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� Pyrolysis conversion of rape straw (RS) and wheat bran (WB) was characterized by TGA.
� The pyrolysis performance of RS and WB was improved by increasing heating rate.
� Thermodynamic (DH, DG, DS) & kinetic [E, A, f(x)] parameters were gained by TG curves.
� The best kinetic models for pyrolysis of RS and WB were D2 and F2.7, respectively.
� Biomass pyrolysis requires high temperatures and is endothermic and non-spontaneous.
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a b s t r a c t

The thermal conversion characteristics, kinetics, and thermodynamics of agricultural residues, rape straw
(RS) and wheat bran (WB), were investigated under non-isothermal conditions. TGA experiments showed
that the pyrolysis characteristics of RS were quite different from those of WB. As reflected by the com-
prehensive devolatilization index, when the heating rate increased from 10 to 30 K min�1, the pyrolysis
performance of RS and WB were improved 5.27 and 5.96 times, respectively. The kinetic triplets of the
main pyrolysis process of agricultural residues were calculated by the Starink method and the integral
master-plots method. Kinetic analysis results indicated that the most potential kinetic models for the
pyrolysis of RS and WB were D2 and F2.7, respectively. The thermodynamic parameters (DH, DG, and
DS) were determined by the activated complex theory. The positive DH, positive DG, and negative DS
at characteristic temperatures validated that the pyrolysis of agricultural residues was endothermic
and non-spontaneous.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Along with socio-economic development and population
increases, the energy problems have already seeped to each aspect
of society. The massive consumption of fossil fuels by humans will
eventually threaten their finite resource nature and meanwhile
deteriorate ecological environment including global warming and
atmospheric pollutions (Hassan et al., 2016; Wu et al., 2014; Xu
et al., 2014). These factors have motivated a growing interest in
the potential utilization of alternative fuels, among which biomass
resources have attracted particular attention for their abundant
reserves, wide distribution, ready availability, and CO2 neutral
property (Saidur et al., 2011). Actually, large quantities of
agricultural residues are abandoned, if their energy potential are
efficiently exploited, that will produce good benefit of society,
environment, and economy (Yahya et al., 2015).

China is a great agricultural country, which generates a consid-
erable number of agricultural residues every year, but most of
them are irresponsibly discarded (Gai et al., 2013). As two typical
residues, rape straw (RS) and wheat bran (WB) are profusely avail-
able in China in terms of resource potential. Generally, most of
these two residues were directly burned on the farmland by farm-
ers, which caused serious air pollution by releasing CO2, SO2, NOx,
particulate matters, and other pollutants. With the continuous
improvement and development of environmental laws, extensive
and unreasonable treatments for agricultural residues have been
strictly prohibited by Chinese government. Moreover, the undesir-
able properties such as high hygroscopicity, low grindability and
nonuniformity for raw agricultural residues have limited their
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further recycling and unitization as energy resources (Lu et al.,
2013). In order to address the environmental problems brought
by direct burning, and overcome drawbacks of raw agricultural
residues, many researches have been performed to convert agricul-
tural residues into high added value biofuels or chemical feed-
stocks by various thermochemical conversion (TCC) technologies,
such as pyrolysis, liquefaction, and gasification, acquiring solid
char, liquid tar or hydrogen rich gas as the target product
(Sonobe et al., 2008; Goyal et al., 2008).

