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In order to study the effect of biomass components on the low temperature (30–400◦ C)
pyrolysis, the thermogravimetric analysis (TGA) of corn stover (CS) and its three detergent
fibers (extracted by Van Soest method) were studied, and the model compounds
of cellulose, hemicellulose and lignin were also tested as comparison. The results
shows the low temperature pyrolysis index (P) is significantly different (PADL < Plignin
< PCS < PNDF−CS < Pxylan < PADF−CS < Pcellulose ). Klason-lignin has stronger thermal
stability and decomposes more difficult than alkali lignin. The original cross-linked
structure and interaction of the three components inhibited volatiles releasing, especially
significant below 300◦ C. The synergistic effect between cellulose and lignin promoted
devolatilization and decreased the initial temperature of cellulose decomposition. At
last, the low temperature pyrolysis kinetics parameters (apparent activation energy
and pre-exponential factor) of CS and its detergent fibers were calculated via the
Coats-Redfern methods. This study can provide a theoretical basis for optimization
of process conditions and industrial application of low temperature pyrolysis for
lignocellulosic biomass.
Keywords: corn stover, detergent fibers, low temperature pyrolysis, thermogravimetric analysis, kinetics analysis

INTRODUCTION
China has abundant biomass resource which mainly refers to lignocellulosic materials, including
residues and by-products of agriculture, forestry and other related industries (Li et al., 2016). The
abundance and renewability of lignocellulosic materials renders them a promising feedstock for
cost-effective energy production (Pant et al., 2010). As a thermo-chemical conversion, fast pyrolysis
of biomass is not only an process for liquid fuel production that can be used directly, but also an
intermediate pretreatment step to convert solid biomass into a higher energy content transportable
liquid for subsequent processing for heat, power, biofuels, and chemicals (Bridgwater, 2012). But,
the bio-oil obtained by single-step pyrolysis is composed of much complex mixture of oxygenated
hydrocarbons with an appreciable proportion of water (Bridgwater, 2012), which leads to a lower
calorific value, unstable burning and difficult to refine. The stepwise pyrolysis could improve
the utilization of bio-oil according to different thermal decomposition behavior of cellulose,
hemicellulose and lignin. Zhang et al. (2016) investigated the two-step pyrolysis of soybean stalk,
and the result showed that the bio-oil produced by two-step pyrolysis had significantly higher
selectivity toward acetic acid, furfural, methyl catechol, benzene and methylbenzene. Because, as the
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for bio-fuel production with high value and selectivity of
chemicals production.

first step pyrolysis, low temperature pyrolysis would be expected
to minimize the moisture content and further decomposition
of carbohydrates into smaller oxygenated compounds and
produced bio-oil with high calorific value and selectivity
(Hammer et al., 2015). In addition, low temperature pyrolysis is
also a thermo-chemical pretreatment in several fields of biomass
utilization. For example, torrefaction is a mild pyrolysis process
at lower temperature used to improve the fuel quality of biomass
so that it converts to a more appropriate solid fuel (Acharya
et al., 2015). Zhang et al. (2019) compared the effect of dry and
wet torrefaction at temperature range from 180◦ C to 280◦ C on
the chemical characteristic and thermal degradation behavior
of corn stalk digestate. Wang et al. (2016) reported a study on
lower temperature fast pyrolysis pretreatment that was applied to
promote anaerobic digestion efficiency of corn stover.
As a natural polymer, lignocellulosic biomass is mainly
composed of cellulose, hemicellulose, and lignin. Pyrolysis
characteristics of the three main components are fundamental
and essentially important for a better understanding of thermochemical conversion of lignocellulosic feedstocks. In recent
years, pyrolysis characteristics of lignocellulosic feedstocks and
their major components have been extensively studied by
many researchers. Many of them investigated the pyrolysis
characteristics of cellulose, hemicellulose and lignin using
TGA and the pyrolysis temperature ranges of the three main
components were obtained (Zhang et al., 2015). However, most
of the researches used simplex model compounds rather than
complicated lignocellulose to study the pyrolysis characteristics
of biomass, which neglected the interaction among the three
components and cross-linked structure in biomass.
The detergent fibers are the residues extracted from raw
biomass by detergent solution, which can get rid of one
component and conserve the other ingredients. The pyrolysis
activity of lignocellulosic detergent fibers could not only express
the interaction of the components in biomass, but also could
provide essential information of the pyrolysis characteristics
of individual components by differences. This study used
the detergent fibers as model compounds to investigate the
low temperature pyrolysis behavior of cellulose, hemicellulose
and lignin in biomass, which can evaluate the effect of
interaction among the three components and cross-linked
structure in biomass.
Therefore, this research studied the low temperature pyrolysis
characteristics of CS, which is one of the main agro-residues
in the world, using its detergent fibers as model compounds
extracted by Van Soest method. In order to investigate the
characteristics of each component pyrolysis at low temperature,
thermogravimetric analysis and kinetic analysis of CS and its
three detergent fibers were studied with the temperature range of
30–400◦ C, and the model compounds of cellulose, hemicellulose
and lignin were also tested as comparison. This study can
provide a theoretical basis for low temperature pyrolysis of
lignocellulosic biomass, which has a appreciable significance

