties.
CURRENT FISCAL YEAR BUDGET:

$150,000

PRIOR RESULTS:
Chemimechanical pulps have been prepared with sheet strength approaching that of
kraft and containing fibers having a higher breaking load than kraft fibers.
Fibers sampled from high yield pulps have been shown to be stronger than
corresponding wood sections, indicating that at least some of the fibers in the
pulp have retained much or all of their native strength. On the other hand,
measurements of the strengths of classified fibers have shown that strength and
length are correlated, suggesting that events that shorten fibers also reduce
their strength.
Batch laboratory fiberizations have provided information on the fiber separation
mechanism and its implications. Thermal softening was shown to have important
effects only at short retention times and only for wood which had not been chemically pretreated. Increasing temperature had a negative effect on the efficiency of fiber separation from pretreated pulps.
A series of trials were run in a member company's thermomechanical pulping pilot
plant to establish the effect of fiberization temperature on fiber strength
retention. The results show that fiberization at 160°C gives stronger fibers
than at 120°C, and that fiber fragments tend to be weaker than intact fibers.
These findings suggest that fiber strength is reduced during fiber separation,
and that the extent of the damage increases with increasing resistance to
separation. This, in turn, implies that conventional thermomechanical pulping
sacrifices strength for surface development by separating fibers at less than
the optimum temperature for fiber strength retention.
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Efforts to cause strong, intact chemimechanical pulp fibers to form a sheet with
kraftlike strength have continued. Chemical treatment followed by refining has
given sheets of tensile strength in excess of 8 km breaking length; hot pressing
and artificial bonding were less successful (6 and 5 km respectively). Addition
of kraft fines has given promising initial results with unrefined samples; work
is in progress to assess the combined effects of fines addition and refining.
In related student research the distribution of bound sulfur in the cell walls
of chemically pretreated wood has been investigated, in view of its implications
for chemimechanical pulp properties. A gradient within the S2 layer was
observed under all treatment conditions. The distribution can be manipulated to
a limited extent by varying liquor pH and Na2 SO3 concentration. In addition, a
study of prehydrolysis as a pretreatment in chemimechanical pulping has revealed
beneficial effects that may lead to a new pulping process.

*
I

I

RESULTS SINCE LAST REPORT:
There was no activity on this project during the past five months.

I

PLANNED ACTIVITY FOR THE PERIOD:

|

Because of staff limitation, no work is planned in the upcoming period.
POTENTIAL FUTURE ACTIVITY:
Emphasis will be placed on understanding the factors that limit the contribution
of fiber strength to sheet strength. This will include studies of the mechanism
of failure of sheets made from strong, high-yield fibers. The relationship of
cell wall composition and component distribution to fiber and bond properties
will also be explored.

I
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PROJECT SUMMARY FORM

DATE:

September 14, 1988

PROJECT NO. 3605:
PROJECT LEADER:
IPC GOAL:

COMPUTER MODEL OF RECOVERY FURNACE
T. M. Grace

Increase the capacity potential of processes

OBJECTIVE:
Develop a comprehensive, three-dimensional, mathematical model of the fireside
processes in a kraft recovery furnace. The model would be based on first principles and would incorporate and integrate the results of ongoing fundamental
studies of black liquor combustion.
CURRENT FISCAL YEAR BUDGET:

$80,000

PRIOR RESULTS:
This project was initiated in the Fall of 1986 as three concurrent Ph.D. theses.
The concept is a three-dimensional model of the processes going on in the furnace cavity (up to the entrance into the screen or superheater section). This
model is envisioned as an effective way of translating the fundamental knowledge
of black liquor combustion being obtained in other research programs into
improvements in recovery boiler performance. The modeling effort is divided
into three distinct parts (each a thesis):
1.
2.
3.

a model of the char bed,
a model of liquor supply and in-flight behavior,
an overall model integrating the other two models along with
air/flue gas flow patterns, gaseous reactions, and heat transfer.