Among various approaches of utilizing agricultural residues,
interest in pyrolysis has been growing dramatically. As a single
technology, pyrolysis can upgrade raw residues for biofuels, or
various intermediate compounds for the chemical industry (Song
et al., 2014; Yahya et al., 2015; Gollakota et al., 2016). Considering
that the pyrolysis conversion of raw agricultural residues into
various products has a high dependence on the kinetics and
thermodynamics of the thermal decomposition reactions, the
accurate kinetic and thermodynamic parameters are necessary
for proper design of a pyrolysis process (Xu and Chen, 2013;
White et al., 2011). According to related literature (Gai et al.,
2013; Worasuwannarak et al., 2007; Ounas et al., 2011; Aboyade
et al., 2011), the thermogravimetric analysis (TGA) is usually
employed to evaluate the pyrolysis process of agricultural residues,
which can be conducted under non-isothermal conditions with a
well-defined heating rate. As reported by Gai et al. (2013), the ther-
mal decomposition properties and kinetics of corn straw and rice
husk were systematically investigated in a TGA under non-
isothermal conditions. The results showed that the pyrolysis char-
acteristic parameters and apparent activation energies of these two
agricultural wastes had inconsistent variation trends, which were
closely affected by their distinct chemical compositions. A similar
appearance has also been reported in the pyrolysis of rice straw,
rice husk, and corncob (Worasuwannarak et al., 2007). Despite
their elemental compositions were almost the same, the pyrolysis
characteristics were obviously distinct due to their differences in
the composition of hemicellulose, cellulose, and lignin. As another
important agricultural residue, sugar cane bagasse also gained
wide concerns, especially on the non-isothermal kinetic analysis.
Ounas et al. (2011) have found that the apparent activation ener-
gies for the pyrolysis of sugar cane bagasse could be divided into
two steps, 168–180 kJ mol�1 for hemicellulose decomposition in
the conversion range of 10–40% and 231–240 kJ mol�1 for cellulose
decomposition in the conversion range of 50–80%, respectively.
However, Aboyade et al. (2011) obtained different values of
170–225 kJ mol�1 in the conversion range of 10–80%, including
200–300 kJ mol�1, 163–245 kJ mol�1 and 80–180 kJ mol�1 for ther-
mal decomposition of hemicelluloses, cellulose and lignin derived
from sugar cane bagasse, respectively. From these researches, it
is quite evident that agricultural residues can be treated as one
of the most significant and promising renewable energy resources.
Up to now, the pyrolysis conversion of various common types of
agricultural residues have been done and reported, but few focused
on the thermal decomposition of RS and WB, particularly an
absence on thermodynamic analysis.

In this article, the thermal behaviors, kinetics, and thermody-
namics from the pyrolysis of RS and WB were evaluated by using
thermogravimetric analyzer at three different heating rates. On
basis of model-free method and integral master-plots method,
the kinetic parameters [E, A, and f(x)] of the thermal degradation
of RS and WB were discussed. Furthermore, the thermodynamic
parameters, namely the changes of enthalpy (DH), Gibbs free
energy (DG), and entropy (DS), were estimated at the pyrolysis
characteristic temperatures (the initial decomposition tempera-
ture Tv, maximum decomposition rate temperature Tp, and termi-
nal decomposition temperature Tf) by the activated complex
theory.
2. Materials and methods

2.1. Materials

As two common agricultural residues, rape straw (RS) and
wheat bran (WB) were selected to conduct thermogravimetric
analysis experiments. Prior to the thermal analysis experiments,
the materials were crushed, sieved with a particle size of 180–
350 lm, and then dehydrated in a drying oven at 378.0 K for at
least 2 h until obtaining a constant weight. To offer some insights
into the properties of raw residues, the proximate, ultimate, and
biochemical analysis for RS and WB were performed, and the
results were presented in Table 1.

2.2. Thermogravimetric analysis

The thermal analysis experiments of RS and WB were carried
out in a NETZSCH STA 449C simultaneous thermal analyzer. In
order to reduce the mass transfer and heat transfer limitation gen-
erated by samples themselves, the initial weight of agricultural
residues was maintained at a small value of 8.0 mg. The agricul-
tural residues placed into the crucible of the thermogravimetric
analyzer (TGA) were heated up from ambient temperature to
1073 K at the heating rates of 10, 20, and 30 K min�1. An inert
atmosphere was produced by the carrier gas of pure nitrogen
(N2, 99.99% purity). The flow rate of N2 during pyrolysis was main-
tained at 80 mL min�1. It was high enough to eliminate some sec-
ondary reactions. For each test of heating rate, the blank run was
carried out for TG baseline correction without material in the cru-
cible. All thermal analysis experiments were repeated at least
twice to ensure the reproducibility of experimental results.

