We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,900 186,000 200M

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



3

Applications of Chromatography Hyphenated
Techniques in the Field of Lignin Pyrolysis

Shubin Wu, Gaojin Lv and Rui Lou
South China University of Technology,
China

1. Introduction

Due to the urgency of the current world energy supply-and-demand situation, the need for
clean sources of energy is receiving an increasing attention. In the framework of a future
sustainable development, biomass is one of the most often considered sources of renewable
energy (Bridgewater et al., 1999). There are many ways of converting biomass into useful
products and energy, such as direct combustion processes, thermochemical processes,
biochemical processes, and agrochemical processes etc. Of these, pyrolysis forms the focus
of this study (Bridgewater, 2004; Mohan et al., 2006). The pyrolysis of lignocellulose is very
complex, primarily due to the inherent complexity of the substrate, which changes
continuously both chemically and structurally throughout the decomposition process
(Hosoya et al., 2007; Lv et al., 2010a).

The chemical structure and major organic components in biomass are extremely important
in biomass pyrolysis processes. Knowledge of the pyrolysis characteristics of the three main
components is the basis and thus essentially important for a better understanding of
biomass thermal chemical conversion. Lignin is one of the main components of woody
biomass, and the worldwide production of technical lignins as a by-product from chemical
pulping processes stands at approximately 50 million t/yr (Harumi et al., 2010). However, it
is merely used as fuel to recover energy in conventional pulping industry. Only recently,
with the upcoming focus on biorefineries, lignin has gained new interest as chemical
resources.

Analytical pyrolysis is a well-known technique to analyse lignin pyrolysis and various
authors published different analytical methods to determine decomposition characteristics
of lignin. Many researchers presented that the pyrolysis of lignin primarily occurred in a
wide temperature range (200-600°C) by means of thermogravimetric analysis method
(Dominguez et al., 2008; Lv et al., 2010b). Some researchers (Liu et al., 2008; Wang et al.,
2009) also compared the pyrolysis behavior of lignin from different tree species using
thermogravimetry-Fourier transform infrared spectroscopy (TG-FTIR). Pyrolysis-gas
chromatography/mass spectrometry (Py-GC/MS), which is an advanced pyrolysis methods
combined with hyphenated separation and detection systems (i.e. GC-MS), is often used for
studying degradation mechanisms of lignin because of its strong ability to identify the
pyrolysis products (Atika et al., 2007; Windt et al., 2009).
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42 Applications of Gas Chromatography

On lignin pyrolysis, their product analysis, and further deriving the cracking mechanism,
many researchers have done considerable works. For example, Baumlin et al. (2006) have
reported the results of experiments performed on the flash pyrolysis of two types of lignins,
i.e. kraft lignin and organocell lignin, to produce hydrogen. Nowakowskia et al. (2010)
presented an international study of fast pyrolysis of lignin. Jegers and Klein (1985) had
reported that various catechol (1,2-dihydroxybenzene), o-cresol (2-methylphenol) and other
phenols products go along with the formation of guaiacols during the course of lignin
pyrolysis, the yields of those products are different corresponding to the different kinds of
lignin and pyrolysis conditions. According to Britt et al. (1995), lignin pyrolysis occurred
mainly by a free-radical reaction mechanism. The relative distribution of products is
dependent on pyrolysis conditions, such as sources of raw materials, pyrolysis temperature,
heating rate, pyrolysis atmosphere, and catalyst etc. (Garcia et al., 2008).

To sum up, there have already emerged lots of studies about lignin pyrolysis, and their
focus and concerns were also varied. But so far, to our knowledge, limited information is
available in the literature concerning the product generation and distribution regularities of
lignin pyrolysis under the influence of parameters like temperatures and catalysts.
Therefore, the objectives of this work were to attempt to carry out fast pyrolysis of several
lignin samples (one enzymatic/mild acidolysis lignin and two technical lignins were used)
and analyse the products by Py-GC/MS, in order to firstly establish the potential of this
method for lignin processing and secondly to investigate the effects of temperature and
catalysts on lignin pyrolysis.

2. Hyphenated techniques

In the case of samples originating in the real world, each of the techniques has a place, and
often several must be used in order to obtain a complete overview of the nature of the
sample.

The use of multiple techniques and instruments, which allow more than one analysis to be
performed on the same sample at the same time, provide powerful methods for analyzing
complex samples (Kealey & Haines, 2002). If the instruments are combined so that the
analyses are done essentially at the same time, this is called a simultaneous approach and is
often written with a hyphen, so that they may be referred to as hyphenated techniques, for
example gas chromatography-mass spectrometry (GC-MS) and gas chromatography-
infrared spectrometry (GC-IR). By using many techniques in combinations, the advantages
to the analyst in the additional information, time saving and sample throughput are
considerable.

2.1 Gas Chromatography-Mass Spectrometry (GC-MS)

The use of chromatographic techniques to separate mixtures is one of the most important
analytical tools. The separated components may then be identified by other techniques.
Mass spectrometry is the most important of these.

2.1.1 Separation

Gas chromatography, is a common type of chromatography used in analytic chemistry for
separating and analyzing compounds that can be vaporized without decomposition. Typical
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uses of GC include testing the purity of a particular substance, or separating the different
components of a complex mixture, such as bio oil.

When used to prepare pure compounds from a mixture, GC can separate the volatile
components of mixtures by differential migration through a column containing a liquid or
solid stationary phase (Fu, 2008). Solutes are transported through the column by a gaseous
mobile phase and are detected as they are eluted. Solutes are generally eluted in order of
increasing boiling point, except where there are specific interactions with the stationary
phase. An elevated temperature, usually in the range 50-350°C, is normally employed to
ensure that the solutes have adequate volatility and are therefore eluted reasonably quickly.

2.1.2 ldentification

Mass spectrometry (MS) is an analytical technique in which gaseous ions formed from the
molecules or atoms of a sample are separated in space or time and detected according to
their mass-to-charge ratio, m/z (Sparkman, 2000). It is usually used for determining masses
of particles, for determining the elemental composition of a sample or molecule, and for
elucidating the chemical structures of molecules, such as phenols, aldehydes, and other
chemical compounds.

The MS principle consists of ionizing chemical compounds to generate charged molecules or
molecule fragments and measuring their mass-to-charge ratios. The numbers of ions of each
mass detected constitute a mass spectrum. The spectrum provides structural information
and often an accurate relative molecular mass from which an unknown compound can be
identified or a structure confirmed.

2.1.3 Combination

Gas chromatography-mass spectrometry (GC-MS) is a common combined technique,
comprising a gas chromatograph (GC) coupled to a mass spectrometer (MS), by which
complex mixtures of chemicals may be separated, identified and quantified. A schematic
diagram of a GC-MS is shown in Fig. 1. In this technique, a gas chromatograph is used to
separate different compounds. This stream of separated compounds is fed online into
the ion source, a metallic filament to which voltage is applied. This filament emits electrons
which ionize the compounds. The ions can then further fragment, yielding predictable
patterns. Intact ions and fragments pass into the mass spectrometer's analyzer and are
eventually detected (Adams, 2007; Lee & Eugene, 2004).