MATERIALS AND METHODS
Raw Materials
CS was collected from Zibo district of Shandong Province, and
pulverized to particles with the particle size below 0.147 mm
before analysis. The proximate and ultimate analysis of CS are
shown in Table 1. The proximate analysis of CS was tested by
ASTM standard. The ultimate analysis elemental composition
of carbon, hydrogen, nitrogen and sulfur was determined by an
elemental analyzer (Vario EL cube, Germany), and the oxygen
content was calculated by difference. α-cellulose, xylan and alkali
lignin were provided by Sigma corporation (Germany), which
were selected as model compounds for cellulose, hemicellulose
and lignin.

Detergent Fibers Extraction Experiment
The extraction of detergent fibers was carried out by an extraction
unit (FIWE6, VELP Co., Italy), following the analytic procedure
developed by Van Soest (Goering and Van, 1971) (Figure 1).
The cellulose, hemicellulose, and lignin contents of CS were
determined synchronously. NDF is the raw materials removed
protein, fat and other extracts, which mainly includes cellulose,
hemicellulose, lignin and ash. ADF is the acid detergent fiber that
mainly containing cellulose, lignin and ash. And ADL mainly
consists of lignin and ash.

Thermogravimetric Experiment
The pyrolysis characteristics of model compounds of cellulose,
xylan, lignin, CS and detergent fibers of CS (NDF, ADF, ADL)
were conducted on a TGA (STA449C-QMS403C, Germany). In
the TGA experiments, approximately 8 mg sample was heated

TABLE 1 | Proximate and ultimate analysis of CS.
Proximate analysis (wt%)

Abbreviations: ADF, Acid detergent fiber; ADL, Acid detergent lignin; CS, Corn
stover; DTG, Derivative thermogravimetric; NDF, Neutral detergent fiber; TG,
Thermogravimetric; TGA, Thermogravimetric analysis.
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Ultimate analysis (dry basis, wt%)

Moisture

5.82

Carbon

40.82

Volatile
matter

73.53

Hydrogen

5.41

Fixed
carbon

15.79

Nitrogen

1.43

Ash

4.39

Sulfur

0.36

Oxygen (by
difference)

47.85

FIGURE 1 | Detergent fiber extraction analysis procedure.
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from 30 to 400◦ C at a heating rate of 10◦ C/min, using nitrogen as
purge gas with flow rate of 30 mL/min.

TABLE 2 | Component of corn stover and its detergent fibers (wt.%).
Samples extractives Hemicellulose Cellulose Lignin Undissolved ash

Determination of Reaction Kinetics
Parameters

CS

According to the Arrhenius equation and the weight loss under
the same heating rate of all samples, the dynamic model
expressed as below:
A
E
dα
= exp(− )f (α)
dt
β
RT

(1)

2RT
E
AR
(1 −
)] −
βE
E
RT

(2)

Where,
F(α) = ln[-ln(1 − α)/T2 ] for n = 1
F(α) = ln[1 − (1 − α)(1−n) /T2 (1 − n)] for n 6= 1
For the thermal degradation of biomass, 2RT/E is very small
2RT
(2RT/E << 1), so the value of ln[ AR
βE (1 − E ) is approximate to a
constant. Therefore, the kinetic parameters (apparent activation
energy and pre-exponential factor) could be obtained from the
slope and intercept of linear fitting about Equation (2). Different
values of n were used to fit and selected according to the linear
fitting degree (R2 ).

RESULTS AND DISCUSSION
Analysis of Detergent Fibers
Table 2 lists the lignocellulosic composition of the raw CS
and its detergent fibers. From the relative contents of each
component in the detergent fibers, the pyrolysis behavior of
NDF-CS samples could reflect the synergy of the three major
components. Since cellulose accounts for 79.49% in ADF-CS
samples, the pyrolysis characteristics of cellulose dominate the
ADF-CS pyrolysis behavior. Lignin and a portion of insoluble
ash are the main components in ADL-CS samples, which is also
called Klason-lignin (Shen et al., 2015). This study investigated
the pyrolysis characteristics of each CS components based on the
differences among CS and its detergent fibers.