2.3. Kinetic and thermodynamic analysis theory

Generally, the kinetic equation is established under isothermal
and homogeneous conditions (Mu et al., 2016). However, the ther-
mal degradation process of agricultural residues in this work was a
typical non-isothermal and heterogeneous solid-state reaction,
which involves complicated chemical reactions and complex phys-
ical processes such as mass transfer, heat transfer, and their inter-
actions. For performing the kinetic analysis for thermal
degradation process of agricultural residues, the kinetic equation
should be modified by changing the reactant concentration (c) into
the conversion degree (x, x = (m0 � mt)/(m0 � mf) where m0, mt,
and mf are the initial weight, the weight at reaction time t, and
the final weight, respectively) and dividing the non-isothermal
process into innumerable isothermal steps (Vyazovkin et al.,
2011, 2014; Du et al., 2014).

dc
dt

¼ kðTÞ � f ðcÞ ) dx
dT

� dT
dt

¼ kðTÞ � f ðxÞ ð1Þ
where dc/dt or dx/dt represents the reaction or conversion rate; f(c)
or f(x) is the thermal degradation mechanism function (Chen et al.,
2012, 2013); k(T) is the rate constant, and can be expressed by the
Arrhenius formula, k(T) = Aexp(�E/RT) where A, E, R, and T are the
pre-exponential factor, apparent activation energy, universal gas
constant, and absolute temperature, respectively.

When the non-isothermal thermal analysis experiment con-
ducting at the constant heating rate b = dT/dt, Eq. (1) can be rear-
ranged to the following form:

dx
dT

¼ A
b
� exp � E

RT

� �
� f ðxÞ ð2Þ

The integral form of Eq. (2) can be written as:

gðxÞ ¼
Z x

0

dx
f ðxÞ ¼

A
b

Z T

T0

exp � E
RT

� �
dT ¼ AE

bR
½PðuÞ � Pðu0Þ� ð3Þ



where g(x) represents the integrated form of the reaction function;
u = E/RT and P(u) represents the temperature integral. Based on Eq.
(3), diverse kinetic analysis approaches can be developed by substi-
tuting disparate empirical equations for P(u) (White et al., 2011;
Janković et al., 2009).

2.3.1. Model-free method
Recently, model-free method has been widely used in evaluat-

ing the thermal degradation kinetics of various solid materials,
such as coal (Tahmasebi et al., 2013), oil shale (Fan et al., 2016),
municipal solid waste (Bhavanam and Sastry, 2015), sludge
(Chen et al., 2015a, b), or biomass (Zou et al., 2010; Wu et al.,
2014), since they can easily give the value of E without assuming
the reaction model. And it is also known as the iso-conversional
method, because the determination of E obtained is a function of
x. As two most common model-free methods, the Kissinger-
Akahira-Sunose (KAS) method and the Flynn-Wall-Ozawa (FWO)
method could be written by a general expression (Gai et al., 2013).

ln
b

Ts

� �
¼ Cs � BE

RT
ð4Þ

where disparate s and B will give rise to diverse model-free meth-
ods, i.e. the KAS method by s = 2, B = 1, the FWO method by s = 0,
B = 1.0516. Provided s and B are respectively changed to 1.92 and
1.0008, the accuracy degree of E is much higher than that deter-
mined by the KAS and FWO method. This is the Starink method
(Starink, 2003; Vyazovkin et al., 2011).

ln
b

T1:92

� �
¼ ln

AR0:92

gðxÞE0:92

 !
� 0:312� 1:0008

E
RT

ð5Þ

The corresponding temperature integral is:

PðuÞ ffi expð�1:0008u � 0:312Þ
u1:92 ð6Þ
2.3.2. Integral master-plots method
In each thermal analysis test, the thermal degradation reaction

rate at ambient temperature T0 is much slower than that at the
maximum degradation temperature. Thus, the value of P(u0) would
be much smaller than P(u). And Eq. (3) can be approximated as
(Wu et al., 2014):

gðxÞ ¼ AE
bR

PðuÞ ð7Þ

For a single-zone thermal decomposition reaction, the kinetic
parameters are constant. The suitable reaction function can be
acquired to simulate the thermal data by using the predetermined
value of E. Employing x = 0.5 as a reference, Eq. (7) would be
rewritten as:

gð0:5Þ ¼ AE
bR

Pðu0:5Þ ð8Þ
where g(0.5) is the integral function at x = 0.5; u0.5 = E/RT0.5; T0.5 is
the temperature at x = 0.5.

