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SUMMARY
With declining petroleum resources, increasing fuel demands and growing
concerns about the effects of carbon dioxide emissions from fossil fuels, it is imperative
to find sustainable resource for energy and chemicals. Biomass is a renewable resource
for sustainable production of fuels and chemicals that, to date, have been made primarily
from fossil resources. Lignin is a major natural aromatic polymer and a main constituent
of lignocellulosics biomass; however, it has received less biorefining efforts than plant
polysaccharides. For example, the US paper industry produces over 50 million tons of
extracted lignin per year but only 2% is used commercially in products. The remainder is
burned as a low value fuel to recover energy. Therefore, one step thermal conversion of
lignin and biomass to gasoline range (molecular weight is ~105 g/mol) of simple
petrochemicals such as benzene, toluene, xylene, phenol and catechol appears to be very
pragmatic. Further upgrading process including hydrogenation of pyrolysis oils to
produce total aliphatic products also provides insight into the conversion from biomass to
fuels.

This thesis examined the conversions of biomass and biomass components to
petrochemicals and total aliphatic gasoline like products. There are three major projects
of the thesis. Since biomass is very complicated, to understand the thermal decomposition
pathways of biomass, the pyrolytic behaviors of various biomass components including
lignin and cellulose under different reaction were investigated in the first phase. Due to
complexity and limited volatility, the thermal decomposition products from biomass
bring insurmountable obstacles to the traditional analysis methods such as GC-MS, UV

XXXII

and FT-IR. Therefore, precise characterization of the whole portion of thermal
decomposition products has significant impacts on providing insight into the pyrolysis
pathways and evaluating the upgrading processes. Various NMR methods to characterize
different functional groups presented in liquid and solid pyrolysis products by 1H, 13C, 31P,
2D-HSQC and solid state
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C-NMR were introduced in the second phase. Nevertheless,

the major drawback towards commercialization of pyrolysis oils are their challenging
properties including poor volatility, high oxygen content, molecular weight, acidity and
viscosity, corrosiveness and cold flow problems. In situ upgrading the properties of
pyrolysis oils during thermal conversion process by employing zeolites has been
discussed in the third phase. The further hydrogenation of pyrolysis oils to total aliphatic
gasoline like products by heterogeneous catalysis in “green medium” – water has also
been examined in the third project.
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CHAPTER 1: INTRODUCTION

The U.S. Department of Agriculture and U.S. Department of Energy established a
vision to derive 25% of chemicals and materials and 20% of transportation fuels from
biomass by 2030.1 Among the various conversion technologies being investigated, pyrolysis has been reported as one of the economic ways (i.e., low capital and operating costs)
to utilize biomass for bio-fuels and bio-chemicals.2

The products from whole biomass pyrolysis are complicated. Understanding the
whole biomass pyrolysis pathways calls for fundamental analysis of pyrolysis of major
biomass components—cellulose and lignin. Chapter 4 investigated pyrolytic behaviors of
these two major biomass components as well as the whole biomass. In addition, the complexity nature of pyrolysis oils brings a huge barrier to the traditional analysis methods
such as GC-MS, GPC and FT-IR. GC-MS analysis has always been used to analyze individual components in pyrolysis oil, however, only a small portion could be detected by
GC due to poor volatility. Although spectroscopic technique such as FT-IR provides insights into the whole portion of pyrolysis oil, the ability of such method to deal with
complex mixture like pyrolysis oil is very limited. Owing to the complicated components,
characterization of the whole portion of pyrolysis oil will provide insight into the following chemical upgrading process, which is a challenging but crucial undertaking. NMR
has the ability to analyze the whole portion of pyrolysis oil and has some advantages over
traditional methods. It could also characterize more than thirty different functional groups
in the pyrolysis oil and provide quantitative results. (Chapter 5)
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Nevertheless, the major drawback towards commercialization of pyrolysis oils are
several challenging properties including poor volatility, high oxygen content, acidity and
viscosity, corrosiveness and cold flow problems.3 Hence, Chapter 6 examined the chemical changes of pyrolysis oils during the aging process, which is another huge barrier to
the usage of pyrolysis oil. Therefore, how to upgrade the properties of pyrolysis oil is a
very challenging topic. Chapters 7-9 addressed such issues and accomplished the one step
thermal conversion of lignin to the gasoline range (molecular weight is ~105 g/mol) simple petrochemicals such as catechol, toluene, xylene and phenol by employing zeolites.
Further upgrading process including hydrogenation of pyrolysis oil to produce total aliphatic gasoline likes products has also been investigated in Chapter 10. Figure 1 shows
three main projects of this dissertation.

The major objectives of this dissertation are summarized as follows:
 Investigated pyrolytic behaviors of various biomasses and biomass components at different temperatures. (Chapter 4)
 Accomplished the process of producing bio-coal—torrefaction, which
could provide bio-coal to reduce the CO2 emissions. (Appendix A)
 Provided various innovations of characterization of pyrolysis/torrefaction
products including the first reported efforts to analyze whole portion of
pyrolysis oils by HSQC-NMR. (Chapter 5)
 Created several chemical shifts databases for the components presented in
the pyrolysis oils to facilitate the characterizations by NMR. (Chapter 5)
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 Examined the accelerated aging process of pyrolysis oils by in situ NMR
characterization. (Chapter 6)
 Converted lignin to the gasoline range (molecular weight is ~105 g/mol)
simple petrochemicals by employing zeolites. (Chapter 7-9)
 Explored the influence from Si/Al ratio and framework of zeolites on the
properties of upgraded pyrolysis oil. (Chapter 8, 9)
 Produced renewable gasoline from hydrogenation of lignin pyrolysis oil in
“Green solvent”—water. (Chapter 10)

Figure 1. Three major projects in this dissertation.
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Chapter 2: LITERATURE REVIEW *

2.1 Problem Statement
Over the last century, worldwide energy consumption has increased by 17 fold4
and this demand is predicted to grow by more than 50% by 2025.5 Known viable petroleum reserves are predicted to be consumed in less than fifty years at present rates of
consumption. In addition, the carbon dioxide emissions from the consumption of fossil
fuels have been growing at an average rate of ~2% per year; and the rate continues to increase. Growing concerns about the effects of carbon dioxide emissions from fossil fuels
call for sustainable energy sources, such as biomass. Biomass is a renewable resource for
the sustainable production of fuels and chemicals that, to date, have been made primarily
from fossil resources. Because of its carbon neutrality, relative abundance and non-food
competition,6 the use of biofuels and biochemicals could increase economic growth and
provide environmental benefits. The U.S. Department of Agriculture and U.S. Department of Energy both strongly propose to expand the usage of biomass as a resource of
energy and chemical, and they also established a vision to derive 25% of chemicals and
materials and 20% of transportation fuels from biomass by 2030.7

*

The part of this literature review was submitted to BioEnergy Research, 2012. It is entitled as “Lignin
Pyrolysis Components and Upgrading – Technology Review”. The other authors are Arthur J. Ragauskas
from the Institute of Paper Science and Technology and School of Chemistry and Biochemistry at Georgia
Institute of Technology; Wei Mu from the Institute of Paper Science and Technology and School of Chemical
and Bimolecular Engineering at Georgia Institute of Technology; Yulin Deng from the Institute of Paper
Science and Technology and School of Chemical and Bimolecular Engineering at Georgia Institute of
Technology. Approximately 80% of this literature review has been written as a book chapter and will be
published by World Scientific Publishing Co. It is entitled as “Pyrolysis of Biomass to Bio-oils”. The other
author is Arthur J. Ragauskas from the Institute of Paper Science and Technology and School of Chemistry
and Biochemistry at Georgia Institute of Technology. The copyright permissions will be submitted to the
thesis office of Gatech.
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Among the various conversion technologies that has been investigated, pyrolysis
has been reported as one of the economic ways (i.e., low capital and operating costs) to
utilize biomass for bio-fuels and bio-chemicals.2 The whole biomass pyrolysis products
are complicated. To fully understand the pyrolytic behavior of the whole biomass, the
fundamental analysis of pyrolysis of major biomass components—cellulose, hemicellulose, lignin and for barks—tannin appears to be very pragmatic. In addition, owing to the
complicated components, characterization of the properties of pyrolysis oil will provide
insight into the following upgrading process. The complexity nature of pyrolysis oils
brings a huge barrier to the traditional analysis methods such as GC-MS, GPC and FT-IR.
GC-MS analysis has always been used to analyze individual components in pyrolysis oil,
however, only a small portion could be detected by GC due to the poor volatility.8 The
spectroscopic technique such as FT-IR could give insights into the whole portions of pyrolysis oil. Unfortunately, the ability of such method to deal with complex mixture like
pyrolysis oil is very limited. NMR has the ability to analyze the whole portion of pyrolysis oil and has some advantages compare to the traditional methods. It could characterize
more than thirty different functional groups present in the pyrolysis oil and provide quantitative results.9, 10 Nevertheless, the major drawback towards commercialization of pyrolysis oils are several challenging properties including poor volatility, high oxygen content,
acidity and viscosity, corrosiveness, cold flow and aging problems.3 Therefore, upgrading
technologies that convert bio-oils to a potential substitution of diesel and gasoline fuels
are necessary.
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2.2 Lignocellulose
Lignocellulosic biomass provides an abundant sustainable feedstock for biofuel
and it contains three major constituents: cellulose, hemicelluloses and lignin. Table 1
summarizes the distribution of the three major biopolymers in several hardwoods, softwoods and agricultural residue species. 11, 12

Table 1. Major biomass components indifferent softwoods, hardwoods and residue species.11, 12
Wood components a
Wood Species
Cellulose (%) Lignin (%) Hemicelluloses (%)

Softwoods

Piceaglauca

41

27

31

Abiesbalsamea

42

29

27

Pinus strobes

41

29

27

Tsugacanadensis

41

33

23

Norway spruce

46

28

25

Loblolly pine

39

31

25

Thujaoccidentalis

41

31

26

Eucalyptus globulus

45

19

35

Acer rubrum

45

24

29

Ulmusamericana

51

24

23

Populus tremuloides

48

21

27

Betulapapyrifera

42

19

38

Fagusgrandifolia

45

22

29

Hardwoods

6

Table 2 continued
Pine residues b

45

27

20

Pine bark

32

34

19

Residues
a

all samples were analyzed extractives free

b

Pine residues are mixtures of stumps, limbs, tops, and dead trees

2.2.1 Cellulose
Cellulose is the most abundant biopolymer and has an approximately 100 x 109
metric tons annual biosynthesis rate.5 Generally, biomasses contain around 35-50% of
cellulose, which is a linear polymer built up of β-D glucopyranose units covalently linked
with 14 glycosidic bonds, with a degree of polymerization (DP) of ~300-15000. Table
2 summarizes the DP in different cellulose containing materials. Figure 2 shows the molecular structure of cellulose. In the native form of cellulose, the glucopyranose units in
the cellulose chain are in the most thermodynamically stable conformation—chair conformation, which with the -CH2OH and -OH groups in equatorial position.13 Due to the
highly organized structure and the inter- and intra-molecular hydrogen bonds, in the native form, cellulose has a relatively high-degree of crystallinity averaging 50-70%.
Table 3 summarizes the cellulose crystallinity from several biomasses.
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5, 6, 14

Table 2. DP of native wood and non-woody celluloses after nitration using the viscometric
method. 15-17
Species

DP

Bagasse

925

Wheat straw

1045

E.regnans

1510

P. radiata

3063

Cotton linters

3170

Cotton stalks

1820

Aspen

4581

Nalita wood (12-30 months)

3181-3611

Jack pine

10300

OH

HO
H
O

O
HO

OH
H

OH

HO
O

O

O

HO

O
OH

Figure 2. Cellulose molecular structure.
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Table 3. Cellulose crystallinity from several biomasses. 14, 15, 18
Origin

Crystallinity (%)

Hybrid poplar

63 a

Loblolly pine

63 a

Alamo switchgrass

44 a

Bagasse

37 b

Wheat straw

35 b

E.regnans

37 b

P. radiata

34 b

Cotton linters

80 b

Norway spruce

67 b

a

Determined by CP/MAS 13C-NMR spectroscopy.

b

Determined by x-ray diffraction.

2.2.2 Hemicelluloses
Hemicelluloses are low DP (50-300) polysaccharides and contain arabinose, xylose, galactose, mannose, and glucose, along with side chains groups, such as acetyl, galacturonic acid, glucuronic acid, and 4-O-methylglucuronic acid. The major hemicelluloses in softwoods (SW) are galactoglucomannans and arabinoglucuronoxylan, and a
small amount of arabinogalactan, xyloglucan, and other glucans. For hardwood, the predominant hemicellulose is glucuronoxylan and glucomannan with limited amount of galactans and glucans.5 Figure 3 shows the major types of hemicelluloses in softwoods and
hardwoods.
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Figure 3. Major types of hemicelluloses in softwoods and hardwoods.

Willfor et al. 19, 20 have examined the polysaccharides in 11 industrially important
hardwood and 12 softwood species. They found that the most abundant sugar in the
softwood hemicellulose is mannose; correspondingly, the most abundant sugar in hardwood hemicellulose is xylose. Representative data from this study is summarized in Table
4. The DP of some hemicelluloses in several hardwood and softwood species is summarized in Table 5.
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Table 4. Amount and composition of sugar units (wt%) of different hardwood and softwood species.19, 20
4-OWood Species

Ara

Xyl

Gal

Glc

Man

Rha

GlcA GalA
MeGlcA

Hardwood
Acacia crassicarpa

0.3

11.7

11.4

2.2

0.2

0.30

0.2

1.8

2.6

Betula pendula

0.5

23.6

1.3

1.8

0.9

0.5

0.3

2.2

3.7

Eucalyptus globulus

0.6

14.0

2.3

5.6

0.3

0.5

0.2

2.0

2.5

Populus deltoides

0.5

17.2

0.8

2.5

2.7

0.5

0.2

2.5

2.5

Populus tremula

0.5

19.6

1.1

4.2

1.3

0.5

0.1

2.4

2.5

Softwood
Picea abies

1.4

5.8

2.0

3.3

9.0

0.2

0.3

1.6

9.8

Picea mariana

1.5

5.0

2.8

3.8

9.6

0.2

0.4

1.6

0.9

Abies lasiocarpa

1.6

5.0

4.0

4.0

10.0

0.3

0.4

1.5

0.9

Larix lariciana

2.7

5.1

8.6

4.0

10.5

0.2

0.6

1.4

1.1

Pinus resinosa

2.3

6.8

4.0

3.7

8.5

0.3

0.5

1.6

1.3
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Table 5. DP of hemicelluloses in several biomasses. 21
Origin

Hemicellulose

DP

Birch

Glucuronoxylan

~112

Aspen

Glucuronoxylan

~112

Arabinoglucuronoxylan

~126

Galactoglucomannan

~125

Arabinoglucuronoxylan

~126

Galactoglucomannan

~125

Arabinoglucuronoxylan

~126

Galactoglucomannan

~125

Spruce

Pine

Larch

2.2.3 Lignin
As the second most abundant biomass component and the primary renewable
aromatic resource in nature, lignin is distinctly different from cellulose and hemicelluloses. Lignin is one of the most complex natural polymers in regards of its chemical structure and composition. It is synthesized by enzymatic dehydrogenative polymerization of
4-hydroxyphenyl propanoid units. Figure 4 indicates the three phenyl propane precursors
of lignin and the enzymatic synthesis pathway from coniferyl unit to one of the most abundant linkages in lignin structure—β-O-4 linkage. Some other major types of linkages
and the reported abundance in softwood and hardwood lignins have been shown in Table
6.22, 23 Guerra et al. examined the molecular weights of various lignins isolated from different wood species and the results are summarized in Table 7.
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Figure 4. Three phenyl propane precursors of lignin and the enzymatic synthesis pathway
from coniferyl unit to one of the most abundant linkages in lignin structure—β-O-4 linkage.
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Table 6. Reported abundance of major linkages in softwood and hardwood lignins. 22, 23
β-O-4

Linkage

Dibenzodioxocin

4-O-5

C-O linkage
HO

β

Abundance

R

α

4

O

5

O

O

4

O

O

H3CO
O

O

OH
HO

Per 100

O

OCH3

O
O

C9-units
Softwood

45-50

4-7

5-7

Hardwood

60-62

7-9

0-2

β-5

5-5

β-1

Linkage

β-β

C-C linkage
O

β

O

HO

β

OH

α

1

O

5

β

Per 100

O

O

5

O

β

O

O

O

C9-units

OH

O

5

4

Abundance

O

OH

O

O

O

O

O

O

Softwood

9-12

19-22

7-9

2-4

Hardwood

3-11

3-9

1-7

3-12
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Table 7. Weight-average molecular weight (Mw), number-average molecular weight (Mn),
polydispersity (D) and approximate DP of various lignins isolated from different wood
species.
Mw

Mn

D

DP a

Douglas Fir

38000

7600

5.0

42-211

White Fir

52000

6300

8.2

35-289

Redwood

30100

4700

6.4

26-167

E. globules

32000

8700

3.7

48-178

Southern Pine

57600

9700

5.9

54-320

Origin

a

DP is calculated on the basis of phenyl propanoid units.
2.3 Pyrolysis of biomass components
2.3.1 Lignin pyrolysis products
2.3.1.1 Gas products of pyrolysis of lignin
From the 1980’s to the early 2000’s, many lignin pyrolysis researches focused on

the gas products.24-30 Some major gas components reported in the literatures have been
summarized in Table 8. Carbon monoxide and carbon dioxides are the top two most abundant components in the gas phase of pyrolysis of lignin. Normally, more than half percentages of gas products are these two components.24-29 Methane has also been reported
as another major gas component and the yield could be up to ~5 wt% of dry lignin.24, 25
Methane, carbon monoxide and carbon dioxides were found to increase in yield as the
reactor temperature increased from 500 to 900 oC,

25, 26, 29, 30

nevertheless the content of

methane decrease at a higher heating rate.27 Most interestingly, Ferdous et al.
15

27, 28

indi-

cated that pyrolysis of lignin also produces ~25 mol% of H2 in the gas phase and the
content significantly increased with increasing thermal conversion temperature. It is well
known that H2 and CO are the major components of syngas, which are used to produce
synthetic petroleum, whereas the gas products of pyrolysis of lignin could also be used as
syngas.

Table 8. Reported major gas products of pyrolysis of lignin.
Major gas components of pyrolysis of lignin a

a

CH4 24-30

C2H4 24-26, 29, 30

C2H6 24-26, 29, 30

C3H6 24-26, 29, 30

C4H8 24-26, 29, 30

CO 24-30

CO224-29

H227, 28

HCHO 24, 26, 30

CH3CHO 24-26, 30

The pyrolysis temperatures are from 300-1000 oC and lignins are isolated from both

softwood and hardwood by kraft and ethanol-based pulping process.

2.3.1.2 Liquid products of pyrolysis of lignin
Most of the pyrolysis works used GC-MS to analyze the liquid pyrolysis products.31-47 By using pyrolysis (Py)-GC-MS, Jimenez et al.47 indicated that softwood lignins
yielded guaiacyl derivatives, coniferaldehyde and coniferyl alcohol as the major products;
hardwood lignins produced guaiacyl and syringyl derivatives, syringaldehyde, coniferyl
alcohol and sinapyl alcohol. Pyrolysis of bamboo lignin produced p-vinylphenol as the
major compound. Similarly, Jiang et al.

35

also used Py-GC-MS to analyze pyrolysis

products of lignin over a temperature range of 400-800 °C and indicated that the maximum yield of phenolic compounds was obtained at 600 °C. Most of the phenolic compounds had an individual yield of less than 1 wt% of lignin on a dry ash free basis.
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Greenwood et al.42 pyrolyzed Douglas fir and Q. nigra water oak lignin in a laser micropyrolysis-GC-MS system. They found that guaiacol, 4-methyl-guaiacol, vinylguaiacol,
eugenol, vanillin and coniferylaldehyde are the major components in the pyrolysis oil
produced from Douglas fir lignin. For the Q. nigra water oak lignin pyrolysis oil, guaiacol, 4-methyl-guaiacol, vinylguaiacol, syringol, eugenol, 3, 5-dimethoxyacetophenone,
4-methyl 2, 5-dimethoxy benzaldehyde, 4-allyl-dimethoxylphenol, syringaldehyde, 2,
6-dimethoxyl-2-propylphenol and sinapaldehyde are found as the major components.
Jegers et al.44 also indicated that guaiacol, 4-methylguaiacol, 4-ethylguaiacol, catechol,
4-methylcatechol, 4-ethylcatechol, phenol, cresol and 4-ethylphenol are the major products of pyrolysis of lignin. As the most abundant products, the content of guaiacol and
4-methylguaiacol are ~5.3 wt% of dry lignin. Lou et al.37 examined the effect of temperature on the composition of pyrolysis products and indicated that the contents of methoxyl contained components, such as guaiacol, 4-methylguaiacol, 4-vinylguaiacol and syringol decreased at higher pyrolysis temperature. In contrast, the contents of
non-methoxyl contained compounds, like cresols, ethyl-phenol, and 2, 6-dimethyl-phenol
increased with increasing treatment temperature. A summary of lignin pyrolysis conditions and the yield of pyrolysis products are shown in Table 9.
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Table 9. Summary of lignin pyrolysis conditions and the yield of pyrolysis products
Lignin

Reactor

Tempera-

Tar

Char

Gas

ture (°C)

(wt %)

(wt %)

(wt %)

Fluidized bed

500

31

49

6

Fluidized bed

410-560

31

34

12

Fluidized bed

475-525

50

42

8

Entrained flow

700

37

35

28

Batch

480

22

48

30

23

41

39

22

29

49

16

63

21

3-5

43-48

49-52

14-21

35-44

41-44

13

47

40

19

39

42

500

53

34

7

600

64

20

9

700

55

17

17

800

50

15

22

900

43

14

29

Kraft lignin (wheat straw
and sarkanda grass)

45

Kraft lignin (pine)
LignoboostTM (pine)

Fluidized bed 48

550

EOL (pinus radiate)
Kraft lignin
Fixed bed

27

800

EOL
Kraft lignin
Fix bed

28

650

EOL

Klason lignin (almond

Micro pyroprobe

shells)26

reactor

To understand the possible decomposition pathways of lignin during the pyrolysis
process and to find an effective upgrading method, many researchers choose to use pyro-
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lysis oil model compounds to simplify the simulation model. Therefore, how to choose
appropriate pyrolysis oil model compounds, which represent real pyrolysis oils, exhibits
its significance. To facilitate this part of work, a summary of GC-MS detected components in the lignin pyrolysis oils reported from seven literatures35, 41-46 is shown in Table
10.

Table 10. GC-MS detected components in the lignin pyrolysis oils.35, 41-46
GC-MS detected components in lignin pyrolysis oils a
4'-Hydroxy-3'-methoxy acePhenol 35, 41-46
tophenone 35, 41-43, 45, 46

4-Allyl-dimethoxyphenol

Acetovanillone

42

Acetoguaiacone
2-Methylphenol 35, 41-46
5-Tert-butylpyrogallol 35

Dimethoxypropyl phenol42

o-Cresol
4-Methylphenol 35, 41, 42, 44,
1-(4-Hydroxy-3-methoxyphen
45

yl)-2-propanone 35, 45, 46

Coniferylaldehyde42, 46

p-Cresol
Guaiacyl acetone
2-Methoxyphenol 35, 41-46

2-(3,4-Dimethoxyphenyl)-6Sinapaldehyde42, 46

Guaiacol

methyl-3,4-chromanediol 35

2,6-Dimethylphenol 35, 43, 45

3,4-Dimethylbenzoic acid 35,

2,6-Xylenol

43

2,6-Dimethoxy-4-methyl-p
henol 41, 46
4-Methylsyringol
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Table 10 continued
4-Ethylphenol 35, 41, 44, 45

3-Methoxy-4-hydroxybenzoic

1-( 4-Hydroxy-3-methoxy

p-Ethylphenol

acid 35

phenyl ) propyne41
4-Ethyl-2,6-

3-Methylbenzaldehyde

35

4-Ethyl-1,2-dimethoxy-benze
dimethoxy phenol41, 46

m-Tolualdehyde

ne

35

4-Ethylsyringol
4-Propenylsyringol 35, 41, 46

4-Vinyl-2,6-dimethoxy-ph

4-Propenyl-2,6-dimethoxyphe

enol 41, 46

nol

Vinylsyringol

2-Hydroxy-6-methylbenzal
dehyde

35

Ferulic acid 35
4-Propyl-2,6-dimethoxyph
2-Ethylphenol

35, 44, 45

3-Hydroxy-4enol 41
methoxycinnamic acid
4-Hydroxy-3,5-dimethoxyben

4-Methoxy-3zaldehyde 35, 41, 42, 45, 46

Syringylacetone41, 46

methylphenol35
Syringaldehyde
2-Methoxy-4-

Acetosyringone35, 41, 42, 45

methylphenol35, 41-46

4'-Hydroxy-3',5'-

4-Methylguaiacol

dimethoxyacetophenone

m-Cresol 43, 44

1-(2,6-Dihydroxy-4-methoxy
Catechol

35, 42-45

phenyl)-1-butanone 35

p-Propylphenol44

1,2-Benzenediol
Desaspidinol
Benzofuran35

Syringic acid 35

20

6-Ethylguaiacol 44

Table 10 continued
2-Methoxy-4-propylpheno
p-Isopropylphenol

35

2,3,5-Trimethyl phenol 45

l 43, 44, 46

p-Cumenol
4-Propylguaiacol
4-Methyl-1,2-benzenediol
2-Ethyl-4-methylphenol 35

3-Ethyl phenol 43-45

43, 44

4-Methylcatechol
3-Methoxy-1,2benzenediol35, 44, 45

1,2,3-Trimethoxybenzene 45

6-Ethylcatechol 44

Coniferyl alcohol 43-45

3-Methylguaiacol 46

3-Methoxycatechol
3-Methyl-1,2-benzenediol
35, 42-45

3-Methylpyrocatechol
3-Methylcatechol
2-Methoxy-4-ethylphenol

Methoxyeugenol41, 45

35, 41-46

4-Hydroxy-3,53-Ethylguaiacol 46
dimethoxyallylbenzene
4-Allyl-2,6-dimethoxyphenol
Propioguaiacone46
1-Methoxy-3-methylbenzene

4-(2-Propenyl)phenol 35

1-(4-Hydroxy-3-methoxy42

phenyl)-propan-1-one
6-Hydroxy-5,7-dimethoxy
p-Isopropenylphenol

35

Indene

42

-indene 46
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Table 10 continued
2-Methoxy-4-vinylphenol
35, 41, 42, 45, 46

1,2,3-Trimethylbenzene 42

Dihydroconiferyl alcohol46

1,2,4-Trimethylbenzene 42

Propiosyringone46

Mesitylene42

Dihydrosinapyl alcohol46

4-Vinylguaiacol
3-Methyl-5methoxyphenol35
4-Ethyl-1,3-benzenediol 43
4-Ethylresorcinol
2,6-Dimethoxyphenol 35, 41,
4-Ethenylphenol 41, 42
42, 45, 46

Sinapyl alcohol46
Vinylphenol

Syringol
2,3-dimethylphenol 43

2,5-Dimethyl-1,4m-Dimethoxybenzene

42

35

benzenediol

2,3-xylenol

2,4-Dimethoxyphenol 35

Veratrole42

Naphthalene 42, 43

p-Dimethoxybenzene42

Benzene 45

Dimethyl catechol42

Styrene 45

Vinylcatechol42

p-Xylene 45

Vanillin 41-43, 46

Ethylbenzene45

2',4'-Dimethylacetophenone

35

4-Ethyl-1,2-benzenediol 35,
44

4-Ethylpyrocatechol
Eugenol35, 41-43, 45, 46
3-Hydroxy-4-methoxybenzaldehyde35, 42, 45
Isovanillin
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Table 10 continued
2,5-Dimethoxy-

3',5'-Dimethoxyacetophenone
Toluene 45

benzylalcohol35

42

2-Methoxy-4-(1-propenyl)
4-Methyl 2,5-dimethoxy
phenol 35, 41-43, 45, 46
benzaldehyde42
Isoeugenol
4'-Hydroxy-3'-methoxyacet
ophenone 35, 41-43, 45, 46
Fluorene42
Acetovanillone
Acetoguaiacone
a

The pyrolysis temperatures are from 400-800 oC

There are approximately one hundred compounds in Table 10 and almost all of
them contain a phenol structure. Furthermore, phenol, acetovanillone, cresols, guaiacol,
4-ethylphenol,

syringaldehyde,

acetosyringone,

4-methylguaiacol,

catechol,

3-methylcatechol, 4-methylguaiacol, 4-vinylguaiacol, vanillin, syringol, eugenol, isoeugenol and acetovanillone have been reported in more than four references and many of
them could also be found in other references.33, 36-38, 40 Therefore, these components could
be used as potential candidates for the model compounds study on pyrolysis of lignin.
Figure 5 summarizes the reported possible decomposition pathways of lignin during the
pyrolysis.
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Figure 5. The possible decomposition pathways of lignin during the pyrolysis.49-55

2.3.2 Pyrolysis of cellulose
Cellulose is the most abundant biopolymer. Generally, biomasses contain around
35-50% of cellulose, which is a polymer of β-(1, 4)-glucan with a degree of polymerization of ~300-15000. Figure 2 shows the model structure of cellulose. Other than the biochemical conversion of cellulose to ethanol—a second generation bio-ethanol, some researchers also reported to covert this biopolymer and its model compound such as glucose to liquid fuels and chemicals. For example Huber et al.

56

examined the conversion

of biomass-derived carbohydrates to the liquid alkanes by acid-catalyzed dehydration,
which was followed by aldol condensation. The productions of liquid alkanes have the
molecular weight in the transportation fuel range and contain 90% of energy of the car-
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bohydrate and H2 feeds. Figure 6 shows this conversion process. One step conversion of
cellobiose to C6-alcohols with Pt, Pd, Rh or Ru nanocluster catalyst at 120 ○C, 4 MPa and
different pHs has also be investigated in the literature and is illustrated in Figure 7. 57 By
using a Ru nanocluster catalyst at pH 2, cellobiose could completely be converted to sorbitol.
OH
OH
HO

O

HO

dehydration/
hydrogenation

aldol self
condensation

dehydration/
hydrogenation

hydrogenation

OH
O
HO

O

HO

HO

O

C12-alkane

O
OH

OH

Figure 6. Conversion of biomass-derived carbohydrates to the liquid alkanes by acid
-catalyzed dehydration which was followed by aldol condensation. 56
HO
OH
HO
HO

O

O
O

HO

H2/Ru nanoparticle
C6-alcohols

OH
OH

OH

Figure 7. One step conversion of cellobiose to C6-alcohols with Pt, Pd, Rh or Ru nanocluster catalyst. 57

As the major component in the biomass, cellulose plays an important role in understanding pyrolysis pathways of the whole biomass. Shen et al.