This makes it becoming an ideal tool of choice for the analysis of the hundreds of relatively
low molecular weight compounds found in biomass pyrolysis liquid products (bio oil). In
order to make a compound be analysed by GC-MS, it must be sufficiently volatile and
thermally stable. In addition, functionalised compounds may require chemical modification
(derivatization) prior to analysis, to eliminate undesirable adsorption effects that would
otherwise affect the quality of the data obtained (Wu, 2005). Bio oil samples are usually
needed to be solvent extracted, and dehydrated before GC-MS analysis.

The prepared sample solution is injected into the GC inlet where it is vaporized and swept
into a chromatographic column by the carrier gas. The sample flows through the column
and the compounds comprising the mixture of interest are separated by virtue of their
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Fig. 1. Schematic of a GC-MS system

relative interaction with the coating of the column (stationary phase) and the carrier gas
(mobile phase). The latter part of the column passes through a heated transfer line and ends
at the entrance to ion source (Fig. 1) where compounds eluting from the column are
converted to ions. Then the ions are separated in a mass analyser (filter). After that, the ions
enter a detector the output from which is amplified to boost the signal. The detector sends
information to a computer that records all of the data produced, converts the electrical
impulses into visual displays and hard copy displays. In addition, the computer also
controls the operation of the GC-MS system.

2.2 Pyrolysis-Gas Chromatography/Mass Spectrometry (Py-GC/MS)

Pyrolysis-gas chromatography/mass spectrometry (Py-GC/MS), which extends the
combination to include three distinct techniques, is an instrumental method that enables a
reproducible characterisation of the intractable and involatile macromolecular complexes
found in virtually all materials in the natural environment (Bull, 2005). It differs from GC-
MS in the type of sample analysed and the method by which it is introduced to the GC-MS
system. Instead of the direct injection of a highly refined organic solution, a few amount
(usually<mg) of the original natural material (e.g. soil, sediment, biomass etc.) is analysed
directly (Jin et al., 2009).
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When analyzed, the samples are first inserted into a quartz chamber in a pyrolysis unit (Fig.
2) that is then heated resistively in an oxygen free environment at a pre-set temperature for a
number of seconds (e.g. 600°C for 10s). This results in a heat mediated cleavage of chemical
bonds within the macromolecular structures of interest producing a suite of low molecular
weight chemical moieties, which is indicative of specific types of macromolecule (e.g. lignin,
cellulose, hemicelluloses etc.). This mixture of compounds is then swept into the analytical
column of the GC and GC-MS proceeds as normal.

Heated interface

GC Carrier IN =

Filament
| |

Injection port

Septum purge

Splitvent

GC column

=
Fig. 2. Schematic of a Pyroprobe combined with GC-MS system

Because of its high sensitivity, a rapid analysis time, and less sample pretreatments, the
analytical technique of Py-GC/MS is widely used to research chemical structure and
pyrolysis characteristics of biomass and its three main components (i.e. lignin, cellulose, and
hemicellulose), to examine reaction products of biomass thermal degradation (Meier & Faix,

1999), and to investigate fast pyrolysis of biomass and on-line analysis of the pyrolysis
vapors (Fahmi et al., 2007; Nowakowski & Jones, 2008)

3. Experimental
3.1 Materials

The enzymatic/mild acidolysis lignin (EMAL) was isolated from Moso bamboo by means of
enzymatic/mild acidolysis method previously described (Wu & Argyropoulos, 2003; Lou &
Wu, 2011), and the so called enzymatic/mild acidolysis lignin was obtained.

Technical alkali lignin (AL) and acid hydrolysis lignin (AHL) were isolated from bagasse
black liquor and bagasse respectively, according to our previous reports (Wu et al., 2008;
Tan, 2009).
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Elemental analysis of three types of lignin was implemented in a Vario EL elemental
analyzer and an ICP inductively coupled plasma emission spectrometer. Table 1 lists the
results of the elemental analysis, from which the O content can be calculated by
difference.

Organic Elements / Inorganic elements / ppm

wt%
C H N S |Al Ca Na Mg Mn K Zn Cu Fe
EMAL|58.74 572 258 0.06(573 126 8019 037 - 1250 14.45 3.79 109.10
AL 6220 737 0.07 0.65| - 38179 226.70 26.13 3.56 806.27 9.87 32.81 89.81

AHL |49.64 578 252 0.17 855 189.68 47.22 16.95 1.23 1913 046 26.70 116.37

Table 1. Elemental analysis of the lignin samples

3.2 Analytical pyrolysis

Fast pyrolysis of prepared samples was carried out in a Py-GC/MS system, which includes
a JHP-3 model Curie-point pyrolyzer (CDS5200, USA) and a Shimadzu QP2010 Plus gas
chromatograph-mass spectrometer (Japan). The pyrolyzer consisted of an inductive heated
coil to heat the samples and was capable of maintaining up to 1200°C temperature with a
heating rate of approximately 10°C- ms? from room temperature to the terminal
temperature, with helium as both purge gas and carrier gas.

On the basis of the thermal behaviors of EMAL (Lou & Wu, 2008), the pyrolysis temperature
of EMAL samples was set at 320°C, 400°C, 600°C, and 800°C, respectively. Approximately
0.1mg of each sample was pyrolyzed. Pyrolysis reactions were carried out with an event
time of 10s, and the obtained pyrolysis products were then analyzed by GC-MS.

The pyrolysis products were separated in a DB-5MS (Agilent Technologies, USA) capillary
column (30mx0.25mmx0.25um). The split ratio of 70/1 and linear velocity of 40.0cm - s1 was
used. The GC oven was heated from 50°C to 250°C at a heating rate of 10°C/min, and then
maintained for another 2min. The injector temperature was 250°C. The mass spectrometer
was operated in the EI mode using 70eV of electron energy. The mass range m/z 45-500 was
scanned. Identification of the pyrolysis compounds was achieved by comparison of their
mass fragment with Perkin Elmer NIST 05 mass spectral library. For qualitative and
quantitative analysis of the pyrolysis products, a more detailed explanation based on a
practical example will be given.

3.3 Catalytic pyrolysis

In order to study the effect of catalysts on EMAL pyrolysis, sodium chloride (NaCl) of metal
salt and permutite of zeolite were selected to serve as the catalyst. The catalysts were
previously subject to high temperature treatment under N, atmosphere at 800°C for 6h to
ensure the decomposition reaction of catalysts did not happen during lignin pyrolyzing. The
additive amount of each catalyst was set to be 5%, 10%, and 20% based on weight, and the
catalyst and lignin were ground and mixed together evenly before used for experiment. As
lignin pyrolysis reaction was complete at 800°C, so the catalytic pyrolysis temperature of
EMAL was set at 800°C to better investigate the impact of the additive catalysts on products.
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4. Results and discussion
4.1 Identification of pyrolysis products

According to the previous introduction of GC-MS, both qualitative and quantitative analysis
of the pyrolysis compounds can be achieved with GC-MS easily. For example, Fig. 3 shows
TIC chromatogram of Bamboo lignin pyrolysis at 600°C, in which each peak shown a
compound produced during lignin pyrolysis process. An effective and efficient way to
qualitative identify these peaks is to compare its experimental mass spectrum against a
library of computerized mass spectra (Mistrik, 2004).
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Fig. 3. Total ion chromatograms of Bamboo EMAL pyrolyzed at 600°C

In our experiment analysis, identification of the pyrolysis compounds was achieved by
comparison of their mass fragment with Perkin Elmer NIST 05 mass spectral library.
Fig. 4 shows examples of identified peaks of some major pyrolysis products by searching
computerized spectra library. In addition, by means of spectral libraries, more information
about identified compounds can be obtained, such as compound name, molecular formula,
structural formula, and molecular weight, etc.

