
RSC Advances

PAPER

Pu
bl

is
he

d 
on

 3
1 

m
ar

zo
 2

01
4.

 D
ow

nl
oa

de
d 

on
 3

1/
1/

20
26

 1
9:

49
:0

6.
 

View Article Online
View Journal  | View Issue
aKey Laboratory of Biofuels, Qingdao I

Technology, Chinese Academy of Sciences

China. E-mail: chentianju27@gma

+86-532-80662763; +86-532-80662761
bUniversity of Chinese Academy of Sciences,

Cite this: RSC Adv., 2014, 4, 17513

Received 19th February 2014
Accepted 31st March 2014

DOI: 10.1039/c4ra01445f

www.rsc.org/advances

This journal is © The Royal Society of C
A novel Gaussian-DAEM-reaction model for the
pyrolysis of cellulose, hemicellulose and lignin

Jinzhi Zhang,ab Tianju Chen,*a Jingli Wua and Jinhu Wu*a

This work deals with the pyrolysis kinetics of cellulose, hemicellulose and lignin. Experiments were carried

out in a thermogravimetric analyzer (TGA Q5000) in the inert atmosphere of nitrogen at a heating rate of 10

K min�1. The single Gaussian distributed activation energy model (DAEM) was utilized to study the pyrolysis

kinetics. Kinetic parameters such as the pre-exponential factor (k0), mean activation energy (E0) and

standard variance (s) were computed by a pattern search algorithm. It was found that the calculated

kinetic parameters using the single Gaussian-DAEM-reaction model could reproduce the differential

thermogravimetric (DTG) curves of cellulose very well. However, there existed obvious deviations in the

whole range of temperatures between the calculated and experimental data for hemicellulose and lignin.

In order to describe the thermal decompositions of hemicellulose and lignin more accurately, a novel

double Gaussian-DAEM-reaction model consisting of two parallel partial reactions was developed to

describe the pyrolysis processes. Calculated results of the fitting procedure using the double Gaussian-

DAEM-reaction model showed good agreement with experimental DTG data of hemicellulose and lignin.
1. Introduction

The combustion of fossil fuels has become the largest source of
greenhouse gas emissions.1 Due to the demand for environ-
mental responsibility and the depletion of fossil fuels, biomass,
as a clean and sustainable energy source, has currently received
increased attention for being converted into alternative fuels.2

Two main kinds of process technologies by which biomass can
be converted into alternative fuels are biological technology and
thermochemical technology. Pyrolysis, as one kind of biomass
thermochemical conversion technology, involves the thermal
degradation of the starting material resulting in the production
of solid, liquid and gas products. Pyrolysis has been applied for
commercial production of varieties of fuels, solvents, chemicals
and other products from biomass feedstocks.3–5 Pyrolysis
process is thought to be one of the most promising ways to
convert biomass into chemicals and higher value fuels as it
takes advantage both of a great exibility and a relatively easy
control of products yields and characteristics.6–9

A fundamental study of pyrolysis kinetics can help us to
predict the pyrolysis behavior of biomass materials as well as
design efficient pyrolytic reactors for engineering applica-
tions.10 Thermogravimetric analysis (TGA) is the most
commonly used thermoanalytical technique for the pyrolysis of
samples by monitoring the mass changes online.11
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Nonisothermal TGA can offer some advantages over the clas-
sical isothermal method because it permits a rapid and
complete scan of the entire temperature in a single experi-
ment.12 Although both thermogravimetric (TG) and differential
thermogravimetric (DTG) curves could be obtained from TGA,
many researchers selected to choose DTG curves to estimate the
kinetic parameters, because DTG curves made easier the iden-
tication of the kinetic process.13,14 In addition, DTG curves
were more sensitive to changes of thermal decomposition, for
small changes in the TG curves were magnied in the corre-
sponding DTG curves.