58

employed pyroly-

sis-GC-MS to investigate the mechanism of cellulose pyrolysis and effects of temperature
and residence time. The main products in the cellulose pyrolysis oil include levoglucosan,
hydroxyacetaldehyde,

hydroxyactone,

pyruvic

aldehyde,

glyceraldehyde,

5-hydroxymethyl-furfural and furfural. The contents of most of these main products increased when the temperature or residence time was elevated, nevertheless the yield of
pyrolysis oil decreased when temperature exceeded 570 °C. The content of the major
25

components in cellulose pyrolysis oil—levoglucosan was more than 50% molar fraction
of pyrolysis oil and decreased with the elevated temperature. In the meanwhile, the yield
of char reached the minimum and remained consistent when temperature exceeded
550 °C. The authors also indicated that the formation of CO is improved with increased
temperature and residence time, whereas slight change was observed for the yield of CO2.
The content of CO was up to 20.2 wt % of cellulose, while the yield of H2 was ~0.9 wt%
of cellulose. This result indicated that the gas products of pyrolysis of cellulose could also
be used as the syngas to produce synthetic petroleum.

On the basis of the study on mechanism, most of hydroxyactone was found to be
produce from the direct conversion of cellulose molecules, while the formation of pyruvic aldehyde is mainly from the secondary decomposition of levoglucosan. The authors58
have proposed the primary decomposition of cellulose and secondary decomposition of
the anhydrosugars such as levoglucosan, which have been summarized in Figure 8.
OH
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Figure 8. Proposed primary decomposition of cellulose and secondary decomposition of
the anhydrosugars such as levoglucosan. 58
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Wang et al.

59

investigated the interaction of biomass components including cel-

lulose, hemicellulose and lignin during the pyrolysis process. By the use of GC-MS, levoglucosan,

2,

5-diethoxytetrahydrofuran,

1-hydroxy-2-propanone,

altrose

and

2-hydroxy-2-cyclopenten-1-one have been detected as major components in the cellulose
pyrolysis oil. In addition, the authors indicated that the interaction of cellulose and hemicellulose significantly improved the formation of 2, 5-diethoxytetrahydrofuran but inhibited the formation of altrose and levoglucosan. Similarly, Alen et al.60 indicated that the
cellulose pyrolysis oil could be summarized as several compound groups including the
volatiles, which mainly contains carbon monoxide, carbon dioxide, methanol, acetaldehyde, acetic acid, hydroxyacetaldehyde (glycolaldehyde), 1-hydroxy-2-propanone (acetol), and some <C5-hydrocarbons; the anhydroglucopyranose (levoglucosan); the anhydroglucofuranose

(1,6-anhydro-β-D-glucofuranose);the

dianhydroglucopyranose

(1,4;3,6-dianhydro-α-D-gludopyranose) and the furans which include (2H)-furan-3-one,
5-methyl-(3H)-furan-2-one

(α-angelicalactone),

2-furaldehyde

(furfural),

5-methyl-2-furaldehyde, and 5-hydroxymethyl-3-furaldehyde. They also concluded that
at lower temperatures (400-600 °C), the main products of pyrolysis of cellulose are anhydrosugars; however, at higher pyrolysis temperatures (800-1000 °C), these anhydro
sugars will be secondarily decomposed to volatiles.

To facilitate the analysis of pyrolysis of cellulose and further upgrading process, a
summary of the GC-MS detected components in the cellulose pyrolysis oils reported
from six references is shown in Table 11. 58, 59, 61-64 Levoglucosan has been reported as the
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most abundant component in the cellulose pyrolysis oil, the content is more than 50 wt%
of pyrolysis oil. Furfural and 5-hydroxymethylfurfural are also the major components in
the cellulose pyrolysis oil.

Table 11. GC-MS detected components in the cellulose pyrolysis oils a. 58, 59, 61-64
Acetone

resorcinol

2-butanone

Phenol

4-methyl-5h-furan-2-one

propenic acid
acrylic acid
propanal

1,2,4-cyclopentantrione

ethylene glycol

2-hydroxy-3-methyl-2-

2,3-pentandione

cyclopenten-1-one

2,3-pentanedione

2-propenal

acetyl methyl carbi1,4-benzenediol
Furan

nol
hydroquinone
acetoin
2-hydroxybenzaldehyde

2-cyclopentenone

salicylaldehyde

2-cyclopenten-1-one

4-methylphenol

2-furanemethanol

p-cresol

furfuryl alcohol

formic acid

3-buten-2-one

3-furancarboxylic acid methyl esacetic acid

2-furanone
ter

2-butenal

2-hydroxy-2-cyclope
(2-methoxyethyl) cyclohexane

Crotonaldehyde

ntene-1-one
Table 11 continued
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3-methyl-2,51-hydroxy-2-propanone

methyl 2-furoate
furanedione

hydroxyacetone

methyl-2-furancarboxylate
citraconic anhydride
5-methylfurfural
3-methylphenol

2,5-dimethylfuran

5-methyl-2m-cresol
furaldehyde
3,5-dihydroxytoluene

2-methylfuran

o-cresol
5-methylresorcinol

acetic acid methyl ester

2-hydroxy-3-methyl
1-(2-furanyl)-2-hydroxy-ethanone

methyl acetate

-4-pyranone

2-oxopropanoic acid methyl 4-hydroxy-2,5-dimethyl-3(2H)-fur

dihydro-4-hydroxy-

ester

2-furanone

anone
dihydro-3-methylene2(3H)-furanone

3-furaldehyde

benzoic acid
alpha-methylene-gammabutyrolactone

furfural

maltol

catechol

2-furaldehyde

3-hydroxy-2-methyl-4-pyrone

1,2-benzenediol
1,2-dihydroxy-3-

4-cyclopentene-1,3-dione

3-ethyl-2-hydroxy-2methylbenzene

cyclopenten-1,3-dione

cyclopenten-1-one
3-methylcatechol

Table 11 continued
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5,6-dihydro-6-methyl-2H2-propylfuran

hexane
pyran-3(4H)-one

2(3H)-furanone,5-methyl-3- 5-hydroxy-2-methyl-4H-pyran-4-o
hydroxyacetaldehyde
penten-4-olide

ne

2-propanone,1-(acetyloxy)-

2,3-dihydro-3,5-dihydroxy-6-meth

2-hydroxy-2-

acetonyl acetate

yl-4H-pyran-4-one

cyclopenten-1-one

3,5-dihydroxy-2-methyl-4H-pyran- 1,3-butadiene-1Furfuryl formate
4-one

carboxylic acid

1,2,3-benzentriol
2-acetylfuran

ethylbenzene
pyrogallol
5-methyl-2(5H)-

2,3,5-trimethylfuran

Hydroxyquinol

furanone
2-penten-4-olide

5-hydroxymethyl-22(3H)-furanone

furancarboxaldehyde

2-methyl-pentanone

5-(hydroxymethyl)furfural
2,3-dihydro-1h-inden-1-one

3-methyl-1,2-

1-indanone

cyclopentadion

1,2-cyclohexanediol

2H-pyran-2-one

2,4-dimethylphenol
levoglucosan

2-pyrone
4H-pyran-4-one
a

2,4-xylenol
2,3-butandione

The pyrolysis temperatures are from 350-730 oC.
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stilbene

2.3.3 Pyrolysis of hemicellulose
Hemicellulose is a short-chain branched and substituted polymer of sugars with a
degree of polymerization of ~70-200; and typically biomass contains 25-30 wt% of hemicellulose. In contrast to cellulose, hemicellulose is a polymer of several different sugar
monomers. It contains five-carbon sugars including xylose and arabinose as well as
six-carbon sugars including galactose, glucose and mannose. All of these sugar monomers are highly substituted with acetic acid. The most abundant sugar in the softwood
hemicellulose is mannose; correspondingly, xylose is most abundant in the hardwood
hemicellulose.5

Surprisingly, limited information on pyrolysis of hemicellulose was mentioned in
literatures although hemicellulose is one of the major components in biomass, there are
only very limited information about pyrolysis of hemicellulose in the literature. Patwardhan et al.65 examined the pyrolytic behaviors of switchgrass hemicellulose and a total of
16 different products were quantitatively indentified. The authors indicated that the pyrolysis products of pure hemicellulose can be classified into three categories a)
low-molecular-weight compounds including CO (2.8 wt%), CO2 (18.8 wt%), formic acid
(11.0 wt%), acetaldehyde ( 0.7 wt%), acetic acid (1.1 wt%), and acetol (3.0 wt%); b) furan/pyran ring derivatives including 2-methyl furan (1.5 wt%), 2-furaldehyde (2.2 wt%)
and dianhydro xyloses (9.2 wt%) and c) anhydro sugars—anhydro xylopyranoses (3.4
wt%). In the meanwhile, there are 10.7 wt% of char, 15.1 wt% of water and 4.9 wt % of
xylose. The authors also investigated the influence of temperatures on products from hemicellulose pyrolysis. The results showed that when the pyrolysis temperatures increased
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from 250-600 °C, the content of CO and CO2 almost linearly increased from 0.5-4.7 wt%
and from 2.7-24 wt%, respectively. Similarly, the yield of formic acid linearly increased
from 5.4-15.6 wt% when the thermal treatment temperature increased from 350-600 °C.
In contrast with the increasing gas yield at higher pyrolysis temperatures, the yield of
char decreased from 24 wt% at 300 °C to 6.3 wt% at 600 °C. Based on the literature reports, the authors also proposed tentative thermal decomposition pathways of hemicellulose, which have been summarized in Figure 9.
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Figure 9. Tentative thermal decomposition pathways of hemicellulose. 65

Lv et al. 66 investigated the effects of pyrolysis temperatures (400-900 °C) on the
pyrolysis products from corn stalk hemicellulose. They indicated that the yield of char
linearly decreased but the yield of gas products increased when the pyrolysis temperature
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elevated. The maximum yield of liquid products (48.2 wt%) occurred at 450 °C. The pyrolysis oils were composed of ketones, furans, carboxylic acids, and alcohols. Ketones
have been reported as the most abundant type of liquid products, which was up to 71 area%
of pyrolysis oil detected by GC-MS. The 1-hydroxy-2-propanone (19 area% at 450 °C –
26 area% at 900 °C), 1-hydroxy-2-butanone (12 area% at 450 °C – 11 area% at 900 °C),
2-cyclopenten-1-one

(5

area%

at

450

°C

–

7

area%

at

900

°C),

2-methyl-2-cyclopenten-1-one (4 area% at 450 °C – 6 area% at 900 °C),
3-methyl-1,2-cyclopentanedione (4 area% at 450 °C – 7 area% at 900 °C) and
4-hydroxy-3-hexanone (3 area% at 450 °C – ~0 area% at 900 °C) are the major components as the ketones type pyrolysis products. Furfural (15 area% at 450 °C – 14 area% at
900 °C), dihydro-2(3H)-furanone (~3 area% from 450 °C – 900 °C) and
2,5-dihydro-3,5-dimethyl-2-furanone (~2 area% from 450 °C – 900 °C) are the major
type of furans in hemicellulose pyrolysis products. Acetic acid (16 area% at 450 °C – 11
area% at 900 °C) and propanoic acid (3 area% at 450 °C – ~0 area% at 900 °C) are the
main acid products from pyrolysis of hemicellulose. Cyclobutanol (2 area% at 450 °C –
~0 area% at 900 °C) has been listed as the major alcohol type product. The top four gas
products were CO2, CO, H2, and CH4 (sorted by content), and there are also small amount
of C2H4 and C2H6 produced from hemicellulose. Similarly to Patwardhan,65 Lv also indicated that the formation of CO2 is due to the cleavage of acetyl and carboxyl groups in
hemicellulose and a higher pyrolysis temperature favored such cracking, and thus increased CO2 formation. The authors also indicated that the formations of CO, H2, and
CH4 and other gas products such as C2H4 and C2H6 are related to the secondary decomposition of liquid products, which will also be improved at higher reactor temperature and
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lead to an increasing yield of such gas products. The authors examined the char by SEM
and found that the surface of the higher temperature produced char was more smooth and
porous.

Peng et al.67 characterized pyrolysis of wheat straw hemicellulose by TG, DTG
and pyrolysis-GC-MS. They indicated that the major weight loss of hemicellulose occurred between 190-315 °C and the main components in the hemicellulose pyrolysis oil
were acetic acid, 2-furaldehyde, cyclopenten-1-one and small amounts of aromatic compounds including 2-ethyl-5-methyl-phenol and 2,5-dimethyl-phenol. In the meanwhile,
Shen et al.68 also investigated the pyrolytic behaviors of beech wood hemicellulose by
TG-FTIR and pyrolysis-GC-FTIR. They found that methanol (0.81 wt% at 425 °C – 1.14
wt% at 690 °C), acetic acid (4.44 wt% at 425 °C – 2.45 wt% at 690 °C), acetone (0.69 wt%
at 425 °C – 1.06 wt% at 690 °C), furfural (1.94 wt% at 425 °C – 3.16 wt% at 690 °C) and
1,4-Anhydro-D-xylopyranose (3.84 wt% at 425 °C – 0.69 wt% at 690 °C) were the major
components in the pyrolysis oil produced from beech wood hemicellulose. In addition,
the authors discussed the formation pathways of some major pyrolysis products. For instance, the authors indicated that the decomposition of xylan units produced furfural and
1,4-anhydro-D-xylopyranose, and the formation of acetic acid and CO2 is due to the primary cleavage of O-acetylxylan unit. The xylan unit was also proposed as the main precursor for the formation of <C3 fragments and gas products including CO, H2 and CH4.
The primary decomposition of 4-O-methyglucuronic acid unit produces methanol and the
decomposition of the ring-opened intermediate products or secondary decomposition of
the fragments forms acetone and CO.
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2.4 characterization methods of pyrolysis oil
2.4.1 FT-IR analysis of lignin pyrolysis oil
Most compounds in Table 10 and 11 have a molecular weight below 220 g/mol.
However, some researchers have detected the average molecular weight of pyrolysis oil
by GPC and reported that the molecular weights were from 210-1700 g/mol.69-72 Due to
the limitation of volatility of high molecular weight components in the pyrolysis oil, it
has been indicated that only about 40% of pyrolysis oil could be detected by GC.8 Therefore, many researchers also tried to find alternative characterization method, which could
analyze the whole portion of pyrolysis oil, such as FT-IR.46, 73-78 Liu et al.75 did a mechanistic study of hardwood and softwood lignin pyrolysis using a thermogravimetric analyzer coupled with a Fourier transform infrared spectrometry (TG-FTIR). They indicated
that lignin undergoes three consecutive sets of reactions during pyrolysis including the
evaporation of water, the formation of primary volatiles and the release of small molecular gases. At first, the absorbed water is released by evaporation, and then at a higher
temperature (above 100 oC) water is generated by the dehydration of lignin aliphatic hydroxyl groups. The authors also indicated that phenols, in addition to alcohols, aldehydes,
acids and CO, CO2 CH4 were the major gaseous products. Scholze et al.46 also characterized pyrolysis oil by FT-IR and indicated a correlation between carbonyl absorption
bands and oxygen content as well as carbon content. Lievens et al.79 demonstrated the
deconvolution of the region of 1490–1850 cm-1 in the FT-IR spectra could provide detailed information about various carbonyl groups in various pyrolysis oils. To facilitate
this promising fast analysis method of pyrolysis oils, a summary of the assignment ranges
from seven references46, 73-75, 77, 78, 80are shown in Table 12.
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Table 12. FT-IR assignments of biomass pyrolysis oil.
Wave number

Assignments 46, 73-75, 77, 78, 80

(cm-1)
3429

O-H stretching vibration, H2O

3000-3040

Aromatic ring C-H stretching

2930-2980

Asymmetrical C-H stretching, vibration of aliphatic CH3 and CH2

2850-2870

Symmetrical C-H stretching, vibration of aliphatic CH3 and CH2

1701-1734

C=O stretch in unconjugated ketones, carbonyl and ester groups

1652-1666

C=O stretch in conjugated aryl ketones

1593-1609

Aromatic ring vibrations and C=O stretch

1504-1515

Aromatic ring vibrations

1462-1464

Asymmetric C-H bending (in CH3 and –CH2-)

1420-1424

Aromatic ring vibrations

1365

Symmetric deformation of C-H in methyl groups

1360

Phenolic hydroxyl vibrations

1270

Vibrations of guaiacyl rings and stretching vibrations of C-O bonds

1214-1233

C-C, C-O and C=O stretching

1190

Vibrations of methoxyl group

1160

Deformation vibrations of C-H bonds in benzene rings

1140

Deformation vibration of C-H bonds in guaiacyl rings

1115

Vibrations of ester linkage

1114-1125

Aromatic in-plane C-H bending
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Table 12 continued
Deformation vibrations of C-O bonds in secondary alcohols and ali1075-1090
phatic ethers
1030-1033

Deformation vibrations of C-H bonds in aromatic rings

914-919

Aromatic out-of-plane C-H bending
Aromatic out-of-plane C-H bending in positions 2, 5 and 6 of guaiacyl

852-859
units
833

Vibrations of C-H bonds in syringyl units

720-740

Bending out of the plane C-H

730-675

Bending out of the plane =CH

2.4.2 NMR analysis of pyrolysis oil
It is well known that pyrolysis oil is a very complex mixture, whereas the ability
of FT-IR to comprehend the details of pyrolysis oil is limited. Most recently, some research work48, 71, 81-88 introduce NMR, including quantitative 1H,
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P and

13

C-NMR, and

semi-quantitative HSQC-NMR to characterize pyrolysis oils. Mullen et al.81 analyzed
various pyrolysis oils produced from switchgrass, alfalfa stems, corn stover, guayule
(whole plant and latex-extracted bagasse), and chicken litter by 1H,

13

C, and

13

C-DEPT

(Distortionless Enhancement Polarization Transfer)-NMR. They found that pyrolysis oil
from chicken litter had the lowest overall amount of methyl groups and had the highest
ketone content of the pyrolysis oils studied. The 13C and DEPT-NMR analysis indicated
that the pyrolysis oils from corn stover and switchgrass had the fewest aliphatic carbons.
The large amount of methine (CH1) groups in the corn stover pyrolysis oil suggested that
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its aliphatic groups were highly branched. However, there were almost the same amounts
of methyl (-CH3) groups as its methine groups, while the percentage of -CH2- was low, it
indicated that these branches were very short and could mostly be methyl groups. Conversely, pyrolysis oil from switchgrass appeared to have more straight-chain aliphatics.
The authors also indicated that the aromatic region of these pyrolysis oils had CH0:CH1
ratios of >2:1, which represents highly complex substituted (at least four substituents)
benzene rings. On the basis of 50 pyrolysis oil model compounds, Joseph et al.83 have
measured the T1 and proposed assignments range for both 13C-NMR and 1H-NMR.

To solve spectral overlapping problems when using 13C-NMR to analyze the pyrolysis oils, HSQC-NMR10 was used to analyze various C-H bonds present in the pyrolysis oils. The fingerprint analysis of HSQC-NMR spectral data provided chemical shift
assignment of twenty-seven (fourteen from lignin pyrolysis oil) different types of C-H
bonds present in pyrolysis oils produced from cellulose, lignin and pine wood. The
HSQC-NMR for the lignin pyrolysis oils showed that there were two different types of
methoxyl group in the pyrolysis oils, which indicated that the native methoxyl group in
the kraft lignin will rearrange to another type during the thermal treatment. As the main
products of pyrolysis cellulose—levoglucosan10, 89 was shown to be increased with the
increasing pyrolysis temperature from 400 to 600 °C, furfurals and phenols were also
found as the major components in the cellulose pyrolysis oils. The content of
5-hydroxymethyl-furfural (HMF) in the cellulose pyrolysis oil decreased at higher thermal treatment temperature, which indicated that HMF could be further decomposed at
higher temperature. The content of aromatic C-H and aliphatic C-H bonds in the lignin
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pyrolysis oils increased with increasing pyrolysis temperature, which was attributed to
the rearrangement and the cleavage of ether bonds or methoxyl groups in the lignin
structure. The analysis of HSQC-NMR for the pine wood pyrolysis oils indicated that levoglucosan was also one of the major components presented in the pyrolysis oils and
most of aromatic C-H and aliphatic C-H bonds in the pine wood pyrolysis oils produced
from lignin component. Table 13 summarized the functional groups presented in pyrolysis oils, which could be analyzed by NMR.

Table 13. NMR detectable functional groups in pyrolysis oils. 9, 10, 48, 71, 81-90
1

H-NMR48,

71, 81,

13
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P-NMR9, 84, 86, 87, 90

HSQC a, 10

82, 85

-CHO,

C-NMR a, 48, 81,

83-88

OH
OH

R

-COOH

ArH, HC=C-

O
C

OH
CH

R'

O

C

HO

OH

R

OCH3
OH/OR

O
H3CO

CH

OCH3

OH

C

-CHn-O- , CHn-O-

-CH3, -CHn-

OCH3
H/R

O
OCH3

R

OCH3

C
H

OH

C
H3CO

OH/OR
OH/OR

H

OCH3
OH

CH3

CH3
O

R

CH

OH

HO

R

H3CO
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H2
C

OH/OR
OH/OR

O

R
C
H

H2
C
R

Table 13 continued
O

HO

OH/OR
OH/OR

CH3

C
H

HO

OH/OR

OH/OR
HO

R

H2
C

CH2
R

R

C
H2

CH

R

R'

OH/OR

O
OH

CH3

O

or
O O

OH

or
O O

O

C
H

HC

O

O
CH3
O

HO

C2H2

O

O
C1H

O

R

CH3

C6
O

a

OH
C5 C
4
O C3 OH
C1 C2
OH

R

H2
C

O

C6HaHb
O

OH
C5 C
4
O C3 OH
C1 C2
OH

The HSQC-NMR and 13C-NMR detectable functional groups are based on our previous

work which are the first reported efforts in the literature to fully characterize pyrolysis oil
by NMR.

2.4.3 Elemental analysis, viscosity, acidity, heating value and solid residue
of pyrolysis oil
The major drawback towards commercialization of pyrolysis oils are several
challenging properties including poor volatility, high oxygen content, acidity and viscosity, corrosiveness, cold flow and aging problems.3 The reported results of elemental analysis, viscosity, acidity, heating value and solid residue for various pyrolysis oils have
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been summarized in Tables 14 and 15. The elemental analysis results show that the oxygen contents in the whole biomass pyrolysis oils are much higher than the lignin pyrolysis oils, which may due to the higher oxygen contents in the carbohydrates in the whole
biomass. Limited amount of sulfur has been found in some whole biomass pyrolysis oils,
especially in the barks pyrolysis oils. Due to the kraft pulping process, the kraft lignins
always contain a small amount of sulfur, which explains the relatively higher sulfur contents in the kraft lignins pyrolysis oils. Table 15 exhibits the relatively high viscosity and
acidity of various pyrolysis oils, which bring huge barriers to the usage as the precursor
of biofuels. The relatively lower heating values for some biomass pyrolysis oils may be
due to the production of water and mixed in the pyrolysis oils. The solid residue in pyrolysis oils could also be a problem during the storage and transportation.

Table 14. Elemental analysis of pyrolysis oils. a
Biomass

C

H

O

S

N

Switchgrass 81

52.97

6.43

39.13

-

0.38

Corn stover 81

53.97

6.92

37.94

<0.05

1.18

Alfalfa stems 81

57.00

7.89

31.30

0.07

3.75

Guayule (whole)81

69.93

8.54

19.31

0.20

2.92

Guayule bagasse81

69.97

7.96

21.38

0.07

0.82

Pine (pinusstrobes)85

59.2

6.6

34.2

-

<0.5

Pistachio shell80

67.35

8.36

23.70

-

<0.59

Indulin AT lignin48

69.79

3.39

15.02

2.17

0.57

Acetocell lignin 48

71.42

4.38

21.43

<0.05

<0.5
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Table 14 continued
Pine wood43

52.64

7.53

39.52

0.019

0.09

Oak wood43

47.19

4.51

47.97

0.022

0.12

Pine bark43

53.99

6.97

38.21

0.035

0.37

Oak bark43

45.57

6.05

47.75

0.28

0.32

Forestry residue91

38-44

7-8

48-53

-

0.1-0.3

Pine 91

44-47

~7

46-49

-

<0.1

Pine bark (pinusbrutia Ten.)92

63.93

7.61

28.36

-

0.10

Pine93

40.6

7.6

51.7

0.01

<0.1

Forestry residue brown93

41.4

7.4

50.9

0.03

0.3

Forestry residue green93

41.2

8.0

50.5

0.02

0.3

Eucalyptus Crandis93

42.3

7.5

50.1

0.02

0.1

Barley straw93

26.5

9.0

62.7

-

0.9

Timothy hay93

32.1

8.5

58.7

-

0.6

Reed canary grass93

39.3

7.7

51.8

-

0.6

Hybrid poplar 94

57.3

6.3

36.2

0.02

0.18

Willow95

43.17

7.15

49.49

0.10

0.10

Switch grass95

38.30

7.42

54.08

0.10

0.10

Reed canary grass95

38.42

7.89

53.49

0.10

0.10

Straw95

28.2

8.78

62.83

0.10

0.10

Dactylisglomerata95

36.75

8.82

52.46

0.10

1.88

Festucaarundinace95

32.05

9.76

56.69

0.10

1.41

Loliumperenne95

30.64

9.63

58.86

0.10

0.77
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Table 14 continued
Soft wood kraft Lignin71

66.4

6.5

22.0

4.7

-

Lignoboost lignin71

69.0

6.6

22.8

1.2

-

85-88

12-15

0

0

0

87

13

0

0

0

Gasoline
Common fuels

b

Diesel
a

The pyrolysis temperatures are from 400-800 oC

b

Data is based on http://www.afdc.energy.gov/pdfs/fueltable.pdf

Table 15. Viscosity, acidity, higher heating value (HHV) and solid residue in the pyrolysis oils a.
Acidity

HHV

Solid

(pH)

(MJ/kg)

residue (wt%)

50 °C 27.5

2.4

18.7

-

40 °C 17

3.2

16.9

-

40 °C 24

-

16.7

-

40 °C 23

2.2

17.3

-

Barley straw93

-

3.7

11.1

-

Timothy hay93

40 °C 5

3.4

13.3

-

-

3.6

16.0

-

20 °C, 22.60 Pa S

2.66

24.73

0.11

Biomass
Pine 93

Viscosity (cSt)

Forestry residue
brown93
Forestry residue
93

green

Eucalyptus
93

crandis

Reed canary grass93
Pine 85
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Table 15 continued
Pine wood43

50 °C, 154 cP under
3.1

21.9

0.197

3.1

18.7

0.184

3.2

18.3

0.428

3.2

19.0

0.080

0.05 shear rate in s-1
Oak wood43

50 °C, 171 cP under
0.05 shear rate in s-1

Pine bark43

50 °C, 2529 cP under
0.05 shear rate in s-1

Oak bark43

50 °C, 5047 cP under
0.05 shear rate in s-1

Forestry residue91

-

2.9-3.3

15.7-17.4

0.02-0.11

Pine 91

-

2.4-2.6

17.8-19.0

0.03-0.29

-

-

31.03

-

Gasoline b

20 °C, 0.5-0.6 mm2/s

-

46.52

-

Diesel b

20 °C, 2.8-5.0 mm2/s

-

45.76

-

Pine bark (pinusbrutia Ten.)92

a

The pyrolysis temperatures are from 400-800 oC.

b

Data is based on http://www.afdc.energy.gov/pdfs/fueltable.pdf
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CHAPTER 3: EXPERIMENTAL MATERIALS AND PROCEDURES
3.1 Materials
3.1.1 Chemicals
All reagents used in this study were purchased from VWR International or Sigma-Aldrich (St. Louis, MO) and used as received. All gases were purchased from Airgas.
(South region, Atlanta, GA). Zeolites (CBV 2314, CBV 3020E, CBV 5524G, CBV 8014,
CBV 28014, CP 814, CBV 710, CP 914C and CBV 21A) were purchased from Zeolyst,
Inc.
3.1.2 Biomass
Wood chips used in this study were acquired from a 15-year old Loblolly pine tree
from the southeastern US. Detailed information about this material has been reported by
Huang et al.12 The wood chips were refined with a Wiley mill through a 0.13 cm screen
and dried under high vacuum at 50 °C for 48 h. Pine wood samples were stored at ~ 0 °C
prior to use.

3.2 Experimental procedure
3.2.1 Lignin preparation
3.2.1.1 Kraft lignin
Kraft lignin was isolated from a commercial softwood kraft pulping liquor following published methods.9 In brief, the cooking liquor was filtered through filter paper
and the filtrate was treated with EDTA-2Na+ (0.50 g/100.0 mL liquor) and stirred for 1 h.
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The liquor was adjusted to a pH value of 6.0 with 2.00 M H2SO4 and stirred vigorously
for 1 h. The liquors were then further acidified to a pH of 3.0 and frozen at -20 ○C. After
thawing, the precipitates were collected on a medium sintered glass funnel and washed
three times with cold water by suspending the precipitates in the water and stirring vigorously at 0 ○C for 1 h. The precipitates were collected, air dried, and soxhlet extracted
with pentane for 24 h. The solid product was air dried and further dried under high vacuum at 45 ○C for 48 h. The resulting purified kraft lignin sample (ash wt% is ~0.5 wt%)
was stored at -5 ○C.

3.2.1.2 Ethanol Organosolv Lignin (EOL)
The milled pine wood was ethanol-organosolv-pretreated as previously described
in the literatures. 96-99 Briefly, a 100.0 g (dry weight) sample of the milled pine wood was
treated with 65% ethanol/water solution with 1.2 w/w% sulfuric acid as a catalyst at
170 °C for 60 min. The solid to liquid ratio used was 1:8. The pre-treatments were carried
out in a Parr reactor (one liter) equipped with a temperature controller (Parr Instrument
Company, Moline, IL). The pre-treated pine wood was washed with warm (60 °C) ethanol/water (8:1, 3×50.0 mL). The washes were combined and 3 volumes of water were
added to precipitate the Ethanol Organosolv Lignin (EOL), which was collected by centrifugation and air dried. The EOL was purified by Soxhlet extraction with pentane and
stored at ~ 0 °C prior to use. The yields were from 5-15 wt % of biomass.
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3.2.2 Preparation of pyrolysis sample
Different types (MFI, FAU, BEA, FER and MOR) of zeolite and metal salt (NiCl2)
were used as the additives in this work. The pyrolysis samples were mechanical stirred
lignin with 1:1 or 2:1 weight ratio of zeolites and metal salt. All the zeolites were activated in the pyrolysis tube at 500 ○C under nitrogen for 6 h.