Thermogravimetric Analysis of Corn Stover
and Its Detergent Fibers
The TGA of the three model compounds (cellulose, xylan and
lignin) was studied under nitrogen atmosphere (Figures 2A,B).
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31.39

41.05

6.34

4.27

–

37.89

49.43

7.62

5.15

ADF-CS

–

–

79.49

12.25

8.28

ADL-CS

–

–

–

59.68

40.31

The pyrolysis characteristics of three samples showed great
differences which can be related to the different chemical
structures among cellulose, xylan and lignin (Quan et al., 2016).
Due to existence of side and branched chains of hemicellulose
and lignin, their initial pyrolysis temperature was lower than
that of cellulose. While, cellulose showed a sharp derivative
thermogravimetric (DTG) peak at 345◦ C. In the temperature
range of 30–400◦ C, the pyrolysis stability of lignin is much
higher than cellulose and xylan. The solid residue left from lignin
pyrolysis is 65.42% at 400◦ C, which illustrates the lignin is still
not completely pyrolysis in the temperature range.
Figures 2C,D shows the thermogravimetric (TG) and DTG
curves of CS and its detergent fibers pyrolysis at low temperature.
The thermal weight loss of four samples could be approximately
divided into three stages with temperature range of 30–
400◦ C according to peaks of DTG curves, including moisture
evaporation and slight degradation step, main pyrolysis step
and carbonization step. In the first step, the moisture was
removed and some low molecular weight products generated.
With the increase of temperature, large quantity of volatile
released in main pyrolysis step due to the cleavage of main
chain. Carbonization step had a slight weight loss with a small
temperature range. The weight loss ratio of CS and its detergent
fibers in different pyrolysis stage is showed in Table 3. As shown
in Figure 2D, a small peak appeared in the initial stage of the
four samples pyrolysis caused by moisture evaporation, and in
the ADL-CS samples, the reduction of free water was more
severe because of absorption of moisture determined by lignin
(Chen et al., 2012). When the pyrolysis temperature reached to
around 150◦ C, all the samples turned to slight degradation step,
and partly depolymerization and glass transition phenomena
appeared. But, the initial temperature that volatile matters of the
four samples released was different (TADL−CS < TCS < TNDF−CS
< TADF−CS ), which is determined by the constituents of CS and
its detergent fibers. The order is proportional to the proportion
of cellulose and inversely proportional to the content of lignin
in the samples. All the samples appeared a weight loss peak in
the main pyrolysis step except ADL-CS. The DTG curve of the
CS had a shoulder peak at around 225◦ C, which is believed the
peak resulting from hemicellulose pyrolysis. A high proportion
of hemicellulose in samples will result in an obvious shoulder
peak in DTG curve (George et al., 2006). But, the shoulder peak
disappeared in the DTG curve of NDF-CS pyrolysis, instead of a
single wider peak, which may be a result of reduction of neutral
extractives leading to postponing temperature of hemicellulose
pyrolysis. Guo et al. (2010) research indicated neutral extractives
can promote production of carboxylic acids, which is the main

(M0 −Mt )
Where α is the conversion ratio of the sample and α = (M
;
0 −M∞ )
t is time; M0 and M∞ are the initial mass and final mass of the
sample, respectively; Mt is the mass of the sample at time t; A is
the pre-exponential factor; β refers to heating rate of pyrolysis;
E stands for apparent activation energy; R is the universal gas
constant; T represents the temperature; And f(α) = (1 − α)n ,
n is the order of reaction.
Integration of Equation (1) according to the Coats and
Redfern method gave the following equation (Atul and Rao,
1999):

ln[F(α)] = ln[

16.95

NDF-CS

3
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FIGURE 2 | TG and DTG curves for three simplex model compounds (cellulose, xylan and lignin) (A,B), CS and its detergent fibers (C,D) at low temperature.