Dividing Eq. (7) by Eq. (8) can give the integral master-plots
formula.

gðxÞ
gð0:5Þ ¼

PðuÞ
Pðu0:5Þ ð9Þ

The theoretical master plots can be calculated via drawing g(x)/
g(0.5) versus x from various most frequently used kinetic functions
g(x) (Chen et al., 2012; 2013). And the experimental master plots
can be estimated via describing P(u)/P(u0.5) versus x from the ther-
mal data at diverse heating rates. Eq. (9) shows that, for a specified
x, the experimental value of P(u)/P(u0.5) will be consistent with the
theoretical value of g(x)/g(0.5) when a suitable kinetic model is
adopted.

2.3.3. Thermodynamic parameters
The thermodynamic parameters of the thermal decomposition

process of RS and WB can be determined by the activated complex
theory of Eyring (Boonchom and Puttawong, 2010; Vlaev et al.,
2008). The general equation gives

A ¼ evkBT
h

� �
exp

DS
R

� �
ð10Þ

where the pre-exponential factor A is the value calculated by the
integral master-plots method. e, v, kB, and h represent the Neper
number, the transition factor, the Boltzmann constant, and the
Plank constant, respectively; and T is the characteristic temperature
of the pyrolysis. The change of entropy (DS) can be obtained by the
following formula.

DS ¼ R ln
Ah

evkBT

� �
ð11Þ

Since

DH ¼ E � RT ð12Þ
where the apparent activation energy E can be calculated by the
Starink method; The change of enthalpy (DH) is the state function
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increase of DTG could also be explained by the Eq. (4). Similar tem-
perature shifts and DTG increases have also been reported in the
researches on the thermal degradation of oil-palm biomass (Idris
et al., 2012), corn cobs/sugar cane bagasse (Aboyade et al., 2011),
corn straw/rice husk (Gai et al., 2013), and other biomass materials
at different heating rates.

For further understanding the effect of heating rate on the
pyrolysis characteristics of RS and WB, some characteristic param-
eters were illustrated in Table 2, which can be gained from TG and
DTG profiles. Tv, the initial thermal decomposition temperature; Tp,
the maximum decomposition rate temperature; �Rp, the maxi-
mum weight loss rate; �Rv, the average weight loss rate; DT1/2,
the temperature range at half value of �Rp; WL, the total weight
loss during pyrolysis; WR, the weight of residues after pyrolysis;
Tf, the final thermal decomposition temperature; D, the compre-
hensive devolatilization index, which can be defined as follows
(Chen et al., 2012; Chen et al., 2015a, 2015b):

D ¼ ð�RpÞ � ð�RvÞ
Tv � Tp � DT1=2

ð14Þ

As shown in Table 2, whether RS or WB, with the heating rate
increasing, the characteristic temperatures (Tv, Tp, DT1/2, and Tf)
of the thermal degradation moved to higher temperatures, the
characteristic decomposition rates (�Rp and �Rv) obviously
increased. As the heating rate rose, the value of WL increased,
but the value of WR decreased. The higher WL and lower WR at a
higher heating rate could be attributed to shorter residence times
in the TGA and less chars generated by the secondary thermal
degradation reactions like cracking, re-condensation and re-
polymerization. The similar finding has also been reported by
Chen et al. (2015a, 2015b) in the research of petrochemical
wastewater sludge pyrolysis. When the heating rate went up from
10 to 30 K min�1, the index of D from the thermal degradation of
RS andWB increased from 8.55 � 10�7 to 4.51 � 10�6%2 K�3 min�2,
and 2.55 � 10�7 to 1.52 � 10�6%2 K�3 min�2, respectively. With the
heating rate increasing, the pyrolysis performance of RS and WB
was improved 5.27 and 5.96 times, respectively.

3.2. Kinetic parameters of RS and WB

3.2.1. Calculation of apparent activation energy E
The kinetic analysis of the thermal decomposition of

agricultural residues can acquire more information from TGA
Table 2
Pyrolysis characteristic parameters for RS and WB at 10, 20, and 30 K min�1.