3.2.3 Equipment and process of pyrolysis
3.2.3.1 Pyrolysis process and system
The pyrolysis system is shown in Figure 10. Pyrolysis experiments were conducted in a quartz pyrolysis tube heated with a split-tube furnace. Typically, the pyrolysis
sample (4.00 g) was placed in a quartz sample boat that was then positioned in the center
of a pyrolysis tube. A K-type thermal couple was immersed in the sample powder during
the pyrolysis to measure the heating rate (~2.7○C/s). The pyrolysis tube was flushed with
nitrogen gas and the flow rate was adjusted to a value of 500 mL/min and then inserted in
the pre-heated furnace. The outflow from pyrolysis was passed through two condensers,
which were immersed in liquid N2. (Note: liquid N2 was used for experimental convenience) Upon completion of pyrolysis, the reaction tube was removed from the furnace and
allowed to cool to room temperature under constant N2 flow. The condensers were then
removed from liquid nitrogen. The pyrolysis char and oil were collected for subsequent
chemical analysis. In general, the liquid products contained two immiscible phases referred to as heavy and light oil. (Figure 11) The light oil was acquired by decantation and
the heavy oil was recovered by washing the reactor with acetone followed by evaporation
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under reduced pressure. Char yields were determined gravimetrically and gas formation
was calculated by mass difference. The errors of the yields are ~ ±2 %.

Figure 10. Slow pyrolysis system used in this work.

Pyrolysis
N2 flow

+

+

o

400-600 C

Biomass

Heavy oil

Light oil

Char

Figure 11. Two immiscible liquid products and solid product for pyrolysis of biomass.

3.2.3.2 Torrefaction process
Torrefaction experiments were conducted in the same system shown in Figure 10.
Typically, the torrefaction sample (~ 5.00 g) was placed in a quartz sample boat that was
then positioned in the center of torrefaction tube. The torrefaction tube was flushed with
nitrogen gas and the flow rate was adjusted to a value of 500 mL/min and then inserted in
the pre-heated furnace. Upon completion of torrefaction, the reaction tube was removed
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from the furnace and cooled to room temperature under constant N2 flow. The torrefied
wood was collected for subsequent chemical analysis and the yield was determined gravimetrically.

3.2.4 Hydrogenation process
Hydrogenation of EOL heavy oil was examined in two steps. Both experiments
were carried out in a 75 mL Parr 4590 Micro Stirred Reactor. In the first step, 150.0 mg
heavy oil and 20.00 mL DI water were loaded in a glass liner with 15.0 mg 5 wt%
Ru/activated carbon catalyst (Alfa Aesar, Product No. 7440-18-8). The reactor was then
purged 5 times with nitrogen gas to remove the air present in the reaction vessel. Then the
reactor was purged 5 times with hydrogen to replace nitrogen. The initial hydrogen pressure was set to 10 Mpa and the stirring rate was 200 rpm. The reactor temperature stay at
300 °C for 4 hours and the reactor pressure was stable at ~14 Mpa. After hydrogenation
process, the reactor was quenched by ice water. After the first step hydrogenation, the
EOL heavy oil has been upgraded to water soluble components and the water solution of
the products was filtered through a 0.45 µm syringe filter. The filtrate was further upgraded by the second step hydrogenation, which was conducted at 250 °C for 2 hours
with the initial hydrogen pressure of 10 Mpa and 10.0 mg 5 wt% Ru/activated carbon as
the catalyst. The carbon yield of first and second step HYD process of overall molar% of
carbon content in the heavy oil = Carbon amount from TOC test of products/ Carbon
amount calculated from elemental analysis of heavy oil. The carbon yield from first to
second step HYD = Carbon amount from TOC test of first step HYD product/ Carbon
amount from TOC test of second step HYD product.
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3.3 Analysis procedure
3.3.1 Characterization of pyrolysis oils by GPC
The weight average molecular weight (Mw), number average molecular weight
(Mn) and molecular weight polydispersity of the heavy oils were determined by Gel Permeation Chromatography (GPC) analysis following literature methods.9 Prior to GPC
analysis, the heavy oil samples were dissolved in THF (1 mg/mL) and filtered through a
0.45 µm syringe filter. The samples were injected into a Polymer Standards Service (PSS)
Security 1200 system featuring Agilent High-Performance Liquid Chromatography
(HPLC) vacuum degasser, isocratic pump, refractive index (RI) detector and UV detector
(270 nm). Separation was achieved with four Waters Styragel columns (HR0.5, HR2,
HR4, HR6) using tetrahydrofuran (THF) as the mobile phase (1.0 mL/min) with injection
volumes of 30 µL. Data collection and processing were performed using PSS WinGPC
Unity software. Molecular weights (Mn and Mw) were calibrated against a calibration
curve. The calibration curve was created by fitting a third order polynomial equation to
the retention volumes obtained from a series of narrow molecular weight distribution
polystyrene standards (i.e., 7.21 x 103, 4.43 x 103, 1.39 x 103, 5.80 x 102 Da),Dioctyl
phthalate (Mw=390 g/mol), 2, 2’-Dihydroxy-4, 4’-dimethoxyl-benzophenone (Mw=274
g/mol), 2-phenylhydroquinone (Mw=186 g/mol), phenol (Mw=94 g/mol) and acetone
(Mw=58 g/mol). The curve fit had an R2 value of 0.998. The errors of Mw are ~ ±3%.

3.3.2 Elemental analysis of lignin and heavy oil and carbon content of
hydrogenation products
Elemental analysis data of lignin and heavy oil was obtained by Atlantic Micro
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lab. Inc. (Norcross, GA) utilizing combustion to determine carbon, hydrogen and sulfur
contents and the oxygen content was calculated by mass difference. The error is 0.3%.
The carbon contents of the 1st and 2nd step hydrogenation products were determined by Total Organic Carbon (TOC) analyzer. (Ionics Inc 1555B)

3.3.3 SEM characterization of catalyst
The catalyst samples were imaged with a scanning electron microscope (Hitachi
S-800) with 12 kV acceleration voltages.

3.3.4 GC-MS analysis of hydrogenation products
The GC-MS analysis of hydrogenation products was conducted by Agilent 5975C
MSD and 7890A GC with a 7693 auto sampler. The Agilent HP-5MS, 19091S-433 column was used. The GC oven was programmed with the following temperature regime:
hold at 50 °C for 5 min, ramp to 200 °C at 5 °C/min and hold at 200 °C for 5 min.

3.3.5 Higher heating value (HHV) measurement
The higher heating values of lignin and heavy oils were measured in a Parr 1261
isoperibol bomb calorimeter according to the literature report.88, 100

3.3.6 Monosaccharide and Klason lignin content analysis
Monosaccharide and Klason lignin content of the native wood and torrefied wood
samples were analyzed by Dionex chromatography, high performance anion exchange
chromatography with pulsed amperometric detection (HPAEC–PAD) for monosaccharide
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analysis on the basis of reported methods.

100

In brief, the extractive free and tannin-free

samples were treated with 72 wt % sulfuric acid for 4 h at 30 oC and then diluted to 3 wt%
sulfuric acid using deionized water and subsequently autoclaved at 121 oC for 1 h. The
resulting solution was cooled to room temperature and was used for the detection of sugar
composition by HPAEC–PAD. The acid insoluble residue was reported as the Klason lignin and char content of the native wood and torrefied wood samples.

3.3.7 Characterization of pyrolysis oil by NMR
All liquid NMR spectral data reported in this study were recorded with a Bruker
Avance/DMX 400 MHz NMR spectrometer. All the NMR data processing and plots were
carried out using MestReNova v7.1.0 software’s default processing template (zero-filling
is 32 K) and automatic phase and baseline correction.

3.3.7.1 Quantitative 1H-NMR
Quantitative 1H-NMR was acquired with 16 transients and 1s pulse delay by employing a standard Bruker pulse sequence “zg” at room temperature. (Note: the longest
T1 was determined to be 0.16 s).

3.3.7.2 DEPT-135 13C-NMR
DEPT-135 13C-NMR was employing a standard Bruker pulse sequence “dept135”
with a 135° pulse angle, 2 s pulse delay, and 5000 scans at room temperature.
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3.3.7.3 Quantitative 13C-NMR
Quantitative 13C-NMR were acquired using 100.0 mg heavy oil dissolved in 450
µL DMSO-d6 employing an inverse gated decoupling pulse sequence, 90° pulse angle, a
pulse delay of 5 s and 6000 scans at room temperature with a line-broadening (LB) of 5.0
Hz. The standard error is ~ ±3%.

3.3.7.4 Quantitative 31P-NMR
Quantitative
using

10.0

mg

31

P-NMR were acquired after in situ derivatization of the samples

of

heavy

oil

or

4.0

mg

for

the

light

oil

with

2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (TMDP) in a solution of (1.6:1 v/v)
pyridine/CDCl3,

chromium

acetylacetonate

(relaxation

agent)

and

endo-N-hydroxy-5-norbornene-2,3-dicarboximide (NHND, internal standard which is
used to evaluate the hydroxyl group contents of pyrolysis samples).

31

P-NMR spectra

data was acquired using an inverse gated decoupling pulse sequence, 90° pulse angle, 25
s pulse delay, and 128 scans at room temperature with a LB of 4.0 Hz. The standard error
is ~ ±1.2%.

3.3.7.5 Characterization of pyrolysis oil by HSQC-NMR
HSQC-NMR were acquired using 100.0 mg pyrolysis oil dissolved in 450 µL
methyl sulfoxide-d6 (DMSO-d6) employing a standard Bruker pulse sequence
“hsqcetgpsi.2” with a 90° pulse, 0.11 s acquisition time, a 1.5 s pulse delay, a 1JC–H of 145
Hz, 48 scans and acquisition of 1024 data points (for 1H) and 256 increments (for

13

C).

The 1H and 13C pulse widths are p1=11.30 µs and p3=10.00 µs, respectively. The 1H and
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13

C spectral widths are 13.02 ppm and 220.00 ppm, respectively. The central solvent peak

was used for chemical shift calibration.

3.3.7.6 Solid-state CP/MAS 13C-NMR
Solid-state CP/MAS

13

C-NMR was carried out using a Bruker DSX 300 NMR

spectrometer operating at 75.48 MHz. The experiments were performed at ambient temperature using a Bruker 7 mm MAS probe. The samples were ground and packed into 7
mm ZrO rotors, which were spun at 4 kHz.
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CHAPTER 4: PYROLYSIS OF SW KRAFT LIGNIN, CELLULOSE
AND PINE WOOD *

4.1 Introduction
Over the last century, worldwide energy consumption has increased 17 fold4 and
this demand is predicted to grow by more than 50% by 2025.5 Known petroleum reserves
are predicted to be consumed in less than fifty years at present rates of consumption.
Cellulose from wood and other biomass is now generally recognized as a major renewable resource for fuels and chemicals. As the second most abundant biomass component
and the primary renewable aromatic resource in nature, lignin, however, has received
much less attention than plant polysaccharides as a resource for biofuels. For example,
the US paper industry produces over 50 million tons of extracted lignin per year and yet
only 2% of this material is used commercially in products. The remainder is burned as a
low value fuel to recover energy. Recently, new lignin separation technology has been
developed to recover and utilize lignin as a resource for biofuels and chemicals.101 The
pyrolysis of biomass, including biomass components, such as lignin and cellulose, is a
promising approach to utilize this resource for fuels and chemicals. The product of pyrolysis of biomass, known as bio-oil, has been identified as inexpensive renewable liquid
fuel which can be further upgraded to green gasoline/diesel.102
*

The full data of this research were accepted for publication in Energy and Fuels, 2011. They are entitled as
“NMR characterization of pyrolysis oils from kraft lignin” and “Heteronuclear Single-Quantum Correlation–Nuclear Magnetic Resonance (HSQC–NMR) fingerprint analysis of pyrolysis oils”. The other author is
Arthur J. Ragauskas from the Institute of Paper Science and Technology and School of Chemistry and Biochemistry at Georgia Institute of Technology. Reprinted with permission from “Ben, H.; Ragauskas, A. J., NMR
Characterization of Pyrolysis Oils from Kraft Lignin. Energy Fuels 2011, 25, (5), 2322-2332.” Copyright 2011
American Chemical Society. Reprinted with permission from “Ben, H.; Ragauskas, A. J., Heteronuclear Single-Quantum Correlation–Nuclear Magnetic Resonance (HSQC–NMR) Fingerprint Analysis of Pyrolysis Oils.
Energy Fuels 2011, 25, (12), 5791-5801.” Copyright 2011 American Chemical Society.

55

The pyrolysis of lignin yielding low-molecular weight compounds has been examined for the past fifty years. In the 1980’s and 1990’s, Iatridis et al.29 pyrolyzed softwood kraft lignin at 400 - 700 oC and they quantitatively measured some of the products
by GC. Carbon monoxide, carbon dioxide, C1-C4 hydrocarbons, methanol and phenols
were shown to increase by 1-6 wt% with pyrolysis temperature. Jimenez et al.47 used pyrolysis-GC-MS to characterize the vapors produced by pyrolysis of softwood, hardwood
and grass lignins at 510 oC. Softwood lignins yielded guaiacyl derivatives, coniferaldehyde and coniferyl alcohol as the major products; hardwood lignins gave guaiacyl and
syringyl derivatives, syringaldehyde, coniferyl alcohol and sinapyl alcohol. Pyrolysis of
bamboo lignin produced p-vinylphenol as the major compound. Nunn et al.30 studied fast
pyrolysis of milled hardwood lignin in the range of 327-1127 oC. They found that the total weight loss of the lignin sample increased with pyrolysis temperature up to 86 w/w %
at 777 oC, above this temperature the yield varied slightly. Pyrolysis oil generation was
reported to yield a maximum of 53 w/w % at 627 oC and then declined to 47 w/w % at
877 oC. Gas generation increased significantly (up to 20 wt %) with temperature up to
877 oC; whereas the char yields reached an asymptote yield of 15 w/w % at 677 oC.
These results suggested a secondary cracking of the pyrolysis oil to the gas occurs above
677 oC. J. Caballero et al.24-26 also indicated that at a temperature range of 650-700 oC
secondary reactions of bio-oil began. They analyzed yields from thirteen pyrolysis experiments products as a function of temperature by GC. Methane, CO and CO2 were found
to increase by 10 wt % in yield as the reactor temperature increased from 500 to 900 oC.
Whereas some products, such as methanol, formaldehyde, acetaldehyde and acetic acid
were found to decrease when the pyrolysis temperature was increased by ~1 wt%. Finally,
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other products were found to have a maximum yield with a pyrolysis temperature of ~700
o

C, such as ethylene, benzene and other aromatics. Table 16 shows the structures of some

compounds reported to present in pyrolysis oil.

Table 16. Major components reported to present in lignin pyrolysis oil.
Name

guaiacol

syringol

coniferaldehyde
HO

OH

Structure

O

O

O

O

O

OH

Name

methanol

Structure

syringaldehyde

coniferyl alcohol
HO

OH

O
HO

OH
O

O
O

Name

acetic acid

Structure

p-vinylphenol
HO

O

phenol
OH

OH

More recently, Scholze et al.46, 69 used pyrolysis-GC-MS, FT-IR, GPC, and qualitative 13C-NMR to characterize the water-insoluble fraction (pyrolytic lignin) from pyrolysis oil, which was produced from pyrolysis of milled wood (hardwood and softwood)
lignin samples. Using GPC, they determined the average molecular weight of pyrolytic
lignin was between 650 and 1300 g/mol. From the assignments of qualitative 13C-NMR
data, they suggested that some lignin subunits were still intact after pyrolysis. On the
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other hand, the authors also indicated the formation of new aromatic C-C bonds at the
former syringyl C-5 position. Ferdous et al.27, 28 studied the effects of the flow rate of the
carrier gas, heating rate and temperature on the pyrolysis of Alcell and Kraft lignin and
the corresponding bio-oil composition and gas yield. They concluded that the flow rate of
carrier gas did not have any significant effect on the conversion, whereas with an increase
in the heating rate both lignin conversion and hydrogen production increased. Consistent
with the results of Nunn and Caballero, Ferdous also indicated that around 700 oC the
pyrolysis oil will begin to go through a secondary pyrolysis reaction which will convert
pyrolysis oil to gas products. Liu et al.75 did a mechanistic study of hardwood and softwood lignin pyrolysis using a thermogravimetric analyzer coupled with a Fourier transform infrared spectrometry (TG-FTIR). They indicated that lignin undergoes three consecutive sets of reactions during pyrolysis including the evaporation of water, the formation of primary volatiles and the release of small molecular gases. At first, the absorbed
water is released by evaporation, and then at a higher temperature (above 100 oC) water is
generated by the dehydration of lignin aliphatic hydroxyl groups. The authors also indicated that phenols, in addition to alcohols, aldehydes, acids and CO, CO2 CH4 were the
major gaseous products. Wang et al.78 compared the pyrolysis behavior of lignins, which
were isolated from Manchurian and Mongolian Scots pine. Using TG-FTIR to monitor
pyrolysis products, they reported that the highest degradation rates of lignin was at ≈380
o

C and the highest release rate of CO, CO2, methanol, formaldehyde and phenols was be-

low 400 oC. A recent report by Nowakowski et al.45 summarized an international collaboration of fourteen laboratories that examined the fast pyrolysis of lignin isolated from
non-woody plants. They concluded that the decomposition of lignin starts at 120 oC and
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extends over a wider temperature range than the thermal decomposition of the whole
biomass. Lignin was also reported to produce a pyrolysis oil in 25-50% yield which is
less than what is produced from whole biomass.

Shen et al.58 pyrolyzed cellulose at 430-730 °C and analyzed pyrolysis products
by GC-MS and FT-IR. They found that levoglucosan (1, 6-anhydro-β-D-glucopyransoe)
is the main component in the bio-oil (more than 50 molar fraction %). Furfural (~1 molar
fraction %) and 5-hydroxymethyl-furfural (~2 molar fraction %) were also found as major thermal decomposition products of cellulose. Wild et al.

103

did a review about bio-

mass pyrolysis for chemicals, they summarized that the major chemicals from the pyrolysis of lignocellulosic biomass are acetic acid, furfural, furans, methanol, levoglucosan,
hydroxyacetaldehyde, guaiacol, syringol, catechols, phenols and other oxygenated aromatics. The yields for the pyrolysis oils are from 30-75 wt%.

In this chapter, pyrolytic behaviors of lignin, cellulose and whole biomass—pine
wood will be discussed. The influence of pyrolysis temperatures on the yields of pyrolysis products will also be investigated.

4.2 Experimental section
4.2.1 Materials and Methods
Chemicals and biomass used in this study was shown in 3.1 section of this dissertation.
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4.2.2 Lignin separation and purification
Lignin separation and purification procedure was shown in 3.2.1.1 section of this
dissertation.

4.2.3 Equipment and process of pyrolysis
Pyrolysis system and process was shown in 3.2.3.1 section of this dissertation.

4.2.4 Characterization of pyrolysis oils by GPC
Characterization procedure was shown in 3.3.1 section of this dissertation.

4.3 Results and Discussion
4.3.1 Yields of pyrolysis products
The yields from pyrolyzing a softwood kraft lignin at temperatures of 400 – 700
o

C with a heating rate of ~ 2.7 oC/s are summarized in Table 17 and these results indicate

that the yields of char, gas and total pyrolysis oil were correlated with the reaction temperature. The char content decreased linearly from 57% to 38% with an increase in pyrolysis temperature. In contrast, the yield of total pyrolysis oil, heavy oil and gas increased
with an increased reactor temperature. There are two competitive reactions, which are
shown in Figure 12, during the pyrolysis — the primary pyrolysis of lignin and the secondary decomposition of pyrolysis oil. At 700 oC, the increased gas yield was almost the
same as the decreased char yield and the yield of total pyrolysis oil was comparable to
that acquired at 600 oC. These results indicate that the formation of pyrolysis oil from
lignin is almost the same as its decomposition at this temperature, which is comparable to
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recent literature reports.29, 30

Primary pyrolysis of lignin
pyrolysis oil Α

lignin

+

gas

+

char

Secondary decomposition of pyrolysis oil
pyrolysis oil B +

pyrolysis oil A

gas

Pyrolysis oil Α
Fragments of lignin
Pyrolysis oil Β
Secondary decomposition product

Figure 12. Two competitive reactions during the pyrolysis of SW kraft lignin.

Table 17. Yields of light oil, heavy oil, char and gas for the pyrolysis of SW kraft lignin
at 400, 500, 600 and 700 oC.
Pyrolysis Mass % Yield
1 o

Pyrolysis Temperature / C
Light oil

Heavy oil

Total pyrolysis oil

Char

Gas

400

12.09

22.45

34.54

57.21

8.25

500

13.21

27.82

41.03

46.67

12.30

600

14.20

30.01

44.21

40.48

15.31

700

10.44

33.83

44.27

38.14

17.59

1

All reactions were preformed for 30 min

The yields of the light oil, heavy oil, char and gas for the pyrolysis of cellulose
and pine wood are summarized in Tables 18 and 19. The results show that lignin yields
mostly a heavy oil and char, in contrast, cellulose produced the least amount of heavy oil
and char but the most light oil for the three biomass samples examined in this study. The
results also show that the yield of char decreased and the yield of gas increased at higher
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reactor temperatures, which indicate the higher pyrolysis temperature prefer to produce
more gas products. Table 17 indicated that the formation of pyrolysis oil from lignin
(primary pyrolysis) is almost the same as its decomposition (secondary decomposition)
near 700 °C, which imply that 700 °C should be the highest temperature to produce pyrolysis oil. For the pyrolysis of cellulose, Table 18 shows the yields of pyrolysis oil and
char decreased but the yield of gas increased with increasing reactor temperatures
(400-600 °C) which indicates that the point of primary pyrolysis of cellulose and the
secondary decomposition of pyrolysis oil is lower than 400 °C. A recent report by Chen et
al.104 gave a similar result employing TGA (thermo gravimetric analysis) to analyze the
thermal treatment of cellulose which indicated that cellulose was almost completely decomposed below 400 °C. For the pyrolysis of pine wood, Table 19 shows that the yield of
pyrolysis oil only slightly increased (0.85%) when the thermal treatment increased from
500 to 600 °C, in contrast, the yield of gas increased by 2.55%, which indicates that
500 °C is close to the point of primary pyrolysis of pine wood and secondary decomposition of pyrolysis oil. Chen et al.105 have noted a similar result when they examined bamboo, willow, coconut shell and wood (Ficusbenjamina L.) by TGA and found that once
the temperature is above 500 °C, the weight loss is not significant, a consequence of
thermal decomposition of other heavy components occurring.
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Table 18. Yields of light oil, heavy oil, char and gas for the pyrolysis of cellulose at 400,
500 and 600 °C.
Pyrolysis Mass % Yield

Pyrolysis Temperature/ °C
Light oil

Heavy oil

Total pyrolysis oil

Char

Gas

400

61.31

11.11

72.42

17.34

10.24

500

61.26

10.81

72.07

13.52

14.41

600

58.83

10.47

69.30

11.17

19.53

Table 19. Yields of light oil, heavy oil, char and gas for the pyrolysis of pine at 400, 500
and 600 °C.
Pyrolysis Mass % Yield

Pyrolysis Temperature °C
Light oil

Heavy oil

Total pyrolysis oil

Char

Gas

400

39.78

19.78

59.56

29.11

11.33

500

44.08

20.65

64.73

23.66

11.61

600

43.79

21.79

65.58

20.26

14.16

4.3.2 GPC analysis of SW kraft lignin pyrolysis oils
Along with characterizing the functional groups present in pyrolysis oil, another
key biofuel parameter is the molecular weight profiles. The number average and weight
average molecular weights (Mn and Mw) and polydispersity values for the four heavy oils
produced by pyrolysis of softwood kraft lignin between 400-700 oC are presented in Table 20. This analysis indicates an increase in molecular weight of the heavy pyrolysis oil
with an increased reactor temperature. Westerhof et al.
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has reported a similar result of

bio-oil produced from pine at different temperatures. The polydispersity values of the
heavy oils increase with an increased pyrolysis temperature, which could be attributed to
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several factors, including greater release of more condensed fragments with high molecular weights and more secondary decomposed pyrolysis oils with low molecular weights
at higher reactor temperatures.

Table 20. Molecular weight distribution and polydispersity (D) of heavy oils produced by
pyrolysis of SW kraft lignin at 400, 500, 600 and 700 oC.
Pyrolysis Temperature

Mn(g/mol)

Mw (g/mol)

D(Mw/Mn)

400 oC

133.75

209.54

1.57

500 oC

155.80

260.64

1.67

600 oC

169.72

304.95

1.80

700 oC

181.65

363.78

2.00

4.3.3 Heating values of SW kraft lignin pyrolysis oils
Heating value is another key biofuel parameter profile. The higher heating values
(HHV) for the four heavy oils produced by pyrolysis of softwood kraft lignin between
400-700 oC are presented in Table 21. This analysis indicates an increase in HHV of the
heavy pyrolysis oil with an increased pyrolysis temperature. The HHVs of those pyrolysis
oils are comparable with ethanol (29.8 MJ/Kg) 56 and coal (~31.0 MJ/Kg), and higher
than methanol (22.7 MJ/Kg) and wood (~20.0 MJ/Kg) but lower than gasoline (47.3
MJ/Kg) and diesel oil (45.7 MJ/Kg). 57
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Table 21. Higher heating value of heavy oils produced by pyrolysis of SW kraft lignin at
400, 500, 600 and 700 oC.
Higher heating value
Pyrolysis Temperature
BTU/LB

MJ/Kg

400 oC

12783

29.73

500 oC

12720

29.83

600 oC

12960

30.10

700 oC

13083

30.48

Since biomass is very complicated, to understand the thermal decomposition
pathways of biomass, the pyrolytic behaviors of various biomass components including
lignin and cellulose as well as whole biomass under different temperatures have been investigated in this Chapter. For the SW kraft lignin studied, 600 oC was the optimized pyrolysis temperature. For the pyrolysis of cellulose, the yields of pyrolysis oil and char decreased but the yield of gas increased with increasing reactor temperatures (400-600 °C)
which indicates that the point of primary pyrolysis of cellulose and the secondary decomposition of pyrolysis oil is lower than 400 °C. For the pyrolysis of pine wood, the
yield of pyrolysis oil only slightly increased (0.85%) when the thermal treatment increased from 500 to 600 °C, in contrast, the yield of gas increased by 2.55%, which indicates that 500 °C is close to the point of primary pyrolysis of pine wood and secondary
decomposition of pyrolysis oil. In the next Chapter, the characterizations of various pyrolysis oils by NMR methods including 13C, 31P and HSQC-NMR will be discussed. The
possible decomposition pathways of lignin and cellulose to the major pyrolysis products
will also be investigated.
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CHAPTER 5: NMR CHARACTERIZATION OF PYROLYSIS OILS
PRODUCED FROM SW KRAFT LIGNIN, CELLULOSE AND PINE
WOOD *

5.1 Introduction
Due to the complexity nature of pyrolysis oils brings a huge barrier for the traditional analysis methods such as GC-MS, GPC and FT-IR. GC-MS analysis has always
been used to analyze individual components in pyrolysis oil, however, only a small portion could be detected by GC due to the poor volatility. The spectroscopic technique such
as FT-IR could give insights into the whole portions of pyrolysis oil. Unfortunately, the
ability of such method to deal with complex mixture like pyrolysis oil is very limited.
Therefore, precise characterization of the whole portion of thermal decomposition products has significant impacts on providing insight into the thermal decomposition pathways and evaluating the upgrading processes. This chapter will introduce various NMR
methods to characterize different functional groups presented in liquid products by 1H,
13

C, 31P and 2D-HSQC, which is the first report effort to be used to analyze pyrolysis oil.

Several chemical shifts databases for the components presented in the pyrolysis oils were
created to facilitate the characterizations by NMR. Four different types of protons, eight
types of hydroxyl groups, fifteen different carbons and thirty different C-H bonds in the
*

The full data of this research were accepted for publication in Energy and Fuels, 2011. They are entitled as
“NMR characterization of pyrolysis oils from kraft lignin” and “Heteronuclear Single-Quantum Correlation–Nuclear Magnetic Resonance (HSQC–NMR) fingerprint analysis of pyrolysis oils”. The other author is
Arthur J. Ragauskas from the Institute of Paper Science and Technology and School of Chemistry and Biochemistry at Georgia Institute of Technology. Reprinted with permission from “Ben, H.; Ragauskas, A. J., NMR
Characterization of Pyrolysis Oils from Kraft Lignin. Energy Fuels 2011, 25, (5), 2322-2332.” Copyright 2011
American Chemical Society. Reprinted with permission from “Ben, H.; Ragauskas, A. J., Heteronuclear Single-Quantum Correlation–Nuclear Magnetic Resonance (HSQC–NMR) Fingerprint Analysis of Pyrolysis Oils.
Energy Fuels 2011, 25, (12), 5791-5801.” Copyright 2011 American Chemical Society.
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whole portion of pyrolysis oil could be analyzed by NMR. The possible thermal decomposition pathways for the lignin and cellulose have also been discussed in this chapter.

5.2 Experimental section
Please see the sections 3.1; 3.2.1; 3.2.1.1; 3.2.3; 3.2.3.1; 3.3.7.2-5 of this dissertation for the details.

5.3 Results and Discussion
5.3.1 31P-NMR analysis of pyrolysis oils
Phosphitylation of hydroxyl groups using 2-chloro-4,4,5,5-tetramethyl-1,3,2dioxaphospholane has been developed to quantitatively determine hydroxyl functional
groups in various substrates including coal pyrolysis condensates, 106coal extracts, 107 lignin and biofuel precursors.108 The overall chemistry of phosphorous derivatization is
summarized in Figure 13 and the 31P-NMR chemical shifts and integration regions of the
phosphitylated aryl/alkyl hydroxyl groups and water with TMDP are summarized in Table 22.
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Figure 13. Reactions of the phosphorous reagent (TMDP) with various hydroxyl functional groups and the 31P-NMR assignment of phosphitylated compounds. 108

Table 22. Chemical shifts and integration regions for pyrolysis oil and lignin after derivative with TMDP by a quantitative 31P-NMR.108
Integration

region Examples

Functional group
(ppm)
O

endo-N-hydroxy-5-norbornene2,3-dicarboximide
(NHND,

N

151.0 - 152.8
O

internal standard)
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OH

Table 22 continued
OH

Aliphatic OH

150.0 - 145.5

β-5

144.7 - 142.8

OH

HO
O
H3CO

OCH3

C5 substituted
Condensed

phenolic 4-O-5

142.8 - 141.7
O

OH

OH

OCH3

5-5

OCH3

141.7 - 140.2
H3CO

OCH3
OH

OH

HO

Guaiacyl phenolic OH

140.2 - 139.0
H3CO

HO

Catechol type OH

139.0 - 138.2
HO

p-hydroxy-phenyl OH

138.2 - 137.3

HO

O
O

Acid-OH

136.6 - 133.6

OH
OH

Water peak

133.1-131.3,
16.9-15.1
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Note: chemical shift provided is for the hydroxyl group in bold and with underline after
treated with TMDP.