production of hemicellulose in the lower temperature pyrolysis
(Lv et al., 2010). The DTG curve of ADF-CS had a sharp peak
at around 337◦ C which reflecting the pyrolysis characteristics
of cellulose. The DTG curve of ADL-CS appeared two slight
peaks. The first one is the result of cleavage of side chains in
lignin and generation of smaller molecules including CO, CO2
and H2 O etc. The second one is caused by degradation of main
chain in lignin, which was weakly in the temperature range. In
addition, the corresponding temperature of maximum weight
loss peak of CS, NDF-CS and ADF-CS (334–338◦ C) was similar
to cellulose. The result showed there was no significant influence
on the corresponding temperature of maximum pyrolysis peak by
changing the composition of extractives, hemicellulose and lignin
within a certain range.
The solid residue yield (S) of four samples at 400◦ C was
significant different (SADF−CS < SNDF−CS < SCS < SADL−SC ).
The differences of cellulose and lignin pyrolysis characteristics
resulted in the highest value of S for ADL-CS, while ADF-CS was
the lowest. The char yield of NDF-CS pyrolysis was significantly
less than CS, which could be attributed to the reduction of
extractives. The extractives can promote the generation of
coke during CS pyrolysis (Raveendran et al., 1996). whose
one reason is a portion of ash dissolved in neutral detergent,
and another reason is the reduction of extractives, because
the extractives can promote the generation of coke during CS
pyrolysis (Raveendran et al., 1996).
Pyrolysis parameters of all samples could be obtained by TG
and DTG curves, as shown in Table 4. However, the direction
of the parameters is dispersed that cannot evaluate the pyrolysis
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characteristics comprehensively. So a low temperature pyrolysis
index (P) was used to describe devolatilization characteristics
of samples at lower temperature based on pyrolysis parameters
developing from the method of Fu et al. (2009), as shown
in Equation (3).

P=

Dmax · Davg
Ts · Tmax · S

(3)

Where, Ts is the initial temperature of volatiles releasing; Dmax
refers to the maximum weight loss rate of volatiles (the peak value
of DTG); Tmax is the corresponding temperature of Dmax ; Davg
represents the average weight loss rate of volatiles; S stands for
solid residue yield at terminal temperature.
A high value of P can illustrates that the sample has an
excellent performance of volatiles releasing at low temperature
pyrolysis, and the order is PADL−CS < Plignin < PCS < PNDF−CS
< Pxylan < PADF−CS < Pcellulose , which is mainly decided by the
diversity of constituents in samples and pyrolysis characteristics
of cellulose, hemicellulose and lignin. Although the Ts of NDFCS increased by reduction of extractives from CS, the PNDF−CS
was still higher than PCS . After washing by neutral detergent,
the structure of NDF-CS became more loose, leading to the
decomposition of volatiles is more severe (SNDF−CS < SCS ).
The result of PADL−CS < Plignin showed that klason-lignin has
stronger thermal stability and decomposes more difficult than
alkali lignin, and the same result was concluded by Wang et al.
(2015), whose reason is the condensation reaction by H2 SO4
during the preparation of ADL. As shown in their DTG curves

4
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TABLE 3 | Weight loss ratio of CS and its detergent fibers in different pyrolysis stage (30–400◦ C).
Sample

Drying and slight degradation step

Main pyrolysis step

Carbonization step

Temperature range (◦ C) Weight loss ratio (%) Temperature range (◦ C) Weight loss ratio (%) Temperature range (◦ C) Weight loss ratio (%)
CS

30–210

4.94

210–382

55.75

382–400

NDF-CS

30–235

5.12

235–388

65.48

388–400

1.01
1.23

ADF-CS

30–245

5.96

245–375

70.40

375–400

1.09

ADL-CS

30–170

6.95

170–400

26.10

–

–

TABLE 4 | Pyrolytic parameters of three simplex model compounds (cellulose, xylan and lignin) (a,b), CS and its detergent fibers.
Sample

Ts (◦ C)

Dmax
(% · min−1 )

Tmax (◦ C)

Davg
(% · min−1 )

S (%)

P (10−5 )

8.28

cellulose

296

−24.7

340

−2.33

6.82

Xylan

185

−10.17

278

−1.92

23.15

1.77

Lignin

170

–.6

320

−0.87

65.44

0.07

CS

205

−9.57

334

−1.54

38.32

0.56

NDF-CS

235

−10.16

336

−1.79

28.46

0.81

ADF-CS

245

−23.1

337

−1.95

21.82

2.50

ADL-CS

170

2.5

375

−0.81

67.80

0.04

(Figures 2B,D), the pyrolysis characteristics of ADL-CS and
lignin have significant differences.

