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Abstract The pyrolysis kinetic analysis of the three

pseudocomponents of biomass, namely cellulose, hemi-

cellulose and lignin, were investigated using a thermo-

gravimetric (TG) analyzer. The multi-peaks method was

used to fit the Gaussian distribution model of DTG curves.

The activation energies of three pseudocomponents pyrol-

ysis were evaluated using sinusoidally modulated temper-

ature method. The results showed that the multi-peaks

methods can fit the DTG curves of cellulose, hemicellulose

and lignin successfully. There was only one reaction stage

for the pyrolysis of cellulose and hemicelluloses. There

were two reaction stages for the pyrolysis of lignin. The

average E was 112.6, 162.8 and 156.8 kJ mol-1 for cel-

lulose, hemicellulose and lignin, respectively.

Keywords Pyrolysis � Biomass � Kinetic analysis �
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Introduction

The increasing anthropogenic CO2 emission and global

warming have challenged the human to find new and better

ways to meet the world’s increasing needs for energy while

reducing greenhouse gases [1]. The world currently faces a

systematic problem of increased CO2 emissions, decreased

soil-carbon content and global warming. Generation of

transportation fuels from biomass has gained significant

interest in the recent years as it is a clean, sustainable and

renewable energy source [2]. Pyrolysis of biomass is one of

the thermochemical processes carried out in the absence of

oxygen and bio-oil, and syngas and biochar are produced in

the process [3]. Bio-oil is easy to transport, making bio-

mass a dominant choice for the replacement of fossil fuels

[4]. The content of the syngas is primarily CO, H2, CH4

and CO2. The literature [5] has reported that the gases can

be used as the heat source in a recycling fluidized bed

reactor. Biochar can be used as a soil amendment and has

attracted attention due to its ability for long-term

improvements in soil physical and chemical properties [6].

Kinetic investigations are one of the most important

applications of thermal analysis for lignocellulosic biomass.

There are a variety of models available for analyzing the

kinetics of biomass thermal decomposition studies,

including first-order [7], discrete activation energy distri-

butions [8], isoconversional method [9–11] and sequential

models [12]. It is well known that cellulose (40–50 mass%),

hemicellulose (25–35 mass%) and lignin (16–33 mass%)

are the building blocks of biomass material [2]. Several

researchers [13–15] have investigated this kind of three

parallel reaction model of biomass pyrolysis. The model

assumes that lignocellulosic biomass contains three inde-

pendently reacting pseudocomponents (hemicellulose, cel-

lulose and lignin). Instead of the study of kinetics of

specified biomass, a lot of literatures [13, 16] are intended to

analyze the thermal decompositions of main constituents of

biomass in the inert environment using a thermogravimetry

(TG). Mamleev et al. [17] developed the modulated ther-

mogravimetry (MTG) method to calculate the activation
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energy of the decomposition process. Previous kinetic

research focuses on multiple heating rates [7–12]. In MTG,

the perturbations caused by the sinusoidal temperature

modulation are connected with derivatives of mass loss by

simple scaling, where activation energy plays a role of a

scaling parameter. The ratio of the experimentally mea-

sured perturbations to the experimental derivative is used

for the model-free computation of activation energy. The

latter variant is free from a number of assumptions and

restrictions made in the isoconversional computations. In

particular, it allows the use of a single decomposition curve

and it remains in force even in the case of multistage

decomposition with conjugated processes [18, 19].

In the previous research, the efforts focused on char-

acterizing the pyrolysis oil [20, 21] and the kinetic of

biomass pyrolysis [16, 22, 23]. To better understand the

decomposition behaviors of cellulose, hemicellulose and

lignin in inert atmosphere. The present work was to

investigate the pyrolysis kinetic of three pseudocompo-

nents using sinusoidally modulated temperature method.

The multi-peaks method was used to fit the Gaussian

distribution model of DTG curves of the three pseudo-

components. It was anticipated that the outcomes of this

study would provide some new insights into the pyrolysis

processes biomass.

Methods

Materials

In this experimental study, cellulose (CAS No.: 9004-34-

6), hemicellulose (CAS No.: 9014-63-5) and lignin (CAS

No.: 8068-05-1) were supplied from Sigma-Aldrich Co.,

Ltd (USA). Prior to experiment, the feedstock materials

were put into an oven to outgas the water at the tempera-

ture of 378 K for 12 h.