A typical 31P-NMR spectrum for a heavy oil is shown in Figure 14 and the integration for all the heavy oils and the starting lignin are summarized in Table 23. Compared to lignin, the heavy oils contained less aliphatic hydroxyl group, C5 substituted/condensed phenolic hydroxyl group and carboxyl acid group. The decreased concentration of aliphatic hydroxyl and acid groups is significant as it indicates that the lignin side chain hydroxyl groups were readily eliminated during the thermal treatment. The
cleavage of side chain hydroxyl groups was attributed to the dehydration aliphatic hydroxyl groups to form water and sites of unsaturation. The mechanism of decomposition
of carboxyl group was attributed to the loss of carbon dioxide during pyrolysis. In contrast, the content of guaiacyl, p-hydroxy phenyl and catechol type hydroxyl groups increased after pyrolysis. This was attributed to the cleavage of ether bonds during the pyrolysis. Prior pyrolysis studies with lignin model compounds have indicated that thermal
cleavage of β-O-4 ether bond will form guaiacyl, p-hydroxy-phenyl hydroxyl group and
catechols, which supports our studies.49-55 Possible reaction pathways for thermal cleavage are illustrated in Figure 15.
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Figure 14.31P-NMR spectra for the heavy oil produced by pyrolysis of SW kraft lignin at
600 oC derivatized with TMDP.
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Table 23. Hydroxyl group contents of SW kraft lignin and different heavy oils produced
by pyrolysis of SW kraft lignin at 400, 500, 600 and 700 oC determined by quantitative
31

P-NMR after derivatization with TMDP.
Hydroxyl Group Contents /(mmol/g heavy oil)
Functional group
400 oC

Aliphatic OH

500 oC 600 oC

700 oC

Lignin

0.28

0.36

0.36

0.35

1.73

C5 substituted

β-5

0.47

0.47

0.40

0.41

0.59

Condensed

4-O-5

0.26

0.31

0.31

0.34

0.42

Phenolic OH

5-5

0.35

0.35

0.31

0.30

0.76

Guaiacyl phenolic OH

3.05

2.93

2.33

2.28

1.53

Catechol type OH

1.34

1.49

2.02

2.22

0.17

p-hydroxy-phenyl OH

0.33

0.46

0.49

0.55

0.14

Acid-OH

0.26
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Figure 15. The possible decomposition pathways of ether bond in lignin during the pyrolysis.49-55

72

The results in Table 23 indicate that the concentration of guaiacyl hydroxyl
groups decreased with increasing pyrolysis temperature from 400 - 700 oC. In contrast,
the yield of catechol type and p-hydroxy-phenyl hydroxyl group increased with this increase in pyrolysis temperature. This result, combined with the possible decomposition
pathways suggests that guaiacol (7) could be further converted to catechol (4) or phenol
(13) at higher pyrolysis temperatures.

Because the methoxy phenoxy radical (6) is more favored than the o-hydroxy
phenoxy methyl radical (11),49 the content of p-hydroxy-phenyl hydroxyl groups in the
pyrolysis oil should be lower than the catechol type and guaiacyl hydroxyl groups, which
is consisted with the results shown in Table 23. In addition, based on

31

P-NMR results,

there are nonlinearly changes of the contents of guaiacyl and catechol type hydroxyl
groups between 500 oC and 600 oC which could be attributed to several factors including
greater release of more condensed structures and improved cleavage of methoxyl groups
at higher reactor temperatures.

In contrast with the heavy oils, the

31

P-NMR data from the light oils exhibited

fewer signals that were relatively easy to identify. These samples contained approximately 80 w/w% of water and 10 w/w% of three other components as summarized in Table 24.
Base on the chemical shift data in the literature106, 109 three peaks were assigned to methanol (147.9 ppm), catechol (138.9 ppm) and acetic acid (134.6 ppm) which were also
detected as the major components in the light oil by GC-MS. The yield of catechol in the
light oil increased as the pyrolysis temperature was increased from 400 oC to 700 oC,
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which is similar to the results observed in the heavy oil analysis. In contrast, the concentration of methanol and acetic acid in light oil decreased as the reactor temperature was
increased.

Table 24. Weight percentage of four major components in light oils produced by pyrolysis of SW kraft lignin at 400, 500, 600 and 700 oC, determined by quantitative 31P-NMR
after derivatization with TMDP.
w/w% in light oil
Major components in light oil
400

o

C

500

o

C

600

o

C

700

o

C

Methanol

8.10

6.24

6.24

5.02

Catechol

0.44

0.66

1.32

1.98

Acetic acid

1.62

1.26

1.20

0.90

Water

78.50

79.39

79.85

80.01

5.3.2 13C-NMR analysis of pyrolysis oils
To fully characterize the functional groups in the pyrolysis oils, a detailed analysis
of these products was accomplished using 13C-NMR. To help facilitate this analysis, the
chemical shifts of 97 compounds

15, 21-26

reported present in pyrolysis oils were summa-

rized in a map of chemical shifts. Figure 16 shows the results of this analysis. Although
each chemical moiety is a unique data entry, some compounds had multiply signals in the
assigned spectral regions which resulted in overlapping chemical shifts. For this analysis,
it is apparent that 80% of the aromatic C-O bonds have a chemical shift range of 142.0 –
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166.5 ppm, 79% of aromatic C-C bonds have a chemical shift between 142.0 - 125.0 ppm
and 81% of aromatic C-H bonds have a chemical shift between 125.0-95.8 ppm. Figure
17 shows the distribution of over 1000 chemical shifts data and the assignment range results. With the exception of olefinic carbons, the other six carbon bond ranges were reasonably well separated. In addition, two kinds of methyl-aromatic carbons in the aliphatic
C-C range are also analyzed and shown in Figure 18. Based on those results, a structural
assignment range was developed and this analysis is summarized in Table 25. The whole
database can be found as the supplementary data of this paper.
aromatic C-H
aromatic C-C
aromatic C-O

chemical shift / ppm

160

142.0 ppm
140

125.0 ppm
120

100

0

100

200

300

unique chemical moiety

Figure 16.13C-NMR chemical shifts distribution of aromatic C-H, C-C and C-O for
compounds reported present in pyrolysis oils.
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Figure 17.13C-NMR chemical shifts distribution of various functional groups (from
0-215 ppm) for compounds reported present in pyrolysis oils.
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Figure 18.13C-NMR chemical shifts distribution of methyl-aromatic carbons for compounds, reported present in pyrolysis oils.
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Table 25. 13C-NMR chemical shift assignment range of lignin pyrolysis oil based on literature compounds. 15, 21-26
Integration
Functional group

Examples
region (ppm)
O

Carbonyl or Carboxyl bond

215.0 – 166.5

C
R

R'
O

Aromatic C-O bond

166.5 – 142.0

Aromatic C-C bond

142.0 – 125.0

C

R

C

R

H

Aromatic C-H bond

125.0 – 95.8

Aliphatic C-O bond

95.8 – 60.8

C

H2
C
R

R
O

O
CH3

Methoxyl-Aromatic bond

60.8 – 55.2

General

55.2 – 0.0

H2
C

R

R
CH3

Methyl – Aromatic

21.6 – 19.1

Aliphatic C-C bond
Methyl – Aromatic at ortho

CH3

position of a hydroxyl or 16.1 – 15.4
R
O

methoxyl group
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A typical 13C-NMR spectrum for a heavy oil is shown in Figure 19 and the results
of this analysis are summarized in Table 26. This data shows that the carbonyl group
content was reduced after pyrolysis, and methoxyl group was significantly eliminated after pyrolysis, especially at higher pyrolysis temperatures. Based on the 13C-NMR results,
nearly 70%-80% of the carbons from heavy oil are aromatic carbon. The number of aromatic C-O and C-C bonds in heavy oil increased with increasing pyrolysis temperatures
from 400 - 700 oC. In contrast, the number of aromatic C-H bond decreased with an increasing reactor temperature. Considering the number of aliphatic C-O bonds removed
during pyrolysis and the possible reaction pathways presented in the literature

49-55

the

formation of aromatic C-O bond may due to radical reactions between aromatic and aliphatic hydroxyl groups. In addition, there are much more aliphatic C-C bonds in the
heavy oils than lignin. Two kinds of methyl-aromatic carbons in the aliphatic C-C range
have also been analyzed. Those methyl-aromatic C-C bonds have been formed during the
pyrolysis and the content increased with a reactor temperature increase from 400 - 600 oC.
It seems that those methyl-aromatic bonds could also be decomposed at 700 oC. A possible pathway of formation of aromatic C-O bond and C-C bonds are provided in Figure
20.
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Figure 19. Quantitative 13C-NMR spectra for the heavy oil produced by pyrolysis of SW
kraft lignin at 600 oC.
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Table 26. Integration results for SW kraft lignin and heavy oils produced by pyrolysis of
SW kraft lignin at 400, 500, 600 and 700 oC, detected by quantitative 13C-NMR with using the assignment range showed in Table 25. The results were shown as the percentage
of carbon.
400 oC

500 oC

600 oC

700 oC

lignin

C=O

0.5

0.6

0.9

0.3

1.6

Aromatic C-O

15.7

16.3

16.7

20.6

27.3

Aromatic C-C

14.0

15.9

22.7

26.9

25.8

Aromatic C-H

36.5

33.2

29.7

29.4

26.4

Aliphatic C-O

0.6

0.5

0.1

0.5

5.8

Methoxyl

9.6

8.5

5.4

4.5

12.9

Aliphatic C-C general

23.1

25.0

24.4

17.8

0.3

Methyl – Aromatic

3.9

4.3

4.5

3.2

0.0

2.4

2.7

3.3

2.2

0.0

Functional groups

Methyl – Aromatic at ortho
position of a hydroxyl or methoxyl group
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Figure 20. The possible pathway to form aromatic C-O bond and C-C bond in pyrolysis
oil.49-55

The radical reactions shown in Figure 20 have been proposed by some researchers50, 85 to be favored at higher pyrolysis temperatures, which mean the number of aromatic C-O and C-C bond, will increase with increasing reactor temperatures. The change
in the aromatic C-H bonds is interrelated with C-O and C-C bond, if the number of aromatic C-O and C-C bond is increased, the number of aromatic C-H bond will be decreased. Therefore, the proposed pathways shown in the Figure 20 are supported by the
results in Table 26. Similarly, with the

31

P-NMR results for the heavy oils, nonlinearly

changes occurred between 500 and 600 oC as was found in
81

13

C-NMR results. Based on

the possible pathways to form aromatic C-C bond during pyrolysis the cleavage of methoxyl groups and aromatic C-H bonds could produce aromatic radicals and subsequently
form aromatic C-C bonds. In addition, at 600 oC the reactor temperature may provide
enough energy to release more condensed lignin fragments, which contain more aromatic
C-C bonds. The possible pyrolysis pathways of primary decomposed functional groups in
lignin during the pyrolysis have been summarized in Figure 21.
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Figure 21. The possible pyrolysis pathway of primary decomposed functional groups in
lignin during the pyrolysis.

The pyrolysis of softwood kraft lignin was accomplished at 400, 500, 600 and 700
o

C. The yields of pyrolysis oil, char and gas indicated that 700 oC was the point of prima-

ry decomposition of lignin and the secondary decomposition of pyrolysis oil. For the SW
82

kraft lignin studied, 600 oC was the optimized pyrolysis temperature. The

31

P-NMR re-

sults for the light oil showed that it contained nearly 80 w/w% water and another 10 w/w%
was methanol, catechol and acetic acid. The large amount of water was attributed to dehydration reactions of lignin during pyrolysis. Based on the results of 13C and 31P-NMR
for the heavy oil and lignin, the aliphatic OH, carboxyl and methoxyl group in the lignin
are the primary target functional groups to decompose during the pyrolysis, the cleavage
of ether bond in the lignin is another primary decomposition during the thermal treatment.
Further, the results of

13

C-NMR and GPC indicated that at higher temperature, there

would be more aromatic C-O and C-C bond in the heavy oil, and the heavy oil would
have a larger molecular weight and polydispersity value.

In summary, the detailed characterization of this pyrolysis oil provides insight into
the mechanisms of pyrolysis of lignin and it products. These results will be of value in the
development of tailored catalysts to upgrade these bio-oils to green fuels.

5.3.3 HSQC-NMR analysis of pyrolysis oils
Our previous study found that the light oils produced from pyrolysis of lignin
contain ~80 w/w% of water whereas the light oil from cellulose and pine wood contained
~40-60 w/w% of water. The heavy oils were further analyzed by quantitative 1-D NMR
and a series of functional groups were determined including carbonyl groups, aromatic
C-H, C-O and C-C bonds, aliphatic C-C and C-O bonds and methoxyl groups. This analysis was complicated by the spectral overlap of some signals. It is well appreciated that
the limitations of 1-D NMR can be addressed using modern 2-D NMR techniques, which
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has been used to analysis lignin,110-112 cellulose,113 and whole biomass.103, 112, 114 To fully characterize the functional groups in the pyrolysis oils, HSQC-NMR was used to analyze the total pyrolysis oils from kraft lignin, cellulose and pine wood by dissolving the
light and heavy oil in deuterated DMSO. To help facilitate this analysis, three chemical
shift databases of compounds reported to be presented in pyrolysis oils were employed
for data analysis. The detailed information of those three chemical shift databases can be
found in the supporting material.

5.3.3.1 HSQC-NMR analysis of pyrolysis oils produced from softwood kraft lignin
The 1H and 13C-NMR chemical shifts of 97 compounds reported 15, 21-26 present in
pyrolysis oils are summarized in a 2-D map of chemical shifts. Figure 22 shows the results of this analysis; the detailed structures of the assignments are shown in Table 27.
The aromatic C-H bonds, methoxyl groups and aliphatic C-H bonds in the HSQC-NMR
spectra for the heavy oils produced by pyrolysis of SW kraft lignin from 400 to 600 oC
are shown in Figures 23-25, separately. Figure 23 shows that the content of A2 kind of
aromatic C-H bond (aromatic C-H bond in the meta-position of phenol) increases with
the increasing pyrolysis temperature, which is consistent with the results in our previous
work. The content of phenol was also found to increase with the reactor temperature.
There are no peaks belong to the B3 and B4 types of aromatic C-H bonds which indicate
that SW kraft lignin will not produces any syringyl type of aromatic products during the
pyrolysis process. The contents of all the aromatic C-H bonds shown in Figure 23 slightly
increased with the increasing thermal treatment temperature, these aromatic C-H bonds
could be formed by the cleavage of ether bonds and methoxyl groups. Figure 24 shows
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two different kinds of methoxyl groups presented in pyrolysis oils, because there is no C1
(no hydroxyl or ether bond in the ortho position of methoxyl group) type of methoxyl
group in the native kraft lignin, which suggest that this kind of methoxyl group was
created by the pyrolysis process. On the basis of reported 115, 116 bond energies for various
C-H and C-O bonds in lignin model compound (Figure 26), the aliphatic C-O bond in the
methoxyl groups will be the first point to decompose during the thermal treatment, Figure
27 shows the possible decomposition and rearrangement pathways of methoxyl groups in
lignin during the pyrolysis,49, 51 which indicates that the native methoxyl group (C2) will
rearrange to another type (C1). Figure 25 shows that the content of methyl-aromatic carbon (D1 and D2) increased with increasing pyrolysis temperatures from 400-600 oC, our
previous work also indicated the same result by quantitative 13C-NMR. The possible formation pathways of methyl-aromatic carbons were proposed in Figure 27. Similarly, the
contents of all the other types of aliphatic C-H bonds also slightly increased with the increasing reactor temperature. The formation of those aliphatic carbons may due to the
rearrangement of ether bonds or the cleavage of side chains in lignin.
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Table 27. Detailed structures of assignments for HSQC-NMR analysis of pyrolysis oil
produced from softwood kraft lignin.
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H
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Figure 22.1H-NMR and

13

D2

D3

D4

D5

C-NMR chemical shifts distribution of various functional

groups for compounds reported present in lignin pyrolysis oils. The assignments range for
each functional groups are circled in the specific area. (The assignments range may vary
due to the limitations of chemical shift database)
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Figure 23. Aromatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of SW kraft lignin from 400 to 600 oC (from left to right).

Figure 24. Methoxyl groups in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of SW kraft lignin from 400 to 600 oC (from left to right).

Figure 25. Aliphatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of SW kraft lignin from 400 to 600 oC (from left to right).
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Figure 27. The summary of tentative decomposition and rearrangement pathways of methoxyl groups in lignin during the pyrolysis. 49, 51, 115
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5.3.3.2 HSQC-NMR analysis of pyrolysis oils produced from cellulose
Figure 28 shows 2-D maps of 1H and 13C-NMR chemical shifts of the compounds
reported58, 64, 61-63 present in pyrolysis oils produced from cellulose, the detailed structural
assignments are shown in Table 28. Figure 29 shows HSQC-NMR spectra and the assignments of each carbon in the levoglucosan (I) presented in the cellulose pyrolysis oils,
the intensity of those peaks indicates that levoglucosan is one of the major products in the
cellulose pyrolysis oil. Shen et al.

58

and Moldoveanu

64

also found the similar result by

analysis of cellulose pyrolysis oils with GC-MS. The content of levoglucosan only
slightly increased with increasing pyrolysis temperature, which is consistent with prior
results. Figure 31 shows the aromatic C-H bonds in the HSQC-NMR spectra for the cellulose pyrolysis oils. It indicates that the furans (compounds E1 and E2 in Table 28) and
phenols are the major aromatic products in the cellulose pyrolysis oils and the pyrolysis
temperature only has limited effect on the contents of those products. Figure 32 shows
that the methyl-furfural (or other compounds containing furan ring, compound F in Table
28) and the α-carbon nearby the carbonyl group (G) are the major type of aliphatic C-H
bonds presented in the bio-oils produced from cellulose. Another major compound
present in the cellulose pyrolysis oil is 5-hydroxymethyl-furfural (HMF, compound H in
Table 28) and its assignment in the HSQC-NMR spectra is shown in Figure 33. The content of HMF decreased with the increasing pyrolysis temperature, which indicates that
HMF undergoes further decomposition at higher pyrolysis temperature. The summary of
tentative mechanism in the literatures58, 88, 117, 118 for the formation of levoglucosan, HMF
and aromatic rings during the pyrolysis of cellulose are shown in Figure 30.
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Table 28. Detailed structures of assignments for HSQC-NMR analysis of pyrolysis oil
produced from cellulose.
or
O O

C
H

E1

O

or
O O

O

O

HC

E2

O

R

H2
C

HO

O

C2H2
O

C1H

CH3

F

Figure 28. 1H-NMR and

G

13

O

H

C6HaHb
O

OH
C5 C
4
O C3 OH
C1 C2
OH

I

C-NMR chemical shifts distribution of various functional

groups for compounds reported present in pyrolysis oils produced from cellulose.58, 64,61-63
The assignments range for each functional groups are circled in the specific area.

90

Figure 29. HSQC-NMR spectra and the assignments of each carbon in the levoglucosan
presented in pyrolysis oils produced by pyrolysis of cellulose from 400 to 600 oC (from
left to right).
OH
O

O
O

O

O

HO

O

OH

OH

OH
OH

OH

OH

OH
OH

HO

OH

OH

HO

O

HO

OH

O

HO

OH
HO

HO

HO

OH

O

HO

-H2O

HO

OH

O

O
HO

OH

HO

OH

O
O

O

Figure 30. The summary of tentative mechanism in the literatures for the formation of
levoglucosan, HMF and aromatic rings during the pyrolysis of cellulose. 58, 88, 117, 118
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Figure 31. Aromatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of cellulose from 400 to 600 oC (from left to right).

Figure 32. Aliphatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of cellulose from 400 to 600 oC (from left to right).

Figure 33. HSQC-NMR spectra and the assignment of 5-hydroxymethyl-furfural (HMF,
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compound H in Table 28) presented in pyrolysis oils produced by pyrolysis of cellulose
from 400 to 600 oC (from left to right).

5.3.3.3 HSQC-NMR analysis of pyrolysis oils produced from pine wood.
Similarly to the pyrolysis of cellulose, levoglucosan is also one of the major
components presented in pine wood pyrolysis oil. Figure 34 shows HSQC-NMR spectra
and the assignments of each carbon in the levoglucosan (I) presented in the pine wood
pyrolysis oils, and the content of levoglucosan slightly increased from 9%-11% with the
increasing pyrolysis temperatures. (detected by quantitative

13

C-NMR, the results are

shown in percentages of total carbon.) Figure 35 shows the aromatic C-H bonds in the
HSQC-NMR spectra for the pine wood pyrolysis oils. It indicates that the major aromatic
components in the pine wood pyrolysis oils contain A1, A2, A3, B1 and B2 types of aromatic C-H bonds, which is comparable with lignin pyrolysis oils; in addition, the contents
of those aromatic C-H bonds increase with increasing pyrolysis temperature, which is also consisted with pyrolysis oils produced from SW kraft lignin. Figure 36 indicates that
there are more rearranged methoxyl groups (C1) than the native type (C2) in the pyrolysis
oils produced from pine wood, which is also similar with lignin pyrolysis oils. Figure 37
shows that the contents of aliphatic C-H bonds slightly increased (from 24-26%, detected
by quantitative

13

C-NMR, the results are shown in percentages of total carbon) with the

increasing reactor temperature and most of those aliphatic C-H bonds result from the pyrolysis of the lignin component.
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Figure 34. HSQC-NMR spectra and the assignments of each carbon in the levoglucosan
presented in pyrolysis oils produced by pyrolysis of pine wood from 400 to 600 oC (from
left to right).

Figure 35. Aromatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of pine wood from 400 to 600 oC (from left to right).

Figure 36. Methoxyl groups in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of pine wood from 400 to 600 oC (from left to right).
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Figure 37. Aliphatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced by pyrolysis of pine wood from 400 to 600 oC (from left to right).

5.4. Conclusion
The HSQC-NMR analysis of pyrolysis oils produced from softwood kraft lignin,
cellulose and Loblolly pine wood at 400, 500 and 600 oC was examined. The fingerprint
analysis of HSQC-NMR spectral data provides chemical shift assignment of twenty-seven different types of C-H bonds present in pyrolysis oils. The HSQC-NMR for the
lignin pyrolysis oils showed that there are two different types of methoxyl group present
in the pyrolysis oils, which indicated that the native methoxyl group in the kraft lignin
will rearrange to another type during the thermal treatment. The content of aromatic C-H
and aliphatic C-H bonds in the lignin pyrolysis oils increased with increasing pyrolysis
temperature, which was attributed to the rearrangement and the cleavage of ether bonds
or methoxyl groups in the lignin structure. On the basis of HSQC-NMR analysis for the
pyrolysis oils produced from cellulose, levoglucosan was found as the major component
and the content increased from 46 to 53% (detected by quantitative 13C-NMR, the results
are shown in percentages of total carbon) with the pyrolysis temperature increased from
400 to 600 oC. Furfural (or other compounds containing furan ring) and phenol were also
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found as the major components in the cellulose pyrolysis oils. The content of
5-hydroxymethyl-furfural (HMF) decreased at higher thermal treatment temperature,
which indicated that HMF could be further decomposed at higher temperature. The analysis of HSQC-NMR for the pine wood pyrolysis oils indicated that levoglucosan is also
one of the major components presented in the pyrolysis oils and most of aromatic C-H
and aliphatic C-H bonds in the pine wood pyrolysis oils produced from lignin component.
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Chapter 6: IN SITU NMR CHARACTERIZATION OF
PYROLYSIS OIL DURING THE ACCELERATED AGING
PROCESS *

6.1 INTRODUCTION
Biofuels are increasingly being viewed as a promising alternative fuel resource
due to the growing concerns about increasing global energy consumption and the effects
of growing carbon dioxide emissions from fossil fuels.5 Loblolly pine (Pinustaeda) is one
of the abundant softwood species in the southeastern United States and widely used in
various industries.12 Harvesting operations leave large amount of residues (e.g., stumps,
limbs, tops and dead trees), which represent an important source of energy and chemicals.119 Pyrolysis has been reported as one of the economic ways (i.e., low capital and
operating costs) to utilize biomass for bio-fuels and bio-chemicals.2 The liquid products
of pyrolysis of biomass known as pyrolysis oil however have several challenging properties including high oxygen and water content, high viscosity and acidity, poor volatility,
corrosiveness, and aging problem.3,

13

Many researchers have investigated the aging

process of pyrolysis oils. Some chemical and physical properties of pyrolysis oils have
been examined during the aging process. It is well known that the viscosity of pyrolysis
oils increases with storage of time, especially when the oils are stored or handled at high
temperature.

72, 95, 120-126

The average molecular weight of pyrolysis oils also increases

*

The full data of this research was accepted for publication in ChemSusChem, 2012. It is entitled as “In situ
NMR characterization of pyrolysis oil during accelerated aging”. The other author is Arthur J. Ragauskas
from the Institute of Paper Science and Technology and School of Chemistry and Biochemistry at Georgia
Institute of Technology. Reproduced by permission of John Wiley and Sons.

97

during the storage 72, 95, 121, 123 and it has been indicated that the formation of larger molecules is one of the reason for the increasing viscosity of pyrolysis oils during the storage.
Since the water content of the pyrolysis oils has been found to increase during the aging,
it has been considered as one of the by-products of the aging process.72, 121, 122, 124-126 By
using small-angle neutron scattering (SANS), pyrolysis oils have been shown to be nanostructured fluids, constituting a complex continuous phase and nanoparticles mainly
formed by the association of units of pyrolytic lignin components from biomass. The aggregation of these units produces branched structures is reported to be responsible for the
aging.127 Compared to the well known properties include viscosity, water content and
molecular weight of aged pyrolysis oils, only a few of researchers have characterized
aged pyrolysis oils primarily by FT-IR and GC/MS to identify changes in chemical
structures. By the use of FT-IR, esterification of pyrolysis oils has been proposed as one
of the major reactions during the aging.122 Compare to freshly generated

pyrolysis oil,

the contents of hydroxyacetaldehyde,95, 124 furfurals124 and guaiacols124 in the aged pyrolysis oils have been detected to decrease by GC/MS.

To fully understand the fundamental chemistry of the aging process of pyrolysis
oils, we investigated chemical structural changes by NMR. For the aged pyrolysis oils
which have very high molecular weights (~500-1710 g/mol), the traditional analysis
methods, such as FT-IR and GC/MS, could not provide the insight into the chemical
structures.128 In contrast, NMR has a much higher resolution and provides detailed structural information of pyrolysis products.9, 71, 90, 129 In addition, the heating function of the
NMR equipment provides an opportunity for in situ characterization of pyrolysis oil dur-
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ing the accelerated aging process. The general goal of this work was to examine the relationship between the structures of pyrolysis oil at various time points during the accelerated aging process (at 80 °C) by 1H-NMR, 13C-NMR and Heteronuclear Single-Quantum
Correlation (HSQC) NMR.

6.2 Experimental Section
6.2.1 Chemicals and biomass
All reagents used in this study were purchased from VWR International or Sigma-Aldrich (St. Louis, MO) and used as received. Loblolly pine (Pinustaeda) residue
was collected from a University of Georgia research plot in Macon, GA. Hybrid poplar
(populustrichocarpa x deltoides) was obtained from Oak Ridge National Laboratory, Oak
Ridge, TN.130, 131 The wood samples were refined with a Wiley mill through a 0.13 cm
screen and dried under high vacuum at 50 °C for 48 h and stored at ~ 0 °C prior to use.
Lignin was isolated from a commercial U.S.A. softwood kraft pulping liquor, following
published method.9, 90

6.2.2 Pyrolysis process and system
Please see section 3.2.3 of this dissertation for details.

6.2.3 In situ NMR characterization of pyrolysis oils during the accelerated aging
process
All NMR spectral data reported in this study were recorded with a Bruker
Avance/DMX 400 MHz NMR spectrometer. The pyrolysis oil produced from pine resi-
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due at 600 °C was added into a 5 mm NMR tube with a 3 mm DMSO-d6 insert tube for
locking.

6.2.3.1 1H-NMR
Quantitative 1H-NMR was acquired with 8 transients and 5 s pulse delay at 80 °C.
The spectrum was recorded every 3 h. The data was carried out using MestReNova
v7.1.0 software’s default processing template with a line-broadening (LB) of 1.0 Hz and
zero filling of 64 K. The phase and baseline are automatic corrected by MestReNova
v7.1.0.

6.2.3.213C-NMR
Quantitative

13

C-NMR employing an inverse gated decoupling pulse sequence,

90° pulse angle, a pulse delay of 5 s at 80 °C and 632 scans.

9, 90

The spectrum was rec-

orded every 3 h. The data was processed out using MestReNova v7.1.0 software’s default
processing template with a LB of 5.0 Hz and zero filling of 64 K. The phase and baseline
are automatic corrected by MestReNova v7.1.0.

6.2.3.3 HSQC-NMR
HSQC-NMR were accomplished employing a standard Bruker pulse sequence
“hsqcetgpsi.2” with a 90° pulse, 0.11 s acquisition time, a 1.5 s pulse delay, a 1JC–H of 145
Hz, 16 scans at 80 °C and acquisition of 1024 data points (for 1H) and 256 increments
(for

13

C). The 1H and

The 1H and

13

13

C pulse widths are p1=11.30 µs and p3=10.00 µs, respectively.

C spectral widths are 13.02 ppm and 220.00 ppm, respectively. The spec-
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trum was recorded every 3 h. HSQC data processing and plots were carried out using
MestReNova v7.1.0 software’s default processing template and automatic phase and
baseline correction.