The overall model provides the core and structure for the entire effort. It is
formulated in an Eulerian coordinate frame using a cellular description of the
furnace space. After a period of examining different options, we have decided
to base the furnace model on the FLUENT software package. This is basically a
finite difference package for modeling fluid flows. Additional features of
FLUENT include a six-flux radiation model, the PSI-CELL model for two-phase
flow, a combustion model, and a number of turbulence models. The initial
modeling effort was directed toward predicting cold-flow behavior in recovery
boiler geometries. This was done for two reasons:
first it is the least
complicated situation we need to deal with, and second, data were available from
cold-flow tests on scale-model furnaces to check the model predictions. A
10,000 node version of the FLUENT program was used for this stage of the effort.
In general, the bulk flow behavior, particularly in the upper furnace, matched
the experimental data reasonably well. It is clear, however, that 10,000 nodes
is insufficient for a proper description, particularly near the bed and when
focusing on individual air jet behavior. A 50,000 node version of the program
was obtained and was found to be adequate. The source code was also made
available to us to allow modifications for our purposes.
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The liquor supply and in-flight model is formulated partially in a Lagrangian
reference frame (moving with the particle). Trajectory equations are formulated
based on Newtons Law and include mass changes, gravity and aerodynamic drag.
For each particle, drying, pyrolysis and volatiles burning, char burning and
smelt reoxidation are modeled in a Lagrangian frame. The PSI-CELL (Particle
Source in Cell) subprogram is used to transform the information from the
Lagrangian frame to the Eulerian frame required by the main model. This part of
the effort is highly coupled with the overall model, because gas flow patterns
and temperatures have a major influence on droplet trajectories and behavior.
At the time of the last report, we were in the process of integrating the particle and gas flow models. The bed model was in the process of being developed
and had not yet been integrated into the rest of the model. We were expecting
to begin the convergence of the first base case in late spring.
SUMMARY OF RESULTS SINCE LAST REPORT:
A simplified bed model was written in a form that could be interfaced with the
above bed model. All three components of the model were then integrated into a
single furnace model. At this stage the model is a combustion model. Sulfur
release and recapture and fume formation have not been built into the current
version of the model.
The 50,000 node version of the program was used to solve a cold-flow case (the
same case that had previously been solved with the 10,000 node version). A
revised paper based on this work will be presented at the 1988 TAPPI Engineering
Conference.
A base case was selected and the convergence of the entire model was started in
early May. Problems with the model and the basic FLUENT code which surfaced
while this convergence was in progress were corrected. The convergence was
allowed to proceed for some 3-4 months at which time it was judged that a
reasonably converged solution was in hand. A second case was then started to
expand the types of situations examined and to get better information on the
rate of convergence of the present version of the program.
Sensitivity studies using the particle model with fixed flow and temperature
fields were carried out in order to get an understanding of critical features of
the burning process. A draft of a paper based on these studies is attached.
These calculations were expanded after the base case solution became available
to include sensitivity studies using the actual base case flow and temperature
fields. A great deal of insight into the critical features of burning in the
furnace were obtained in this manner.
A working three-dimensional recovery furnace model now exists which can be used
to gain enormous insight into the nature of black liquor burning. The current
50,000 node version requires the use of a plane of symmetry through the furnace
and so is not applicable to all cases currently being used or envisioned. We
believe that 250,000 nodes would be sufficient to remove the assumption of the
plane of symmetry and to permit increased detail in critical areas of the furnace. The current model requires some 10 trillion operations to reach a solution. We have been running the model on a Microvax II work station and
convergence requires on the order of a month of CPU time.

I
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PLANNED ACTIVITY THROUGH FISCAL YEAR 1989:
The three thesis students who have been developing this model will complete
their work. One expects to finish in October 1988, one in December 1988, and
the third in the spring of 1989.
We will be putting together a users manual that will allow others to understand
what was done and to use the code. This would allow use of a compiled (object
code) version of the program. Considerable graphics programs which were developed in the course of this work will be made available.
We expect to exercise the model using the cases already run to look at sensitivities and to develop further insight into recovery furnace processes.
Methodologies for access to the current model will be devised. The ground work
for further development of the model will be undertaken. Manpower availability
will influence these activities.
FUTURE ACTIVITY:
There are some clear areas where the model needs further development. It would
be very desirable to use a 250,000 node version which would get rid of the symmetry assumption and which would permit greater detail around the bed and the
air entry regions. It would also allow the elimination of nodes where one
dimension is much larger (or smaller) than the other two. For this to be
feasible, the code would have to be developed to run on a faster machine than
the one currently being used.
It is also necessary to add sulfur release and recapture chemistry and fume production to the model. Since these processes are not expected to have a large
effect on gas flow patterns and the general combustion process, they could be
put into an auxiliary program that would use an already converged solution from
the current model as an input.
Great insight can be obtained with the current model. We will have just
scratched the surface of understanding what is going on inside the furnace when
the current students are finished. An object code version of the model that
could be used by others would be quite useful, provided it is realized that this
models prediction cannot be taken literally and quantitatively.
STUDENT RESEARCH:
This entire effort is being done through student research.
students are:
Andy Jones - overall model
Allan Walsh - in-flight model
Dan Sumnicht - char bed model