TG analysis

A TG balance was used for all kinetic analysis tests. Non-

isothermal TG was performed using a TA Instruments

Q5000IR analyzer. The temperature range was from 313 to

1200 K, with heating rate (HR) 5 K min-1. Ultrahigh

purity N2 was used at a constant flow rate of

100 mL min-1.

Determination of the E

The modulation of temperature is the perturbation of a

temperature–time relationship using sinusoidal component

[17–19]. According to the technique of TA Instruments, the

modulated temperature is specified in Eq. (1):

Tm ¼ T0 þ at þ L sin 2pxtð Þ ð1Þ

where T0 is the initial temperature, a is a heating rate, t is

the time, x is a frequency, L is the amplitude of the

modulation. In this work, L = 0.002 K, 1/x = 2 s.

The extent of da/dt is calculated according to Eq. (2):

da
dt

¼
Xn

1

wi

dai

dt
ð2Þ

where ai is the partial degree of decomposition, wi is the

mass contributions of each Gaussian model.

The perturbation in the derivative caused by the tem-

perature modulation can be expressed as Eq. (3):

F tð Þ ¼ dam

dt
� dau

dt
� E

da
dt

Tm � Tu

RT2 tð Þ

� �
ð3Þ

where au and Tu are the predicted data of the experimental

functions of am and Tm, E is the activation energy.

By simple regrouping of the coefficients in Eq. (3), the

following discrete function was introduced as Eq. (4):

F� tkð Þ ¼ RT2 tkð Þ F tkð Þj j
L

ð4Þ

where tk ¼ 1
2
þ k

� �
=2x; k = 0, 1, 2…

From here activation energy can be determined by

Eq. (5):

E ¼ F� tkð Þ
da=dtð Þjt¼tk

¼
Pn

1 wi
dai

dtPn
1

dai

dt

ð5Þ

Results and discussion

Pyrolysis behavior of cellulose, hemicellulose

and lignin

In this research, a typical heating rate of 5 K min-1 was

used to investigate the pyrolysis behavior of cellulose,

hemicellulose and lignin. The results of the TG and DTG

curves of the three pseudocomponents are shown in Fig. 1.

Figure 1a shows that the pyrolysis behavior was different

for the cellulose, hemicellulose and lignin. There was no

mass loss up to 520, 426 and 440 K for cellulose, hemi-

cellulose and lignin, respectively. The mass remaining of

the three pseudocomponents were also different. At the

temperature of 700 K, almost all cellulose was decomposed

with a very low solid residue (6.3%) left. However, high

solid residue was left for hemicellulose (23.2%) and lignin

(48.5%) at 1200 K. As shown in Fig. 1b, it was evident that

cellulose exhibited a tall narrow peak and hemicellulose

had a lower peak with a flat tailing, while lignin had two

DTG peaks. Cellulose degradation happened between 514

and 670 K, and hemicellulose began to thermally
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decompose at 426–800 K. There were two degradation

stages for the pyrolysis thermal events of lignin: The first

degradation stage took place at 440–840 K and the second

degradation stage took place at 840–1162 K [13].

Multi-peaks method to determine the Gaussian

distribution model

Multi-peaks method was used to determine the Gaussian

distribution model using the Levenberg–Marquardt algo-

rithm. The DTG curves of cellulose, hemicellulose and

lignin based on Gaussian distribution are shown in Fig. 2.

Figure 2 shows that there were 1, 3 and 5 Gaussian peaks

for the DTG curves of cellulose, hemicellulose and lignin,

respectively. The Gaussian peak can indicate the partial

reaction of decomposition of the three pseudocomponents.

Cai et al. [24] also reported that single Gaussian model can

fit the pyrolysis process of cellulose very well. The

cellulose molecule used in this work is a very long chains

of b(1,4) linked D-glucose units without any branches. It

showed that there was only one chemical reaction in the

pyrolysis process of cellulose. The main hemicellulose
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Fig. 1 TG and DTG curves of cellulose, hemicellulose and lignin:

a TG; b DTG
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Fig. 2 DTG curves of cellulose, hemicellulose and lignin based on

Gaussian distribution: a cellulose; b hemicellulose; c lignin
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component is xylan, which is composed of 1,4-linked b-d-

xylopyranose (b-d-Xylp) units that can be substituted at

C-2 and/or C-3 by short and flexible side chains. The

hemicelluloses had some branches structure. Figure 2b

shows three chemical reactions can illustrate the pyrolysis

process of hemicellulose. Lignin is a highly cross-linked

polyphenolic aromatic polymer and is composed of p-hy-

droxyphenyl, guaiacyl and syringyl units. The thermal

decomposition of lignin occurred in a broad temperature

range, and there are two reaction stages in the DTG curve

[13]. The first reaction stage can be illustrated using two

chemical reactions and the later reaction stage can be

divided into three chemical reactions.