Pyrolysis Characteristic Comparison of
Detergent Fibers and Model Compounds
of CS
According to the proportion of cellulose, hemicellulose and
lignin distributed in NDF-CS and ADF-CS, cumulative
calculation of the weight loss of three model compounds deduced
TG curves of NDF-CS(cal) and ADF-CS(cal), respectively,
following the formula as below:

SDF = SC × XC + SH × XH + SL × XL + Xash

(4)

Where, SDF , SC , SH and SL stand for solid residue yield of
detergent fiber, cellulose, hemicellulose and lignin; XC , XH , XL
and Xash are the proportions of cellulose, hemicellulose, lignin
and ash distributed in detergent fibers, respectively.
The influences of interaction and cross-linked structure
in detergent fibers on devolatilization characteristics at low
temperature could be obtained by comparison with the
differences between experimental and calculated TG values of
detergent fibers, as shown the imaginary line in Figure 3. Many
studies proved that washing can eliminate the effect of ash on
pyrolysis characteristics of biomass by water or weak acids (Jiang
et al., 2013), so the TG curves of NDF-CS and ADF-CS can
mostly reflect the synergistic pyrolysis characteristics of cellulose,
hemicellulose and lignin. Furthermore, the construction of lignin
was damaged seriously in ADL after washing, so pyrolysis
characteristics of ADL-CS were not given.
As shown in Figure 3, before 200◦ C, the samples stayed in
moisture evaporation and slight degradation step and volatiles
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FIGURE 3 | Pyrolysis characteristic differences between experimental and
calculated values of NDF-CS and ADF-CS.

releasing slightly, so there is weaker impact on devolatilization
by interaction of original component.
With the increase of temperature, the difference between
experimental TG value and calculated values became more
seriously. The intensity of inhibitory action on pyrolysis and
devolatilization was increased by interaction of components in
NDF-CS, and it was the strongest when the temperature reach
to 290◦ C (X). Then, intensity of inhibitory action was declined
till 321◦ C (Y). The differences between experimental value and
calculated value were negative in the temperature range of 321–
349◦ C, which showed the positive effect on devolatilization.
After 349◦ C, the intensity of inhibitory action was enhanced
again. During pyrolysis of NDF-CS, the temperature point of X

5
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and Y is nearly identical with the Ts of cellulose (296◦ C) and
the terminal temperature point (325◦ C) of main pyrolysis step
of hemicellulose. As the increase of temperature, hemicellulose
decomposed firstly and formed liquid covering the surface of
cellulose, which resulted in the inhibition of volatiles releasing
from cellulose (Hosoya et al., 2007). But this cannot explain the
inhibition among constituents in NDF-CS before 296◦ C, when
the cellulose was relative stable. The phenomenon may be main
caused by the original cross-linked structure of CS. Previous
studies show that in biomass, the hemicellulose is connected with
cellulose and lignin by the hydrogen and covalent bonds, and
the bond energy are approximate 50 kJ/mol and 100–400 kJ/mol,
respectively (Sofia et al., 2009; Zhang et al., 2011). When the
pyrolysis temperature is lower, the bond between hemicellulose
and other components inhibits the devolatilization, which was
also concluded by Svenson et al. (2004). The TG curves of
birch and calculated value of cellulose, hemicellulose and lignin
in the temperature range of 300-600◦ C were compared, and
the result showed there was significant difference at 300◦ C.
But little differences in the temperature range of 400–600◦ C.
As the temperature further increased, volatiles releasing of
hemicellulose nearly completely, and the degradation of lignin
in NDF-CS occurred. The volatile production of cellulose
acted as H-donors, and the free radicals generated from lignin
degradation acted as H-acceptors, which can promote cellulose
decomposing to small molecule gases (Hosoya et al., 2009). The
low temperature pyrolysis of cellulose can provide additional free
radicals promoted scission of lignin and lignin-derivatives, which
can produce a synergistic effect between cellulose and lignin
devolatilization. The synergistic effect is beneficial for volatilize
of cellulose and lignin.
Compared the differences of TG curves between experimental
value and calculated value of ADF-CS, the result showed that
in the initial main pyrolysis step, interaction of components
promoted the devolatilization of ADF-CS. The promotion was
enhanced with the increase of temperature until 346◦ C. Then,
the promotion decreased gradually. In the process of ADFCS pyrolysis, the devolatilization was advanced before 296◦ C
(similar to the Ts of cellulose). Although the chemical bond
connected all the constitutes inhibited volatiles releasing, the
distribution of components was more compact and the thermal
conductivity of lignin was higher than cellulose, leading to the
faster heat transformation of ADF-CS. In addition, the surface of
raw biomass still kept fibrous and porous during pyrolysis (Gani
and Naruse, 2007) which further enhanced the release of volatiles
in ADF-CS. Furthermore, with the temperature increasing, the
influence from cross-linked structure in raw biomass became