The three Ph.D.
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COMPUTER MODEL OF RECOVERY FURNACE

Reporting Period:

TRAC:

September, 1987-September, 1988

A COMPUTER MODEL TO ANALYZE THE TRAJECTORY AND COMBUSTION
BEHAVIOR OF BLACK LIQUOR DROPLETS

A. R. Walsh and T. M. Grace
The Institute of Paper Chemistry
Appleton, WI 54912

ABSTRACT

At The Institute of Paper Chemistry we are developing a computer model of
the lower part of a kraft recovery furnace.

The model will address the gas flow

patterns, temperature, and composition; the combustion of black liquor on the
smelt bed; and the combustion of black liquor drops in-flight.

This paper

describes TRAC, which is a model to predict the trajectory and combustion
behavior of black liquor droplets.

TRAC models the drying, volatile burning,

char combustion, and inorganic reaction stages of black liquor droplets, or
particles.

The model was used to determine the effect of the initial drop diameter on
the flight path and state of black liquor drops.

TRAC showed that the minimum

drop diameter was primarily controlled by the upward gas velocity, and the maximum drop diameter was controlled by the amount of time required to dry the black
liquor drops.

Project 3605

-332-

Status Report

INTRODUCTION

Black liquor, which is a by-product of the kraft pulping process, is combusted to get rid of the organic material, recover the inorganic pulping chemicals, and to produce steam.

The liquor is burned in recovery furnaces, which

are expensive to construct and are subject to explosions (1).

Consequently,

many mills would like to improve the capacity, safety, and efficiency of their
recovery furnaces.

In order to do this, a better understanding of the processes

that occur in the recovery furnace is required.

An extensive effort is under way at The Institute of Paper Chemistry (IPC)
to model the combustion of black liquor in a kraft recovery furnace.

The fur-

nace model is being developed in three separate parts, which will eventually be
tied together.

The first part is a computer model to predict the gas velocity,

temperature, and chemical composition in the lower part of a recovery furnace.
The second part is a model to predict black liquor burning on the char bed,
which will be a boundary for the gas phase model.

The third part is a model to

predict the in-flight combustion of black liquor drops.

This paper describes the droplet trajectory and combustion model (TRAC), and
the use of TRAC to predict the parameters that have the greatest effect on the
fate of the droplets in a recovery furnace.

In the future, TRAC will be inter-

faced with the gas phase model to predict the exchange of mass, momentum, and
energy between the droplet and gas phases.

TRAC predicts the trajectory of

individual droplets and the associated rates of droplet drying, volatiles
burning, char combustion, and the inorganic reaction phase.
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Two previous models, by Merriam (2) and Shick (3), have been developed to
predict the combustion behavior of black liquor droplets in a recovery furnace.
These models have been useful in determining the effect of some parameters on
liquor combustion.

However, both models lack the fundamental data required to

model the four burning stages.

TRAC is an improvement over these two models due

to the access to new data from ongoing experimentation at IPC and other
institutions.

In the model developed by Merriam for the American Paper Institute, the
droplets were assumed to swell linearly during drying.

However, data from the

National Bureau of Standards (NBS) shows that black liquor droplets increased in
diameter by 1.5 times after about 0.2 s (4).

This paper shows that the assumed

droplet diameter during drying has a large influence on the drying rate and
hence the eventual fate of the black liquor.

In his kinetic expressions for

volatiles and char burning, Merriam resorted to using parameters derived for
coal.

Work on char combustion by Grace et al. (5) showed that the carbon in

kraft char burns at a much different rate than for carbon in coal.