Quantitative analysis of lignin pyrolysis products can be obtained in terms of peak areas or
peak heights, both of which are known as semi-quantitative method. Although it can not be
accurately determined the content of a certain compound without standard samples, it does
can be used to compare the relative content of each or each kinds of compounds, and get the
increase or decrease tendencies of a certain kinds of compound with pyrolysis parameters
by their peak area percentage. This is why many researchers have been studying biomass
pyrolysis by using Py-GC/MS. Of course, for precise quantification of certain components
of bio-oil derived from pilot laboratory equipment or factory, it is recommended to use
internal or external standards, or by standard addition or internal normalization. However,
at present, in order to study the trends or regularities of lignin pyrolysis products with the
experimental conditions, quantitative information obtained from integrated peak areas are
the most reliable and convenient.
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Fig. 4. Some examples of mass spectra identified by searching libraries

4.2 Effect of temperature on EMAL pyrolysis

Based on the analysis method described earlier, quantitative information of bamboo EMAL
pyrolysis products at different temperatures are presented in Table 2. As can be seen
from Table 2, The major compounds derived from p-hydroxyphenylpropanoid,
guaiacylpropanoid, and syringylpropanoid of lignin units during pyrolytic reactions, were
mainly classified as the heterocycles (2,3-dihydrobenzofuran), phenols, and a small amount
of acetic acid. The yield of phenolic compounds increased with an increase of pyrolysis
temperature, and the highest fraction of phenols was 56.43% at 600°C.

Among these pyrolysis products, the small molecule compounds of vanillin and acetic acid
generated as a result of the bond cracking of interlinkage Co-Cp of lignin phenylpropane,
and the breakage of Co-Cp can induce the production of carboxylic acid and carbon dioxide
(Yang et al., 2010). Bond breakage of the side chains of lignin structural units can lead to
generate degradation products with the new hydroxyl and carbonyl groups. Thus, with the
contents of the hydroxyl and carbonyl groups increasing, the side chains of aromatic
compounds connected to a-carbonyl, a-carboxyl or ester groups appeared (Lou et al.,
2010a).

In all the identified products, 2, 3-dihydrobenzofuran (DHBF) accounted for the largest
quantity, in addition, other compounds such as ethenylguaiacol, 2, 6-di-tert-butyl-p-cresol
(DTBC), 3, 5-dimethoxyacetophenone (DMAP), methoxyeugenol etc. also account for
considerable amount. Some of these selected compounds with higher yields during lignin
pyrolysis and their chemical structures are shown in Fig. 5, and their yield distributions
varying with pyrolysis temperature are presented in Fig. 6. The yields of obtained
compounds possessing the syringyl unit structure (methoxyeugenol, syringol, and
syringaldehyde) and 2, 3-dihydrobenzofuran (DHBF) are shown in Fig. 6(a) and the yield of
compounds possessing guaiacyl unit structure (ethenylguaiacol, vanillin, E-isoeugenol, and
sinapylaldehyde) are shown in Fig. 6(b).
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Yield, Area percent (%) 2

Compound class Compounds
320°C  400°C  600°C  800°C
p-Hydroxyphenols = Phenol -b - 1.61 2.99
0-Cresol - - - 1.68
p-Cresol - - 1.01 3.58
2,6-Di-tert-butyl-p-cresol (DTBC)  6.91 5.89 2.10 1.67
2,4-xylenol - - - 0.88
p-Ethylphenol - - 0.74 1.59
2-Allylphenol - - - 1.84
Guaiacols Guaiacol - - 3.78 1.08
p-Methylguaiacol - - 1.45 1.72
Ethenylguaiacol 8.18 9.22 7.23 3.16
Vanillin - 2.76 2.64 2.51
E-isoeugenol - 1.99 2.66 2.00
Sinapylaldehyde - 1.50 1.96 2.01
Coniferylalcohol - 5.34 9.49 -
Syringols Syringol - 357 9.69 453
Methylsyringol - - 2.98 3.01
Syringaldehyde - 2.36 2.42 1.45
Methoxyeugenol 4.65 5.67 5.06 2.39
Acetosyringone - - - 1.23
Heterocycles 2,3-Dihydrobenzofuran (DHBF) 66.26 56.62 36.05 19.15
Others Acetic acid - - - 0.97
3,7-Dimethylnonane - - - -
3,5-Dimethoxyacetophenone
(DMAP) Yacrpp 409 510 663 220
m-Phthalic acid - - - 9.69
-p’-Isopropylidenebisphenol
foBP) PrORY P - 446 572 789
Allylphthalate 0.89 0.97 1.37 2.69
Tetracosane - - - 3.65
2-Phenylbutyrophenone - - - 2.61
Dipropylene giycol dibenzote - - - 1.63
Dotriacontane - - - 4.89

2 based on the integrated areas; ® not detected.

Table 2. Products identification from bamboo EMAL pyrolysis
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Fig. 6. Product Yields distribution varied with pyrolysis temperature

It can be seen from Fig. 6 that almost all of the compounds derived from EMAL pyrolysis
appeared at 400°C, except for DHBF, methoxyeugenol, and ethenylguaiacol emerged earlier
at about 300°C. The formation fraction of methoxyeugenol, syringaldehyde, ethenylguaiacol,
and vanillin reached a maximum at 400°C, then, the yields of these compounds decreased
with the increment of temperature, which may be because the secondary decomposition
took place at high temperatures. The highest yield of 2, 3-dihydrobenzofuran (DHBF) was
66.26% at 320°C, as pyrolysis temperature increased to 800°C, the yield of DHBF decreased
rapidly to 19.15%. This confirms that in lignin pyrolysis process, the maximum formation of
DHBF occurred at around 300°C (Lou et al., 2010b). The yield of E-isoeugenol and
sinapylaldehyde increased slowly because their chemical structures possessed the double
bonds of side chain and the benzene rings formed conjugated system, thus became more
stable even at high temperature.