Several models such as the single reaction model, two
parallel reaction model, three-pseudocomponent model, and
the distributed activation energy model (DAEM) have been used
to describe the kinetic process of biomass pyrolysis.15,16 The
most accurate and up-to-date method for modeling the thermal
decomposition of biomass is to adopt DAEM, which has been
widely applied to describe complex biomass pyrolysis.17–19 The
model assumes that a series of irreversible rst order parallel
reactions occur simultaneously, which have a range of activa-
tion energies. And the activation energy is usually approximated
described by a Gaussian distribution.20 Researchers have made
a lot of research on biomass pyrolysis by the three-parallel-
DAEM-reaction model, which assumes three independent
parallel reacting pseudocomponents (cellulose, hemicellulose
and lignin).21–25 It was further assumed that the pyrolysis
kinetics of each pseudocomponent can be described by the
single Gaussian-reaction-DAEM.

In the previous research, the pyrolysis and gasication
process of biomass and its three main components (cellulose,
RSC Adv., 2014, 4, 17513–17520 | 17513
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hemicellulose and lignin) were investigated.26,27 One aim of this
work was to make sure whether the single Gaussian-DAEM-
reaction model could describe thermal decompositions of
cellulose, hemicellulose and lignin successfully. Calculated
results in this work showed that the single Gaussian-DAEM-
reaction model could not describe DTG curves of hemicellulose
or lignin correctly. So the other aim was to nd a kinetic model
that could well describe the pyrolysis decompositions of hemi-
cellulose and lignin. The multi-peaks method was rst used to
t multiple peaks by Gaussian functions to DTG curves of
hemicellulose and lignin, and results showed that two Gaussian
distribution models could t the DTG curves of hemicellulose
and lignin very well. Accordingly in this work, a novel double
Gaussian-DAEM-reaction model based on the multi-peaks
method was developed to describe the pyrolysis processes of the
hemicellulose and lignin. Kinetic parameters such as pre-
exponential factor (k0), mean activation energy (E0) and stan-
dard variance (s) were determined by pattern search method.
2. Experimental
2.1 Materials

Cellulose (CAS no.: 9004-34-6), hemicellulose (CAS no.: 9014-63-
5) and lignin (CAS no.: 8068-05-1) were obtained from Sigma-
Aldrich Co., Ltd (USA). In this study, cellulose was a poly-
saccharide composed of long chains of b(1,4) linked D-glucose
units. The hemicellulose was rened from the beechwood. The
low sulfonate content alkali lignin was chosen in this study. All
the experimental samples were dried for 12 h at 378 K to remove
water before experiment. The ash content for cellulose, hemi-
cellulose and lignin were 0, 0.48%, and 11.6%, respectively.

TG and DTG curves were obtained from the thermogravi-
metric equipment (TGA Q5000 V3.15 Build 263). This analyser
provides for simultaneous measurement of weight changes
from ambient to 900 K at a heating rate of 10 K min�1 in N2

atmosphere at a ow rate of 80 mL min�1.
2.2 Nonisothermal DAEM equation

a(T) is the degree of conversion at temperature T, and its value
can be obtained from TGA data of the sample according to eqn
(1). In the equation, u0 is the initial weight, uf is the nal weight
and uT is the weight at temperature T.

aðTÞ ¼ u0 � uT

u0 � uf

(1)

DAEM has been widely applied to analyze complex reactions
such as pyrolysis of biomass and fossil fuels.18–20 When the
model is applied to represent the change in total volatiles of
non-isothermal pyrolysis process, the model is as shown in eqn
(2). In this equation, k0 is the pre-exponential factor corre-
sponding to the E value, and b is the heating rate, R is the
universal gas constant, T is the temperature, and f(E) is the
distribution of the activation energy representing the differ-
ences in the activation energies of many reactions.
17514 | RSC Adv., 2014, 4, 17513–17520
aðTÞ ¼
ðN
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In order to estimate the values of k0 and f(E), the activation
energy distribution is generally assumed by a Gaussian distri-
bution with mean activation energy E0 and standard deviation s

as shown in eqn (3).
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The derivative of eqn (2) is given by eqn (4).
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Both the inner dT integral and the outer dE integral in eqn
(4) have no exact analytical solution, and a large number of
approximations have been proposed.28 In this work, the
approximation for the temperature integral proposed by Doyle29

was utilized to replace the general temperature integral as
shown in eqn (5). What's more, a computer program has been
created in MATLAB to perform the outer dE integral of eqn (4).ðT