weaker and the synergistic reaction between cellulose and lignin
was stronger, which resulted in the interaction of components
was much stronger. This can provided a theoretical direction for
industrial application of low temperature pyrolysis of original
biomass, such as torrefaction.
When the temperature increased to 370◦ C, the experimental
TG curves of NDF-CS and ADF-CS showed inhibiting action,
which may be caused by the difference pyrolysis behaviors
between alkali lignin and lignin in detergent fibers (Wang et al.,
2007). Besides, the dehydration sugar is easy to polymerization
to promote carbonization reaction of lignin during pyrolysis
(Haruo et al., 2003).
Overall, the inhibition of interactions among the components
in NDF-CS was stronger than that in ADF-CS in general,
whose main reason was the difference among the components as
mentioned above. Meanwhile, the productions of hemicellulose
were similar with cellulose during biomass pyrolysis, which
further inhibited degradation of cellulose (Collard and Blin,
2014). Moreover, the slight damage of the cross-linked structure
cannot be neglected by the acid detergent washing, leading to
reducing the inhibition effect of ADF-CS.

Low Temperature Pyrolysis Kinetic
Analysis of CS Components
The low temperature pyrolysis kinetics parameters of CS, NDFCS, ADF-CS, NDF-CS (cal) and ADF-CS (cal) were calculated via
the Coats-Redfern methods, as shown in Table 5. When the value
of n was 2, the R2 was optimal. The E of CS is lower than NDFCS and ADF-CS, which may be caused by some components
removing during process of washing, including neutral extracts
and hemicellulose. The A of the three samples increases in turn,
which is attributed to cellulose relative content raising during
process of washing. With the increase of E and A, the pyrolysis
temperature range and the peak value of DTG is more higher,
which is corresponding to previous analysis in this paper.
The calculated E and A of NDF-CS and ADF-CS all are lower
than the experimental values, which could be attributed by (1) the
original cross-linked structure of NDF-CS and ADF-CS, which
lead to the components connect with each other, and more
energy to break the original structure. (2) the synergistic effect
of cellulose and lignin, which resulted in the increase of A.

CONCLUSION
The low temperature (30–400◦ C) pyrolysis characteristics of
CS detergent fibers and model components is significantly
different by comparison the TG and DTG curves and the

TABLE 5 | Pyrolysis kinetics parameters of CS and its detergent fibers.
Temperature range/◦ C

n

E/kJ · mol−1

A/s−1

R2

CS

300–380

2

53.8

1.7 × 108

0.964

NDF-CS(exp)

300–390

2

84.3

1.845 × 1015

0.985

NDF-CS(cal)

310–390

2

75.8

8.512 × 1011

0.979

ADF-CS(exp)

300–380

2

112.9

3.602 × 1019

0.978

ADF-CS(cal)

300–380

2

100.5

4.312 × 1015

0.990

Sample
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DATA AVAILABILITY

low temperature pyrolysis index (P). The tendency of TG
curves of NDF-CS(difference) and ADF-CS(difference) illustrated that
the effect of components interaction and original cross-linked
structure in CS on devolatilization characteristics and enhanced
the activation energy and pre-exponential factor of samples.
When the pyrolysis temperature is below to 200◦ C, the effect of
interaction among three components and cross-linked structure
on pyrolysis behavior of biomass can be neglect. While, when
the temperature ranges from 200 to 400◦ C, the effect cannot be
neglect. The effect inhibits the release of pyrolysis volatiles in
the whole pyrolysis process. But, in the main pyrolysis region
of cellulose, the interaction between lignin and cellulose has
obvious synergistic effect on volatile releasing and decrease the
initial temperature of the cellulose volatilization. In the future
work, how the components interaction and original cross-linked
structure of lignocellulosic biomass effect the complex pyrolytic
reaction and the pyrolysis products should be further study. This
study can provide a theoretical basis for choosing a reasonable
temperature region and optimization of process conditions
according to different purpose of low temperature pyrolysis.

The datasets generated for this study are available on request to
the corresponding author.

AUTHOR CONTRIBUTIONS
FW participated in the experiment and writing of text. DZ
participated in the analysis of data and writing of text. MC
participated in the experiment. WY and LW participated in the
theoretical analysis of the research.