Merriam was

also unable to develop a fundamental expression for determining droplet temperatures, which makes the Arrhenius rate expressions he used susceptible to
errors.

In Shick's model (3), the droplets were assumed not to swell during drying,
and as this paper shows, swelling has a significant effect on drying times.
Shick assumed that the rate of devolatilization was a function of the bulk gas
temperature.

However, Hupa et al. (6) and Crane and Clay (7) report little

effect of gas temperature on the reaction rate.

Shick used an empirical

expression for the rate of char burning which did not match the rates observed
experimentally (5,6).
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TRAC uses the data generated at NBS for the droplet diameters during drying,
and predicts drying times which are shorter than those found by Merriam and
Shick's models.

For the volatiles burning stage, TRAC uses an empirical

expression for mass loss which was developed through a laboratory study of black
liquor burning.

TRAC avoids the difficulty in predicting the local reaction

particle temperatures, which are required in the kinetic expression for the rate
of char burning, by using an oxygen mass transfer rate to determine the rate of
char burning.

BASIC EQUATIONS

In TRAC, the droplets are assumed to pass sequentially through the drying,
volatile burning, char combustion, and inorganic reaction stages.

The initial

mass of water, volatiles, fixed carbon, and inorganics in the droplet are specified by the user.

A sample composition is shown in Figure 1.

The mass of the

droplet (or particle) determines the stage of combustion the particle is in.
Specific equations are used for the changes in particle mass and diameter during
each stage so that the state of the liquor is predicted as a function of time.
The equation of motion is used to determine the position of the droplet, also as
a function of time.

By combining the equations, TRAC predicts the state of the

liquor in a recovery furnace environment as a function of time.

Figure 1 here

EQUATION OF MOTION

The equation of motion for a droplet is derived from a force balance on the
droplets, and is given in Eq. (1).
the gravity forces.

The only forces considered are the drag and

In TRAC, Eq. (1) is solved numerically by integrating the
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equation over small discrete time steps.

Once the droplet velocity has been

determined, the droplet position can be easily solved.

The droplet drag coef-

ficient (CD), mass (m), projected area (Ad), the direction of the force acting on
the droplet from the gas (Ui-Vi), and the magnitude of the difference between
the gas and particle velocity

|

Ui-Vil are also determined at each time step.

I

The density of the gas phase (pg) is set as a function of temperature.

m(dVi/dt) = [CDPgAd(Ui-Vi)

Ui-Vil ]/2 + mg

(1)

i = x, y, z.

where

The drag coefficient is a function of the Reynolds number (Re), as is given
in Eq. (2) and (3).

The changes in the droplet mass and diameter depend on the

stage which the droplet is in, as given below.
CD = 28/Re 0

'7 5

0.5<Re<30

(2)

CD = 12/Re 0

5

30<Re<700

(3)

3

I

DRYING

The data of Hupa et al. (6) show that drying times for 0.75 to 2 mm diameter
droplets are linearly related to the droplet diameter.

An analysis of the data

I

shows an excellent correlation between the drying times and the temperature to
the fourth power.

This agrees with the concept that the drying rate of the

|

droplets is limited by the heat transfer to the droplets (1), at least for a
radiant heat flux environment.

If the drying rate is externally heat transfer

controlled, then the mass loss during drying can be described by Eq. (4).

The

I

convective heat (Qc) and the radiative heat flux (QR) are a function of the
droplet state and its environment.
(HV) is assumed to be constant.

The latent heat of vaporization of water

I

Since liquor is sprayed into the furnace very

I
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close to the vaporization temperature of the water in the droplets, the sensible
heat is ignored.

dm/dt = -(Qc + QR)/HV

(4)

The convective heat flux to a particle passing through a gas stream is given
by Eq. (5), where (S) is the droplet surface area, (Tg) is the gas temperature,
and (Td) is the droplet temperature.

The heat transfer coefficient (h) for gas

flow over a sphere can be calculated by dimensional analysis, as shown in Eq.
(6), where (k) is the thermal conductivity of the gas, and (D) is the droplet
diameter.

The Nusselt (Nu) number for flow past a sphere is given in Eq. (7).

Qc

=

h S (Tg - Td)

(5)

h = k Nu/D

Nu = (2.0 + 0.6 Re 0

5

(6)

Pr'0

33

)

(7)

The radiative heat flux to the droplets in a recovery furnace is described
by Eq. (8).