0

exp

�
� E

8:314T

�
dT ¼ 0:00484E

R
exp

�
� 1:0516E

RT

�
(5)

2.3 Determination of kinetic parameters

For the purpose of optimizing kinetic parameters (including k0,
E0, and s) of nonisothermal DAEM equations, the objective
function was formed according to eqn (6). The subscript i refers
to the data points used, nd is the number of the data points, (da/
dT)i,exp represents the experimental data, and (da/dT)i,cal
represents those calculated by eqn (4) for a given set of
parameters of k0, E0, and s.

S ¼
Xnd
i¼1

"�
da

dT

�
i;exp

�
�
da

dT

�
i;cal

#2

(6)

The value of Fit as shown in eqn (7) accounts for the differ-
ences between the experimental values and those calculated
from the model prediction according to eqn (4), where (da/
dT)max is the maximum experimental value. A lower value of Fit
in eqn (7) indicates a better quality of tness.

Fitð%Þ ¼ 100�

ffiffiffiffiffi
S

nd

r
�
da

dT

�
max

(7)

It is hard to deal with the optimization problem by using
traditional optimization techniques if the objective function
This journal is © The Royal Society of Chemistry 2014
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Fig. 1 Experimental TG and DTG curves of cellulose, hemicellulose
and lignin.
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has no explicit expression, because it is difficult to obtain
information about gradient or higher derivations of the objec-
tive function without explicit expression. Consequently, the
optimization algorithm should be derivative-free. According to
Cai et al.,30 it is efficient to solve the problem by using pattern
search method, which is a derivative-free, direct search method,
and superior to other direct search method such as Powell
method and Simplex method in both robustness and number of
function evaluations.

According to the values of k0, E0, and s reported in the liter-
ature,31,32 the range of E0 was selected from100 to 350 kJmol�1, s
was from 1 to 50 kJ mol�1, and k0 was from 105 to 1030 s�1.

3. Results and discussion
3.1 Single Gaussian-DAEM-reaction model

Fig. 1 compared the TG and DTG curves of three main compo-
nents of biomass, namely: cellulose, hemicellulose and lignin. As
shown inFig. 1aandb, remarkabledifferenceswere foundamong
thermaldecompositionbehaviors of cellulose, hemicellulose and
lignin. It was evident that cellulose exhibited a tall narrow peak,
while the other two samples both had a lower peak with a at
tailing. It can be observed from Fig. 1 that cellulose degradation
happened between 560 and 650 K, hemicellulose began to ther-
mally decomposeat 460–690K, and lignindegradation tookplace
at 450–850 K. These results were consistent with reported data.33

When temperature was higher than 650 K, almost all cellulose
was decomposed with a very low solid residue (4.3%) le.
However, high solid residue was le for hemicellulose (26.0%)
and lignin (60.7%) at 950 K. Ash existed in the solid residue.

Shanks et al.34–36 investigated the inuence of minerals salts
and switchgrass ash on fast pyrolysis of the three samples, it
was found that mineral salts and switchgrass ash actually had
effect on pyrolysis product distributions of cellulose and
hemicellulose. In this work, cellulose and hemicellulose con-
tained negligible amount of ash content (0 and 0.48%, respec-
tively), so the impact of the small amount of mineral impurities
on the pyrolysis kinetics could be ignored. Shanks et al.34,35 also
found that the presence of minerals had no obvious effect on
lignin pyrolysis. It was supposed that ash had no signicant
inuence on lignin pyrolysis, although high ash content was
found in lignin (11.6%) in this study. Therefore, it was reason-
able to consider the obtained samples without further puri-
cation for kinetic studies.

DTG curves make easier identication of the kinetic process
than do the TG curves. Consequently, DTG curves were selected
to determine the kinetic parameters. The single Gaussian-
DAEM-reaction model was applied to investigate the pyrolysis
kinetics of three pseudocomponents of biomass according to
the theory introduced in part 2.2.