4.3 Effect of catalysts on EMAL pyrolysis

The effects of catalysts on the yield of products from EMAL pyrolysis were studied in detail.
The quantitative analysis of pyrolysis product based on the integrated areas is shown in
Table 3, and the yield distributions of valuable product are present in Fig. 7.
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Yield, Area percent (%)

Compound class Compounds EM  EMAL +xNa(Cl EMAL .
AL +xPermutite
5% 10% 20% 5% 10% 20%

Gas Carbon dioxide - - 518 296 1521 15.83 18.31

Benzenes Benzene - 116 135 159 125 139 1.82
Toluene - 183 140 262 213 224 202
m-Xylene - 072 074 125 083 127 094
Styrene - 0.95 - - 0.81 - -
Phenol 299 391 440 617 529 564 579

p-Hydroxyphenols o-Cresol 1.68 159 204 320 183 227 1.89
p- Cresol 358 320 396 603 431 526 4.65
o-Allylphenol - 09 205 111 152 227 1.35
m-Xylenol 088 110 171 250 1.60 207 214
p-Ethylphenol 159 253 315 476 217 278 289
Butylated - 104 163 144 100 104 1.09
hydroxytoluene

Guaiacols o-Guaiacol 1.08 085 18 176 177 127 129
Methoxyl phenol 172 331 570 637 151 081 1.35
2-Dihydroxytoluene - 260 320 466 174 297 198
p-Vinylguaiacol - 384 420 4.04 515 239 484
Vanillin 251 086 120 110 154 199 1.59
E(Z)-isoeugenol 200 223 255 311 237 222 197
y-Hydroxyisoeugenol - 085 090 092 066 1.00 1.23
Acetoguaiacone - - - - 0.62 0.65 0.83
Ferulic acid - 840 493 365 0.60 048 0.37

Syringols Syringol 453 132 199 118 525 494 434
3,4-
Dimethoxyphenol - L7170 186 i i i
Methoxyeugenol 239 135 1.02 081 229 166 1.63
Syringaldehyde 145 932 244 125 036 044 151
Acetosyringone 1.23 - - - 082 086 1.42
Guaiacylacetone - 156 - - - - -

Catechols 4-Ethylcatechol - - 1.07 1.04 111 084 0.74
3 Rmethyl{.2- - 228 354 377 - - -
benzenediol
2,3-

Heterocycles Dihydrobezofuran 1915 16.30 1543 13.08 21.54 23.78 24.19
(DHBF)

Others Acetic acid 097 189 350 584 357 3.68 4.01
Furfural - 097 107 139 1.08 1.03 0.94
1,2,4-
Trimethoxybenzene - 107 201 132 287 234 226
3,5-
Dimethoxyacetophen 220 3.55 252 196 312 222 215
one (DMAP)
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Yield, Area percent (%)

EMAL
+xPermutite
5% 10% 20% 5% 10% 20%

Compound class Compounds EM EMAL +xNaCl
AL

p-p’-

Isopropylidenebisph  7.89 291 138 1.00 - - -
enol (IPBP)

Dibutyl phthalate 1.63 090 141 0.77 - - -
4-Hydroxy-3,5-

dimethoxybenzohydr -  3.62 1.14 0.78 - - -
azide

Table 3. Products identification from EMAL pyrolysis with catalysts at 800°C
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Fig. 7. Product Yields distribution varied with different dosages of catalyst
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Additive Na-salt and permutite promoted the formation of small molecules. The amount of
acetic acid, phenol, furfural, and benzene varying with dosage of catalyst is shown in Fig.
7(a). It revealed that yields of acetic acid, phenol, furfural, and benzene increased with an
increase of the dosage of two catalysts, and the two catalysts in EMAL pyrolysis promoted
the generation of benzene and furfural. When the dosage of permutite was 5%, the
formation rate of acetic acid, phenol, and furfural were the most distinct, as the amount of
permutite further increased, the increase in yield of them was not obvious. However, as the
amount of NaCl increased, the yield enhanced considerably. In short, the addition of two
catalysts promoted the cleavage of lignin and the generation of small molecule compounds.

It can be obtained, from Fig. 7(b), that with the additive catalyst increasing from 5% to 20%,
permutite has a significant role in promoting the formation of DHBF from 19.15% to 24.19%,
however, NaCl catalyst was effective to reduce the production of DHBF from 19.15% to
13.08%. On the yields of ethylphenol, DMAP, and methoxyeugenol during EMAL catalytic
pyrolysis, the catalysts of permutite and NaCl had the same impact. Compared with
permutite, NaCl catalyst had more pronounced effect to improve or suppress the generation
of ethylphenol, DMAP, and methoxyeugenol.

Fig. 7(c) shows that when NaCl catalyst was 5%, product of syringaldehyde and ferulic acid
reached their maximum yield, while with further increase in the amount of catalyst, the
yield decreased. This was similar to that of DMAP shown in Fig. 7(b).

Two kinds of phenols” generation trends (i.e. guaiacols and syringols) affected by variations
of temperature and catalysts are shown in Fig. 8. Both guaiacols and syringols reached their
maximum yields at 600°C. The catalytic effects of NaCl and permutite for improving
guaiacols were the most prominent at dosage of 5%, however, the catalytic effect of
permutite for syringols was not obvious.

—a— Guaiacols —*— Guaiacols
304 i 304 —O— Syringols
—O— Syringol NaCl
| Permutite
2 204 204
=
R YA N\ I R . S SR
>
104 1090 oAl N_
O T T T T T T T T T T T O T v T v T T T
300 400 500 600 700 800 0 5% 10% 20%
Temperature / °C Dosage of catalyst

Fig. 8. The total amount of guaiacols and syringols with pyrolysis conditions

To sum up, the impact of different catalysts on the selectivity of pyrolysis products is
different. Compared with permutite, the effect of catalyst NaCl was considered to be more
significant. Two types of catalysts added to EMAL can promote the generation of small
molecule compounds, such as carbon dioxide, acetic acid, benzene series, furfural, and
phenol etc. Meanwhile, add catalysts to EMAL made macromolecular lignin degrade to
small molecule compounds more thoroughly.
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4.4 Effect of temperature on technical lignin pyrolysis

Pyrolysis studies of two types of technical lignin were also started by means of Py-GC/MS

analysis. The pyrolysis temperature selection was based on their thermal degradation
behaviors (Tan et al., 2009; Wu et al., 2008), respectively.

According to preciously introduced method, identification information of pyrolysis
products at different temperatures for two types of technical lignin is presented in Table 4
and 5. Pyrolysis products from technical lignin can be classified into benzenes, phenols,
aromatic heterocyclics (mainly 2, 3-Dihydrobenzofuran), esters and trace acids. The lignin
derived phenols can be further classified into molecules with guaiacyl, syringyl, and p-
hydroxyphenyl aromatic moieties, and were defined as guaiacols, syringols, p-
hydroxyphenols, respectively. Yields distribution of each type of product changed with
pyrolysis temperature are plotted in Fig. 9.