The terms on the right hand side of Eq. (8) represent the heat

fluxes from the gas to the drop, from the bed to the drop, and from the wall to
the drop.

The equations for these terms are given in Eq. (9), (10), and (11).

The gas emissivity (e) in TRAC is a user input, and should reflect the concentrations of water vapor, carbon dioxide, and fume in the flue gases, as well
as gas temperatures, and the furnace geometry.
0.4.

Typically (e) should be about

The view factor (Fbd) is a variable to describe how much of the radiant

energy that leaves the bed is "seen" by the droplet, and is a function of the
height of the droplet above the bed.

Since the sum of the view factors must

equal unity, then the sum of the view factor between the walls, bullnose, roof,
etc., and the droplet is 1 minus Fbd.
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(8)

QR = Qgd + Qbd + Qwd
Qgd = e S a (Tg4 - Td4 )

(9)

Qbd = (1 - e) S Fbd a (Tb4 - Td4 )

(10)

Qwd = (1 - e) S (1 - Fbd) a (Tw4 - Td4 )

(11)

Changes in the droplet diameter are predicted to have a large effect on the
drying rate, since the convective and radiative heat fluxes are a linear function of the droplet surface area.

Data compiled with the reactor at NBS indi-

cated that swelling occurred during the first 0.4 m traveled, or about 0.2 s (4).
The diameter increase was about 1.5 times for droplets that varied from 1.4 to
2.0 mm in initial diameter.

However, the increase in droplet diameter could

vary between 1.1 and 1.8 times.

In TRAC, the diameter of the droplets during

drying is given by Eq. (12) and (13).

The swelling of the droplet during drying

(8D ) is a user input, and (Di) is the initial drop diameter.

D = Di

t<0.2 s

(12)

D = Di OD

t>0.2 s

(13)

There is very limited data on the droplet surface temperatures (Td) during
drying in a recovery furnace environment.
will begin to pyrolyze at about 300°C (8).

However, data show that the liquor
Since there are no reports of exten-

sive devolatilization during the early stages of drying, this indicates that Td
remains relatively constant, at least during the initial drying stage.

TRAC

assumes that there is enough circulation within the drop when the droplet solids
content is less than about 90% so that the drop surface temperature does not
increase significantly.

Clay et al. (4) and Hupa et al. (6) report that volatile burning begins
before the droplets are completely dried.

Also, the droplets begin to swell
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This behavior is accounted for in TRAC

by applying the drying equations for the changes in diameter and mass up to a
user defined solids content, after which the droplets enter the volatile burning
period.

VOLATILES BURNING

During the volatile burning period, hundreds of reactions occur (8).

Among

others, there is cleavage of alkyl, carbonyl, and carboxyl groups, and degradation of the aromatic rings in lignin.

This leads to the evolution of volatile

gases such as CO, C02, H2 , CH4, and reduced sulfur compounds.

Coal researchers

have successfully applied pseudokinetic models to predict the rate of mass loss
during coal devolatilization (9).

The kinetic approach has limited use in predicting the devolatilization of
black liquor droplets due to the difficulties in predicting a characteristic
reaction temperature.

There are temperature gradients within the drop and the

very high heat fluxes to the drop can change the droplet temperature rapidly.

Hupa et al. and Crane and Clay's (7) work show that the bulk gas temperature
has only a small effect on the droplet devolatilization rate.

Hupa et al.

attributed this observation to the relative unimportance of the reactor bulk gas
temperature compared to the temperature of the burning volatile gases surrounding the droplet.

Crane and Clay reported a trend toward faster devolatilization

rates at higher oxygen concentrations.

Due to the limitations of the kinetic approach, TRAC uses an empirical
expression which was formulated by Crane and Clay.

This equation was developed

for the combustion of single black liquor drops in a convective mode.

The mass
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The rate is a function of the

solids content of the liquor (SC), the initial mass of the droplet (mi), the
initial droplet diameter (Di), and the oxygen concentration (02) in the bulk gas
stream.