3.1.1 Cellulose. The DTG curve in Fig. 1b showed that
cellulose had one single steep peak at 560–650 K, because the
cellulose molecule used in this work was a very long chains of
b(1,4) linked D-glucose units without any branches, and it was
crystalline. Themaximumweight loss rate was reached at 613 K.
When the temperature was higher than 650 K, nearly all cellu-
lose was decomposed, leaving very low solid residue le. The
This journal is © The Royal Society of Chemistry 2014
results of the tting procedure by the single Gaussian-DAEM-
reaction model for cellulose were shown in Fig. 2a, where it can
be noticed that the calculated kinetic parameters could repro-
duce the experimental data very well, and the value of Fit for
cellulose was 1.58%, which was in acceptable ranges (Fit < 4% is
generally acceptable). The kinetic parameters obtained from the
tting procedure were listed in Table 1. It can be seen that the
kinetic parameters were k0 ¼ 2.612 � 1018 s�1 and E0 ¼ 240.230
kJ mol�1 for cellulose. Cai et al.37 gave 258.57 kJ mol�1 for the
activation energy and 1.6 � 1017 s�1 for the pre-exponential
factor when dealing with cellulose pyrolysis by the logistic
DAEM reaction model. It can be observed that the values of
kinetic parameters obtained in this study for cellulose pyrolysis
are in reasonable ranges. Based on above analysis, it can be
concluded that the single Gaussian-DAEM-reaction model is
effective to describe the pyrolysis process of cellulose.

3.1.2 Hemicellulose. Hemicellulose is a complex compo-
nent of biomass. The main hemicellulose component is xylan,
which is composedof 1,4-linkedb-D-xylopyranose (b-D-Xylp)units
that canbe substituted atC-2 and/orC-3by short andexible side
chains. Xylan had the chemical formula (C5H8O4)n with molec-
ular mass of approximately 30 000 (200 xylopyra-nose units).21

Xylan was used as the sample of hemicellulose in this study.
It can be seen from Fig. 1b that hemicellulose started

decomposing earlier than cellulose, and the weight loss mainly
RSC Adv., 2014, 4, 17513–17520 | 17515
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Fig. 2 Experimental and calculated DTG curves of cellulose, hemi-
cellulose and lignin using the single Gaussian-DAEM-reaction model.

Table 1 Fitted kinetic and statistical parameters for pyrolysis of
cellulose, hemicellulose and lignin by the single Gaussian-DAEM-
reaction model

Sample k0, j/s
�1 E0, j/kJ mol�1 sj/kJ mol�1 Fit (%)

Cellulose 2.612 � 1018 240.23 2.366 1.58
Hemicellulose 6.137 � 1014 179.84 10.815 7.57
Lignin 8.511 � 1011 165.61 19.307 7.59
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happened at 460–690 K. Possible reasons are that hemicellulose
is amorphous and has a lower degree of polymerisation
compared with cellulose.
17516 | RSC Adv., 2014, 4, 17513–17520
The kinetic parameters obtained from the tting procedure
using the single Gaussian-DAEM-reaction model were listed in
Table 1. It can be seen that the kinetic parameters were k0 ¼
6.137 � 1014 s�1 and E0 ¼ 179.84 kJ mol�1 for hemicellulose. As
was shown in Table 1, the value of Fit for hemicellulose reached
up to 7.57%, which was higher than the acceptable range (Fit <
4% is generally acceptable). Predicted results from the optimum
kinetic parameters were compared with the experimental data
for hemicellulose. Fig. 2b showed that there existed obvious
deviations in the whole range of temperatures between the
calculated data and experimental data.

3.1.3 Lignin. It can be seen from Fig. 1b that lignin resulted
in wide DTG peaks compared to the sharp DTG peak of cellu-
lose. The thermal decomposition of lignin occurred in a broad
temperature range (450–850 K), due to the broad range of
activities of the chemical bonds in lignin aromatic rings. Lignin
is a highly cross-linked polyphenolic aromatic polymer and is
composed of p-hydroxyphenyl, guaiacyl and syringil units.