6.3 Results and discussions
1

H-NMR and 13C-NMR assignment ranges and integration results for the pyroly-

sis oils produced from pine residue during the accelerated aging process at 80 °C are
summarized in Tables 29 and 31. To facilitate the analysis, the integration results for each
functional group versus time are summarized in Figures 38 and 39. To compare with the
accelerated aging process, a one year room temperature (RT) aged pine residue pyrolysis
oil also has been investigated and the NMR results shown in Tables 30 and 32. The
1

H-NMR integration results line plots show that the content of carbonyl and carboxyl

protons slightly increases during accelerated aging process. Ortega et al. 125 indicated that
the pH value of mixed hardwood pyrolysis oils decrease during the aging, which supports
our results. The protons in the aliphatic groups also increase during the aging process,
which indicates the formation of aliphatic functional groups. In contrast, the content of
protons of aliphatic groups containing C-O bonds decrease during aging, which is evidence of the decomposition of ether and methoxyl groups. The content of aromatic protons also slightly decrease, which suggests that the aryl condensation reactions are also
occurring during aging. For the RT aged pyrolysis oil, the same chemical trends have
been found. Compare to the 60 h accelerated aged pyrolysis oil, the one year RT aged oil
has a more serious aging phenomena.
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To verify if these chemical trends during the aging process work for the other
types of pyrolysis oil, the fresh and aged pyrolysis oils produced from two major biomass
components—lignin and cellulose and a hardwood—poplar wood have also been investigated. The 1H and

13

C-NMR results are shown in Tables 30 and 32. Compare to the

cellulose and whole biomass pyrolysis oil, lignin pyrolysis oil has much more aromatic,
carbonyl and carboxyl protons but relatively lower amount of protons in aliphatic groups
containing C-O bonds. For the two types of aliphatic protons, lignin pyrolysis oil has a
much higher aging rate than the cellulose pyrolysis oil. Therefore, for the whole biomass
pyrolysis oils such as pine and poplar wood pyrolysis oils, the pyrolysis components may
result from lignin in the whole biomass may have more responsibilities for the aging.
Compare to the second 30 h accelerated aging process, there are relatively more differences between each types of protons at the first 30 h treatment which indicates the aging
rate is not constant. Nolte et al.123 found a similar phenomena of the viscosity changes of
an oak pyrolysis oil during the accelerated aging process. For all the tested pyrolysis oils,
the chemical trends in the aging process are the same which indicates similar aging mechanisms may be involved in all aging processes.
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Table 29. 1H-NMR chemical shift assignment ranges and functional group contributions
for the pyrolysis oils produced from pine residue during the accelerated aging process at
80°C and aged at room temperature for one year.
Type of protons

Range[a] (ppm)

0h

60 h One year

-CHO, -COOH

10-9.6

0.2

0.4

0.8

ArH, HC=C-

8.2-6.0

12.0 11.2

10.8

-CHn-O- , CH3-O-

6.0-3.0

45.7 43.2

39.2

-CH3, -CHn-

0.5-3.0

42.1 45.2

49.2

[a] The assignment ranges are on the basis of literature reports.71, 81

Table 30. Functional group contributions for the fresh and one year room temperature aged
lignin and cellulose pyrolysis oils, and poplar pyrolysis oil after accelerated aging process
at 80 °C for 60 h, detected by 1H-NMR.[a]
Lignin

Cellulose

Poplar wood

Type of protons
Fresh

Aged

Fresh

Aged

0h

30 h

60 h

-CHO, -COOH

5.0

5.2

0.3

0.7

0.4

0.6

0.6

ArH, HC=C-

29.2

27.1

2.3

1.5

11.2

10.5

10.0

-CHn-O- , CH3-O-

34.3

22.8

66.1

63.0

43.4

36.6

35.9

-CH3, -CHn-

31.5

44.9

31.3

34.8

45.0

52.3

53.5

[a] The assignment ranges are on the basis of literature reports.71, 81
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0.7

ArH, HC=C- (%)

-CHO, COOH (%)

ArH, HC=CLinear fit of ArH, HC=C-

13.5

0.6
0.5
0.4
0.3

12.0
11.5
11.0
10.5
10.0

0.2

9.5

0.1

9.0

0.0

8.5
0

5

10

15

20

25

30

35

40

45

50

55

60

0

5

10

15

20

time (h)

46.0

25

30

35

47

-CHn-O-, CH3-O-

45

50

55

60

-CH3, -CHn-

Linear fit of -CHn-O-, CH33-O45.5

46

45.0

45

-CH3, -CHn- (%)

-CHn-O-, CH3-O- (%)

40

time (h)

44.5

44.0

43.5

Linear fit of -CH33, -CHnn-

44

43

42

43.0

41
0

5

10

15

20

25

30

35

40

45

50

55

60

0

time (h)

5

10

15

20

25

30

35

40

45

50

55

60

time (h)

Figure 38. The 1H-NMR integration results for each functional group in the pyrolysis oils
produced from pine residue during the accelerated aging process at 80 °C.

To fully characterize the changes of functional groups in the pyrolysis oils during
accelerated aging at 80 °C, a detailed analysis of ten different types of carbons presented
in the pyrolysis oils was accomplished using 13C-NMR. Similarly with 1H-NMR results,
the contents of aromatic C-H bonds and aliphatic C-O bonds (including levoglucosan and
methoxyl groups) decrease during the aging. Shen et al. 58 studied the mechanism for the
thermal decomposition of cellulose and indicated that the anhydrosugars such as levoglucosan could further decompose to small molecule or furfural. Figure 40 shows the tentative chemical pathways for the decomposition. The condensation reactions between two
aliphatic C-O bonds could also be completed by release of water,121, 122, 126 which will
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produce an ether bond and lead to reduce the content of aliphatic C-O bonds. In contrast,
the contents of aliphatic C-C bonds, aromatic C-O and C-C bonds increased during the
aging process. The condensation reactions to form aromatic C-O and C-C bonds during
the thermal treatment of lignin and lignin model compounds have been reported in the
literature.51, 132 During the aging, such polymerization reactions could be initiated by organic peroxides presented in pyrolysis oils, which can spontaneously decompose, generating radicals.121 The possible reaction pathways are shown in Figure 40 and such type
of condensation leads to reduce the contents of aromatic C-H bonds, which is supported
by the 1H and

13

C-NMR. Other than radical initiated condensation, Binder et al.133 re-

ported an acid-catalyzed self-condensation of organosolv lignin and lignin model compounds in ionic liquid. The α-ethers in lignin could undergo acid-catalyzed elimination to
form electrophilic methide intermediates. These can react with lignin nucleophiles to
from condensed structures linked by carbon-carbon bonds. Brosse et al. 134 also proposed
a cross linking reaction (see the Figure 40 for the detail) between formaldehyde which is
the decomposed products of carbohydrates and aromatic C-H bonds during the thermal
treatment of beech wood. Such cross linking reaction will form new aromatic C-C bonds
and consume aromatic C-H bond and carbonyl groups. All the condensation reactions
summarized in Figure 40 consume aliphatic C-O bonds, including levoglucosan and methoxyl groups, and form new aromatic C-C and C-O bonds, which is consistent with our
NMR results. In addition, such condensation reactions also increase the molecular weight
of the pyrolysis components, which could explain the well known aging phenomena –
increasing average molecular weight of pyrolysis oil with the storage of time. For in-
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stance, the molecular weight of poplar pyrolysis oil increased from 260 to 928 g/mol after
60 h accelerated aging at 80 °C.

Similarly with 1H-NMR result, the one year RT aged pine wood pyrolysis oil
shows more serious aging properties. Cellulose pyrolysis oil is relatively more stable than
the lignin pyrolysis oil under the same aging condition, which may due to the less complexity, since about 50% of carbon signals came from levoglucosan. Compare to the pine,
there are more methoxyl groups in the poplar pyrolysis oil which can be readily attributed
to the fact that because the hardwood contains syringyl type lignin87, 135 which contains
two methoxyl groups per benzene ring. For this pyrolysis oil, the differences between the
fresh and aged oil are more significant than the one from pine wood. It has been reported115, 116 that methoxyl-aromatic bonds are one of the first groups to decompose
during thermal treatment. Hence, the greater content of methoxyl groups in the poplar
pyrolysis oil may initiate further aging reactions and cause more serious aging issues than
pine wood pyrolysis oil. Consistent with 1H-NMR results, the chemical trends in the aging process detected by 13C-NMR are the same for all the tested pyrolysis oils.
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Table 31. 13C-NMR chemical shift assignment ranges and functional group contributions
for the pyrolysis oils produced from pine residue during the accelerated aging process at 80
°C and aged at room temperature for one year. The results are shown as percentage of
carbon.
Type of carbons

Range[a] (ppm)

Carbonyl

215.0 – 166.5

Aromatic C-O

166.5 – 142.0

Aromatic C-C

142.0 – 125.0

Aromatic C-H

125.0 – 95.8

Structure
O
O
C
C

R
R

R'

C

O

R

C
C

C

R
R

0h

60 h

One year

7.1

6.8

6.0

9.8

12.3

12.1

12.0

12.3

12.9

21.9

20.2

18.6

5.2

4.6

4.3

22.1

19.2

18.7

3.1

2.7

2.2

24.0

26.5

29.5

2.0

1.9

1.7

0.2

0.4

0.9

H

C1 102.3, C2 72.0
Levoglucosan

C3 73.7, C4 71.7

C66
C
O

C5 76.5, C6 64.9
Aliphatic C-O

95.8 – 60.8

Methoxyl

60.8 – 55.2

Aliphatic C-C

55.2 – 0.0

Methyl – Aromatic

21.6 – 19.1

Methyl – Aromatic’

16.1 – 15.4

R

OH
C55 C
C44
OH
O C33 O
O

C22
C11 C
OH

H2
H
C
C

O

R

O

R

H2
C

H33
CH

R
R

CH3
C

H33
CH
O

R
R

[a] The assignment ranges are on the basis of literature reports.71, 81
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Table 32. Functional group contributions for the fresh and one year room temperature aged
lignin and cellulose pyrolysis oils and poplar pyrolysis oil after accelerated aging process
at 80 °C for 60 h. Detected by 13C-NMR and the results are shown as percentage of carbon.
[a]

Lignin

Cellulose

Poplar wood

Type of carbons
Fresh

Aged

Fresh

Aged

0h

30 h

60 h

Carbonyl

2.6

1.0

3.0

2.4

7.3

6.9

6.9

Aromatic C-O

16.6

18.7

6.7

9.8

11.5

13.3

14.3

Aromatic C-C

17.2

21.5

0.3

0.5

12.6

13.5

14.3

Aromatic C-H

34.5

30.8

16.1

14.4

22.2

21.3

20.4

Levoglucosan

0.00

0.00

53.0

50.1

4.3

3.8

3.5

Aliphatic C-O

4.5

1.5

66.3

66.1

16.7

13.8

12.9

Methoxyl

6.4

5.3

1.9

1.1

6.3

5.4

4.6

Aliphatic C-C

18.2

21.2

5.7

5.7

23.4

25.8

26.6

Methyl – Aromatic

3.3

3.2

2.0

1.5

5.3

4.6

4.2

Methyl – Aromatic’

2.5

2.9

0.0

0.0

0.7

0.8

0.9

[a] The assignment ranges are on the basis of literature reports.71, 81
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Figure 39. The 13C-NMR integration results for each functional group in the pyrolysis oils
produced from pine residue during the accelerated aging process at 80 °C.
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Figure 40. Tentative chemical pathways for the reactions occurred during the accelerated
aging process of pine residue pyrolysis oil at 80 °C. 9, 132-134

Our previous research using HSQC-NMR to analyze the pyrolysis oil provided
chemical-shift assignments of more than 20 different types of C-H bonds presented in the
pyrolysis oils. Figures 41 to 44 show the HSQC analysis results for the native and the
pyrolysis oil after 60 h accelerated aging process at 80 °C. Consistent with 1H-NMR and
13

C-NMR results, the contents of all types of aromatic C-H bonds and aliphatic C-O

bonds decreased after 60 h accelerated aging process. Figure 41 shows the contents of the
aromatic C-H bonds in the ortho and para position of a hydroxyl groups decreased more
quickly than the aromatic C-H bonds in the meta position of a hydroxyl groups which
indicates that the former two types of aromatic C-H bonds are more favored for the con-
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densation reactions and the possible reaction pathway shown in Figure 40 also supports
this result. The native type of methoxyl groups (with a hydroxyl or methoxyl in the ortho
position) also decomposes after aging process. Oasmaa et al.124 reported that the guaiacol
content in the forestry residue pyrolysis oil decrease during storage, which is consistent
with our results.

Compared to the pine pyrolysis oil, there are significant amount of syringyl type
products in the poplar pyrolysis oil which decrease during the aging process. The content
of levoglucosan in the poplar pyrolysis oil decreases more dramatically than the pine
wood pyrolysis oil, which indicates the pyrolysis oil produced from hardwood has a
higher aging rate than the one from softwood.

Figure 41. Aromatic C-H bonds in the HSQC spectra for the pyrolysis oils produced by
pyrolysis of pine residue at 600 oC and aged at 80 oC for 0 h and 60 h (from left to right).
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Figure 42. HSQC spectra and the assignments of each carbon in the levoglucosan presented in the pyrolysis oils produced by pyrolysis of pine residue at 600 oC and aged at 80
o

C for 0 h and 60 h (from left to right).

Figure 43. Methoxyl groups in the HSQC spectra for the pyrolysis oils produced by pyrolysis of pine residue at 600 oC and aged at 80 oC for 0 h and 60 h (from left to right).

Figure 44. Aliphatic C-C bonds in the HSQC spectra for the pyrolysis oils produced by
pyrolysis of pine residue at 600 oC and aged at 80 oC for 0 h and 60 h (from left to right).
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6.4 Conclusion
In summary, in situ NMR characterization of pine residue pyrolysis oil using
quantitative 1H-NMR,

13

C-NMR and HSQC-NMR during the accelerated aging process

(at 80 oC) was examined. As far as we are aware, this is the first reported effort to investigate the chemical structural changes of pyrolysis oil components during the accelerated
aging process by NMR analysis. The 1H-NMR, 13C-NMR and HSQC-NMR results indicate that the content of aliphatic C-O bonds, aromatic C-H bonds decrease during the aging process. In contrast, the contents of aliphatic C-C bonds, aromatic C-C and C-O
bonds increase. The condensation reactions between two aliphatic C-O bonds could be
completed by release of water, which will produce an ether bond and lead to reduce the
content of aliphatic C-O bonds. The condensation reaction to form aromatic C-O and C-C
bonds could be initiated by instable organic peroxides presented in pyrolysis oils, which
can spontaneously decompose, generating radicals. The cross linking reaction between
formaldehyde which is the decomposed products of carbohydrates and aromatic C-H
bonds could also form new aromatic C-C bonds and consume aromatic C-H bond and
carbonyl groups. The HSQC-NMR also shows that the contents of the aromatic C-H
bonds in the ortho and para position of a hydroxyl groups decreased more quickly than
the aromatic C-H bonds in the meta position of a hydroxyl groups which indicates that
the former two types of aromatic C-H bonds are more favored for the condensation reactions. All of condensation reactions mentioned above consume aliphatic C-O bonds, including levoglucosan and methoxyl groups, and form new aromatic C-C and C-O bonds.
In addition, such condensation reactions also increase the molecular weight of the pyrolysis components. The content of levoglucosan decrease during the aging indicates the
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anhydrosugars such as levoglucosan could be further decomposed. These chemical trends
also work for the other types of pyrolysis oil, such as the pyrolysis oils produced from
two major biomass components—lignin and cellulose and a hardwood—poplar wood. In
addition, these results suggest that the pyrolysis components result from lignin in the
whole biomass may have more responsibilities for the aging effects. The hardwood pyrolysis oil has a higher aging rate than the softwood pyrolysis oil, which may due to the syringyl type products in the hardwood pyrolysis oil. To Nevertheless, the concept established in this work opens up a new opportunity for the investigation of chemical structural changes of pyrolysis oil during the aging process, which will provide insight into the
mechanism of aging process. These results will be of value in the development of tailored
catalyst to upgrade pyrolysis oil to thermal stable green fuels.
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Chapter 7: PYROLYSIS OF KRAFT LIGNIN WITH ADDITIVES *

7.1 Introduction
The pyrolysis of lignin, including kraft lignin, is a promising approach to utilize
this resource for fuels and chemicals. The product of pyrolysis of lignin, known as bio-oil,
however, has several challenging properties including a mixture of compounds with a
high oxygen content, poor volatility, high acidity and viscosity,3 which significantly
limits its usage as a fuel.

Many researchers have examined use additives including, zeolite and metal salts
to upgrade the properties of bio-oil during the pyrolysis of lignin.

For example, Mullen

et al.38 used analytical pyrolysis methods (Py-GC-MS) to pyrolyze four different lignins
at 650 ○C with 1/1 or 3/1 (Wadditive/Wlignin) H-ZSM-5 zeolite and CoO/MoO3. They
suggested that H-ZSM-5 zeolite could improve the depolymerization of lignin and
CoO/MoO3 facilitated the production of aromatic hydrocarbons through a direct
deoxygenation of methoxyphenol units. Zhao et al.136 upgraded the water-insoluble
fraction (pyrolytic lignin) from pyrolysis oil of rice husk, with several additives,
including H-ZSM-5, MCM-41, SBA-15 and β-zeolite from 500 to 800 ○C. They found
that compared to the results of pyrolysis without catalyst, most of oxygenates are
converted to arenes and polycyclic aromatic hydrocarbons over zeolites and indicated
*

The full data of this research was accepted for publication in Energy and Fuels, 2011. It is entitled as
“Pyrolysis of kraft lignin with additives”. The other author is Arthur J. Ragauskas from the Institute of Paper
Science and Technology and School of Chemistry and Biochemistry at Georgia Institute of Technology.
Reprinted with permission from “Ben, H.; Ragauskas, A. J., Pyrolysis of Kraft Lignin with Additives. Energy
Fuels 2011, 25, (10), 4662-4668.” Copyright 2011 American Chemical Society.
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that this conversion was favored at higher temperatures. French et al.137 used
molecular-beam mass spectrometry (MBMS) to analyze the product vapor from pyrolysis
of cellulose, straw lignin and ground aspen wood with forty different additives at 400,
500 and 600 ○C.

They found that the highest yield of hydrocarbons (~16 wt. %) was

achieved using nickel, cobalt, iron, and gallium-substituted ZSM-5 zeolite during the
pyrolysis. Consistent with the results of Zhao et al.136, they also suggested that the
zeolites could improve deoxygenation reactions during

pyrolysis, in addition, they also

indicated that the best-performing catalysts belonged to ZSM-5 zeolite while larger-pore
zeolites showed less deoxygenation activity. Jackson et al.138 used sand, H-ZSM-5 zeolite,
K-ZSM-5 zeolite, Al-MCM-41, solid phosphoric acid and Co/Mo/Al2O3 as additives in
the pyrolysis of lignin at 600 ○C and analyzed the gas and liquid product by GC-MS.
They found that H-ZSM-5 zeolite almost completely deoxygenated the liquid phase
producing simple aromatics and naphthalenics.

In addition, many researchers have examined the use additives for the pyrolysis of
biomass.

Aho et al. 139 used H-Y, H-Beta, H-ZSM-5 and mordenite zeolites as additives

to pyrolyze pine wood at 450 ○C. They concluded that the yield of the pyrolysis product
was only slightly influenced by the different structures of the zeolite. However, the
chemical components of bio-oil were dependent on the structures of zeolite, such that, the
content of ketones was higher and the amount of acids and alcohols was lower in the
bio-oil when ZSM-5 was used as an additive during the pyrolysis. Zhang et al.140 studied
the effects of the flow rate of the carrier gas, temperature and the particle size for the
pyrolysis of corncob with H-ZSM-5 zeolite monitoring bio-oil composition and gas yield.

116

They concluded that the optimal bio-oil yield was 56.8 wt. % and the use of H-ZSM-5
zeolite caused a marked decrease of the heavy oil fraction and an increase in water and
gas yields. They also indicated that the use of H-ZSM-5 zeolite with pyrolysis of corncob
the contents of aromatic hydrocarbons in the bio-oil increased eight-fold whereas the
oxygen content of the bio-oil decrease by 25%. Pan et al.141 pyrolyzed Nannochloropsis
sp. microalga residue with different amounts of H-ZSM-5 zeolites at 300, 350, 400, 450,
and 500 ○C. They found that the optimal conditions for pyrolysis oil yield (~45 wt. %)
occurred with a pyrolysis temperature of 400 ○C and an additive-to-material ratio of 1:1.
They also indicated that the use of zeolite during pyrolysis yielded a bio-oil that had a
lower oxygen content, higher heating value and a higher content of aromatic
hydrocarbons. The pyrolysis of several biomasses such as, corn stalks,142 cassava
rhizome,143, 144 hybrid poplar wood,145 rice husks,146 and pine

147, 148

with ZSM-5 zeolites

have also been studied in recent years. All of these studies reported that zeolites when
mixed with biomass during pyrolysis resulted in a pyrolysis oil with less oxygen content.

Most of the reported additives studies have focused on the pyrolysis of
biomass139-148 while only a few have examined the behavior of lignin in the presence of
additives during pyrolysis.38, 137, 138Compare to the limited ability of GC-MS128 to analyze
the chemical complexity of

bio-oil, NMR analysis provides detailed structural

information of the total pyrolysis oil 9, 81, 83-85, 149-151and the starting lignin.152, 153

Our previous work9 focused on the relationship between the structure of pyrolysis
oil and the temperature of pyrolysis. The general goal of this work is to examine the
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efforts of zeolites and nickel salts as pyrolysis additives for kraft softwood lignin by
determining the chemical structural features of the resulting bio-oils by NMR and GPC
analysis.

7.2 Experimental section
Please see the sections 3.1; 3.2.1; 3.2.2; 3.2.3; 3.2.3.1; 3.3.3-4 of this dissertation
for the details.

7.3 Results and Discussion
To reduce the variation in the procedure and from the analysis, all the data shown
in this study are the average of duplicated experiments.

7.3.1 Yields of pyrolysis products
Our previous pyrolysis studies of softwood kraft lignin in the temperature range
of 400 - 700 ○C indicated that 700 ○C was the point of primary decomposition of lignin
and the secondary decomposition of pyrolysis oil.9 In this study, 700 ○C was used as the
pyrolysis temperature to avoid the bulk secondary pyrolysis reactions. The yields from
pyrolyzing a softwood kraft lignin with different additives at 700 ○C with a heating rate
of ~2.7 ○C /s are summarized in Figure 45 and these results indicate that the yields of gas
and total pyrolysis oil were influenced by the additives. The char content was comparable
for the control and additive studies, which suggests that the additives have very limited
effects on the primary decomposition of lignin. In contrast, the yield of total pyrolysis oil
and heavy oil decreased after the use of NiCl2 and H-ZSM-5 as the additives. Correspon-
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dingly, the yield of light oil and gas increased with used those additives. These results
suggest that NiCl2 and H-ZSM-5 enhances the secondary reactions of pyrolysis heavy oil
to the light oil or gas.
light oil
heavy oil
total oil
char
gas
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Pyrolysis mass % yield
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0.1/1.0 NiCl2

0.5/1.0
H-ZSM-5

1.0/1.0
H-ZSM-5

1.0/1.0
Ni-ZSM-5

Additives-to-lignin weight ratio

Figure 45. Yields of light oil, heavy oil, char and gas for the pyrolysis of pure SW kraft
lignin and pyrolysis of SW kraft lignin with 0.1/1.0 (Wadditive/Wlignin) of NiCl2, 0.5/1.0
(Wadditive/Wlignin) of H-ZSM-5 zeolite, 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite and
1.0/1.0 (Wadditive/Wlignin) of Ni-ZSM-5 zeolite as additives at 700 ○C for 10 min.

7.3.2 Quantitative 31P-NMR analysis of pyrolysis oils
Phosphitylation of hydroxyl groups using 2-chloro-4, 4, 5, 5-tetramethyl-1, 3,
2-dioxaphospholane (TMDP) has been developed to quantitatively determine hydroxyl
functional groups in various substrates including coal pyrolysis condensates,
lignin,152-154 bio-oil from pyrolysis of biomass9, 155 and coal extracts.106 The

31

106

P-NMR

chemical shifts and integration regions of the phosphitylated aryl/alkyl hydroxyl groups
and water with TMDP are summarized in Table 33 following literature methods.9
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Table 33. Chemical shifts and integration regions for pyrolysis oil and lignin derivatized
with TMDP in a quantitative 31P-NMR.
Functional group

Integration region (ppm)

endo-N-hydroxy-5-norbornene-2,3-dicarboximide
151.0 - 152.8
(NHND, internal standard)
Aliphatic OH

150.0 - 145.5
β-5

144.7 - 142.8

4-O-5

142.8 - 141.7

5-5

141.7 - 140.2

C5 Substituted
guaiacyl phenolic

OH

Guaiacyl phenolic OH

140.2 - 139.0

Catechol type OH

139.0 - 138.2

p-hydroxy-phenyl OH

138.2 - 137.3

Carboxylic acid-OH

136.6 - 133.6

Water

133.1-131.3,16.9-15.1

Typical 31P-NMR spectra data for the heavy oils produced by the pyrolysis of SW
kraft lignin and pyrolysis with Ni-ZSM-5 are shown in Figure 46 and the integration results for the heavy oils are summarized in Figure 47. The use of H-ZSM-5 zeolite as an
additive for pyrolysis yielded heavy oils with less aliphatic hydroxyl groups and carboxyl
acid groups than the control. The elimination of aliphatic hydroxyl and acid groups is almost complete indicating the loss of these groups was enhanced in the presence of
H-ZSM-5 zeolite during the thermal treatment. Figure 48 highlights potential decomposition pathways of ether bonds in lignin during the pyrolysis. The heavy oil generated from
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lignin in the presence of zeolite contained less guaiacyl, catechol type hydroxyl groups
and more p-hydroxy-phenyl hydroxyl groups. Based on the proposed pathways, those
changes of phenolic hydroxyl groups indicate that the conversion of ether bonds to the
p-hydroxy-phenyl hydroxyl groups was enhanced in the presence of H-ZSM-5 zeolite
during the thermal treatment. For the three pyrolysis samples with zeolite as the additive,
the pyrolysis trial with 1.0/1.0 (WH-ZSM-5/Wlignin) zeolite performed better upgrading effects than the other two.

The use of NiCl2 as an additive for pyrolysis yielded heavy oils with less,
guaiacyl, catechol type and p-hydroxy-phenyl hydroxyl groups. Zou et al. 156 has reported
a similar results that after the use of NiCl2 as additive during the pyrolysis of coal the
pyrolysis oil contains less phenols.

internal standard

152

151

150

149

148

147

146

145

144

143
f1 (ppm)

142

141

140

139

138

137

136

135

134

133

Figure 46. 31P-NMR spectra for the heavy oils produced by pyrolysis of SW kraft lignin
(top) and pyrolysis of SW kraft lignin with Ni-ZSM-5 as the additive (bottom) at 700 ○C
for 10 min, derivatized with TMDP.
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Additives to lignin weight ratio
0.0/1.0
0.1/1.0 NiCl2
0.5/1.0 H-ZSM-5
1.0/1.0 H-ZSM-5
1.0/1.0 Ni-ZSM-5

Hydroxyl Group Contents /(mmol/g heavy oil)

2.5

2.0

1.5

1.0
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0.0
Aliphatic OH

β−5

4-O-5

Guaiacyl Catechol p-hydroxy- Carboxylic
5-5 phenolic OH type OH phenyl OH
acid-OH

C5 substituted guaiacyl phenolic OH

Figure 47. Hydroxyl group contents of different heavy oils produced by pyrolysis of pure
SW kraft lignin and pyrolysis of SW kraft lignin with 0.1/1.0 (Wadditive/Wlignin) of NiCl2,
0.5/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite, 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite
and 1.0/1.0 (Wadditive/Wlignin) of Ni-ZSM-5 zeolite as additives at 700 ○C for 10 min, determined by quantitative 31P-NMR after derivatization with TMDP.
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Figure 48. The possible decomposition pathways of ether bond in lignin during the pyrolysis.9

In contrast with the heavy oils, the

31

P-NMR data from the light oils exhibited

fewer signals that were readily identified. These samples contained more than 80 w/w%
of water and less than 10 w/w% of three other components as summarized in Figure 49.
Based on the chemical shift data in the literature106, 109 and our previous work9 the three
peaks were assigned to methanol (δ 147.9 ppm), catechol (δ 138.9 ppm) and acetic acid
(δ 134.6 ppm). The yield of methanol, acetic acid and catechol in the light oil significantly decreased when zeolite was used as an additive during pyrolysis which is similar
to the results observed in the heavy oil analysis. In contrast, the concentration of water in
light oil increased, which is further evidence for the improved dehydration by the zeolite
during the pyrolysis. For the three pyrolysis samples with zeolite as the additive, the light
oil produced with 1.0/1.0 (WNi-ZSM-5/Wlignin) zeolite contains less catechol and acetic acid
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but more water than the other two.

The concentration of water in light oil increased when NiCl2 was used as an additive, which indicates that NiCl2 could improve the dehydration reaction during the pyrolysis. Bru et al.157 used Ni(NO3)2 as an additive during the pyrolysis of oak sawdust, and
they indicated that the use of the nickel salt increased the water content of pyrolysis oil
which is consistent with results in this study.

Additives-to-lignin weight ratio
0.0/1.0
0.1/1.0 NiCl2
0.5/1.0 H-ZSM-5
1.0/1.0 H-ZSM-5
1.0/1.0 Ni-ZSM-5

100
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w/w% in light oil
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Water

Figure 49. Weight percentage of four major components in light oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 0.1/1.0 (Wadditive/Wlignin)

of NiCl2, 0.5/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite, 1.0/1.0 (Wadditive/Wlignin)

of H-ZSM-5 zeolite and 1.0/1.0 (Wadditive/Wlignin) of Ni-ZSM-5 zeolite as additives at 700
○

C for 10 min, determined by quantitative 31P-NMR after derivatization with TMDP.
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7.3.3 Quantitative 13C-NMR analysis of pyrolysis oils
To fully characterize the functional groups in the heavy oils, a detailed analysis of
these products was accomplished using

13

C-NMR. To help facilitate this analysis, a

chemical shift database of compounds reported to be present in pyrolysis oils was employed for data analysis9 and this analysis is summarized in Table 34.

Table 34. 13C-NMR chemical shift assignment range of lignin pyrolysis oil based on the
chemical shift database created in our previous work.9
Integration region
Functional group
(ppm)
Carbonyl or Carboxyl bond

215.0 – 166.5

Aromatic C-O bond

166.5 – 142.0

Aromatic C-C bond

142.0 – 125.0

Aromatic C-H bond

125.0 – 95.8

Aliphatic C-O bond

95.8 – 60.8

Methoxyl-Aromatic bond

60.8 – 55.2

General

55.2 – 0.0

Methyl – Aromatic (CH3-Ar)

21.6 – 19.1

Aliphatic C-C bond Methyl – Aromatic at ortho position
of a hydroxyl or methoxyl group
(CH3-Ar’)
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16.1 – 15.4

Typical

13

C-NMR spectra for the heavy oils produced by pyrolysis of SW kraft

lignin and pyrolysis of SW kraft lignin with Ni-ZSM-5 are shown in Figure 50. The integration results of this analysis for the heavy oils are summarized in Figure 51. This data
shows that the carbonyl groups and the aliphatic C-O bonds are completely decomposed
in the heavy oil and compared to the lignin ~80% of methoxyl groups are eliminated after
pyrolysis with zeolite as an additive. The percentage of aromatic ether substituted carbons
in the heavy oil decreased and aromatic C-C bonds increased upon the use of a zeolite,
which indicates that the zeolite improves the cleavage of ether bonds in lignin. Therefore,
it was concluded that ZSM-5 zeolite could improve the decomposition of most oxygen
substituents including aliphatic hydroxyl groups, carboxyl groups, aromatic-methoxyl
bonds and the ether bonds in the lignin (see Figure 52) during the pyrolysis, which indicates that the heavy oil contains relatively less oxygen after the use of zeolite. In addition,
there were less aliphatic C-C bonds in the heavy oils generated from lignin in the presence of zeolite. In contrast, methyl-aromatic C-C bonds have been formed during the pyrolysis and the content increased after pyrolysis with zeolite as an additive. For two zeolite assisted pyrolysis experiments reported in this study, H-ZSM-5 performed better than
the Ni-ZSM-5 zeolite at deoxygenation.