ACKNOWLEDGMENTS
The authors gratefully thank the financial support from The
National Natural Science Foundation of China (51276103,
51536009, 51406109), Shandong Province Natural Sciences
Fund Project (ZR2019BEE049), Higher Education Superior
Discipline Team Training Program of Shandong Province and
Distinguished Expert of Taishan Scholars Shandong Province.

REFERENCES

Hosoya, T., Kawamoto, H., and Saka, S. (2009). Solid/liquid- and vapor-phase
interactions between cellulose- and lignin-derived pyrolysis products. J. Anal.
Appl. Pyrol. 85, 237–246. doi: 10.1016/j.jaap.2008.11.028
Jiang, L., Hu, S., Sun, L. S., Su, S., Xu, K., He, L. M., et al. (2013). Influence
of different demineralization treatments on physicochemical structure
and thermal degradation of biomass. Bioresource Technol. 146, 254–260.
doi: 10.1016/j.biortech.2013.07.063
Li, K., Liu, R., and Sun, C. (2016). A review of methane production from
agricultural residues in China. Renew. Sustain. Energy Rev. 54, 857–865.
doi: 10.1016/j.rser.2015.10.103
Lv, G., Wu, S., and Lou, R. (2010). Characteristics of corn stalk
hemicellulose pyrolysis in a tubular reactor. Bioresources 5, 2051–2062.
doi: 10.15376/biores.5.4.2051-2062
Pant, D., Van, B. G., Diels, L., and Karolien, V. (2010). A review of the substrates
used in microbial fuel cells (MFCs) for sustainable energy production.
Bioresource Technology 101, 1533–1543. doi: 10.1016/j.biortech. 2009.10.017
Quan, C., Gao, N., and Song, Q. (2016). Pyrolysis of biomass components
in a TGA and a fixed-bed reactor: thermochemical behaviors, kinetics,
and product characterization. J. Anal. Appl. Pyrol. 121, 84–92.
doi: 10.1016/j.jaap.2016.07.005
Raveendran, K., Ganesh, A., and Khilar, K. C. (1996). Pyrolysis
characteristics of biomass and biomass components. Fuel 75, 987–998.
doi: 10.1016/0016-2361(96)00030-0
Shen, D., Liu, G., Zhao, J., Xue, J., Guan, S., and Xiao, R. (2015).
Thermo-chemical conversion of lignin to aromatic compounds: effect of
lignin source and reaction temperature. J. Anal. Appl. Pyrol. 112, 56–65.
doi: 10.1016/j.jaap.2015.02.022
Sofia, D., Lennart, S., and Gatenholm, P. (2009). On the interactions between
cellulose and xylan, a biomimetic simulation of the hardwood cell wall.
Bioresoursces 4, 3–14. doi: 10.1515/HF.2009.036
Svenson, J., Pettersson, J. B. C., and Davidsson, K. O. (2004). Fast pyrolysis of
the main components of birch wood. Combust. Sci. Technol. 175, 977–990.
doi: 10.1080/00102200490428585
Wang, F., Zhang, D., Wu, H., Yi, W., Fu, P., Li, Y., et al. (2016). Enhancing
biogas production of corn stover by fast pyrolysis pretreatment.
Bioresource Technol. 218, 731–736. doi: 10.1016/j.biortech.2016.
07.025
Wang, S., Ru, B., Lin, H., Sun, W., and Luo, Z. (2015). Pyrolysis behaviors of four
lignin polymers isolated from the same pine wood. Bioresource Technol. 182,
120–127. doi: 10.1016/j.biortech.2015.01.127