Samples ba Tv
b Tp

c �RP
d DT1/2

e

K min�1 K K % min�1 K

RS
10 435.2 605.6 6.90 86.0
20 449.4 615.4 12.62 92.0
30 458.0 626.4 19.29 92.4

WB
10 441.4 601.2 4.04 117.2
20 454.6 616.2 8.16 118.6
30 457.8 622.8 11.60 135.4

a b, the heating rate.
b Tv, the initial decomposition temperature.
c Tp, the maximum decomposition rate temperature.
d �Rp, the maximum weight loss rate.
e DT1/2, the temperature range at half value of �Rp.
f �Rp, the average weight loss rate.
g WL, the weight loss of samples during the pyrolysis.
h WR, the residual weight after pyrolysis experiment.
i Tf, the terminal decomposition temperature.
j D, the comprehensive devolatilization index.
experiments. A thorough understanding of pyrolysis kinetics is of
great importance to provide guidance for designing a safe, efficient,
and reasonable pyrolysis process (Zhu et al., 2015; Mu et al., 2016).
The main target of this section is to calculate the kinetic triplets,
which are apparent activation energy E, apparent pre-exponential
factor A, and kinetic model f(x), from the thermal degradation of
two agricultural residues.

On the basis of the recommendation from the Kinetics Commit-
tee of the International Confederation for Thermal Analysis and
Calorimetry (ICTAC Kinetics Committee), the E values determined
by the model-free method should be in a broad x interval of
5–95% with an increment of not greater than 5% (Vyazovkin
et al., 2011). However, the initiation and the termination of solid-
state reactions are unstable, so the interval of x applied in this arti-
cle was the middle of 20–80% with an increment of 5% (Janković
et al., 2009).

Based on Eq. (5), for a specified x, the E value can be estimated
from the slope of regression by plotting lnb/T1.92 against 1/T. The
plots for the calculation of E using the Starink method at three dis-
parate heating rates of 10, 20, and 30 K min�1 were drawn. The
approximate parallel regressions reflected that the values of E
determined at different x might be described by a single-step reac-
tion mechanism or unification of multiple reaction mechanisms (Li
et al., 2015b). The values of slope, E, and correlation coefficient (R2)
for the thermal degradation of RS and WB were calculated and pre-
sented in Table 3. Data of R2 listed in Table 3 were in the range of
0.9897–0.9999, indicating that the E values calculated by the Star-
ink method were very reliable. As suggested by Boonchom and
Puttawong (2010), if the relative error of the slope of the straight
lines is lower than 10%, it is considered that the E values are inde-
pendent of x. The values of E presented in Table 3 varied little with
x, so the thermal degradation of RS and WB followed a single-step
reaction. The average values of E for the pyrolysis of RS and WB
were 98.93 kJ mol�1 and 96.85 kJ mol�1, respectively. The values
could be used in the master-plots method to find the reaction
model. In the previous research (Gai et al., 2013), the E values in
the conversion (x) range of 0.20–0.80 were 98.72–148.06 kJ mol�1

and 50.49–88.99 kJ mol�1 for the thermal degradation of corn
straw and rice husk, respectively. Aboyade et al. (2011) have
reported that the E values in the conversion (x) range of
0.10–0.80 were ranged from 170–225 kJ mol�1 to 75–130 kJ mol�1

for sugar cane bagasse and corn cobs, respectively. The differences
in E values could be ascribed to the biomass sources (species,
�Rv
f WLg WRh Tf

i Dj

% min�1 % % K %2 K�3 min�2

2.81 60.70 24.30 651.2 8.55 � 10�7

4.67 62.18 22.06 717.8 2.32 � 10�6

6.19 66.79 22.64 790.2 4.51 � 10�6

1.97 53.08 28.36 711.0 2.55 � 10�7

3.55 56.98 28.29 777.0 8.72 � 10�7

5.06 59.15 26.23 817.0 1.52 � 10�6





Based on Eq. (3), the value of x can be calculated as a function of
reaction temperature T through using the kinetic parameters in
Table 4. As seen from Fig. 4(c-d), the calculated line and experi-
mental data were almost coincident, which indicated that the
kinetic triplets can accurately predict and reproduce the thermal
degradation process of RS and WB.