The use of NiCl2 as an additive for pyrolysis yielded heavy oils with more aromatic carbons and less aliphatic carbons, including methyl-aromatic C-C bonds. Zou et al.
156

has reported a similar result with the use of NiCl2 as additive during the pyrolysis of

coal yielding an oil that contained less aliphatic hydrocarbons.
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Figure 50. Quantitative 13C-NMR spectra for the heavy oil produced by pyrolysis of SW
kraft lignin (top) and pyrolysis of SW kraft lignin with Ni-ZSM-5 as the additive (bottom)
at 700 ○C for 10 min.
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Figure 51. Integration results for the SW kraft lignin and the heavy oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 0.1/1.0 (Waddi-
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tive/Wlignin)

of NiCl2, 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite and 1.0/1.0 (Waddi-

tive/Wlignin)

of Ni-ZSM-5 zeolite as additives at 700 ○C for 10min, detected by quantitative

13

C-NMR with using the assignment range showed in Table 34. The results were shown as

the percentage of carbon.

O

HO
O
OCH3

OCH3
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Figure 52. The primary decomposed functional groups in lignin during the pyrolysis. 9

7.3.4 GPC analysis of pyrolysis oils
Along with characterizing the functional groups present in pyrolysis oil, another
key biofuel parameter is the molecular weight profiles. The number average and weight
average molecular weights (Mn and Mw) and polydispersity values for the heavy oils
produced by pyrolysis of softwood kraft lignin produced with and without different additives at 700 ○C are summarized in Figure 53. This analysis indicates a slight decrease in
the molecular weight of the heavy oil after the use of H-ZSM-5 zeolite. Williams et al.146
has reported a similar result of the bio-oil produced from pyrolysis of rice husks with
H-ZSM-5 zeolite. In contrast, the molecular weight of heavy oil increased after the use of
NiCl2 as an additive. The polydispersity values of the heavy oils increase after pyrolysis
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of lignin with additives, which is another evidence for the enhanced secondary decomposition of pyrolysis oils.

Mw (g/mol)
Mn (g/mol)
PD (Mw/Mn)

400
350
300
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2.5
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1.5
1.0
0.5
0.0
0.0/1.0

0.1/1.0 NiCl2 0.5/1.0 H-ZSM-5 1.0/1.0 H-ZSM-5 1.0/1.0 Ni-ZSM-5
Additives-to-lignin weight ratio

Figure 53. Molecular weight distribution and polydispersity of heavy oils produced by
pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 0.1/1.0 (Wadditive/Wlignin)

of NiCl2, 0.5/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolite, 1.0/1.0 (Wadditive/Wlignin)

of H-ZSM-5 zeolite and 1.0/1.0 (Wadditive/Wlignin) of Ni-ZSM-5 zeolite as additives at 700
○

C for 10 min.
7.4 Conclusion
The pyrolysis of softwood kraft lignin with NiCl2, H-ZSM-5 and Ni-ZSM-5

zeolite as the additives was accomplished at 700 ○C. The yields of pyrolysis products
indicated that the use of NiCl2 and H-ZSM-5 reduced the mass yield of pyrolysis oil and
increased the yield of gas. In contrast, the char content was almost the same after the use
of the additives, which suggests that those two additives have very limited effects on the
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primary decomposition of lignin, but could improve the secondary reactions of pyrolysis
oil. The

31

P-NMR results for the light oil showed that after the use of zeolite, the

concentration of water in light oil increased, which is the evidence for the improved
dehydration by the zeolite during the pyrolysis. In contrast, the yields of methanol and
acetic acid in the light oil decreased, which indicate that zeolite could improve the
decomposition of the aliphatic OH and carboxyl group in the lignin during the pyrolysis.
The results of 13C and 31P-NMR for the heavy oils indicated that the carbonyl groups and
the aliphatic C-O bonds are almost completely decomposed, and compare to the lignin,
about 80% of methoxyl groups are eliminated after pyrolysis with H-ZSM-5 zeolite as
the additive. Therefore, it could be concluded that zeolite could improve the
decomposition of all the primary decomposed functional groups during the pyrolysis.
Further, the results of

13

C-NMR indicated that after the use of H-ZSM-5 zeolite, the

heavy oil has a relatively lower oxygen content, which indicates that H-ZSM-5 could also
improve the deoxygenation during the pyrolysis of lignin. The results of GPC analysis of
the pyrolysis oil from SW kraft lignin accomplished in the presence of H-ZSM-5 zeolite
had a lower molecular weight than the control pyrolysis experiment accomplished with
no zeolite.

In summary, the detailed characterization of this pyrolysis oil indicates the use of
zeolite as the additive during the pyrolysis of lignin could provide a bio-oil has less
acidity, relatively lower oxygen content and lower molecular weight, which makes bio-oil
more suitable for the green fuel.
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Chapter 8: THE INFLUENCE OF SI/AL RATIO OF ZSM-5 ZEOLITE
ON THE PROPERTIES OF LIGNIN PYROLYSIS PRODUCTS *

8.1 Introduction
The use of biomass for renewable energy production is increasingly being viewed
as a promising alternative method to reduce net carbon dioxide emissions and gain long
term energy security.5 Among the various conversion technologies being investigated,
pyrolysis has been reported as one of the economic ways (i.e., low capital and operating
costs) to utilize biomass for bio-fuels and bio-chemicals.2 Lignin is the second most
abundant biomass component and the primary renewable aromatic resource in nature,
lignin, however, it has received much less attention than plant polysaccharides as a
resource for biofuels. Kraft lignin obtained by precipitation from the cooking liquor of
the kraft pulping process is abundant and has been used as a low-value material.101, 158
The major drawback towards commercialization of pyrolysis oils are several challenging
properties including poor volatility, high oxygen content, acidity and viscosity,
corrosiveness and cold flow problems.3 Therefore, upgrading technologies that convert
bio-oils to a potential substitution of diesel and gasoline fuels are necessary. Among these
technologies, in situ upgrading pyrolysis oil during the pyrolysis process appears to be
pragmatic.13

*

The full data of this research was accepted for publication in ACS Sustainable Chemistry & Engineering,
2012. It is entitled as “The influence of Si/Al ratio of ZSM-5 zeolite on the properties of lignin pyrolysis
products”. The other author is Arthur J. Ragauskas from the Institute of Paper Science and Technology and
School of Chemistry and Biochemistry at Georgia Institute of Technology. The copyright permissions will be
submitted to the thesis office of Gatech.
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Many researchers have used zeolites to upgrade the properties of pyrolysis oil
during the pyrolysis process. For example, Mullen et al.38 used analytical pyrolysis
methods (Py-GC-MS) to pyrolyze four different lignins at 650 ○C and they indicated that
H-ZSM-5 zeolite could improve the depolymerization of lignins. French et al.137 used
molecular-beam mass spectrometry (MBMS) to analyze the product vapors from
pyrolysis of cellulose, straw lignin and ground aspen wood with forty different additives
at 400, 500 and 600 ○C.

They found that the highest yield of hydrocarbons (~16 wt. %)

was achieved using nickel, cobalt, iron, and gallium-substituted ZSM-5 zeolite during the
pyrolysis. Consistent with the results of Mullen et al.38 and Zhao et al.,136 they suggested
that the zeolites could improve deoxygenation reactions during pyrolysis, in addition,
they also indicated that the best-performing catalysts belonged to ZSM-5 zeolites.
Jackson et al.138 used sand, H-ZSM-5 and K-ZSM-5 zeolite as additives during the
pyrolysis of lignin at 600 ○C and analyzed the gas and liquid products by GC-MS. They
found that H-ZSM-5 zeolite almost completely deoxygenated the liquid phase producing
simple aromatics and naphthalenics. The pyrolysis of several biomasses such as, corn
stalks,140,

142

,cassava rhizome,143,

144

hybrid poplar wood,145 rice husks,146 and pine

wood139, 147, 148 with ZSM-5 zeolites have also been studied in recent years. All of these
studies indicated that the use of zeolite during pyrolysis yielded a bio-oil that had lower
oxygen content. Most of the researchers have focused on the pyrolysis of biomass139-148
while only a few have examined the behavior of lignin in the presence of additives during
pyrolysis.38, 137 Different Si/Al ratios of zeolite have been shown to affect the cracking
reactions of model compounds during thermal treatment.159-165 However, only a few
researchers have investigated the influence of different Si/Al ratios of zeolite on the
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properties of pyrolysis products. For example, Aho et al.

166

pyrolyzed pine wood with

various H-Beta zeolites and they indicated that zeolites with lower Si/Al ratios formed
less organic oil,

more water and polyaromatic hydrocarbons.

Our previous work

90

investigated the efforts of zeolites and nickel salt as

pyrolysis additives for softwood kraft lignin and found that H-ZSM-5 zeolite was shown
to improve the decomposition of aliphatic hydroxyl, carboxyl and methoxyl groups and
ether bonds in the lignin during the pyrolysis. To avoid the limitation of several analysis
methods such as GC-MS and FT-IR for pyrolysis oils, we introduced the use of Nuclear
Magnetic Resonance (NMR) including 1H,

13

C,

31

P and Heteronuclear Single-Quantum

Correlation (HSQC)-NMR to characterize various pyrolysis oils.

9, 10, 71

The general goal

of this work was to examine the influence of Si/Al ratio of zeolite on the properties of
pyrolysis products. This was accomplished by using NMR and GPC to analyze the liquid
products of pyrolysis of a softwood kraft lignin with different ZSM-5 zeolite as the
additives. One of our related works about investigating the influence of different
frameworks of zeolites with similar Si/Al ratio has been accepted by RSC Advances.167

8.2 Materials and Methods
All reagents used in this study were purchased from VWR International or
Sigma-Aldrich (St. Louis, MO) and used as received. Lignin was isolated from a
commercial U.S.A. softwood kraft pulping liquor. ZSM-5 (CBV 2314, CBV 3020E, CBV
5524G, CBV 8014 and CBV 28014) zeolites were purchased from Zeolyst, Inc.
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8.2.1 Lignin separation and purification
Please see section 3.2.1.1 of this dissertation for the details.
8.2.2 Preparation of pyrolysis sample
Different ZSM-5 (CBV 2314, CBV 3020E, CBV 5524G, CBV 8014 and CBV
28014) zeolites were used as additives in this work. The pyrolysis samples were
mechanical stirred with a 1:1 mass ratio of lignin to zeolite. All the zeolites were
pre-activated in a pyrolysis tube at 500 ○C under nitrogen for 6 h. The detailed
information of each zeolite can be found in Table 35.

Table 35. SiO2/Al2O3 mole ratio and code name used in this work of each zeolite.

SiO2/Al2O3 mole ratio
Code name

CBV

CBV

CBV

CBV

CBV

2314

3020E

5524G

8014

28014

23

30

50

80

280

Z23

Z30

Z50

Z80

Z280

8.2.3 Equipment and process of pyrolysis
Please see section 3.2.3.1 of this dissertation for the details.

8.2.4 Characterization of pyrolysis oils
Please see sections 3.3.1-2; 3.3.4-7 for the details.
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8.3 Results and Discussion
8.3.1 Yields of pyrolysis products
The HHV, and energy, carbon and mass yields from pyrolyzing a softwood kraft
lignin with different ZSM-5 zeolites at 600 ○C are summarized in Table 36. These results
indicate that the yields of char slightly increased after the use of additives and the char
yield is almost constant for all zeolites which suggest that the additives have very limited
effects on the primary decomposition of lignin. In contrast, the yield of heavy oil
decreased after the use zeolite. Correspondingly, the yield of light oil and gas increased
with used zeolites. In addition, pyrolysis samples with lower Si/Al ratio zeolites formed
relatively less heavy oil but more light oil. Our previous work indicated that light oil
contains ~70-90 wt% of water and another 10 wt% of methanol, catechol and acetic
acid.9,

90

Aho et al.

166

pyrolyzed pine wood with various H-Beta zeolites and they

indicated that zeolites with lower Si/Al ratios formed less organic oil, but more water,
which supported our results. HHV for the heavy oil upgraded by Z280 are similar with
the control pyrolysis oil, which indicates that the H-ZSM-5 zeolite with a very large
SiO2/Al2O3 mole ratio only limited affects the properties of pyrolysis oil. Nevertheless,
both energy and carbon yields show that Z50 upgraded pyrolysis oil remained most
energy and carbon from the SW kraft lignin, which indicates this type of zeolite is a
promising candidate to upgrade the properties of pyrolysis oil.
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Table 36. HHV, energy yield (%) and carbon yield (%) of heavy oil, and mass yields (%)
of light oil, heavy oil, char and gas for the pyrolysis of pure SW kraft lignin and pyrolysis
of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolites as additives at 600
○

C for 10 min.
Mass yield (%)

Pyrolysis
Samples

a

Energy

Carbon

yield b

yield c

(%)

(%)

HHV
light oil

heavy oil

char

gas

(MJ/kg)

Lignin (L)

14.47

28.97

44.21

12.35

30.78

33.11

27.52

L+Z23

17.21

23.81

44.50

14.48

31.24

27.63

23.55

L+Z30

17.60

24.47

47.02

10.91

31.55

28.68

24.33

L+Z50

15.18

27.17

46.68

10.97

31.38

31.67

26.90

L+Z80

14.74

26.53

46.57

12.16

31.27

30.81

25.96

L+Z280

17.49

25.05

48.33

9.13

30.21

28.10

24.14

a

All the yields are on the basis of duplicated tests.

b

Energy yield=mass yield* (HHV of heavy oil/HHV of dried SW kraft lignin)
HHV of dried SW kraft lignin is 26.92 MJ/kg

c

Carbon yield=mass yield*(carbon% of heavy oil/carbon% of dried SW kraft lignin)

8.3.2 Quantitative 31P-NMR analysis of pyrolysis oils
Our previous work9, 71, 87, 90 introduced quantitative

31

P-NMR to quantitatively

determine hydroxyl functional groups in pyrolysis oils. The 31P-NMR chemical shifts and
integration regions of the phosphitylated aryl/alkyl hydroxyl groups and water with
2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane (TMDP) are summarized in
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Table 37. The integration results for the heavy oils shown in Figure 54. For all the heavy
oils, the integration results show that there are significant amount (from 2 to 3 mmol/g of
heavy oil) of guaiacyl and catechol types of hydroxyl groups. If there is only one of these
two types of functional groups in each pyrolysis oil components, there should be >11-17
wt% of catechol and its derivatives and >24-37 wt% of guaiacol and its derivatives in the
heavy oils. After the use of H-ZSM-5 zeolite as an additive the aliphatic hydroxyl groups
and carboxylic acid in the heavy oils are nearly completely decomposed. With the
exception of those two hydroxyl groups, the heavy oil produced from pyrolysis of lignin
with Z280 are similar with the control pyrolysis oil, which indicate that the H-ZSM-5
zeolite with very large SiO2/Al2O3 mole ratio has limited effects on the phenolic hydroxyl
groups of pyrolysis oil during the pyrolysis process. Other than Z280, after the use of
H-ZSM-5 zeolites, the contents of C5 substituted and normal guaiacyl phenolic hydroxyl
groups decreased with the increasing SiO2/Al2O3 mole ratio of zeolites. In contrast, the
contents of catechol type and p-hydroxy-phenyl hydroxyl groups increased when a high
SiO2/Al2O3 mole ratio zeolite was used. Since those two types of hydroxyl groups are the
decomposition products of methoxyl-aromatic bonds and ether bonds in the lignin
structure9, 90 this indicates that a zeolite with a relatively higher SiO2/Al2O3 mole ratio
could improve the cleavage of aromatic C-O bonds including methoxy groups and ether
bonds more efficiently. Some possible degradation pathways of ether bonds and methoxyl
groups on the surface of zeolite have been proposed in literatures168-170 and these are
summarized in Figure 55. The limited amount of aliphatic OH also decreased after the
use of a high SiO2/Al2O3 mole ratio zeolite, which indicates an enhanced dehydration of
aliphatic C-O bonds. In contrast, the content of carboxylic acid-OH increased with the
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increasing SiO2/Al2O3 mole ratio, which suggest that zeolite with lower SiO2/Al2O3 mole
ratio is more effective for the decomposition of carboxylic acid. Several researchers have
examined the effects of zeolite on the dehydration and decarboxylation of model
compounds.168, 171-175 The tentative mechanisms in the literatures have been shown in
Figure 55.

Table 37. Chemical shifts and integration regions for lignin pyrolysis oils in a quantitative
31

P-NMR, after derivatized with TMDP. 9, 90

Functional group

Integration region (ppm)

endo-N-hydroxy-5-norbornene-2,3-dicarboximide
151.0 - 152.8
(NHND,

internal standard)

Aliphatic OH

150.0 - 145.5
β-5

144.7 - 142.8

4-O-5

142.8 - 141.7

5-5

141.7 - 140.2

C5 Substituted
guaiacyl phenolic

OH

Guaiacyl phenolic OH

140.2 - 139.0

Catechol type OH

139.0 - 138.2

p-hydroxy-phenyl OH

138.2 - 137.3

Carboxylic acid-OH

136.6 - 133.6

Water

133.1-131.3,16.9-15.1

138

L
L+Z23
L+Z30
L+Z50
L+Z80
L+Z280

Hydroxyl Group Contents /(mmol/g heavy oil)

3.0

2.5

2.0

1.0

0.5

0.0
β−5
4-O-5
5-5
Guaiacyl Catechol p-hydroxy- Carboxylic
C5 substituted guaiacyl phenolic OH phenolic OH type OH phenyl OH acid-OH

Aliphatic OH

Figure 54. Hydroxyl group contents of different heavy oils produced by pyrolysis of pure
SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5
zeolites as additives at 600 ○C for 10 min, determined by quantitative 31P-NMR after derivatization with TMDP.
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Figure 55. The primary decomposed functional groups in lignin during the pyrolysis
(circled by dash line in lignin model structure) and the possible cracking pathways on
zeolite. 168-178

Our previous works indicated that the light oils contain more than 80 wt% of
water and another 10 wt% of methanol, catechol and acetic acid.9, 71, 90 The integration
results of those four major components in the light oils are summarized in Figure 56. The
yields of methanol, catechol and acetic acid in the light oil significantly decreased when
H-ZSM-5 zeolite was used as an additive. Methanol is the major product of cleavage of
methoxyl groups in lignin structure and catechols are the further decomposition products
of guaiacols.9 The yields of those two components increased with the increasing
SiO2/Al2O3 mole ratio of zeolite, which indicate an improved decomposition of methoxyl
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group and consist with

31

P-NMR results for the heavy oils. Similar with heavy oils, the

content of carboxylic acid-OH in light oil also increased after used a higher SiO2/Al2O3
mole ratio zeolite. The concentration of water in light oil also increased after the use of
zeolite. With the exception of Z280, the water contents increased after the use of a higher
SiO2/Al2O3 mole ratio zeolite. Water is the dehydration product of aliphatic C-O bonds,9
the higher water content indicates an enhanced decomposition of aliphatic hydroxyl
groups, which is also supported by the 31P-NMR results for the heavy oils.

92

L
L+Z23
L+Z30
L+Z50
L+Z80
L+Z280

88
84

w/w% in light oil

80
76

6
4
2
0

Methanol

Catechol

Acetic acid

Water

Figure 56. Weight percentage of four major components in light oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)
of H-ZSM-5 zeolites as additives at 600 ○C for 10 min, determined by quantitative
31

P-NMR after derivatization with TMDP.

8.3.3 Quantitative 13C-NMR analysis of pyrolysis oils
To fully characterize the functional groups in the heavy oils, a detailed analysis of
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heavy oils was accomplished using 13C-NMR. The

13

C-NMR chemical shift assignment

ranges are based on our previous work9 and shown in the Table 38. The integration results
of this analysis for the heavy oils are summarized in Figure 57. This data show that
compared to the use of other zeolites, the effects of Z280 on the heavy oil are very
limited and the product is more similar with the control heavy oil, which is consistent
with

31

P-NMR results. The carbonyl groups are nearly completely eliminated and the

content increased with the increasing SiO2/Al2O3 mole ratio of H-ZSM-5 zeolite, which
is additional evidence that the upgraded pyrolysis oil has lower acidity. After the use of
zeolite, the content of methoxyl groups in the heavy oil decreased by ~45% and the
decomposition of this functional group is improved when a higher SiO2/Al2O3 mole ratio
of H-ZSM-5 zeolite is used. This effect could explain the increasing contents of catechol
type hydroxyl groups in the heavy and light oils detected by 31P-NMR. The percentage of
aromatic C-C bonds decreased upon the use of a higher SiO2/Al2O3 mole ratio zeolite,
which suggests that the zeolite with a higher SiO2/Al2O3 mole ratio favors to cleave
aromatic C-C bonds or prevent the formation of such bonds. There are also less aliphatic
C-C bonds after the use of zeolite. Zeolite has been reported176-178 to improve the
cleavage of aliphatic C-C bonds, which could explain the reduced content of such bonds
in the upgraded pyrolysis oil. The possible pathways reported in the literatures have been
summarized in Figure 55. The two types of methyl aromatic bonds in the heavy oils are
the rearrangement products of methoxyl groups.9 Since the cleavage of methoxyl groups
have been enhanced, the content of those two methyl aromatic bonds also increased after
the use of zeolite. The increased aromatic C-O bonds in the upgraded heavy oils indicate
a higher phenol hydroxyl groups, which is supported by 31P-NMR results.
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Table 38. 13C-NMR chemical shift assignment range of lignin pyrolysis oil based on the
chemical shift database created in our previous work.9
Integration region
Functional group
(ppm)
Carbonyl or Carboxyl bond

215.0 – 166.5

Aromatic C-O bond

166.5 – 142.0

Aromatic C-C bond

142.0 – 125.0

Aromatic C-H bond

125.0 – 95.8

Aliphatic C-O bond

95.8 – 60.8

Methoxyl-Aromatic bond

60.8 – 55.2

General

55.2 – 0.0

Methyl – Aromatic (CH3-Ar)

21.6 – 19.1

Aliphatic C-C bond Methyl – Aromatic at ortho position
of a hydroxyl or methoxyl group
(CH3-Ar’)
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16.1 – 15.4

L
L+Z23
L+Z30
L+Z50
L+Z80
L+Z280

44
40
36
32
28
24
20
%

16
10
8
6
4
2
0
C=O Aromatic Aromatic Aromatic Aliphatic Methoxyl Aliphatic CH3-Ar CH3-Ar'
C-O
C-C
C-H
C-O
C-C general

Note: results are shown as percentage of total carbon.
Figure 57. Integration results for the SW kraft lignin and the heavy oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)
13

of H-ZSM-5 zeolites as additives at 600 ○C for 10 min, detected by quantitative

C-NMR.

8.3.4 HSQC-NMR analysis of pyrolysis oils
To solve the overlaps problem when using 13C-NMR to analyze the pyrolysis oils,
our previous work demonstrated the value of HSQC-NMR to analyze various C-H bonds
presented in the pyrolysis oils.10 The HSQC-NMR spectrum for the pyrolysis oils after
the use of various H-ZSM-5 zeolites are shown in Figures 58-60. HSQC-NMR results
show that after the use of zeolite as additive, the pyrolysis oils contain some polyaromatic
hydrocarbons (PAH) and the content decreased with the increasing SiO2/Al2O3 mole ratio
of zeolite, which are supported by the GC-MS analysis. The formation of PAH on the
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surface of zeolites was also observed by several model compounds studies.179-182 It has
been reported that the Brønsted acid sites of H-ZSM-5 zeolites could be calculated by the
unit cell formula of the zeolite (HnAlnSi96-nO192 for H-ZSM-5 zeolite).161 Therefore, the
Brønsted acid sites for H-ZSM-5 zeolites used in this work linearly decreased from 0.35
mmol/g (Z23) to 0.03mmol/g (Z280). Figure 55 shows that the improved cracking
pathways of pyrolysis oil on the zeolites always involve protons from Brønsted acid sites,
which indicate the more acidic zeolites should perform better upgrading results. However,
both

31

P and

13

C-NMR results show that the H-ZSM-5 zeolite with a relatively higher

SiO2/Al2O3 (~50-80) was more effective to upgrade the properties of pyrolysis oil. Since
the PAH has been reported as the precursor of coke181, 182 which will deactivate the zeolite,
the higher contents of PAH in more acidic zeolite upgraded pyrolysis oils provide insight
into the reason why Z50 performs better upgrading results than Z23. The intensity of
aromatic C-H bonds increased after using zeolite, which is consistent with our 13C-NMR
result. The native methoxyl groups (with a hydroxyl group or ether bond in the ortho
position) decreased after adding zeolite during the pyrolysis and the content decreased
when a higher SiO2/Al2O3 mole ratio zeolite was employed. After the use of zeolite, there
are more methyl aromatic bonds in the pyrolysis oil, which is also supported by our
13

C-NMR results.
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Figure 58. Aromatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of SW kraft lignin with H-ZSM-5 zeolites, from left top to right bottom is L,
Z23, Z30, Z50, Z80 and Z280 upgraded pyrolysis oil.

Figure 59. Methoxyl groups in the HSQC-NMR spectra for the pyrolysis oils produced by
pyrolysis of SW kraft lignin with H-ZSM-5 zeolites, from left top to right bottom is L, Z23,
Z30, Z50, Z80 and Z280 upgraded pyrolysis oil.
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Figure 60. Aliphatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of SW kraft lignin with H-ZSM-5 zeolites, from left top to right bottom is L,
Z23, Z30, Z50, Z80 and Z280 upgraded pyrolysis oil.

8.3.5 GPC and elemental analysis of pyrolysis oils
The number average, weight average molecular weights (Mn and Mw) and
polydispersity values for the heavy oils produced by pyrolysis of softwood kraft lignin
with zeolite at 600 ○C are summarized in Figure 61. This analysis indicates the molecular
weight decreased by 8-16% after the use of H-ZSM-5 zeolite. The lower molecular
weight of upgraded pyrolysis oil is the evidence of enhanced decomposition of methoxyl
group, carboxyl acid and dehydration of aliphatic hydroxyl groups. The results of
elemental analysis for pyrolysis oils are shown in Table 39. After the use of zeolites, the
carbon contents of heavy oils increased up to 5%. In contrast, there is up to 13% less
oxygen in the upgraded pyrolysis oils, which indicates zeolite could improve the
deoxygenation during the pyrolysis process. Most interestingly, the sulfur content also
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decreased by 50% after using Z50 as the additive, which exhibits a potential method to
decrease the sulfur content in the kraft lignin pyrolysis oils.
Mw (g/mol)
Mn (g/mol)
PD (Mw/Mn)
300
250

Mw (g/mol)

200
150

2.5
2.0
1.5
1.0
0.5
0.0

Lignin(L)

L+Z23

L+Z30

L+Z50

L+Z80

L+Z280

Figure 61. Molecular weight distribution and polydispersity of heavy oils produced by
pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)

of H-ZSM-5 zeolites as additives at 600 ○C for 10 min.

148

Table 39. Elemental analysis for the pyrolysis of pure SW kraft lignin and pyrolysis of SW
kraft lignin with 1.0/1.0 (Wadditive/Wlignin) of H-ZSM-5 zeolites as additives at 600 ○C for 10
min. The results are shown in weight percentage.
Pyrolysis samples a

C

H

O

S

Lignin (L)

70.64

6.80

21.31

1.25

L+Z23

73.53

6.68

18.90

0.89

L+Z30

73.93

6.67

18.49

0.91

L+Z50

73.61

6.71

19.05

0.63

L+Z80

72.75

6.79

19.59

0.87

L+Z280

71.65

6.78

20.74

0.83

a

Dried SW kraft lignin contains 74.35 wt% of carbon, 6.60 wt% of hydrogen, 17.79 wt%

of oxygen and 1.26 wt% of sulfur.

8.4 Conclusion
The pyrolysis of softwood kraft lignin with various H-ZSM-5 zeolites as the
additives was accomplished at 600 ○C. The yields of char slightly increased after the use
of additives and the char yield is almost constant for all zeolites, which suggests that the
additives have very limited effects on the primary decomposition of lignin. The yield of
heavy oil decreased but the yield of light oil and gas increased after the use of zeolite. In
addition, pyrolysis samples with lower Si/Al ratio zeolites formed relatively less heavy
oil but more light oil. After the use of H-ZSM-5 zeolite, the aliphatic hydroxyl groups
and carboxylic acid in the heavy oils are nearly completely decomposed, which
represents a more suitable precursor for the biofuel. With the exception of those two
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hydroxyl groups, the heavy oils produced from pyrolysis of lignin with Z280 are similar
with the control pyrolysis oil, which indicate that the H-ZSM-5 zeolite with very large
SiO2/Al2O3 mole ratio has limited effects on the properties of pyrolysis oil. The results of
13

C and

31

P-NMR for the heavy oils indicate that the H-ZSM-5 zeolite with a relatively

higher SiO2/Al2O3 mole ratio is more effective to improve the cleavage of methoxyl
groups, ether bonds and aliphatic C-C bonds, and dehydration of aliphatic hydroxyl
groups. In contrast, the content of carboxylic acid-OH in both heavy and light oil
increased with the increasing SiO2/Al2O3 mole ratio, which suggest that zeolite with
lower SiO2/Al2O3 mole ratio is more effective for the decomposition of carboxylic acid.
HSQC-NMR results show that after the use of additive, the pyrolysis oils contain some
polyaromatic hydrocarbons (PAH) and the content decreased with the increasing
SiO2/Al2O3 mole ratio of zeolite. GPC results show that the molecular weight decreased
by 8-16% after the use of various H-ZSM-5 zeolites.
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Chapter 9: ONE STEP THERMAL CONVERSION OF LIGNIN TO
THE GASOLINE RANGE LIQUID PRODUCTS BY USING
ZEOLITES AS ADDITIVES *

9.1 Introduction
With declining petroleum resources, increasing fuel demands and growing
concerns about the effects of carbon dioxide emissions from fossil fuels, it is imperative
to develop sustainable production of fuels and chemicals. Biomass is a renewable
resource for the sustainable production of fuels and chemicals that, to date, have been
made primarily from fossil resources. The U.S. Department of Agriculture and U.S.
Department of Energy established a vision to derive 25% of chemicals and materials and
20% of transportation fuels from biomass by 2030.7 Lignin is a natural aromatic polymer
and a main constituent of lignocellulosics biomass; however, it has received much less
biorefining efforts than plant polysaccharides5, 101, 158 due to its complexity, biological
recalcitrance and its relative thermal stability, as its weight loss occurs in a very wide
temperature range from 160-900 ○C.183 Furthermore, it is well known that the pyrolysis of
lignin yields more char and the least amount of bio-oil when compared to cellulose or
whole biomass.10,3 It has been reported that most of the water insoluble and the aromatic
C-H groups from the pyrolysis of whole biomass pyrolysis oils can be attributed to the
pyrolysis of lignin.10 Therefore, upgrading technologies that convert lignin to a potential
*

The full data of this research was accepted for publication in RSC Advances, 2012. It is entitled as “One step
thermal conversion of lignin to the gasoline range liquid products by using zeolites as additives”. The other
author is Arthur J. Ragauskas from the Institute of Paper Science and Technology and School of Chemistry
and Biochemistry at Georgia Institute of Technology. Reproduced by permission of The Royal Society of
Chemistry. http://pubs.rsc.org/en/content/articlelanding/2012/ra/c2ra22616b
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replacement for diesel and gasoline could provide an attractive biofuel technology and
also provide insight into the conversion of whole biomass to green fuels. One step
thermal conversion of lignin to gasoline range (molecular weight is ~105 g/mol) liquid
products or simple petrochemicals such as benzene, toluene, xylene, phenol and catechol
appears to be very pragmatic.