Acharya, B., Dutta, A., and Minaret, J. (2015). Review on comparative study
of dry and wet torrefaction. Sustain. Energy Technol. Assess. 12, 26–37.
doi: 10.1016/j.seta.2015.08.003
Atul, S., and Rao, T. R. (1999). Kinetics of pyrolysis of rice husk. Bioresource
Technol. 67, 53–59. doi: 10.1016/s0960-8524(99)00073-5
Bridgwater, A. V. (2012). Review of fast pyrolysis of biomass and product
upgrading. Biomass Bioenergy 38, 68–94. doi: 10.1016/j.biombioe. 2011.01.048
Chen, D., Zheng, Y., and Zhu, X. (2012). Determination of effective moisture
diffusivity and drying kinetics for poplar sawdust by thermogravimetric
analysis under isothermal condition. Bioresource Technol. 107, 451–455.
doi: 10.1016/j.biortech.2011.12.032
Collard, F.-X., and Blin, J. (2014). A review on pyrolysis of biomass constituents:
Mechanisms and composition of the products obtained from the conversion of
cellulose, hemicelluloses and lignin. Renew. Sustain. Energy Rev. 38, 594–608.
doi: 10.1016/j.rser.2014.06.013
Fu, X., Zhong, Z., Xiao, G., and Rui, L. (2009). Comparative study on pyrolysis
characteristics and dynamics of grass biomass. Trans. CSAE 25, 199–202.
Gani, A., and Naruse, I. (2007). Effect of cellulose and lignin content on pyrolysis
and combustion characteristics for several types of biomass. Renew. Energy 32,
649–661. doi: 10.1016/j.renene.2006.02.017
George, S., Panagiotis, G., Panagiotis, B., Emmanuel, K., and Sakellaropoulos, G.
(2006). Pyrolysis and combustion characteristics of biomass and wastederived
feedstock. Industr. Eng. Chem. Res. 45, 3791–3799. doi: 10.1021/ie060107g
Goering, H. K., and Van, S. P. (1971). Forage Fiber Analysis USDA-ARS Agric.
Handbook. Washington: Gov.Print.
Guo, X., Wang, S., Wang, K., Liu, Q., and Luo, Z. (2010). Influence of extractives
on mechanism of biomass pyrolysis. J. Fuel Chem. Technol. 38, 42–46.
doi: 10.1016/s1872-5813(10)60019-9
Hammer, N. L., Garrido, R. A., Starcevich, J., Coe, C. G., and Satrio, J. A. (2015).
Two-step pyrolysis process for producing high quality bio-oils. Industr. Eng.
Chem. Res. 54, 10629–10637. doi: 10.1021/acs.iecr.5b02365
Haruo, K., Masaru, M., and Saka, S. (2003). Pyrolysis behavior of levoglucosan
as an intermediate in cellulose pyrolysis: polymerization into polysaccharide
as a key reaction to carbonized product formation. J. Wood Sci. 49, 469–473.
doi: 10.1007/s10086-002-0487-5
Hosoya, T., Kawamoto, H., and Saka, S. (2007). Cellulose–hemicellulose and
cellulose–lignin interactions in wood pyrolysis at gasification temperature. J.
Anal. Appl. Pyrol. 80, 118–125. doi: 10.1016/j.jaap.2007.01.006

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

7

August 2019 | Volume 7 | Article 188

Wang et al.

Characteristics of CS Components Pyrolysis

Wang, S., Zheng, Y., Luo, Z., Shi, Z., and Cen, K. (2007).
Kinetic
study
on
pyrolysis
of
biomass
components.
J.
Zhejiang Univ. 41, 585–588. doi: 10.1097/01.rct.0000234072. 16
209.ab
Zhang, B., Leng, E., Wang, P., Gong, X., Zhang, J., Zhang, Y., et al. (2015). Effect
of reducing ends on the pyrolysis characteristics and product distribution
of cellulose. J. Anal. Appl. Pyrol. 114, 119–126. doi: 10.1016/j.jaap.2015.
05.007
Zhang, D., Wang, F., Zhang, A., Yi, W., Li, Z., and Shen, X. (2019). Effect
of pretreatment on chemical characteristic and thermal degradation
behavior of corn stalk digestate: comparison of dry and wet torrefaction.
Bioresource Technol. 275, 239–246. doi: 10.1016/j.biortech.2018.
12.044
Zhang, L., Li, K., and Zhu, X. (2016). Two-step pyrolysis characteristics of bean
stalks. J. Fuel Chem. Technol. 44,534–539.

Frontiers in Bioengineering and Biotechnology | www.frontiersin.org

Zhang, X., Yang, W., and Blasiak, W. (2011). Modeling study of woody biomass:
interactions of cellulose, hemicellulose, and lignin. Energy Fuels 25, 4786–4795.
doi: 10.1021/ef201097d
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2019 Wang, Zhang, Chen, Yi and Wang. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

8

August 2019 | Volume 7 | Article 188

Wang et al.

Characteristics of CS Components Pyrolysis

NOMENCLATURE
α Conversion ratio
M Mass of sample
A Pre-exponential factor
E Apparent activation energy
β Heating rate of pyrolysis
R Universal gas constant
n Order of reaction
Ts Initial temperature of volatiles releasing
P Pyrolysis index
D Weight loss rate of volatiles
S Solid residue yield at terminal temperature
SDF , SC , SH , SL Solid residue yield of detergent fiber, cellulose,
hemicellulose and lignin
XC , XH , XL , Xash Proportions of cellulose, hemicellulose, lignin
and ash distributed in detergent fibers
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