As the pyrolysis temperature rise, the heterocyclics reduced, while phenolic compounds
content increased. The maximum content of 2, 3-Dihydrobenzofuran emerged at about
375°C-400°C. At 600°C, the highest yields of phenols for AL and AHL were 57.91% and
52.11%, respectively. As the temperature increased further, both of their yields were
reduced. This characteristic is consistent with that of EMAL.
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Fig. 9. Product Yields distribution varied with pyrolysis temperature
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Yield, Area percent (%)

Compound class ~ Compounds
270°C  400°C  600°C  800°C
Benzenes Benzene - - - 0.99
Toluene - - - 1.06
1,2,4-Trimethoxybenzene - - 6.58 2.89
p-Hydroxyphenols Phenol - - 1.42 3.49
2-Methylphenol - - 1.79 4.49
4 (or 3)-Ethylphenol - - 1.81 231
4-(2-Allyl)-phenol - - 2.26 1.58
Guaiacols 2-Methoxyphenol - - 6.12 1.58
2-Methoxy-4-methylphenol - - - 1.44
3-Methoxycatechol - - 3.74 -
4-Ethyl-2-methoxyphenol - - 1.84 0.80
2-Methoxyl-4-vinylphenol 1249 2774 13.60 12.86
Vanillin - - 1.58 -
2-Mehoxy-3-(2- allyl)-phenol - 3.43 6.04 1.82
Coniferylalcohol - - - 2.06
Syringols 2,6-Dimethoxyphenol - 2.22 7.43 4.87
Syringaldehyde - - 0.95 -
2,6-Dimethoxy-4-(2-allyl)-phenol - 9.15 8.00 2.77
4-Hydroxy-3,>- - ~ 133 093
dimethoxyacetylbenzene
Heterocycles 2,3-Dihydrobenzofuran (DHBF) 4523 4919 25.09 29.27
Esters Phenyl glyoxylate-2 ‘acetyl 4228 294 176 727
benzene ester
Benzoic acid, phenylmethyl ester - - 218  10.34
1,2-Benzenedicarboxylic acid, 1,2-
. - - - 1.72
diisooctyl ester
Others 3,5-Dimethoxy acetophenone - 5.32 6.77 4.66

Palmitinicacid

- - - 0.80

Table 4. Products identification from AL Pyrolysis

Aromatic esters decreased with temperature increasing, while benzenes compound only
emerged at high pyrolysis temperature, with a little increase. Heterocyclic compounds and
esters decrease with temperature increasing. This was mainly due to their poor thermal
stability, causing these two types of compounds cleaved into smaller molecular, more stable
phenols or aromatic compounds at higher temperature.

As about the phenolic products, it can be seen from Fig. 9 that, the guaiacols and syringols
trends were similar to that of total phenols, while p-hydroxyphenols had a further
increasing trend as the temperature increases. This may be because the branched-chains of
the relatively larger molecules of phenols (such as some guaiacols and syringols) cause
further cracking as the temperature increases, which resulting the increase of p-

hydroxyphenols.
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Fig. 10 shows the contents of guaiacols, syringols and p-hydroxyphenols of three types of
lignin pyrolyzed at 600°C. As can be seen from the figure, compared with that of AHL, the
guaiacols produced from EMAL and AL pyrolysis was much higher (29.21%, 32.92%), while
the AHL produced the highest p-hydroxyphenols (19.16%). According to the structural
analysis of the three types lignin (Tan, 2009), this product distribution depends qualitatively
on the relative content of three basic structure units of lignin.

Yield, Area percent (%)

Compound class Compounds 250°C_ 375C  600°C_ 800°C

Benzenes Benzene - - - 1.69
Toluene - - - 2.08
1,2,4-Trimethoxybenzene - - 5.63 -
1,2,3-Trimethoxyl-5-toluene - - 1.30 -

p-Hydroxyphenols Phenol - - 2.83 5.08
p-Cresol - - 3.49 9.35
4-Methoxylphenol - - 3.37 -
2, 4-Dimethylphenol - - - 1.37
4 (or 3)-Ethylphenol - - 5.18 6.56
2-Allylphenol - - 1.23 217
4-(2-Propenyl)-phenol 4.29

2,6-Ditert-butyl-4-methyl phenol 2944 1315  3.06 5.07

Guaiacols 2-Methoxy-4-methylphenol - - 3.64 -
4-Ethyl-2-methoxyphenol - - 213 -
2-Methoxyl-4-vinylphenol 6.91 9.19 7.48 3.71
Vanillin - 214 1.76 -
2-Methoxyl-4-(1-propenyl)- ) 0.95 248 i
phenol

Syringols 2,6-Dimethoxyphenol - - 8.19 -
Syringaldehyde - 1.23 - -
2,6-Dimethoxy-4-(2-allyl)-phenol - 2.51 7.27 1.16
4-Hydroxy-3,5- ) ) ) 167
dimethoxyacetylbenzene '

Heterocycles 2,3-Dihydrobenzofuran (DHBF) 55.04 66.28 34.70 26.84
2, 3-Dihydro-2-
methylbenzofuran ) ) Lop 167

Esters 3-Butenevalerate - - - 1.60
Dibutyl phthalate (DBP) 8.61 4.56 1.50 -

Others 1,3-Butadiene - - - 7.68
Acetic acid - - - 1.11
Cyclopentanone - - - 15.68
3,5-Dimethoxy acetophenone - - 3.76 1.23

Table 5. Products identification from AHL Pyrolysis

Lignin pyrolysis producing high value-added phenolic chemicals is a new direction in the
future research. The highest content of phenolic compounds occurred at 600°C, meanwhile
the content of heterocyclics and esters were minimal, thus had the least effect on the desired
phenols. If the temperature was controlled in a reasonable range in the industrial
production process, fast pyrolysis of technical lignin could produce more phenols.
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Fig. 10. Phenols contents of three types of lignin pyrolysis at 600°C

4.5 Effect of catalysts on technical lignin pyrolysis

The effects of metal ion catalysts, such as CaO, K;CO;, NaxCOs, NaCl and ZnCl,, on the
pyrolysis reactions of the two types of technical lignin were previously studied by using
thermogravimetric analysis and their apparent activation energy were calculated by Coats-
Redfern method (Coats & Redfern, 1964). It was found that the effects of these catalysts on
both of two types of technical lignin are similar. The apparent activation energy could be
reduced by the adding catalysts. In addition, the peak temperatures of lignin decomposition
shifted to lower temperature region when adding catalysts, and thus accelerate the lignin
pyrolysis reaction. The pyrolysis temperature of two types of technical lignin could be
effectively reduced by the addition of K;COs, while the yield of coke pyrolyzed from AL
and AHL could be greatly reduced by the addition of NaCl and CaO, respectively.

In order to further study the effect of catalyst on the distribution of pyrolysis products, for
each kind of technical lignin, two catalysts, whose effect had been proven to be more
obvious by TG analysis, were selected for lignin Py-GC/MS test, i.e. K;CO3 and NaCl were
selected for AL, while K,CO3 and CaO were selected for AHL. In experiment, K;CO; and
CaO were mixed with lignin as previously described, while NaCl was used by immersion
and adsorption (Tan, 2009).

Products analysis of AL catalytic pyrolysis at 600°C is listed in Table 6, and the product
distribution is shown in Fig. 11. It can be seen, the AL pyrolysis products changed
dramatically after adding the K,COs catalyst. The 2, 3-Dihydrobenzofuran (DHBF) that
possessed the highest content previously was not found in this condition, and
the phenols content was reduced to 10.17%. Instead, there have emerged a large number of
polycyclic aromatic compounds (are usually exceed two benzene rings of PAHs) and high
molecular weight long-chain alkanes compounds. This indicates that KoCOjs can effectively
promote the cleavage of heterocyclic compounds, but also facilitate further condensation of
pyrolysis products, which generate large amounts of naphthalene-based compounds.