This equation was found to give good agreement with the volatile

burning rates for droplets with initial diameters in the range of 2.3 to 3.7 mm.
Calculations for a droplet with an initial diameter of 0.75 mm show that this
equation predicts volatile burning times that are about 50% less than those
found by Hupa et al., where the droplets were surrounded by stagnant gases.
However, there was considerable variation in the volatile burning times between
droplets of the same liquor (7) and between different liquors (6).

At an oxygen

concentration of 10% the equation breaks down for droplets greater than 5.3 mm.
However, droplets of this size will probably not be dried in-flight in a recovery
furnace, and would never reach the volatiles burning stage.

Therefore the

equation was used in TRAC keeping in mind that this equation was developed for a
specific liquor and the devolatilization rates for other liquors may vary.

dm/dt = -[SC x mi] x [1.634/Di + 0.034 02/Di - 0.0054 02 - 0.316]

(14)

Black liquor droplets swell rapidly during the volatile burning stage.

The

composition of the liquor has been shown to effect the relative amount of
swelling (6).

However, the swelling phenomenon is not well enough understood to

model the diameter increase during the volatile burning period.

In TRAC, the

droplet diameter is assumed to increase linearly during the volatile burning
period with the droplet reaching its maximum diameter at the end of volatile
burning, as shown in Eq. (15).
a user defined parameter.

The maximum increase in droplet diameter (8V) is

The relationship between mass of the droplet at the

end of the drying period (mD), the current drop mass (m), and the mass of the
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droplet at the end of the volatile burning period (mV) determine how far
swelling has progressed.
mD - m

D = DioD + D i [9V-OD] mD-

mV

(15)

CHAR COMBUSTION

After devolatilization,
bon.

some of the carbon remains in the drop as fixed car-

This carbon reacts with oxygen that diffuses from the bulk furnace gases

to the particle.

For this type of heterogeneous reaction, the overall rate may

be limited by the chemical kinetics of the reaction or by the oxygen mass
transfer rate to the char particle.

Grace et al. (5) reported that the burning

of char particles in a single particle reactor was oxygen mass transfer limited.
TRAC uses an expression for mass transfer limited burning as given in Eq. (16)
to predict mass loss rates during char burning, and this equation was found to
give good agreement with experimental results (5,6).

The rate of mass loss is a

function of the droplet surface area (S), the concentration of oxygen in the
bulk flue gas (Co), and a parameter (0) which defines the ratio of CO to CO2 in
the product gas.

The variable (ko) is the oxygen mass transfer coefficient

which is arrived at through a Sherwood number (Sh) correlation as shown in Eq.
(17).

The diffusion coefficient (Di) is determined for 02 in air, and is a

function of temperature.

The Sherwood number is calculated with Eq. (18) where

(Sc) represents the Schmidt number.

dm/dt = -ko S Co I

(16)

ko = Sh Di/D

(17)

Sh = 2.0 + 0.5 (Re0

5

Sc0 '3 33 )

(18)
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As the carbon in the droplet burns out, the remaining molten salts begin to
coalesce into a smelt bead.

In TRAC, the droplet diameter during char com-

bustion is described by Eq. (19).

D = Di

Ov

-

{(Ov-0s)

mV - m}
mV - mC

(19)

The ratio of the diameter of the smelt bead to the initial drop diameter is
represented by (Os),

and (mC) is the mass of the droplet at the end of the vola-

tile burning stage.

A large decrease in the droplet mass will lead to a rela-

tively large decrease in the droplet diameter.

The density of the smelt

droplets is taken to be the same as liquid smelt, which was given as 1900 kg/m 3
(10).

INORGANIC REACTIONS

At the end of the char burning period, the inorganics remaining in the particle may undergo further reactions.

Grace et al. (5) report a small increase

in the mass of the droplet due to the oxidation of sulfide in the droplet to
sulfate.

However, the changes in droplet mass and diameter are small enough so

that they have only a minimal effect on the trajectory of the droplets.

RESULTS AND DISCUSSION

The models developed by Merriam (2) and Shick (3) showed that the initial
droplet diameter has a large effect on the trajectory and state of the droplet
in the furnace.

The size of the black liquor droplets will also effect the per-

formance of a recovery furnace (11).

If the droplets are too small, then they

will be entrained in the furnace gases and will cause plugging in the upper
part of the recovery furnace.

If the droplets are too large, they will land on

Project 3605

-342-

the smelt bed before they are completely dried.