Zeolites are a promising class of additives to improve the properties of pyrolysis
oils and it has been examined by several researchers. For example, Murzin’s group
investigated pyrolysis of pine wood with various zeolites, including Beta (BEA), Y
(FAU), ZSM-5 (MFI), Mordenite (MOR) and Ferrierite (FER) zeolites.139, 166, 184-186 They
concluded that the mass yield of pyrolysis product was only slightly influenced by the
types of zeolite, whereas the chemical compositions of bio-oil were dependent on the
structure of the zeolite employed. The content of ketones was higher and the amount of
acids and alcohols was lower in the bio-oil when ZSM-5 was used as an additive during
the pyrolysis. With using a Mordenite zeolite the content of polyaromatic hydrocarbons
was relatively low. Beta, Y and Ferrierite zeolites were more effective at catalyzing
dehydration and decarbonylation reactions. Huber’s group187-189 also examined the
influence of zeolite on the properties of pyrolysis products produced from pine wood,
cellulose and glucose. They reported that the thermal conversion of glucose to aromatics
was a function of the pore size of the zeolite catalyst. Small pore zeolites did not produce
aromatics. In contrast, medium pore size (5.2-5.9 Å) zeolites produce mostly aromatic
products. Higher coke, lower aromatics and reduced oxygenated species were observed
with the use of large pore zeolites. Zhao et al.136 upgraded the water-insoluble fraction
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(pyrolytic lignin) from pyrolysis oil of rice husks with several additives, including
ZSM-5 and Beta zeolites. They found that compared to the Beta zeolite, ZSM-5 produced
more aromatics and less coke. Most of oxygenates were found to be converted to arenes
and polycyclic aromatic hydrocarbons with zeolites and this conversion was favored at
higher temperatures. French et al.137 used molecular-beam mass spectrometry (MBMS) to
analyze the product vapor from pyrolysis of cellulose, straw lignin and ground aspen
wood with forty different additives at 400, 500 and 600 ○C.

They found that the highest

yield of hydrocarbons (~16 wt. %) was achieved using metal-substituted ZSM-5 zeolite
during pyrolysis and the best-performing catalyst belonged to ZSM-5 zeolite while
larger-pore zeolites showed less deoxygenation activity.

The pyrolysis of several biomasses such as, corn stalks,140, 142cassava rhizome,143,
144

maple,190, 191 poplar,145, 192 rice husks,136, 146 bamboos,193 empty palm fruit bunch,194

oak,195 beech164, 196 and pine

147, 148

with various zeolites have also been studied in recent

years. Most of the reported additives studies have focused on the pyrolysis of biomass,
while only a few have examined the behavior of lignin in the presence of additives during
pyrolysis. The goal of this work is to convert lignin to low molecular weight aromatics
(molecular weight is ~100 g/mol) in one step, which could then be used as a precursor for
gasoline and/or the possible substitution of petrochemicals such as phenol and catechol.
This was accomplished by using a series of zeolites as pyrolysis additives to influence the
chemical components generated during the pyrolysis of lignin. To characterize the whole
portions of various pyrolysis oils, we used Nuclear Magnetic Resonance (NMR)
including 13C, 31P and Heteronuclear Single-Quantum Correlation (HSQC)-NMR9, 10, 71, 87,
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90

as the analysis technique.

9.2 Materials and Methods
All reagents used in this study were purchased from VWR International or
Sigma-Aldrich (St. Louis, MO) and used as received. Lignin was isolated from a
commercial U.S.A. softwood kraft pulping liquor. Zeolites (CBV 3020E, CP 814, CBV
710, CP 914C and CBV 21A) were purchased from Zeolyst, Inc.

9.2.1 Lignin separation and purification
Please see section 3.2.1.1 of this dissertation for the details.

9.2.2 Preparation of pyrolysis sample
Different types (MFI, FAU, BEA, FER and MOR) of zeolite were used as the
additives in this work. The pyrolysis samples were mechanical stirred lignin with 1:1
weight ratio of zeolites and all the zeolites were activated in the pyrolysis tube at 500 ○C
under nitrogen for 6 h. Detailed information of each zeolite used can be found in Table
40.
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Table 40. SiO2/Al2O3 mole ratio, framework, code name used in this work and channel
structure136, 139, 184, 185, 188, 191, 194, 196 of each zeolite.
CBV 3020E

CBV 720

CP814E

CP914C

CBV 21A

30

30

25

20

20

Frame work

MFI

FAU

BEA

FER

MOR

Code name

Z

Y

B

F

M

Pore dimension

3

3

3

2

1

6.6×6.7

3.5×4.8

6.5×7.0

5.6×5.6

4.2×5.4

2.6×5.7

SiO2/Al2O3 mole ratio

5.1×5.5
Pore size (Å)

7.4×7.4
5.3×5.6

9.2.3 Equipment and process of pyrolysis
Please see section 3.2.3.1 of this dissertation for the details.A summary of
experimental procedure was shown in Figure 62.

Figure 62. Summary of experimental procedure.
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9.2.4 Characterization of pyrolysis oils
Please see sections 3.3.1-2; 3.3.7 for the details.

9.3. Results and Discussion
9.3.1 Yields of pyrolysis products
The yields from pyrolyzing a softwood kraft lignin with different zeolites at 600
○

C are summarized in Figure 63. These results indicate that the yields of char increased

after the use of additives and pyrolysis of lignin with Y and B zeolites yielded the most
char. Pyrolysis with F and M zeolites increased the yield of heavy oil. In contrast, after
the use of Z, Y and B zeolites, lignin produced less heavy oil but more light oil. The
differences between the yields of pyrolysis products indicate the influence of zeolite on
the pyrolysis process is related to the type of zeolite framework.
light oil
heavy oil
char
gas

60

50

Yield wt%

40

30

20

10

0

Lignin(L)

L+Z

L+Y

L+B

L+F

L+M

Figure 63. Yields (wt%) of light oil, heavy oil, char (excludes the weight of zeolite) and
gas for the pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0
(Wadditive/Wlignin) of Z, Y, B, F and M zeolites as additives at 600 ○C for 10 min.
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9.3.2 Quantitative 31P-NMR analysis of pyrolysis oils
Our previous work9,

71, 87, 90

introduced quantitative

hydroxyl functional groups in pyrolysis oils. The

31

31

P-NMR to determine

P-NMR chemical shifts and

integration regions of the phosphitylated aryl/alkyl hydroxyl groups and water with
2-chloro-4, 4, 5, 5-tetramethyl-1, 3, 2-dioxaphospholane (TMDP) are summarized in
Table 41. The integration results for the heavy oils are summarized in Figure 64. After the
use of Y and B zeolites as additives, the aliphatic hydroxyl groups in the heavy oils were
completely decomposed. With the other three types of zeolite, the aliphatic hydroxyl
groups also decreased by 70-95%. The results show that for the zeolites studied the
resulting pyrolysis oils were significantly dehydrated. Compared to the Z, F and M
zeolites, after the use of Y and B zeolites, the heavy oils contained more C5 substituted
guaiacyl phenolic, catechol and p-hydroxy-phenyl types of hydroxyl groups but less
normal guaiacyl phenolic hydroxyl group. In contrast, with adding F and M zeolites,
lignin pyrolysis yielded more normal guaiacyl phenolic but less p-hydroxy-phenyl and C5
substituted guaiacyl phenolic types of hydroxyl groups. Since catechol and
p-hydroxy-phenyl types of hydroxyl groups are the decomposition products of
methoxyl-aromatic and ether bonds in the lignin structure,9, 90 this indicates that the Y and
B zeolites could perform the cleavage of aromatic C-O bonds more effectively. After the
use of zeolites, the content of carboxylic acid decreased by 44-85%, which is anticipated
to be a much more suitable biofuel precursor. Compared to the other studied zeolites, Z
and M zeolites could induce decarboxylation reactions more efficiently. Several
researchers have reported similarly enhanced dehydration and decarboxylation of model
compounds on the surface of zeolite.168, 171-175
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Table 41. Chemical shifts and integration regions for lignin pyrolysis oil derivatized with
TMDP in a quantitative 31P-NMR. 9, 71, 87, 90
Functional group

Integration region (ppm)

endo-N-hydroxy-5-norbornene-2,3-dicarboximide
151.0 - 152.8
(NHND,

internal standard)

Aliphatic OH

150.0 - 145.5
β-5

144.7 - 142.8

4-O-5

142.8 - 141.7

5-5

141.7 - 140.2

C5 Substituted
guaiacyl phenolic OH

Guaiacyl phenolic OH

140.2 - 139.0

Catechol type OH

139.0 - 138.2

p-hydroxy-phenyl OH

138.2 - 137.3

Carboxylic acid-OH

136.6 - 133.6
133.1-131.3,

Water
16.9-15.1
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L
L+Z
L+Y
L+B
L+F
L+M

Hydroxyl Group Contents /(mmol/g heavy oil)

4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0

Guaiacyl Catechol p-hydroxy- Carboxylic
phenolic OH type OH phenyl OH acid OH
C5 substituted guaiacyl phenolic OH

Aliphatic OH

β−5

4-O-5

5-5

Figure 64. Hydroxyl group contents (mmol/g of heavy oil) of different heavy oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0
(Wadditive/Wlignin) of Z, Y, B, F and M zeolites as additives at 600 ○C for 10 min, determined
by quantitative 31P-NMR after derivatization with TMDP.

Our previous studies indicated that the light oils from pyrolysis of lignin contain
more than 80 wt% of water and ~10 wt% of methanol, catechol and acidic acid.9, 71, 90 The
integration results of those four major components in the light oils are summarized in
Figure 65. For all the upgraded light oils, the yields of methanol and acetic acid
significantly decreased. In contrast, the content of catechol increased after the use of
zeolites. Compare to the Z, F and M zeolites, the use of Y and B zeolites yielded a light
oil with increased catechol which indicates a more efficient decomposition of ether bond
and methoxyl group. The content of catechol increased by 320% after the use of Y zeolite,
this pure catechol in the light oil could be used as an alternative pathway for its synthesis.
As anticipated, the content of the major dehydration product, water increased with the use
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of zeolites.

92

L
L+Z23
L+Z30
L+Z50
L+Z80
L+Z280

88

w/w% in light oil

84
80
76
6
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0
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Catechol

Acetic acid

Water

Figure 65. Weight percentage of four major components in light oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)

of Z, Y, B, F and M zeolites as additives at 600 ○C for 10 min, determined by

quantitative 31P-NMR after derivatization with TMDP.

9.3.3 Quantitative 13C-NMR analysis of pyrolysis oils
To fully characterize the functional groups in the heavy oils, a detailed analysis was
accomplished by using

13

C-NMR. The

13

C-NMR chemical shift assignment ranges are

based on our previous work9 and shown in the Table 42. The integration results of this
analysis for the heavy oils are summarized in Figure 66. After the use of Y and B zeolites,
the heavy oils contained ~80% less methoxy groups than the native pyrolysis oil, which
indicates a very efficient decomposition of methoxyl groups and this result could explain
the increasing contents of catechol type and p-hydroxy-phenyl hydroxyl groups detected
by 31P-NMR. The two types of methyl aromatic bonds in the heavy oils are reported to be
the rearrangement products of methoxyl groups.9 After the use of these two zeolites, the
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heavy oils contained relatively large amount of methyl aromatic bonds, which is evidence
for the enhanced cleavage of methoxyl groups. The 13C-NMR results also show that there
were only 13-56% carbonyl groups remaining in the upgraded pyrolysis oils, which is
consistent with

31

P-NMR results. It has been reported the acidity of pyrolysis oils is

mainly (60-70%) derived from carboxylic acids and their content detrimentally impacts
the stability of pyrolysis oils.197 The significantly reduced amount of carboxylic acids in
the zeolite upgraded pyrolysis oils represents a more stable pyrolysis oil which is
expected to cause less corrosion problem.197 With the use of F and M zeolites, the heavy
oils contained relatively large amount of aromatic C-O bonds but the least amount of
aromatic C-C bonds, which indicate that those two zeolites prefer to cleave aromatic C-C
bonds or prevent the formation of such bonds. For the Y and B zeolites upgraded
pyrolysis oils, the contents of oxygen substituents including aromatic C-O and aliphatic
C-O bonds, carbonyl and methoxyl groups decreased by more than 40%. In addition,
almost all the remaining oxygen functionality (up to ~87%) in these two upgraded
pyrolysis oils belongs to the phenolic hydroxyl groups.
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Table 42. 13C-NMR chemical shift assignment range of lignin pyrolysis oil based on the
chemical shift database created in our previous work.9
Integration region
Functional group
(ppm)
Carbonyl or Carboxyl bond

215.0 – 166.5

Aromatic C-O bond

166.5 – 142.0

Aromatic C-C bond

142.0 – 125.0

Aromatic C-H bond

125.0 – 95.8

Aliphatic C-O bond

95.8 – 60.8

Methoxyl-Aromatic bond

60.8 – 55.2

General

55.2 – 0.0

Methyl – Aromatic
21.6 – 19.1
Aliphatic C-C bond (CH3-Ar)
Methyl – Aromatic at ortho position of a
16.1 – 15.4
hydroxyl or methoxyl group (CH3-Ar’)

162

L
L+Z
L+Y
L+B
L+F
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Figure 66. Integration results for the SW kraft lignin and the heavy oils produced by pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)

of Z, Y, B, F and M zeolites as additives at 600 ○C for 10 min, detected by

quantitative 13C-NMR with using the assignment range showed in Table 42. The results
were shown as the percentage of carbon.

9.3.4 HSQC-NMR analysis of pyrolysis oils
To solve spectral overlapping problems when using

13

C-NMR to analyze the

pyrolysis oils, our previous work demonstrated that HSQC-NMR was uniquely well
suited to analyze various C-H bonds present in the pyrolysis oils.10 The HSQC-NMR
spectra for the pyrolysis oils after the use of zeolites are shown in Figures 67-69.
HSQC-NMR results show that after the use of Z, Y and B zeolites, the pyrolysis oils
contained some polyaromatic hydrocarbons (PAH). In contrast, there were only very
limited amount of PAH in the F and M zeolites upgraded pyrolysis oils and almost no
PAH in the native pyrolysis oil. The native methoxyl groups (with a hydroxyl group or

163

ether bond in the ortho position) have been completely eliminated after adding Y zeolite
during the pyrolysis. The improved degradation of methoxyl groups on the surface of
zeolite have been reported in literatures.168-170 Since Y type zeolite has a relatively larger
pore size and a three dimensional channel system136, 139, 184, 185, 188, 191, 194, 196 which could
let small aromatics such as phenol, naphthalene, xylene169, 188 go through the channels
and thereby improve the upgrading effect more efficiently. For the other pyrolysis
samples, the decomposition of native type of methoxyl group also has been improved.
The content of rearranged methoxyl groups (no hydroxyl group or ether bond in the ortho
position) also decreased after the use of Y and B zeolites, which is consisted with the
significant reduced amount of methoxyl groups detected by

13

C-NMR. Compare to the

rearranged methoxyl groups, the zeolites prefer to cleave the native methoxyl groups,
which may due to the hydroxyl group in the ortho position facilitates the cleavage. The
reported possible degradation pathway of methoxyl groups on the surface of zeolite have
been summarized in Figure 70.

168-170

After the use of zeolites, there were much more

methyl aromatic bonds in the pyrolysis oil which is consistent with our 13C-NMR result.
Compare to the native pyrolysis oil, the upgraded pyrolysis oils have relatively lower
amount of long chain aliphatic C-C bonds. Zeolite has been reported176-178 to improve the
cleavage of aliphatic C-C bonds in the model compounds, which could explain the
reduced contents of such bonds in the upgraded pyrolysis oils.
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Figure 67. Aromatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of SW kraft lignin with various zeolites, from left top to right bottom is L, Z,
Y, B, F and M upgraded pyrolysis oil.

Figure 68. Methoxyl groups in the HSQC-NMR spectra for the pyrolysis oils produced by
pyrolysis of SW kraft lignin with various zeolites, from left top to right bottom is L, Z, Y,
B, F and M upgraded pyrolysis oil.
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Figure 69. Aliphatic C-H bonds in the HSQC-NMR spectra for the pyrolysis oils produced
by pyrolysis of SW kraft lignin with various zeolites, from left top to right bottom is L, Z,
Y, B, F and M upgraded pyrolysis oil.
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Figure 70. The reported possible degradation pathway of methoxyl groups on the surface
of zeolite. 168-170

9.3.5 GPC analysis of pyrolysis oils
The number average and weight average molecular weights (Mn and Mw) and
polydispersity values for the heavy oils produced by pyrolysis of softwood kraft lignin
with zeolites at 600 ○C are summarized in Figure 71. This analysis indicates the
molecular weight decreased to the gasoline range (80-120 g/mol) after the use of Y and B
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zeolites, which represents simple aromatic molecules and could be used as the precursor
of gasoline and possible substitution of petrochemicals. The GC-MS analysis of Y and B
zeolites upgraded pyrolysis oils indicated that phenol, methyl phenols, dimethyl phenols,
catechol, methyl catechols, naphthalene, methyl naphthalenes and guaiacol are the major
components. In contrast, after adding F and M zeolites the molecular weights were
almost intact.

350

Mw (g/mol)
Mn (g/mol)
PD (Mw/Mn)

300
250
200
150
100

2.0
1.5
1.0
0.5
0.0

L

L+Z

L+Y

L+B

L+F

L+M

Figure 71. Molecular weight distribution and polydispersity of heavy oils produced by
pyrolysis of pure SW kraft lignin and pyrolysis of SW kraft lignin with 1.0/1.0 (Wadditive/Wlignin)

of Z, Y, B, F and M zeolites as additives at 600 ○C for 10 min.

9.4 Conclusion
The pyrolysis of softwood kraft lignin with five different zeolites, including MFI
(Z), FAU (Y), BEA (B), FER (F) and MOR (M) as the additives was accomplished at 600
○

C. Pyrolysis with F and M zeolites yielded more heavy oil but less light oil. In contrast,

after the use of Z, Y and B zeolites, lignin produced less heavy oil but more light oil. The
31

P-NMR results show that by using Y and B zeolites, the aliphatic hydroxyl groups in
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the heavy oils were completely decomposed. With using the other three types of zeolite,
the aliphatic hydroxyl groups also decreased by 70-95%. These results indicate zeolites
significantly improve the dehydration reactions, which will facilitate the deoxygenation
of pyrolysis oil. Compare to the other types of zeolite, after the use of Y and B zeolites,
both heavy and light oils contained more catechol type hydroxyl groups, which indicate
the Y and B zeolites could perform the cleavage of aromatic C-O bonds more effectively.
After using zeolites, the content of carboxylic acid decreased by 44-85%, which
represents a much more suitable renewable fuel precursor. Compare to the other types of
zeolite, Z and M zeolites prefer to improve the decarboxylation. After the use of Y and B
zeolites, the heavy oils contained ~80% less methoxy groups than the native pyrolysis oil,
and almost all the oxygen (up to ~87%) in these two upgraded pyrolysis oils belongs to
the phenolic hydroxyl groups. The HSQC-NMR results show that with adding Z, Y and B
zeolites, the pyrolysis oils contained some polyaromatic hydrocarbons (PAH). In contrast,
there were very limited amount of PAH in F and M upgraded pyrolysis oils and almost no
PAH in the native pyrolysis oil. Compare to rearranged methoxyl groups, all the tested
zeolites prefer to cleave the native methoxyl groups, which may due to the hydroxyl
groups in the ortho position facilitate the cleavage. The GPC results indicate that the
pyrolysis oils upgraded by Y and B zeolites had a molecular weight profile in the gasoline
range (80-120 g/mol).

In summary, the FAU (Y) and BEA (B) zeolites could significantly improve the
cleavage of methoxyl-aromatic and ether bonds in the lignin and yield a pyrolysis oil that
has a ‘gasoline’ range molecular weight. The upgraded pyrolysis oil could be used as the
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precursor of gasoline and possible substitution of petrochemicals. The MFI (Z), FER (F)
and MOR (M) zeolites could more efficiently decompose the carboxyl groups which will
reduce the acidity of pyrolysis oils and make it more suitable for the usage as biofuel.
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Chapter 10: PRODUCTION OF RENEWABLE GASOLINE FROM
AQUEOUS PHASE HYDROGENATION OF LIGNIN PYROLYSIS
OIL *

10.1 Introduction
The hydrogenation of biomass pyrolysis oils to upgraded biofuels, especially the
aliphatic compounds with a low boiling range has attracted significant research attention.
However, compared with the water soluble phase of pyrolysis oils, the water insoluble
parts are relatively difficult to upgrade due to the complex high molecular weight
aromatic structures. To solve this problem, a two step hydrogenation of water insoluble
pyrolysis oil (heavy oil) produced from pyrolysis of pine wood ethanol organosolv lignin
(EOL) at 600 ○C for 30 min was examined. Ru/C was used as the catalyst and water was
used as the dispersant for the heavy oil and hydrogenation products. The carbon
conversion yields for the first and second step hydrogenation are 35% and 33% (overall
molar% of carbon content in the heavy oil), respectively. The products of first step of
hydrogenation are primarily aromatic molecules which are produced from the hydrolytic
cleavage of ether bond and methoxy groups in the heavy oils. Further hydrogenation was
shown to covert the insoluble heavy oils (weight average molecular weight is 265 g/mol)
to the aliphatic alcohols and other aliphatic components which could be used as
renewable gasoline. As far as we know, this is the first reported effort to upgrade water
*

The full data of this research was accepted for publication in Fuel, 2012. It is entitled as “Production of
renewable gasoline from aqueous phase hydrogenation of lignin pyrolysis oil”. The other authors are Arthur
J. Ragauskas from the Institute of Paper Science and Technology and School of Chemistry and Biochemistry
at Georgia Institute of Technology; Wei Mu from the Institute of Paper Science and Technology and School
of Chemical and Bimolecular Engineering at Georgia Institute of Technology; Yulin Deng from the Institute
of Paper Science and Technology and School of Chemical and Bimolecular Engineering at Georgia Institute
of Technology. The permission was shown in appendix B.5.
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insoluble parts of lignin pyrolysis oil to the total aliphatic components by aqueous phase
by hydrogenation.

Increasing worldwide energy consumption and limited petroleum resources
combined with economic, environmental and political concerns have boosted research on
the development of new processes for the production of renewable fuels and chemicals.5
Due to its carbon neutrality, relative abundance, renewability and nonfood competition,6,
14

lignocellulosics are increasingly being viewed as a primary feedstock for renewable

fuels and chemicals. The pyrolysis of biomass and its fractionated components, such as
lignin, is a promising approach to using this resource. Pyrolysis has been reported as one
of the economic ways (i.e., low capital and operating costs) to utilize biomass for biofuels
and biobased chemicals.2 The products of pyrolysis known as pyrolysis oil however have
several challenging properties including poor volatility, high viscosity, corrosiveness and
cold flow problems. These problems have limited the practical application of pyrolysis
oils. Therefore, bio-oils must be upgraded before use as a replacement for diesel and
gasoline fuels. Hydrogenation with hydrotreating catalysts is one of the promising routes
to upgrade pyrolysis oils.13

Many researchers have examined the hydrogenation of biomass components and
pyrolysis oils. For example, the hydrogenation of phenolic pyrolysis oil model
compounds to the corresponding aliphatic compounds has been reported recently.198, 199
Noble metals such as Ru, Rh, Pd and Pt have been used as catalysts and the conversion
for

several

model

compounds
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such

as

anisole,

4-ethylphenol,

2-methoxy-4-n-propylphenol

and

4-hydoxy-3-methoxyphenyl-acetone

to

the

corresponding aliphatic compounds could accomplished with yields approaching 100%.
A two step hydrogenation process has been reported102 to upgrade the pyrolysis oils, in
the first step, Ru/C was used as catalyst at 125 ○C with a H2 pressure of 10 MPa and in
the second step Pt/C was used as catalyst at 250 ○C with a H2 pressure of 10 MPa. By a
two step hydrogenation process, the water-soluble fraction of pinewood pyrolysis oil was
converted to gasoline like compounds which have a boiling range from 65-175 ○C with a
carbon yield of 17%.102 For the hydrogenation of whole pyrolysis oils produced from
pinewood,102 it has been reported that the carbon yield for the gas and coke is 26.5% and
34.6%, respectively. The hydrogenation of whole fast pyrolysis oils produce from beech
wood with Ru/C as the catalyst at 350 ○C, 20 MPa has also been examined.200 On the
basis of 1H-NMR results, the aliphatic/aromatic proton ratio increased from 6.4:1 to
11.2-16.4:1 after hydrogenation, which suggests the hydrogenation of the benzene ring
during the process, however, is not complete. Conversion of carbohydrate model
compounds, including sorbitol and furoin,56 and sugar solutions prepared by hydrolysis of
maple wood201 to the C1-C15 alkanes has also been reported. All these treatments involved
hydrogenation process with Pt, Pd or Ru as the catalyst at 120-265 ○C with a H2 pressure
of 5.2-6.2 MPa. The carbon yields of conversion of aqueous carbohydrates derived from
maple wood into gasoline range products were reported up to 57%.

Our previous work indicated that lignin yields a large amount of water insoluble
pyrolysis products-heavy oil (65-85 wt% of pyrolysis products),9, 71 whereas tannin and
cellulose yield most water soluble pyrolysis products-light oil, which contains large
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amount of water (>60 wt%) and water soluble components such as methanol,
levoglucosan and catechol et al. For tannin, ~78 wt% of pyrolysis products is a

light oil

and for cellulose, ~85 wt% of pyrolysis products is a light oil.10, 202 Therefore, the bulk of
the water insoluble portion of the biomass pyrolysis oil is produced from lignin
components. The pyrolysis oils produced from bark and residue contain 60-68 wt% and
55-57 wt %202 heavy oil, respectively. However, this major portion has received much
less attention for upgrading than the light oil. The complex high molecular weight
aromatic structures of the water insoluble parts make it difficult to upgrade the whole
pyrolysis oils by hydrogenation process. Many researchers have reported an incomplete
hydrogenation of whole biomass pyrolysis oils.102,

200

In this work, a two step

hydrogenation of lignin pyrolysis oil was examined and the insoluble heavy oil (weight
average molecular weight is 265 g/mol) was converted to the alkanes and aliphatic
alcohols which could be used as renewable gasoline. As far as we are aware, this is the
first reported effort to upgrade lignin pyrolysis oil to the total aliphatic components by
aqueous phase hydrogenation. These results will be of value in the development of
complete hydrogenation of whole biomass pyrolysis oils.

10.2 Experimental section
Please see sections 3.1; 3.2.1.2; 3.2.4; 3.3.2-5 and 3.3.7.1-5 of this dissertation for
the details.

10.3 Results and Discussion
The two step hydrogenation (HYD) of the heavy oil produced from pyrolysis of
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pine wood ethanol organosolv lignin (EOL) at 600 ○C for 30 min was examined. Ru/C
was used as the catalyst and water was used as the dispersant for the heavy oil and the
hydrogenation products. The first hydrogenation step was accomplished at 300 ○C with a
H2 pressure of 14 Mpa for 4 h and Ru/C as catalyst. This treatment converts the water
insoluble dark brown heavy pyrolysis oil to a transparent product. Further hydrogenation
of this product at 250 ○C and a H2 pressure of 14 Mpa with Ru/C as catalyst for 2 h
produced the final product. The carbon yields for the first and second step hydrogenation
are 35% and 33% (overall molar% of carbon content in the heavy oil) respectively. A
summary of experimental procedure was shown in Figure 72.

Figure 73 shows the 1H-NMR spectrum for the EOL heavy oil, first and second
step HYD products and the integration results are shown in Table 43. Compared to the
EOL heavy oil and first step HYD product, the aromatic protons are completely
eliminated in the second HYD product and 85% of protons belong to the aliphatic protons
with no oxygen attached to the α-carbon. It indicates that the second HYD product
contains only aliphatic carbons and has relatively low oxygen content, which represents a
potential resource for bio-gasoline. Compared to the EOL heavy oil, first step HYD
product contains less aromatic protons (See Table 43) but more aliphatic protons, which
indicates the hydrogenation of benzene ring also occurred during first HYD process.
Table 44 shows the

13

C-NMR integration results for different functional groups in the

EOL heavy oil, first and second step HYD products. The results show that there is no
aromatic carbon in the second step HYD product which is consistent with 1H-NMR result
and there are less methoxy groups but much more aliphatic C-O bonds in the second step
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HYD product. This is attributed to the hydrogenation of the aromatic ring which converts
aromatic C-O bonds to aliphatic C-O bonds. Compared to the EOL heavy oil, there are
relatively lower amounts of carbonyl C=O bonds, aromatic C-C bonds and C-H bonds but
more aliphatic C-C bonds in the first step HYD product, which is also consistent with
1

H-NMR result and is the evidence that the hydrogenation of carbonyl C=O bonds and

benzene ring occurred during the first HYD process.