The effects of NaCl on lower DHBF and phenols content, increase polycyclic aromatic
compounds yields are similar to that of K,COs, but its effect is less dramatic. In addition,
both two catalysts have led to the rupture of lignin alkyl side-chain, and produced some
long-chain alkane compounds.
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Compound class

Compounds

Yield, Area percent (%)

AL +10%K>,CO3 +1%NaCl
Benzenes 1,2,4-Trimethoxybenzene 6.58 3.70 3.06
p._
Hydroxyphenols Phenol 142 i i
2-Methylphenol 1.79 - -
4 (or 3)-Ethylphenol 1.81 - -
4-(2-Allyl)-phenol 2.26 - -
4-Hydroxy-3-methoxyphenylacetyl - 3.59 16.14
Guaiacols 2-Methoxyphenol 6.12 3.12 4.88
2-Methoxy-4-methylphenol - - 4.27
3-Methoxycatechol 3.74 - -
4-Ethyl-2-methoxyphenol 1.84 - 2.10
2-Methoxyl-4-vinylphenol 13.60 - 3.92
Vanillin 1.58 - -
2-Mehoxy-3-(2- allyl)-phenol 6.04 - -
Syringols 2,6-Dimethoxyphenol 7.43 3.46 6.71
Syringaldehyde 0.95 - -
2,6-Dimethoxy-4-(2-allyl)-phenol 8.00 - 2.35
4-Hydroxy-3,5- 133 i i
dimethoxyacetylbenzene '
Heterocycles 2,3-Dihydrobenzofuran (DHBF) 25.09 - 21.55
PAH Phenanthrene - 7.40 -
2-Naphthalene acid methyl ester - 11.98 7.74
2-Naphthalene-1-butanone - 7.11 2.98
1-Phenyl naphthalene - 11.73 2.88
2-Acetonaphthone - 3.99 2.60
4,5,9,10-Tetrahydropyrene - 6.17 -
1,4-2-(2-Dinaphthyl)-butanone - 7.04 3.39
4-(2-Naphthyl)-4-ketobutyric acid - 6.79 -
Esters Phenyl glyoxylate-2 'acetyl benzene 176 ) i
ester
Benzoic acid, phenylmethyl ester 218 1.44 -
4-Methyl-benzoic acid cyclobutyl | 599 i
eater \
2,3-dimethyl-2-hexadecylenic acid 1.09
methyl ester '
9-Octadecenoic acid methyl ester - - 1.59
Alkanes n-Nicosane - 1.61 -
Hexatriacontane - 242 -
Triacontane - 3.90 3.80
Others Methanol - 2.08 -
Docosa-13-en-1-ol - 2.14 2.48
1-Triacontanol - 7.34 6.48
3,5-Dimethoxy acetophenone 6.77 - -

Table 6. Products identification from AL pyrolysis with catalysts at 600°C
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Fig. 11. Effect of catalysts on AL pyrolysis

Table 7 lists the products of AHL pyrolysis with or without catalyst. And Fig. 12 shows the
product distribution plotted accordingly. From the figure it can be clearly seen that, the
catalytic performance of CaO and KoCOs to AHL pyrolysis was mainly lies in emerging lots
of small molecule compounds, particularly for CaO. This is because the catalyst CaO can
effectively improve the volatile yield of AHL, and reduce the coke production. In addition,

adding CaO also increased the production of heterocyclic compounds, while reducing the
phenols content.

60| NN AHL
B +10% CaO
I +10% K,CO,

Yield / %

Small molecules Benzenes DHBF Phenols

Compounds

Fig. 12. Effect of catalysts on AHL pyrolysis

In this regard, the effect of K;CO; on AHL pyrolysis is just the opposite. Same as that to AL,
K>COs reduced heterocyclics content of AHL pyrolysis products. The difference is that, for
AHL, it did not make further condensation of pyrolysis products to form PAHs, but

facilitate the fracture of aromatic compounds side chains, leading to produced more
phenolic compounds.

From this it can be seen, as the different structure of lignin, the catalytic effect of a catalyst

on different lignins also may be different. The effect of K;COs on phenolic compounds yield
from two technical lignins pyrolysis is a good proof.

www.intechopen.com



Applications of Chromatography Hyphenated Techniques in the Field of Lignin Pyrolysis 61

Yield, Area percent (%)

Compound class Compounds AHL  +10%Ca0  +10%K,COs

Small molecules Methanol - 6.66 -
Vinyl methyl ether - - 1.31
Methyl acetate - - 213
2-Butanone - 2.78 -
Glycollic aldehyde - 1.15 -
Acetic acid - 1.91 213

Benzenes Metoxybenzene - - 0.74
1-Vinyl-4-methoxybenzene - 0.95 -
1-Ethyl-4- methoxybenzene - - 0.49
1,2-Dimethoxylbenzene - - 0.56
1,2-Dimethoxyl-3-toluene - - 1.19
1,2,4-Trimethoxylbenzene 5.63 2.63 0.63
1,2,3-Trimethoxyl-5-toluene 1.30 - -

p-

Hydroxyphenols Phenol 2.83 2.87 9.73
2-Methyl phenol - 0.75 1.71
p-Cresol 3.49 1.86 1.53
4-Methoxylphenol 3.37 - -
4-Vinylphenol - - 1.33
4 (or 3)-Ethylphenol 518 2.89 3.44
2-Allylphenol 1.23 - -
4-Hydroxy-3-
methylphenylacetyl i 965 940
2,6-Ditert-butyl-4-methyl

3.06 - -

phenol

Guaiacols 2-Methoxyphenol - 4.06 10.52
2-Methoxy-4-methylphenol 3.64 4.42 3.20
4-Ethyl-2-methoxyphenol 213 1.66 2.32
2-Methoxyl-4-vinylphenol 7.48 3.29 0.78
Vanillin 1.76 - -
2-Methoxyl-4-(1-propenyl)- 5 48 i 171
phenol

Syringols 2,6-Dimethoxyphenol 8.19 4.39 16.31
2,6-Dimethoxy-4-(2-allyl)- 757 164 )
phenol

Heterocycles 2,3-Dihydrobenzofuran (DHBF)  34.70 42.71 27.52
2, 3-Dihydro-2- 1.00 ) )
methylbenzofuran '

Esters Dibutyl phthalate (DBP) 1.50 - -

Others 1,4-Dioxane - 252 -
p-Isopropyl benzaldehyde - 1.20 1.33
3,5-Dimethoxy acetophenone 3.76 - -

Table 7. Products identification from AHL pyrolysis with catalysts at 600°C
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5. Conclusion

Pyrolysis of several types of lignins was investigated by using Py-GC/MS, with the focus
mainly on the effects of temperatures and catalysts. Significant differences in terms of yields
of pyrolysis products and phenolic compounds were observed.