Status Report

Wet drops will decrease the

temperature of the bed, make the bed less porous, and in an extreme case could
lead to a blackout (1).

TRAC was used to evaluate the effect of the initial drop diameter on the
fate of the droplets and the parameters that had the greatest influence on the
minimum and maximum drop diameters that could be burned in a recovery furnace.

EFFECT OF INITIAL DROPLET DIAMETER

Figure 2 illustrates the fate of droplets with initial diameters of 0.75,
2.0, and 3.5 mm, given the conditions shown in Table 1.

These diameters were

chosen as they represent small, medium, and large drops.

In the figure, the

droplets are represented by circles showing the current droplet diameter, and
the circles are drawn at 0.25 s intervals.

Figure 2 and Table 1 here

The 0.75 mm droplet burns out very quickly and becomes entrained in the
upflowing furnace gases.

For droplets of this size, the fate of the droplets is

almost completely dominated by the upward gas velocity, with the burning characteristics of the droplets having little affect on their fate.

After the 2.0 mm droplet finishes drying it begins to swell, which causes the
droplet to rapidly decelerate.

During the volatile burning period, when the

droplet is relatively light and fluffy, it becomes entrained in the upward
flowing gases.

As the carbon in the droplet burns out, the inorganics coalesce

to form a relatively dense smelt bead that falls onto the char bed.

Once the

droplet has burned out, it takes almost 2 s before it lands on the bed, which is
ample time for reoxidation of the inorganics within the particle according to

_j
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The fate of intermediate size drops can either be

e

controlled by their burning behavior, or by the furnace envi.ronment.

The 3.5 mm diameter droplet just reaches the volatile btLrning stage as it
lands on the smelt bed.

The increased drying times for large
,er drops delays the

swelling of the drops so that they do not burn out.

For laxrger drops, their

I
I

fate is controlled by the drying rate of the drop, and is nc)t strongly influenced

I

by the furnace environment.

Figure 2 indicates that there is a range of drop sizes t:hat will be large

!

enough so that they will not be entrained, but will still dicy before they land

I
I

on the char bed.

MINIMUM DROP SIZE

Droplets may be entrained under two conditions.

First, if the initial

3

droplet diameter is small, then the resulting smelt bead wilL1 also be small
enough so that it is entrained.

The second condition is if the droplet burns

3

out very slowly, then it may become entrained before it burris down to a smelt
bead.

For example, when there is a low oxygen concentratiori in the gases

surrounding the droplet, the char burning rate will be relatLively slow.

Tran

5

(12) found only small amounts of organic carbon in the carryrover deposits which

3

indicate the first condition is the most probable cause of eentrainment.

Figure 3 shows the minimum initial diameter of drops thsit would not be
entrained as a function of the upward gas velocity.

3

In a t)rpical recovery fur-

nace, the bulk upward gas velocities would be about 4 m/s; Iiowever, a central
core may develop with upward velocities at least twice as gigreat (13).

|

TRAC

indicates that the minimum drop diameter is related to the Egas velocity raised

I

I
I
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to a power of about 1.2.
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Therefore, doubling the gas velocity leads to slightly

more than a doubling of the minimum drop size that would not be entrained.

Figure 3 here

Equation 16 shows that the rate of mass loss during char combustion is predicted to be linearly related to the oxygen concentration in the bulk furnace
gas.

In Figure 2, the oxygen concentration was set at 10%, which allows the

droplets to burn out quickly.

However, in cases where the secondary air jets do

not penetrate into the center of the furnace, an oxygen deficient core may develop (13).

Droplets that become entrained in this oxygen deficient central core

would burn out slowly and TRAC predicts that they may become entrained.

A simi-

lar phenomenon would occur for liquors which have slower volatile burning rates,
since the droplets would remain in the fluffy state for a longer period of time.

The amount that the droplets swell during the volatile burning period does
not necessarily affect the minimum drop size that will be entrained.

The mini-

mum drop size is primarily determined by the upward gas velocity and is not
greatly affected by the combustion behavior of the drops.

Part of the reason

for this is that droplets that swell more will burn out faster, since they have a
greater surface area (6).

MAXIMUM DROP SIZE

If the droplets are too large, they will not dry before they land on the
smelt bed.

For the conditions used in generating Figure 2, the maximum drop

size that could be dried is 3.8 mm.