Figure 72. Summary of experimental procedure.
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Figure 73. 1H-NMR spectra for the EOL heavy oil, first and second step hydrogenation
products. (from top to bottom)

Table 43. 1H-NMR chemical shift assignment ranges and functional group contributions
for the EOL heavy oil and first and second step hydrogenation products.
Type of protons

Range* (ppm)

EOL heavy oil

first step

second step

-CHO, -COOH

10-9.6

0#

0

0

ArH, HC=C-

8.2-6.0

31

21

0

-CHn-O- , CHn-O-

6.0-3.0

27

18

15

-CH3, -CHn-

0.5-3.0

42

61

85

* The assignment ranges are on the basis of literature reports.71, 81
#

The results are shown as percentage of hydrogen.
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Table 44. 13C-NMR chemical shift assignment ranges and functional group contributions
for the EOL heavy oil and first and second step hydrogenation products.
Functionality

Range* (ppm)

EOL heavy oil

first step

second step

Carbonyl C=O

215.0-166.5

1#

0

0

Aromatic C-O

166.5-142.0

20

20

0

Aromatic C-C

142.0-125.0

17

13

0

Aromatic C-H

125.0-95.8

40

36

0

Aliphatic C-O

95.8-60.8

1

1

24

Methoxyl

60.8-55.2

10

10

7

Aliphatic C-C

55.2-0.0

11

20

69

* The assignment ranges are on the basis of literature reports.9, 90
#

The results are shown as percentage of carbon.

To fully characterize the HYD products, DEPT-135

13

C-NMR and HSQC-NMR

were used. Figures 74 and 75 show the results of these analyses. Compared to the
complexity of the EOL heavy oil, the first step HYD product is relatively easy to identify.
On the basis of GC-MS result and HSQC-NMR, the major components in the first step
HYD are guaiacol, 4-methylguaiacol and catechol, which indicate that the EOL heavy oil
(weight average molecular weight (Mw) is 265 g/mol) has been upgraded to the simple
aromatic molecule after first step HYD process. The DEPT-135 and quantitative
13

C-NMR also show that after first step HYD process, the carbonyl C=O bonds and the

aliphatic C-O bonds in the EOL heavy oil have been reduced consistent with a
hydrodeoxygenation (HDO) process. Chen et al.203 reported that the hydrodeoxygenation
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and the cleavage of C-C bond of carboxylic acids to alcohols and alkanes over supported
Ru in the aqueous phase are favored at high temperature and with Ru/C as the catalyst,
which supports our results. There are also more aliphatic CH2 peaks (the negative peaks
in DEPT 135 spectrum) in the first step HYD product, which is due to the hydrogenation
of benzene ring in the EOL heavy oils. Figure 75 shows that all the aliphatic C-O bonds
(from 60.8-95.8 ppm) in the second step HYD product contain a tertiary carbon, which is
formed from hydrogenation of phenols and represent to the α-carbon in the alcohols. A
significant amount of the secondary carbons in the second step HYD products have a
chemical shift around 30-40 ppm which represent β-substituted alcohols.

On the basis of our previous work10, 202 using HSQC-NMR to analyze various
pyrolysis oils, the two peaks around 10-15 ppm belong to the terminal carbon of long
aliphatic chains. On the basis of GC-MS results, most peaks in the HSQC-NMR of the
second step HYD product could be assigned to cyclohexanol and its derivatives. The
carbon yield from first to second step HYD product is very high (~95 wt %), which is
similar with literature reports about the hydrogenation of several phenolic pyrolysis oil
model compounds.198,

199

It is also the evidence that the products of first step HYD

process are simple aromatic molecules. Several researchers have reported the tentative
reaction pathways of HYD and HDO process of phenolic model compounds.203-207 On the
basis of those pathways and our results, the first step HYD process of EOL heavy oil
mainly involves the cleavage of ether bonds and methoxyl groups in the heavy oils,
which produces simple aromatic molecules, such as guaiacol. The second step HYD
process will further upgrade those aromatics to the aliphatic rings, such as cyclohexanol.
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The tentative pathways are shown in Figure 76.

Figure 74. Quantitative

13

C-NMR, DEPT-135 and HSQC-NMR spectra for the EOL

heavy oil and first step hydrogenation product. (from top to bottom)

Figure 75. DEPT-135 and HSQC-NMR spectra for the second step hydrogenation product.
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Figure 76. Tentative reaction pathways of HYD and HDO process of EOL heavy oil.203-207

There are some reports that the tar or coke will be formed during the HYD or
HDO process of phenolic model compounds205, 207 and water soluble pyrolysis oils.56, 102
We also find the formation of tar after the first step HYD process. The Mw (462 g/mol) of
the tar is almost as twice as EOL heavy oil (Mw=265 g/mol). The quantitative 13C-NMR
(shows in Figure 77) for the tar shows that there are much more condensed aromatic C-C
bonds than the EOL heavy oil, which represent condensation reactions during the HYD
process. Comparable condensation reactions have been reported during the HYD process
of model compounds in the literatures205, 207 and the possible pathways are shown in
Figure 76. The SEM pictures for the catalysts show that after first step HYD of EOL
heavy oil, the catalyst was coated by tar, which may affect the hydrogen transfer and the
HYD reactions. The surface of catalyst for the second step HYD was almost intact after
the process, which is consistent with the high carbon yield from the first to the second
step HYD process. Thermogravimetric analysis (TGA) was also employed to further
investigate the spent catalyst after the first step HYD process. The result (see supporting
information) indicates a significant weight loss (~40 wt %) from 300-400 °C for the spent
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catalyst which is also the evidence the catalyst was coated by tar.

Figure 77. Quantitative 13C-NMR for EOL heavy oil and tar from first step HYD catalyst
(from top to bottom), and SEM for the original catalyst, catalyst after first and second step
HYD process (from left to right).
10.4 Conclusions
In summary, the two steps HYD processes were examined to upgrade the heavy
oil produced from pyrolysis of pine wood EOL. The products of first step HYD are
simple aromatic molecules which are produced from the cleavage of ether bonds and
methoxy groups in the heavy oils. The further upgrade could covert water insoluble
heavy oils (Mw=265 g/mol) to the total aliphatic components with 33 molar% carbon
yields. As far as we are aware, this is the first study focused at upgrading lignin pyrolysis
oil in aqueous phase by hydrogenation. The upgraded pyrolysis oils could be used as
green gasoline. The ongoing researches in our group involves reducing tar and coke
formation which could increase the yield of first step HYD process or even upgrade the
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pyrolysis oils to a renewable gasoline in one step HYD; model compounds study, which
could provide kinetics model to improve the HYD conditions. Nevertheless, the concept
established in this work opens up a new opportunity for the conversion of lignin pyrolysis
oils (which are the major parts of water insoluble product of pyrolysis of whole biomass)
to the renewable gasoline.
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Chapter 11: OVERALL CONCLUSIONS

The thesis projects accomplished conversions of biomass and biomass
components to petrochemicals and total aliphatic gasoline like products. This thesis work
includes three major projects. Biomass is very complicated; to understand the thermal
decomposition pathways of biomass, the pyrolytic behaviors of various biomass
components including lignin and cellulose as well as whole biomass under different
temperatures have been investigated in the first project. For the SW kraft lignin studied,
600 oC was the optimized pyrolysis temperature. For the pyrolysis of cellulose, the yields
of pyrolysis oil and char decreased but the yield of gas increased when reactor
temperatures increased (400-600 °C), which indicated that the point of primary pyrolysis
of cellulose and the secondary decomposition of pyrolysis oil is lower than 400 °C. For
the pyrolysis of pinewood, the yield of pyrolysis oil only slightly increased (0.85%) when
the thermal treatment increased from 500 to 600 °C, in contrast, the yield of gas increased
by 2.55%, which indicated that 500 °C is close to the point of primary pyrolysis of pine
wood and secondary decomposition of pyrolysis oil.

Due to complexity and limited volatility, the thermal decomposition products
from biomass bring insurmountable obstacles to traditional analysis methods such as
GC-MS, UV and FT-IR. Therefore, precise characterization of the whole portion of
thermal decomposition products has significant impacts on providing insight into the
thermal decomposition pathways and evaluating the upgrading processes. Various NMR
methods to characterize different functional groups presented in pyrolysis liquid and solid
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products by 1H, 13C, 31P, 2D-HSQC and solid state 13C-NMR have been introduced in the
second project. The

31

P-NMR results for the lignin light oil showed that it contained

nearly 80 w/w% water and another 10 w/w% methanol, catechol and acetic acid. The
large amount of water was attributed to dehydration reactions of lignin during pyrolysis.
Based on the results of 13C and 31P-NMR for the heavy oil and lignin, the aliphatic OH,
carboxyl and methoxyl group in the lignin are the primary target functional groups to
decompose during the pyrolysis, the cleavage of ether bond in the lignin is another
primary decomposition during the thermal treatment. On the basis of HSQC-NMR
analysis for the pyrolysis oils produced from cellulose, levoglucosan was found as the
major component and the content increased from 46 to 53% (detected by quantitative
13

C-NMR, the results are shown in percentages of total carbon) with the pyrolysis

temperature increased from 400 to 600 oC. Furfural (or other compounds containing furan
ring) and phenol were also found as the major components in the cellulose pyrolysis oils.
The content of 5-hydroxymethyl-furfural (HMF) decreased at higher thermal treatment
temperature, which indicated that HMF could be further decomposed at higher
temperature. The analysis of HSQC-NMR for the pine wood pyrolysis oils indicated that
levoglucosan is also one of the major components presented in the pyrolysis oils and
most of aromatic C-H and aliphatic C-H bonds in the pine wood pyrolysis oils were
produced from lignin component.

Nevertheless, the major drawback towards commercialization of pyrolysis oils are
their challenging properties including poor volatility, high oxygen content, molecular
weight, acidity and viscosity, corrosiveness and cold flow problems. In situ upgrading the

184

properties of pyrolysis oils during thermal conversion process by employing zeolites has
been studied in the third project. The influences of SiO2/Al2O3 ratio of H-ZSM-5 zeolites
on the properties of pyrolysis oils have been investigated. Based on the results of 13C and
31

P-NMR for pyrolysis oils, the use of H-ZSM-5 zeolites during pyrolysis process caused

the near complete decomposition of aliphatic hydroxyl and carboxyl groups. With
exception of carboxylic acid, the H-ZSM-5 zeolite with a relatively higher SiO2/Al2O3
was more effective at the elimination of methoxyl groups, ether bonds and aliphatic C-C
bonds, and dehydration of aliphatic hydroxyl groups during pyrolysis. However, the
H-ZSM-5 zeolite with very large SiO2/Al2O3 mole ratio, such as 280, has only limited
effects on the properties of upgraded pyrolysis oil. After the use of zeolite, the pyrolysis
oils contain some polyaromatic hydrocarbons and the content decreased with the
increasing SiO2/Al2O3 mole ratio of zeolite. The upgrading effects of various different
zeolites have also been examined. FAU and BEA zeolites could significantly improve the
cleavage of methoxyl-aromatic and ether bonds in the lignin and yield a pyrolysis oil that
has a ‘gasoline’ range molecular weight. The upgraded pyrolysis oil could be used as the
precursor of gasoline and possible substitution of petrochemicals. MFI, FER and MOR
zeolites could more efficiently decompose the carboxyl groups, which will reduce the
acidity of pyrolysis oils and make it more suitable for the usage as biofuel. Further
hydrogenation of pyrolysis oils to total aliphatic gasoline like products by heterogeneous
catalysis in “green medium” – water have also been studied in the third projects.

The highlights of this thesis work are presented as below:
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 Investigations on pyrolytic behaviors of various biomasses and biomass
components at different temperatures. The yields for water insoluble liquid
products—heavy oils are from 10-50 wt% and could be used as precursor
of bio-fuel and bio-chemical. The water-soluble liquid products—light oils
contain >60 wt% of water and other organic products including methanol,
catechol and acetic acid etc., which are ready to use bio-chemicals. The
solid products have high-energy yield ~50% and HHVs (>31MJ/kg),
which are higher than many commercial coals (20-30 MJ/kg) and could be
used as bio-coal. The process of producing bio-coal—torrefaction was also
accomplished, which could provide another type of bio-energy to reduce
the CO2 emissions.

 Various innovations of characterization of pyrolysis products have been
accomplished, including the first reported efforts to analyze whole portion
of pyrolysis oils by HSQC and characterize various solid products by
NMR. Several chemical shifts databases for the components presented in
the pyrolysis oils were created to facilitate the characterizations by NMR.
Four different types of protons, eight types of hydroxyl groups, fifteen
different carbons and thirty different C-H bonds in the whole portion of
pyrolysis oil could be analyzed by NMR. The first research work on in situ
NMR characterization of pyrolysis oil during accelerated aging process
has also been investigated.
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 By employing zeolites, one-step thermal conversion of lignin to
petrochemicals has been accomplished. The yield of this conversion is ~20
wt% and the top three abundant products are 3-methyl-phenol, catechol
and 2, 4-methyl-phenol. This is the first reported efforts to upgrade lignin
to the gasoline range low molecular weight (~70-140 g/mol) products in
one step. Another breakthrough on hydrogenation of lignin pyrolysis oil,
which is the most difficult part to be upgraded, in “Green solvent”—water
to produce renewable gasoline has also been examined.
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Chapter 12: RECOMMENDATIONS FOR FUTURE WORK

Several other studies might be conducted to further investigate the thermal conversion of biomass and its components to the fuel and chemicals. Some particularly attractive options are as follows:

 To fully characterize whole biomass pyrolysis products, the other two
biomass components—hemicellulose and tannin that is abundant in barks
would be necessary to investigate. The NMR chemical shifts databases for
the pyrolysis oils produced from these two components should be created
to facilitate the assignments in various NMR methods including 1H,

13

C

and HSQC-NMR.

 To provide insight into the upgrading mechanism and evaluate zeolites,
more detailed characterizations of zeolites including solid state NMR,
XRD, SEM, acid sites measurement and recycle times are recommended.

 To accomplish one-step conversion of biomass into total aliphatic gasoline
like products, pyrolysis of biomass under hydrogen pressure and employing zeolite-supported noble metal catalysts should be examined. Novel
catalyst synthesis and quantum chemical simulation of catalytic process
would be interesting.
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APPENDIX A: TORREFACTION OF LOBLOLLY PINE *

A.1 Introduction
Worldwide energy consumption is predicted to increase by ~50% by 2025.5 The
carbon dioxide emissions from the consumption of fossil fuels have grown at an average
rate of ~2% per year, and the rate continues to increase. Coal is the most carbon-intensive
of the fossil fuels and its global share of carbon dioxide emissions, are projected to be
almost 46% by 2035.208 Growing concerns about the effects of carbon dioxide emissions
from fossil fuels call for sustainable energy sources, such as biomass, because of its
carbon neutrality, relative abundance and non-food competition.6 Several challenging
properties of biomass including low heating value, low energy density, high moisture
content, hygroscopic nature, and soot formation during combustion limit its usage as a
resource for the bio-energy.209 The charcoal-making process is one of the traditional
methods to upgrade the biomass. However, only about 20-55% of the energy in the
original raw material is retained in charcoal.210 In contrast, a thermal treatment process in
an inert atmosphere, known as, torrefaction can address some of the above limitations
and provide a relatively higher energy yield.211

Many researchers have examined the torrefaction of biomass. For example,
Pentananunt et al.210 found that torrefied wood has significantly less soot generation
during combustion and has a relatively faster rate of combustion than the wood. The
*

The full data of this research was accepted for publication in Green Chemistry, 2012. It is entitled as
“Torrefaction of Loblolly pine”. The other author is Arthur J. Ragauskas from the Institute of Paper Science
and Technology and School of Chemistry and Biochemistry at Georgia Institute of Technology. Reproduced
by permission of The Royal Society of Chemistry. http://pubs.rsc.org/en/content/articlelanding/2012/gc/
c1gc15570a
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weight and energy yields of torrefaction of wood at 250-270 oC for 2-3 hours are
66.7-83.3% and 76.5-89.6%, respectively. Prins et al.212, 213 examined the weight loss
kinetics and analyzed the products of torrefaction of several bioresources including beech,
willow, larch and wheat straw. They proposed torrefaction of wood is a two step reaction,
a fast initial step leads to the decomposition of hemicelluloses, and the slower subsequent
reaction represents cellulose decomposition. Yan et al.214 examined wet torrefaction (hot
compressed water, 200-260 oC, ~20 min) and the dry torrefaction (nitrogen, 250-300 oC
~80 min) of Loblolly pine. For the dry torrefaction, the mass yields of solid product were
61-84%, and energy densities increased by 7-21%. They also found that the
decomposition of hemicellulose occurs more readily during wet torrefaction than dry
torrefaction. Chen et al.105 torrefied four kinds of biomass, including bamboo, willow,
coconut shell and wood (i.e. Ficusbenjamina L.). Similarly, with the results proposed by
Prins et al.212, 213, they also found that there are two different torrefaction processes,
regardless of the biomass resource, involving a light torrefaction, which involved
significant decomposition of hemicellulose, at 240 oC. Subsequent severe torrefaction of
cellulose occurs at 275 oC. Pimchuai et al.209 examined the torrefaction of rice husks and
four other agriculture residues (i.e., sawdust, peanut husks, bagasse, and water hyacinth)
at 250-300 oC for 1-2 h. They found that compared to the raw biomass, higher heating
values (HHV) were obtained for the torrefied biomass by 7-40%. The hydrophobic
properties of torrefied biomass were markedly improved with respect to the starting
material which means the torrefied biomass absorbs much less moisture during storage.
Chen et al.104 torrefied some basic biomass constituents, including hemicellulose,
cellulose, lignin, xylan, dextran, xylose and glucose at 230, 260 and 290 oC by
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thermogravimetry. They indicated that torrefaction at 230 oC has a relatively slight impact
on decomposing basic biomass components, 260 oC caused a certain amount of
hemicellulose decomposed, and at 290

o

C a large amount of decomposition of

hemicellulose and cellulose occurred. Brosse et al. 134 thermally treated beech heartwood
(Fagussylvatica) at 230 oC for 7h, they indicated that thermally treatment of wood Would
degrade the hemicelluloses and cleave the β-aryl-ether linkages in lignin, and condensed
aromatic units will be formed by condensation reactions of lignin and cellulose
decomposition products. Pastorova et al.215 also reported a similar highly condensed
aromatic polymer. They examined the structure of char produced by thermal treatment of
cellulose at 190-390 oC and concluded that disproportionation occurred above ~310 oC
and lead to a highly condensed aromatic polymer.

In summary, although process parameters of biomass torrefaction have been
studied the chemistry of torrefaction on wood and other bioresources has received little
attention. The goal of this chapter is examine the efforts of torrefaction at different
temperatures and times on the chemical structures of torrefied wood derived from
Loblolly pine. This was accomplished by using solid-state cross-polarization/magic angle
spinning (CP/MAS)

13

C nuclear magnetic resonance (NMR) spectroscopy and

carbohydrate analysis.
A.2 Experimental section
Please see the sections 3.1; 3.2.3.2; 3.3.5; 3.3.6 and 3.3.7.6 of this dissertation for
the details.
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A.3 Results and Discussion
The mass yields, HHVs, energy densification ratios and energy yields of the
torrefied wood samples produced from Loblolly pine wood at 250 and 300 oC are
summarized in Table 45. The results indicate that the torrefied wood has a higher HHV
than the original wood. Compare to the HHV (20.16 MJ/kg ) of dried wood (dried at 75
o

C, 48 h), the HHV of torrefied wood increase by 60% after torrefaction at 300 oC for 4 h,

which (32.34 MJ/kg) is higher than many commercial coals, such as, anthracite coal
(31.84 MJ/kg) and Pittsburgh seam coal (31.75 MJ/kg), and much higher than Converse
School — Sub C coal (21.67 MJ/kg), German Braunkohole lignite (25.10 MJ/kg), and
Northumerland No.81/2 Sem. Anth. Coal (24.73 MJ/kg).216 For the torrefied wood
samples produced at 250 oC, with an increase residence time from 0.25 to 8 h, the mass
yield and energy yield decreased linearly from 94.97% to 64.36% and 99.79% to 79.12%
respectively. In contrast, the HHV increased from 21.22 to 24.78 MJ/kg. The mass yields
of torrefied wood samples decreased significantly from 250 to 300 oC as there was less
than 50 wt% of biomass after torrefaction at 300 oC, which is similar with the literature
reports.104, 209, 217 Those dramatic differences between the torrefaction at 250 and 300 oC
could be explained by one of the major wood components — cellulose being decomposed
near 300 oC.104,

183, 209, 212, 213, 217

In contrast with the energy yields of torrefied wood

samples produced at 250 oC, the energy yields increased with an increased torrefaction
time at 300 oC, which indicate that prolong treatment of wood at 300 oC will produce a
material with a much higher energy density. These results indicate that the torrefaction of
Loblolly pine wood at 250 oC for 4 h is the optimal condition, which will produce a
torrefied wood sample with an HHV of 24.06 MJ/kg and a relatively high energy yield of
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81.29%, prolonged treatment only slightly increased the HHV of the torrefied wood.

The carbohydrate profiles of each torrefied wood sample are shown in Table 46.
For the torrefied wood samples produced at 250 oC the content of glucose in those
samples varied less than 20%. In contrast, the contents of arabinose, galactose, xylose
and mannose linearly decreased with an increase in torrefaction time. The contents of
arabinose and galactose approached zero and the contents of xylose and mannose
decreased by almost 90% after a 4 h torrefaction at 250 oC. Therefore at the optimal
conditions, almost all the hemicelluloses will be decomposed, whereas the cellulose
remained largely intact. In contrast, the contents of glucose in the torrefied wood samples
produced at 300 oC dramatically decreased. Employing a 4 h torrefaction treatment, the
contents of all the monosaccharides were nondetect (see Table 46) which indicates that all
cellulose and hemicellulose in the wood were decomposed.
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Table 45. Influence of the temperatures and residence times on the mass yield, HHV, energy densification ratio and energy yield of the torrefied Loblolly pine wood.
Temperature
(oC)

Time

Mass yield a

HHV

Energy

Energy yieldc

(h)

(%)

(MJ/kg)

densification ratio b

(%)

-

-

20.16

-

-

0.25

94.79

21.22

1.05

99.79

0.50

86.19

21.87

1.08

93.48

1.00

80.77

22.18

1.10

88.88

2.00

75.46

22.61

1.12

84.62

4.00

68.11

24.06

1.19

81.29

6.00

66.19

24.40

1.21

80.11

8.00

64.36

24.78

1.23

79.12

0.50

45.74

23.10

1.15

52.41

1.00

40.36

-

-

-

2.00

37.61

-

-

-

4.00

36.65

32.34

1.60

58.79

Original
pined

250

300

a

Mass yield=mass of dried torrefied wood/mass of dried wood*100%

b

Energy densification ratio=HHV of dried torrefied wood/HHV of dried wood

c

Energy yield=mass yield*energy densification ratio

d

The original Loblolly pine wood sample was dried at 75 oC for 48 h before the analysis

of higher heating value.
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Table 46. Influence of the temperatures and residence times on the carbohydrates contents
of the torrefied Loblolly pine wood.a
T ( oC)

Time (h) glucose arabinose galactose xylose

mannose Klason

Sum

lignin or
char
Original
-

47.89

1.13

2.35

6.20

10.60

28.50 b 96.67

0.25

46.27

0.66

1.94

4.64

9.19

32.20

94.90

0.50

48.42

0.28

1.18

2.89

6.55

37.25

96.57

1.00

49.37

0.16

0.75

2.10

4.64

41.62

98.64

2.00

47.71

0.00

0.38

1.26

2.83

44.53

96.71

4.00

44.24

0.00

0.10

0.50

1.15

52.33

98.32

6.00

43.88

0.00

0.00

0.46

1.00

55.40 100.74

8.00

38.31

0.00

0.00

0.22

0.49

57.80

96.82

0.50

22.34

0.00

0.14

0.49

1.22

73.39

97.58

4.00

0.00

0.00

0.00

0.00

0.00

99.43

99.43

wood

250

300
a

the results were shown as the weight percentage of sample.

b

the content of the acid soluble lignin is less than 0.7% in the original wood, which is not

reported in this table.

To fully characterize the chemical structures of the torrefied wood and to
understand the chemical changes occurring, CP/MAS 13C-NMR was used to analyze the
starting and torrefied wood samples as shown in Figures 78 and 79. The NMR chemical
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shifts assignments of pine based on literature values are shown in Table 47.150, 218-221

The relative signal intensities of the carbonyl and carboxyl groups slightly
increased after torrefaction at 250 oC, which indicates the formation of those functional
groups during the torrefaction.134 The peak centered at ~148-153 ppm represents aromatic
C-O bonds (ether bonds at ~153 ppm and free phenolic hydroxyl groups at ~148 ppm) in
lignin, and during torrefaction, this peak shift from ~152 to ~148 ppm, and the intensity
of the peak increases with an increased thermal treatment time, which indicates that there
are more free phenolic hydroxyl groups after the torrefaction of wood. On the basis of the
proposed cleavage pathway of ether bonds(see Figure 80) in lignin during the thermal
treatment, the cleavage of ether bonds will produce phenolic hydroxyl groups.134,
Considering the results of CP/MAS

13

49

C-NMR, the increasing intensity of the peak at

~148 ppm indicates that aryl ether bonds in lignin, such as β-O-aryl the linkages,

were

cleaved during the torrefaction. The signal intensities of aromatic C-C bonds and
aromatic C-H bonds in lignin also increased after the torrefaction, which could be
attributed to several factors, including the cleavage of lignin ether bonds during the
thermal treatment which could re-condense to form aromatic C-C bonds.49 The thermal
treatment of wood could also converted some carbohydrates to the aromatic C-C and C-H
bonds, the proposed possible pathway of this conversion is shown in Figure 80.134, 222 The
intensity of crystalline C-4 of cellulose at ~89 ppm decreased upon thermal treatment
which was in contrast to the intensity of the signal assigned to amorphous C-4 cellulose
at ~84 ppm. The latter signal increased with an increasing thermal treatment time from
4-8 h at 250 oC. However, due to unknown effects of the overlapping signals from
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hemicellulose and lignin side chains this observation can be attributed, only in part, as
indicative of a reduction in the crystallinity of cellulose after the thermal treatment of
wood. Ates et al.223 used FT-IR to determine the relative crystallinity indexes of the
heat-treated (at 130, 180 and 230 oC) Calabrian pine wood and reported a similar result.

An increasing intensity of the methoxyl group signal in lignin appeared after the
thermal treatment of wood which an enrichment of this functional group. The intensity of
the CH2 carbons in the aliphatic chain (~32 ppm) is almost intact after the torrefaction,
which indicates that the decomposition of aliphatic chain (in fatty acids and tannins) at
250 oC is very limited. The methyl carbons in hemicellulose acetyl groups were no longer
present after the torrefaction at 250 oC for 4 h, which is consistent with our previous
results.
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Figure 78. CP/MAS 13C-NMR spectra (from bottom to top) of original Loblolly pine
wood, torrefied wood samples produced by torrefaction of Loblolly pine wood at 250 oC
for 0.25, 0.50, 1.00, 2.00, 4.00, 6.00 and 8.00 hours.
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Table 47. NMR chemical shifts assignments of wood.150, 218-221
Functional groups

Chemical shift
(ppm)

Carbonyl

220-187

Carboxyl

173

Aromatic C-3 or C-4 in guaiacyl lignin (etherified)

153

Aromatic C-3 or C-4 bond in guaiacyl lignin with free phenolic
148
groups
Aromatic C-C bond in lignin

131-137

Aromatic C-H bond in lignin (G6 of lignin)

120

Aromatic C-H bond in lignin (G5 of lignin)

115

Aromatic C-H bond in lignin (G2 of lignin)

112

C-1 of cellulosea

105

Crystalline C-4 of cellulosea, b

89

Amorphous C-4 of cellulosea, b

84

C-2,C-3,C-5 of cellulosea, b

75-72

C-6 of cellulosea, b

65-62

Methoxyl in lignin

56

Methylene carbons CH2 in aliphatic chain (fatty acids and tannins) b

32

Methyl carbons CH3 in hemicellulose acetyl groupsb

23

a

signals for hemicellulose overlap with those peaks.

b

signals for lignin overlap with those peaks.
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The CP/MAS

13

C-NMR spectra of torrefied wood samples produced by

torrefaction of Loblolly pine wood at 250 and 300 oC are compared in Figure 79.
Significant differences of torrefied wood produced at the different temperatures were
observed, for the same treatment time ~30 min, thetorrefied wood produced at 300 oC
shows much higher intensities of carbonyl, carboxyl, aromatic carbons and methoxyl
groups than the torrefied wood produced at 250 oC. In contrast, the methyl carbons in
hemicellulose acetyl groups were almost completely decomposed. All of those results
indicate that the decomposition reactions during the torrefaction were enhanced at higher
reactor temperatures.104, 183, 209, 212, 213, 217 The spectra shows that, after torrefaction at 300
o

C for 4 h, the cellulose and hemicellulose in the wood were completely eliminated, the

residue contains a large amount of carbonyl groups, aromatic carbons and methoxyl
groups, which represent to the complex condensed aromatics, those aromatics were
linked with aliphatic C-O bonds (60-100 ppm) and C-C bonds (10-20 ppm). A similar
highly condensed aromatic polymer has been reported by Pastorova et al.215 They
examined the structure of char produced by thermal treatment of cellulose at 190-390 oC
and concluded that disproportionation occurred above ~310 oC and lead to a highly
condensed aromatic polymer. On the basis of literature reports,58, 117, 118, 134, 222, 224-228 the
possible pathway of decomposition of major wood components and the formation of new
functional groups and condensed aromatics during the torrefaction shown in Figure 37.
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C-NMR spectra (from bottom to top) of torrefied Loblolly pine

wood samples produced by torrefaction of Loblolly pine wood at 300 oC for 4.00 hours,
250 oC for 4.00 hours, 300 oC for 0.50 hours and 250 oC for 0.50 hours.
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Figure 80. Hypothesized pathways of decomposition of major wood components and the
formation of new functional groups and condensed aromatic units during the torrefaction.58, 117, 118, 134, 222, 224-228
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A.4 Conclusions
The torrefaction of Loblolly pine wood was accomplished at 250 and 300 oC. The
mass yields, HHVs and energy yields of torrefied wood are clearly impacted by the
torrefaction temperature and time. Torrefaction at 250 oC for 4 h was found as the optimal
condition, which produced a torrefied wood that had a relatively high energy yield of
81.29% and a HHV of 24.06 MJ/kg, which is comparable with several commercial coals.
In addition, the carbohydrate analysis and CP/MAS

13

C-NMR spectra shows that the

hemicellulose in the torrefied wood produced by torrefaction of wood at 250 oC for 4 h
was almost completely decomposed, however, the cellulose and lignin were only slightly
affected. Torrefaction of Loblolly pine at 300 oC for 4 h completely eliminated all the
cellulose and hemicellulose in the original wood and the thermal residue had a complex
aromatic structure and a very high HHV (32.34 MJ/kg).
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