For lignin pyrolysis, temperature is an important parameter, and has a significant impact on
both the type and the content of pyrolysis products. High temperature (above 600°C)
undoubtedly favored the thermal chemical conversion of lignin. And as the temperature
increases, pyrolysis products tend to be more diversified. The 2, 3-Dihydrobenzofuran
usually emerged at low pyrolysis temperature and reached its highest yield at about 320°C-
400°C. As the temperature increased further, the yield of 2, 3-Dihydrobenzofuran decreased,
while the phenolic compounds increased dramatically. At 600°C, the maximum content of
phenolic compounds from lignin pyrolysis can reach up to 58%.

The impact of catalysts and its dosage on EMAL pyrolysis mainly reflected in the product
distribution, while for technical lignin the impact of catalysts are more evident in the
increase of new pyrolysis products. Both NaCl and permutite can promote the generation of
small molecule compounds during EMAL pyrolysis, such as acetic acid, benzene series,
furfural, and phenols etc., and the yields of those products increase with an increase of
catalyst dosage. However, the impact of the two catalysts on the selectivity of 2, 3-
Dihydrobenzofuran is opposite. The addition of KoCO; resulted in the dramatically decrease
of heterocycles and yielded large amounts of naphthalene-based compounds for the alkali
lignin. While the same effect was not happened for the acid hydrolysis lignin, but relatively
increase the phenols and small molecules yields.

6. Acknowledgment

This work is supported by the Major State Basic Research Development Program of China
(973 Program) (No. 2007CB210201), the National High Technology Research and
Development Program of China (863 Program) (No. 2007AA05Z456), and the Natural
Science Foundation of China (NSFC, NO. 21176095).

7. References

Adams, R.P. (2007). Identification of Essential Oil Components By Gas Chromatography/Mass
Spectrometry (4th edition), Allured Pub Corp., ISBN 1-932633-21-9, Illinois, USA

Atika, O., Erika, M., & Rogério, S. et al. (2007). Pyrolysis-GC/MS and TG/MS Study of
Mediated Laccase Biodelignification of Eucalyptus Globulus Kraft Pulp. J. Anal.
Appl. Pyrolysis, Vol.78, No.2, (March 2007), pp. 233-242, ISSN 0165-2370

Baumlin, S., Broust, F., & Bazerbachi, F. et al. (2006). Production of Hydrogen by Lignins
Fast Pyrolysis. International Journal of Hydrogen Energy, Vol.31, No.15, (December
2006), pp. 2179-2192, ISSN 0360-3199

Bridgwater, A.V., Meier, D. & Radlein, D. (1999). An Overview of Fast Pyrolysis of Biomass.
Organic Geochemistry, Vol.30, No.12, (December 1999), pp. 1479-1493, ISSN 0146-
6380

Bridgwater, A.V. (2004). Biomass Fast Pyrolysis. Thermal Science, Vol.8, No.2, (March 2004),
pp- 21-50, ISSN 0354-9836

www.intechopen.com



Applications of Chromatography Hyphenated Techniques in the Field of Lignin Pyrolysis 63

Britt, P.F., Buchanan, A.C. & Thomas K.B. et al. (1995). Pyrolysis Mechanisms of Lignin:
Surface-Immobilized Model Compound Investigation of Acid-Catalyzed and Free-
Radical Reaction Pathways. J. Anal. Appl. Pyrolysis, Vol.33, (April 1995), pp. 1-19,
ISSN 0165-2370

Bull I.D. (April 2005). Pyrolysis gas chromatography mass spectrometry (Py/GC/MS), In:
Techniques, 27.04.2005, Available from
http:/ /www. bris.ac.uk/nerclsmsf/techniques/pyro.html

Coats, A.W. & Redfern, ]J.P. (1964). Kinetic Parameters from Thermogravimetric Data.
Nature, Vol.201, (January 1964), pp. 68-69, ISSN 0028-0836

Dominguez, J.C., Oliet, M., & Alonso, M.V. et al., (2008). Thermal Stability and Pyrolysis
Kinetics of Organosolv Lignins Obtained from Eucalyptus Globulus. Industrial
Crops and Products, Vol.27, No.2, (March 2008), pp. 150-156, ISSN 0926-6690

Fahmi, R., Bridgewater, A.V. & Thain, S.C. (2007). Prediction of Klason Lignin and Lignin
Thermal Degradation Products by Py-GC/MS in a Collection of Lolium and Festuca
Grasses. J. Anal. Appl. Pyrolysis, Vol.80, No.1, (August 2007), pp. 16-23, ISSN 0165-2370

Fu, R.N. (2008). Overview of Chromatographic Analysis (2nd edition), Chemical Industry Press,
ISBN 9787502564988, Beijing, China

Garcia, P.M., Wang, S. & Shen, ]. et al. (2008). Effects of Temperature on The Formation of
Lignin-derived Oligomers during the Fast Pyrolysis of Mallee Woody Biomass.
Energy & Fuels. Vol.22, No.3, (March 2008), pp. 2022-2032, ISSN 0887-0624

Harumi, H., Satoshi, K. & Tatsuhiko, Y. et al. (2010). Conversion of Technical Lignins to
Amphiphilic Derivatives with High Surface Activity. Journal of Wood Chemistry and
Technology, Vol.30, No.2, (May 2010), pp. 164-174, ISSN 0277-3813

Hosoya, T., Kawamoto, H. & Saka, S. (2007). Pyrolysis Behaviors of Wood and Its
Constituent Polymers at Gasification Temperature. . Anal. Appl. Pyrolysis, Vol.78,
No.2, (March 2007), pp. 328-336, ISSN 0165-2370

Jegers, HE. & Klein, M.T. (1985). Primary and Secondary Lignin Pyrolysis Reaction
Pathways. Ind. Eng. Chem. Process Des. Dev., Vol.24, No.1, (January 1985), pp. 173-
183, ISSN 0196-4305

Jin, X.G., Huang, L.Y. & Shi, Y. (2009). Pyrolysis Gas Chromatography-Method and Application
(1st edition), Chemical Industry Press, ISBN 9787122046567, Beijing, China

Lee, G.R. & Eugene F. B. (2004). Modern Practice of Gas Chromatography (4th edition), Wiley-
Interscience, ISBN 0-471-22983-0, New Jersey, USA

Liu, Q., Wang, S.R. & Zheng, Y. et al., (2008). Mechanism Study of Wood Lignin Pyrolysis by
using TG - FTIR Analysis. . Anal. Appl. Pyrolysis, Vol.82, No.1, (May 2008), pp. 170-
177, ISSN 0165-2370

Lou, R. & Wu, S.B. (2008). Pyrolysis Characteristics of Rice Straw EMAL. Cellulose Chem.
Technol., Vol.42, No.7-8, (December 2008), pp. 371-380, ISSN 0576-9787

Lou, R., Wu, S.B. & Lv, GJ. (2010a). Fast Pyrolysis of Enzymatic/Mild Acidolysis Lignin from
Moso Bamboo. BioResources, Vol.5, No.2 (March 2010), pp. 827-837, ISSN 1930-2126

Lou, R., Wu, S.B. & Lv, GJ. (2010b). Effect of Conditions on Fast Pyrolysis of Bamboo Lignin.
J. Anal. Appl. Pyrolysis, Vol.89, No.2, (November 2010), pp. 191-196, ISSN 0165-2370