However, in a recovery furnace, the maximum

diameter would depend on the initial droplet velocity, the solids content of the
liquor, the furnace temperature, and the amount that the droplet swells during
drying.
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When large drops, which will not dry in-flight are burned in a recovery furnace, the spray nozzle pressure is increased, which gives greater initial droplet
velocities.

Increasing the initial droplet velocity or aiming the black liquor

guns slightly upward will cause the droplets to impact on the furnace wall,
where they will dry before falling to the smelt bed.
Figure 4, for a 3.5 mm drop.

This is illustrated in

In case A, the droplet has a horizontal velocity

of 10 m/s; in case B, the horizontal velocity was 12 m/s; and, in case C, the
horizontal velocity was also 10 m/s, but the vertical velocity was 2 m/s.
cases B and C, the droplet hits the wall before it is dry.

In

However, the figure

shows that in these cases, these droplets also spend less time in-flight so that
less use is made of drying in the furnace cavity, where drying rates would be
greater than when the liquor is stuck on the wall.

Figure 4 here

The drying time for a droplet of a given diameter will decrease if the
droplets are fired into the recovery furnace at a higher solids content.
Consequently, the maximum drop size could be increased, as the droplets would
reach the volatile burning period sooner.

The drying rate is also determined by

the ambient temperature as is shown in Eq. (4).

When the temperature in the

furnace cavity is increased, then larger drops can be dried in-flight.

Table 2

shows the maximum initial diameter for a droplet that would just dry in-flight,
as a function of the solids contents of the liquor and the furnace gas temperature.

The table shows that even relatively large drops could be dried in-

flight at higher solids contents.

This would contribute to the increased

performance of furnaces operating with higher solids liquor (14).

The table

shows that increasing the gas temperatures leads to only relatively small
decreases in drying times.
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Table 2 here

As discussed previously, the droplets swell during the drying stage.
However, the measured amount of swelling varied from a 1.1 to a 1.8 increase in
diameter.

In Figure 2, the diameter increase during drying was set at 1.5

times, and a 3.8 mm droplet would just dry before landing on the smelt bed.
Figure 5 shows the maximum drop diameter that could be dried in-flight if the
increase in droplet diameter was varied between 1.1 and 1.8 times with the rest
of the conditions constant.

There was an approximately linear relationship

between the increase in diameter and the swelling factor.

TRAC predicts that

the swelling during drying will be an important parameter in determining the
fate of the droplets in a recovery furnace.

Therefore, this parameter should be

determined experimentally for the liquor and conditions that are being modeled.

Figure 5 here

The swelling during drying and the liquor solids content are two of the
characteristics of the liquor that affect drying times.

Furnace parameters,

such as the temperature and gas velocity, have a much smaller influence on
drying times.

The drying time is the parameter that has the greatest effect on

the maximum drop diameter that could be successfully burned in a recovery furnace.

CONCLUSIONS

TRAC is in agreement with previous models that predict the large effect of
initial drop diameters on the trajectory and state of the droplets within a
recovery furnace.

TRAC predicts that small droplets will be entrained, and the

upward gas velocity is the parameter that has the largest effect on droplet
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entrainment.
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Droplets may also become entrained if they burn out very slowly.

.

,..

I

The maximum drop diameter that can be dried in-flight is primarily a function of
the drying time for the drop.

Drying times are strongly influenced by the

solids content of the liquor and the swelling of the liquor during drying.

The

3

temperature in the furnace has a smaller influence on the drying times.
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Conditions for calculating the droplet trajectories and states
shown in Figure 2.

Furnace Conditions

Furnace Dimensions

Upward gas velocity = 4 m/s
Gas temperature = 1000°C
Oxygen concentration = 10%

10 m wide
10 m wide

c = 0.4

Liquor Properties

Characteristic Diameters
OD = 1.5
eV = 2.5
e s = 0.7

Water = 35%
Volatiles = 20%
Fixed carbon = 13%
Inorganics = 32%
Drying ->
volatile burning
transition = 90% solids
X = 2 (all CO as carbon
gasification product)

Table 2.

The maximum drop diameter (mm) that can be dried as a
function of the liquor solids content and the furnace
gas temperature.
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in a simulated recovery furnace environment.
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