The kinetic parameters obtained from the tting procedure
using the single Gaussian-DAEM-reaction model were listed in
Table 1. It can be seen that the kinetic parameters were k0 ¼
8.511 � 1011 s�1 and E0 ¼ 165.61 kJ mol�1 for lignin. It was
shown that the value of Fit for hemicellulose was 7.59%, which
went beyond the acceptable range. The results of the tting
procedure using the single Gaussian-DAEM-reaction model for
hemicellulose were reported in Fig. 2c. It can be observed from
Fig. 2c that the prediction model was not able to describe the
experimental data correctly, because obvious deviations were
found, especially for higher temperatures.
3.2 Double Gaussian-DAEM-reaction model

Multi-peaks method in the origin lab was rst utilized in this
work to t multiple peaks to a DTG curve by Gaussian functions
using the Levenberg–Marquardt algorithm. The DTG curves of
hemicellulose and lignin based on Gaussian distribution were
shown in Fig. 3. It can be observed form Fig. 3 that two Gaussian
distribution models could t the DTG curves of hemicellulose
and lignin very well since the coefficient correlation (R2) was
equal to 0.99475 and 0.99705, respectively (R2 > 0.99 is generally
acceptable). Accordingly in this work, a double Gaussian-DAEM-
reaction model based on multi-peaks method was developed to
describe the pyrolysis processes of hemicellulose and lignin. In
the double Gaussian-DAEM-reaction model, the global da(T)/dT
is the linear combinations of daj(T)/dT as shown in eqn (8).

daðTÞ
dT

¼
X2

j¼1

cj
dajðTÞ
dT

(8)

Similarly, the global f(E) is the linear combinations of fj(E) as
shown in eqn (9).

f ðEÞ ¼
X2

j¼1

cj fjðEÞ (9)

In both eqn (8) and (9), cj represents the fraction of volatiles
produced by the jth partial reaction.
This journal is © The Royal Society of Chemistry 2014
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Fig. 3 DTG curves of hemicellulose and lignin based on multi-peaks
method.

Table 2 Fitted kinetic and statistical parameters for pyrolysis of
hemicellulose and lignin by the double Gaussian-DAEM-reaction
model

Sample cj k0, j/s
�1 E0, j/kJ mol�1 sj/kJ mol�1 Fit (%)

Hemicellulose 2.04
Reaction I 0.5983 6.501 � 1014 180.00 6.650
Reaction II 0.4017 2.495 � 108 114.45 22.787
Lignin 2.43
Reaction I 0.4179 5.559 � 1011 159.59 10.448
Reaction II 0.5821 6.109 � 1011 174.19 27.448

Fig. 4 Experimental and calculated DTG curves of hemicellulose and
lignin.
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Themodel estimated parameters using the double Gaussian-
DAEM-reaction model based on the multi-peaks method for
hemicellulose and lignin were listed in Table 2.

3.2.1 Hemicellulose. In agreement with previous
studies,38,39 the pyrolysis process appears to have two partial
reactions in this study. Hemicellulose degradation was
considered as two overlapped steps represented by two tted
Gaussian peaks in the DTG curves. As shown in Fig. 3a, the
tted Gaussian peak I was used to describe partial reaction I. At
temperature higher than 650 K, DTG curve of hemicellulose had
a at tailing, which was assumed as partial reaction II. And the
partial reaction II was described by the tted Gaussian peak II.

The double Gaussian-DAEM-reaction model was used to
study the pyrolysis kinetics of hemicellulose. The results of the
This journal is © The Royal Society of Chemistry 2014
tting procedure were shown in Fig. 4a. It can be seen from
Fig. 4a that there was a close agreement between the prediction
model and the experimental data for the higher temperatures,
andnegligible deviationswere found for the lower temperatures.
The single Gaussian-DAEM-reaction model was generally used
to investigate the pyrolysis process of hemicellulose.40