Lou, R. & Wu, S.B. (2011). Products Properties from Fast Pyrolysis of Enzymatic/Mild
Acidolysis Lignin. Applied Energy, Vol.88, NO.1, (January 2011), pp. 316-322, ISSN
0306-2619

Lv, GJ., Wu, S.B.,, & Lou, R. (2010a). Kinetic Study of the Thermal Decomposition of
Hemicellulose Isolated from Corn Stalk. Bioresources, Vol.5, NO.2, (April 2010), pp.
1281-1291, ISSN 1930-2126

www.intechopen.com



64 Applications of Gas Chromatography

Lv, GJ.,, Wu, SB., Lou, R. & Yang, Q. (2010b). Analytical Pyrolysis Characteristics of
Enzymatic/Mild Acidolysis Lignin from Sugarcane Bagasse. Cellulose Chem.
Technol., Vol.44, NO.9, (October 2010), pp. 335-342, ISSN 0576-9787

Meier, D. & Faix, O. (1999). State of the Art of Applied Fast Pyrolysis of Lignocellulosic
Materials-a Review. Bioresource Technology, Vol.68, No.1, (April 1999), pp. 71-77,
ISSN 09608524

Mistrik, R. (2004). A New Concept for the Interpretation of Mass Spectra Based on a
Combination of a Fragmentation Mechanism Database and a Computer Expert
System, In: Advances in Mass Spectrometry, Brenton, G., Monaghan, J. & Ashcroft, A.,
pp- 821-824, Elsevier, ISBN 0-444-51528-3, Amsterdam

Mohan, D., Pittman, C.U. & Steele, P.H. (2006). Pyrolysis of Wood/Biomass for Bio-oil: A
Critical Review. Energy & Fuels, Vol.20, No.3, (March 2006), pp. 848-889, ISSN 0887-
0624

Nowakowski, D.J. & Jones, M.J. (2008). Uncatalysed and Potassium-Catalysed Pyrolysis of
the Cell-Wall Constituents of Biomass and Their Model Compounds. . Anal. Appl.
Pyrolysis, Vol.83, No.1, (September 2008), pp. 12-25, ISSN 0165-2370

Nowakowski, D.J., Bridgwater, A.V. & Elliott, D.C. et al. (2010). Lignin Fast Pyrolysis:
Results from an International Collaboration. J. Anal. Appl. Pyrolysis, Vol.88, No.1,
(May 2010), pp. 53-72, ISSN 0165-2370

Kealey, D. & Haines P. ]. (2002). Analytical Chemistry, BIOS Scientific Publishers Ltd, ISBN 1-
85996-189-4, Oxford, UK

Sparkman, O.D. (2000). Mass Spectrometry Desk Reference, Global View Pub, ISBN 0-9660813-
2-3, Pittsburgh, USA

Tan, Y. (2009). Study on the Chemical Structures and Thermochemical Laws of Two Types of
Industrial Lignin, South China University of Technology, Doctoral Dissertation,
Guangzhou, China

Tan, Y., Wu, S.B., & Lou, R. et al. (2009). Thermogravimetric Characteristics and Kinetic
Analysis of Lignin Hydrolyzed by Dilute Acid. Journal of South China University of
Technology (Natural Science), Vol.37, No.6, (June 2009), pp. 22-26, ISSN 1000-565X

Wang, S.R., Wang, K.G. & Liu Q. et al. (2009). Comparison of the Pyrolysis Behavior of
Lignins from Different Tree Species. Biotechnology Advances, Vol.27, No.5,
(September 2009), pp. 562-567, ISSN 0734-9750

Windt, M., Dietrich, M., & Jan, H.M. et al. (2008). Micro-pyrolysis of Technical Lignins in a
New Modular Rig and Product Analysis by GC-MS/FID and GCxGC-
TOFMS/FID. ]. Anal. Appl. Pyrolysis, Vol.85, No.1-2, (May 2009), pp. 38-46, ISSN
0165-2370

Wu, L.J. (2005). Gas Chromatography Detection Method (1st edition), Chemical Industry Press,
ISBN 978750256953, Beijing, China

Wu, S.B. & Argyropoulos, D.S. (2003). An Improved Method for Isolating Lignin in High
Yield and Purity. Journal of Pulp and Paper Science, Vol.29, NO.7, (July 2003), pp. 235-
240, ISSN 0826-6220

Wu, S.B., Xiang, B.L., & Liu, ]J.Y. et al. (2008). Pyrolysis Characteristics of Technical Alkali
Lignin. Journal of Beijing Forestry University, Vol.30, NO.5, (September 2008), pp.
143-147, ISSN 1000-1522

Yang, Q., Wu, S.B., Lou, R. & Lv, GJ. (2010). Analysis of Wheat Straw Lignin by
Thermogravimetry and Pyrolysis-Gas Chromatography/Mass Spectrometry. J.
Anal. Appl. Pyrolysis, Vol.87, No.1, (January 2010), pp. 65-69, ISSN 0165-2370

www.intechopen.com



Applications of Gas Chromatography

APPLICATIONS OF Gl

HEOMATOLER T ’.1 Edited by Dr. Reza Davarnejad

Editrd by Magh Durvatnajed s Mabib

ISBN 978-953-51-0260-1

Hard cover, 132 pages

Publisher InTech

Published online 07, March, 2012
Published in print edition March, 2012

This valuable book aims to provide a connection between various chromatography techniques and different
processes. Authors applied these techniques in supercritical technology, medical, environmental, physique and
chemical processes. Most of them prepared mathematical support (such as correlation) for their original
results obtained from the chromatography techniques. Since chromatography techniques (such as GC, HPLC
& etc) are separating and analyzing methods, this chapters will help other researchers and young scientists to
choose a suitable chromatography technique. Furthermore, this book illustrates the newest challenges in this
area.

How to reference
In order to correctly reference this scholarly work, feel free to copy and paste the following:

Shubin Wu, Gaojin Lv and Rui Lou (2012). Applications of Chromatography Hyphenated Techniques in the
Field of Lignin Pyrolysis, Applications of Gas Chromatography, Dr. Reza Davarnejad (Ed.), ISBN: 978-953-51-
0260-1, InTech, Available from: http://www.intechopen.com/books/applications-of-gas-
chromatography/applications-of-chromatography-hyphenated-techniques-in-the-field-of-lignin-pyrolysis

INTECH

open science | open minds

InTech Europe InTech China

University Campus STeP Ri Unit 405, Office Block, Hotel Equatorial Shanghai

Slavka Krautzeka 83/A No.65, Yan An Road (West), Shanghai, 200040, China

51000 Rijeka, Croatia FE BHIERFARK6SS HiBEFR R ARIRE I AE40582TT
Phone: +385 (51) 770 447 Phone: +86-21-62489820

Fax: +385 (51) 686 166 Fax: +86-21-62489821

www.intechopen.com



© 2012 The Author(s). Licensee IntechOpen. This is an open access article
distributed under the terms of the Creative Commons Atiribution 3.0
License, which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.