Kinetic analysis of cellulose, hemicellulose and lignin

In this research, the modulated temperature is determined

according Eq. (1), L = 0.002 K, 1/x = 2 s. If a pyrolysis
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Fig. 3 Values of Ea at the different values of a of the partial chemical reaction model
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process under study is controlled by only one chemical

reaction, the kinetic for the case of the modulated tem-

perature can be described Eq. (3). For the partial chemical

reaction Gaussian models in Fig. 2, the values of Ea can be

determined by Eq. (5). Values of Ea at the different values

of a of the partial chemical reaction model are shown in

Fig. 3. The DTG curve of cellulose pyrolysis can be

illustrated using single Gaussian curve. Ea shown in

Fig. 3a were the Ea of cellulose pyrolysis. Values of Ea at

the different values of a of hemicelluloses and lignin can

be calculated by the partial chemical reaction models of

Fig. 3b–i.

Figure 4 shows the perturbations of derivatives of mass

loss calculated as the difference between the modulated

and unmodulated derivatives. One can see that the pre-

diction resulting from the interpolation becomes bigger

with increasing in DTG data. The real experiment contains

restrictions both on amplitude and on period of the mod-

ulation. If these restrictions are exhausted, the remaining

experimental parameter can govern accuracy.

Mamleev et al. [25] investigated the effect of heating rate

on the perturbations of derivatives of mass loss calculated

as the difference between the modulated and unmodulated

derivatives. These results showed that the prediction

resulting from the interpolation becomes worse with

increasing heating rate. It is better to do experiment under

lower heating rate.

E is the equal to height of potential barrier on ele-

mentary step of chemical reaction. Values of Ea at the

different values of a of the three pseudocomponents are

shown in Fig. 5. Figure 5 shows that the average E was

112.6, 162.8 and 156.8 kJ mol-1 for cellulose,

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

100

200

300

400

 Model 4 of lignin

(h)

E
/k

J 
m

ol
–1

α

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

100

200

300

400

 Model 5 of lignin

(i)

E
/k

J 
m

ol
–1

α

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
0

50

100

150

200

250

300

350

400

 Model 3 of lignin

(g)

E
/k

J 
m

ol
–1

α

Fig. 3 continued

Pyrolysis kinetic analysis of the three pseudocomponents of biomass–cellulose, hemicellulose… 1829

123



hemicellulose and stage lignin, respectively. Cai et al.

[26] reported the activation energy values for solid-state

reactions are between 50 and 350 kJ mol-1. The Ea of

cellulose pyrolysis were ranged from 110 to 130 kJ mol-1

using Freidman method [23]. The Ea of hemicellulose and

lignin also fit the literatures very well [26, 27]. Thus,

based on the above results from different researchers, the

Ea value in this work seemed to be reasonable. It was
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Fig. 4 Perturbations of derivatives of mass loss calculated as the difference between the modulated and unmodulated derivatives
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concluded that the activation energies were required to

decompose different intermediate products. The decom-

position of both hemicellulose and lignin occurred in a

wide temperature range, and the activation energy was

larger than cellulose. The results would provide some new

insights into the pyrolysis processes biomass.

Conclusions

The kinetic analysis of the cellulose, hemicellulose and lig-

nin were investigated using a TG analyzer. The multi-peaks

method was used to fit the Gaussian distribution model of

DTG curves of the three pseudocomponents. The Ea of three

pseudocomponents were evaluated using sinusoidally mod-

ulated temperature method. There were 1, 3 and 5 Gaussian

peaks for the DTG curves of cellulose, hemicellulose and

lignin, respectively. The Gaussian peak can indicate the

partial reaction of decomposition of the three pseudocom-

ponents. The activation energies were required to decompose

different intermediate products. The decomposition of both

hemicellulose and lignin occurred in a wide temperature

range, and the activation energy was larger than cellulose.

The average E was 112.6, 162.8 and 156.8 kJ mol-1 for

cellulose, hemicellulose and lignin, respectively.
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