Compared with the single Gaussian-DAEM-reaction model, the
value of Fit in eqn (7) using the double Gaussian-DAEM-reaction
model decreased to 2.04% from 7.57%. It can be observed that
double Gaussian-DAEM-reaction model offered a more reliable
method for prediction of the pyrolysis behaviour of hemi-
cellulose. The kinetic parameters obtained from the tting
procedure were listed in Table 2. It was found that for hemi-
cellulose the kinetic parameters of partial reaction I were k0,1 ¼
6.501� 1014 s�1, E0,1¼ 180 kJmol�1 and s1¼ 6.65 kJmol�1; and
the kinetic parameters of partial reaction II were k0,2 ¼ 2.495 �
108 s�1, E0,2 ¼ 114.45 kJ mol�1 and s2 ¼ 22.787 kJ mol�1. In
consideration of method concluding two partial reactions,
similar results have been obtained from the research of hemi-
cellulose by Várhegyi et al. using the competitive reaction model
(k0,1¼ 3.2� 105 s�1, E0,1¼ 84 kJ mol�1; k0,2¼ 1.0� 1017 s�1, E0,2
¼ 193 kJ mol�1) with a heating rate of 10 K min�1.32 These data
indicates that the description of hemicellulose pyrolysis through
the double Gaussian-DAEM-reaction model is valid.

The double Gaussian-DAEM-reaction model for hemi-
cellulose can be explained by two partial reactions in terms of
RSC Adv., 2014, 4, 17513–17520 | 17517
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Fig. 5 Experimental and calculated a(T) curves of cellulose, hemi-
cellulose and lignin by integrating the calculated DTG curve.
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chemistry.38 Partial reaction I was fast and was characterized by
a high volatile release and the formation of a solid product.
Partial reaction I was mainly ascribed to cleavage of the glyco-
sidic bonds, polymerization of the glycosyl units, and the
decomposition of the sugar moiety within a narrow range of
temperature (500–600 K). Partial reaction II was assigned to the
fragmentation of other depolymerized units (xylan units),
involving the slow charring process of the solid product which
gave rise to a solid charred residual and further volatile
formation.

3.2.2 Lignin. Thermal decomposition of lignin was
considered as two overlapped steps represented by two tted
17518 | RSC Adv., 2014, 4, 17513–17520
Gaussian peaks in the DTG curves. As shown in Fig. 3b,
the tted Gaussian peak I was used to describe partial reaction
I, and the tted Gaussian peak II was regarded as partial
reaction II.

The double Gaussian-DAEM-reaction model considering
that two partial reactions take place with different activation
energies was employed to t the DTG curve of lignin. Predicted
results from the optimum kinetic parameters have been
compared with the experimental data. As is shown Fig. 4b, the
double Gaussian-DAEM-reaction model predicts the experi-
mental data very well for lignin. In Table 1 the kinetic param-
eters obtained from the tting procedure for lignin pyrolysis
were reported (E0,1 ¼ 159.39 kJ mol�1, E0,2 ¼ 174.19 kJ mol�1).
According to reported literature,9 the single Gaussian-DAEM-
reaction model was generally used to investigate the pyrolysis
process of hemicellulose. Mahinpey9 studied the kinetic pyrol-
ysis of lignin using the single Gaussian-DAEM-reaction model
reaction model, and found the maximum activation energy in
the range of 158–170 kJ mol�1, which was close to the values of
the kinetic parameters for lignin using the double Gaussian-
DAEM-reaction model in this study. However, as stated earlier
in part 3.1.3, the single Gaussian-DAEM-reaction model resul-
ted in larger deviations than the double Gaussian-DAEM-reac-
tion model. Besides, the calculated value of Fit in eqn (7) (Fit ¼
7.57%) was much larger than the double Gaussian-DAEM-
reaction model (Fit ¼ 2.04%). Therefore, the pyrolysis kinetics
of lignin could be described more accurately using the double
Gaussian-DAEM-reaction model than traditional single
Gaussian-DAEM-reaction model. Base above analysis, it can be
concluded that the double Gaussian-DAEM-reaction model is
an effective tool for determining the pyrolysis proles of lignin.