3.3. Thermodynamic parameters of RS and WB

The thermodynamic parameters of the thermal decomposition
of agricultural residues were of great importance to properly
design a reactor in the large-scale pyrolysis process (Xu and
Chen, 2013). Table 5 showed the thermodynamic parameters (the
changes of enthalpy DH, Gibbs free energy DG, and entropy DS)
from the pyrolysis of RS and WB at Tv, Tp, and Tf of 10 K min�1.
The positive values of DH at the characteristic temperatures
reflected that the thermal degradation of RS and WB was an
endothermic reaction, meaning that an external source of heat
was required to transform the reagents into their transition state
(Boonchom and Puttawong, 2010). It is clearly observed that DH
for RS was slightly larger than that for WB. As for RS, the value
of DH slightly decreased from 95.31 kJ mol�1 to 93.52 kJ mol�1 as
the pyrolysis temperature went up from Tv, to Tf. Similarly, when
the pyrolysis temperature increased from Tv, to Tf, the value of
DH for WB decreased from 93.18 kJ mol�1 to 90.94 kJ mol�1.

The thermal degradation of agricultural residues occurred at Tv
was mainly attributed to the evaporation of moisture and light
volatile components. With the pyrolysis temperature increasing,
the chemical bonds began to break. The parameter of DG reflects
the increase in total energy of the system at the approach of the
reagents and the formation of activated complex (Li et al., 2015a,
b). And the value of DS is the measure of disorder or randomness
of energy and matter in a system (Xu and Chen, 2013). As pre-
sented in Table 5, the positive DG and negative DS at Tv, Tp, and
Tf validated that the thermal degradation of agricultural residues
was a non-spontaneous process. The values of DG for the thermal
decomposition of RS were slightly larger than those of WB, which
meant that the pyrolysis process of RS needed introducing more
heat. The absolute values of DS for the pyrolysis of RS were
144.20, 146.95, and 147.55 J mol�1 s�1 at Tv, Tp, and Tf, respectively.
With regard to the pyrolysis of WB, corresponding absolute values
of DS at Tv, Tp, and Tf were 131.40, 133.97, and 135.36 J mol�1 s�1,
respectively. Since the absolute values of DS from the thermal
degradation of RS were slightly higher than those from the pyrol-
ysis of WB, more energy was required for RS to reduce the disorder
degree (Li et al., 2015a, b). Furthermore, the low value of DS
revealed that the samples have just passed through some physical
or chemical aging processes, transforming them to a state that was
close to their own thermodynamic equilibrium (Huang et al.,
2016). As listed in Table 5, whether RS or WB, with the thermal
degradation deeply going, the values of DS became lower and
lower. The results indicated that the state of samples were near
their thermodynamic equilibrium. In this situation, the reactivity
of thermal degradation of agricultural residues was low, and the



Table 4
Kinetic triplets of the pyrolysis of RS and WB at 10, 20, and 30 K min�1.

Samples b E A f(x) R2

K min�1 kJ mol�1 s�1

RS 10 98.93 7.240 � 105 [�ln(1 � x)]�1 0.9975
20 6.595 � 105 0.9986
30 6.873 � 105 0.9964

WB 10 96.85 3.426 � 106 (1 � x)2.7 0.9969
20 3.531 � 106 0.9985
30 3.386 � 106 0.9992

Table 5
Thermodynamic parameters of the pyrolysis of RS and WB at Tv, Tp, and Tf of 10 K min�1.

Samples Tv DH DG 4S Tp DH DG 4S Tf DH DG 4S
K kJ mol�1 kJ mol�1 J mol�1 K�1 K kJ mol�1 kJ mol�1 J mol�1 K�1 K kJ mol�1 kJ mol�1 J mol�1 K�1

RS 435.2 95.31 158.07 �144.20 605.6 93.89 182.89 �146.95 651.2 93.52 189.60 �147.55
WB 441.4 93.18 151.18 �131.40 601.2 91.85 172.39 �133.97 711.0 90.94 187.18 �135.36
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system needed introducing an external energy source to produce
the activated complex. These thermodynamic parameters were
consistent with thermal analysis results.

4. Conclusions

The pyrolysis process of rape straw (RS) and wheat bran (WB)
could be roughly distinguished as: dewatering and decomposition
of volatiles. The pyrolysis characteristics were closely related to
chemical components and experimental conditions. Kinetics anal-
ysis indicated that the average activation energies for the pyrolysis
of RS andWBwere 98.93 kJ mol�1 and 96.85 kJ mol�1, respectively.
The most optimal kinetic models for the pyrolysis of RS and WB
were [�ln(1�x)]�1 and (1�x)2.7, respectively. The positive DH, pos-
itive DG, and negative DS at characteristic temperatures validated
that the pyrolysis of agricultural residues was endothermic and
non-spontaneous.
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