Várhegyi et al.32 reported that lignin pyrolysis resulted in 30–
35% char and a large amount of low molecular mass volatiles.
The two partial reactions proposed in this study could describe
the thermal decomposition behavior of lignin. Partial reaction I
was attributed to the formation of low molecular mass prod-
ucts, corresponding to the scission of various oxygen functional
groups exited in lignin. Since different oxygen functionalities
having different thermal stability, their scission takes place at
different temperatures (500 to 700 K). Partial reaction II was
assigned to the complex charring forming process involving the
complete rearrangement of the carbon skeleton and the release
of gas products.
3.3 a(T) curves

From amathematical point of view, the a(T) and the DTG curves
are not equivalent. Accordingly, we also tested how effective the
model is to predict the a(T) curves with the same parameters
obtained from the evaluation of the DTG curves. In theory, the
model could describe the changes of the degree of conversion as
a function of temperature by integrating the calculated DTG
curve. Fig. 5 showed that this approach resulted in a good t for
cellulose based on the parameters obtained from the single
Gaussian-DAEM-reaction model, and for hemicellulose and
lignin based on the parameters obtained from the double
Gaussian-DAEM-reaction model.
This journal is © The Royal Society of Chemistry 2014
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Fig. 6 The f(E) curves estimated for cellulose, hemicellulose and
lignin.
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3.4 f(E) curves

3.4.1 Cellulose. The f(E) curves for cellulose were shown in
Fig. 6a. It can be observed from Fig. 6a that the range of acti-
vation energy for cellulose was 232–248 kJ mol�1. The pyrolysis
of cellulose occurred in a small interval of activation energy (s¼
2.366 kJ mol�1) and therefore was conned in a narrow
temperature range (560–650 K) in DTG curves. This process was
fast, and it can be concluded that the energies required to
decompose different intermediate products were similar.

3.4.2 Hemicellulose. The f(E) curves for hemicellulose were
shown in Fig. 6b. It can be observed from Fig. 6b that the range
This journal is © The Royal Society of Chemistry 2014
of activation energy for hemicellulose was 70–200 kJ mol�1.
Hemicellulose presented two separate Gaussian peaks of acti-
vation energy in Fig. 6b. The lower Gaussian peak had a low
value of activation energy with a wide interval (s ¼ 22.787 kJ
mol�1), and it was attributed to partial reaction I. The higher
peak corresponding to partial reaction II had a larger value of
activation energy with a narrow interval (s¼ 6.65 kJ mol�1), and
therefore was conned in a narrow temperature range (500–600
K). The process of partial reaction II was fast, and the energies
required for the breakdown of the bonds of the glycosidic
groups, polymerization of the glycosyl units and the decompo-
sition of the sugar moiety were similar.

3.4.3 Lignin. The f(E) curves for lignin were shown in Fig. 6c.
From Fig. 6c, it can be seen that the range of activation energy for
lignin was 125–250 kJmol�1. As shown in Fig. 6c, lignin displayed
two overlapped Gaussian peaks, because the mean activation
energies of the two partial reactions were close. It can be
concluded that the energies required for the scission of the func-
tional groups in reaction I and for complete rearrangement of the
carbon skeleton were quite similar in reaction II. In comparison
with reaction I (s¼ 10.448 kJmol�1), reaction II has a larger value
of activation energywith awide interval (s¼ 27.448 kJmol�1), and
was conned in a wide temperature range (400–900 K).

4. Conclusions

The pyrolysis processes of cellulose, hemicellulose and lignin
were investigated byTGA inN2 atmospherewith anonisothermal
temperature program. The single Gaussian-DAEM-reaction
model coulddescribe thedataof cellulose verywell,while it could
notdescribe thedataofhemicelluloseor lignincorrectly. Inorder
to describe the thermal decompositions of hemicellulose and
lignin more accurately, a novel double Gaussian-DAEM-reaction
model considering two partial reactions was developed and used
for the pyrolysis kinetics of hemicellulose and lignin. Calculated
results from determined kinetic parameters provided a good t
for the DTG data of hemicellulose and lignin. The ranges of
activation energies for cellulose, hemicellulose and lignin were
230–250 kJ mol�1, 90–200 kJ mol�1 and 100–230 kJ mol�1,
respectively. Results from themodeling procedure indicated that
the novel double Gaussian-DAEM-reaction model reported in
this study is an effective and accurate at determining the pyrol-
ysis behaviour of hemicellulose and lignin.
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