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a  b  s  t  r  a  c  t

Pyrolysis  characteristics  of  the corn  stalk  were  investigated  at  different  temperatures  and  pressures,  with
focus mainly  on  the  releasing  profiles  and  forming  behaviors  of gas. The  results  show  that  a higher  pres-
sure  was  conducive  to  the  yield  of  H2 and  CH4, and was  not  conducive  to the  generation  of  CO.  Combustible
gas  components  increase  with  the  increase  temperature.  H2 concentration  was  affected  significantly  by
temperature,  was  mainly  released  at higher  temperatures  (>500 ◦C).  At  700 ◦C,  the combustible  gas  com-
ponents  are  up  to 90%  and  H2 concentration  is up  to 51.78%.  The  gas  components  of corn  stalk  pyrolysis
char  steam  gasification  mainly  consisted  of CO  and  H2, 25.7%  and  50.7%  respectively.  The  calorific  value  of
gasification  gas  is up  to 9508.9  kJ/M3. A  kinetic  study  of  the pyrolysis  process  of  the  corn  stalk  was  inves-
yrolysis kinetics
asification
haracteristic
igh pressure

tigated  using  a thermogravimetric  analyzer.  As  the  heating  rate  increased,  the  activity  energy  reduced.
By  using  the  Popescu  method  to determine  that  shrinking  core  model  can  reflect  the  pyrolysis  process  of
corn stalk  truly  at low  temperature  pyrolysis,  and  chemical  reaction  model  can  reflect  the  pyrolysis  pro-
cess of  corn  stalk truly at high  temperature  pyrolysis.  Experimental  results  showed  that  values  of kinetic
parameters  can  be  successfully  used  to  understand  the  degradation  mechanism  of  solid-state  reaction.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Resource and environmental problems have become major con-
traints for the rapid development of China. The renewable energy
s an effective and alternative way to achieve the sustainable devel-
pment of energy. Biomass is the only renewable energy which
an be directly converted into carbon liquid and fuel gas [1,2]. It
s derived from solar energy directly or indirectly. At the same
ime, biomasses contain less S and N. CO2, a by-product of com-
ustion can be completely consumed by photosynthesis of green
lants again. Therefore, biomass is a kind of clean energy, which
an be used to meet the requirement of sustainable development
2]. The total biomass biomass energy resources in China were

pproximately 7 × 108 tons standard coal. Because of its significant
gricultural production, China is rich in crop straw resources. The
nnual output of crop stalks in China was 6.4 × 108, of which about

∗ Corresponding author at: Key Laboratory of Coal Science and Technology, Min-
stry of Education and Shanxi Province, Taiyuan University of Technology, Taiyuan,
30024, PR China.

E-mail addresses: zhangguojie@tyut.edu.cn, zhgjdoc@126.com (G. Zhang).

ttp://dx.doi.org/10.1016/j.jaap.2016.09.017
165-2370/© 2016 Elsevier B.V. All rights reserved.
1 × 108 tons consisted of corn stalk, most of which was discarded
or burned, leading to serious environmental pollution [3]. There-
fore, utilization of corn stalk resources is an important research
focus, which will facilitate sustainable agricultural development
and protection of the environment [3].

The main biomass thermal conversion processes can be
achieved in a number of technologies [4–12], such as combustion,
gasification, pyrolysis liquefaction and fermentation, each with its
specific requirements, advantages and disadvantages. Pyrolysis of
biomass is the most basic process in the process of thermal chem-
ical conversion, gas, liquid and solid materials can be obtained
through this process [13–15]. The analysis of pyrolysis is helpful
to the control of the thermal chemical conversion process and the
development of the process [16]. Thermogravimetric (TG) anal-
ysis has been frequently used as a surrogate for the conditions
of fast pyrolysis [17]. The TG curve can indicate the weight loss
state of the pyrolysis process, and the derivative thermogravime-
try (DTG) curve can show the change of the reaction rate with time

or temperature. With the thermogravimetric data, the kinetic study
could be performed. It allowed this information to be obtained in a
simple and straightforward manner. In the literature, numerous
works describe TG analysis and behaviors of different materi-

dx.doi.org/10.1016/j.jaap.2016.09.017
http://www.sciencedirect.com/science/journal/01652370
http://www.elsevier.com/locate/jaap
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaap.2016.09.017&domain=pdf
mailto:zhangguojie@tyut.edu.cn
mailto:zhgjdoc@126.com
dx.doi.org/10.1016/j.jaap.2016.09.017
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Table 1
The proximate and ultimate analyses of com stalk.

Samples Proximate analysis (wt.%) Ultimate analysis (wt.%, dry basis)

Cornstalks Moisture Volatile Fixed carbon Ash C H Oa N S
3.63 44.72 5.57 45.01 0.92 0.15
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Table 2
The proximate analysis of char and char yield.

Sample Proximate analysis (wt%), ad Char yield, 700 ◦C

Moisture Ash Volatile
8.14  77.14 11.09 

a Calculate by difference method.

ls during thermal degradation [18–24]. He et al. [25] proposed
 first-order parallel kinetic model and determined the kinetic
arameters (activation energy E = 15 kJ/mol. Hui et al. [26] had
ade the thermogravimetric analysis of the pyrolysis behavior of

orn stalks; they calculated the activation energy of corn stalks
hrough Popescu, FWO  and KAS method. The kinetic analysis shows
hat the anti-Jander equation is the best most probable mecha-
ism function and the activation energy has an increasing trend
ith the increase in the heating rate. Kumar et al. [27] investigated

he thermal decomposition of corn stoves by TGA and found that
here are three distinct stages of weight loss in both condition and
inetic parameters were similar only at slow heating rates. The sec-
nd stage occurred very rapidly at higher heating rates. Previous
eviews on the thermochemical conversion of biomass have dealt
ith many aspects to promote the amount of combustible com-
onents at home and abroad. Li et al. [28] have studied biomass
asification in a pilot fixed and suffer type gasifier using the air
nd oxygen and steam as the gasification medium respectively,
nd found that the gas quality is good when the flammable compo-
ent in the material is high; the flammable component in the gas

s increased when the gasification temperature is increased; the
alorific power is lower when using air as the gasification medium;
he gas component is changed correspondingly when the flux of the
asification medium is changed. The addition of catalysts changed
he yields of different gas of fresh corn and wheat straw pyrolysis
asification distributing [29], and increasing the yields of H2. Zinc
hloride can restrain producing of CH4; calcium oxide can improve
roducing of CH4. With the increasing catalysts weight/biomass
eight ratio, the yield of H2 increases. Gao et al. have carried out

he study of biomass gasification in different operation conditions
n an updraft gasifier combined with a porous ceramic reformer,
nd found that the porous ceramic filled in reformer lead to an
ncrease in the hydrogen production; the conversion ratio of total
rganic carbon (TOC) contents is between 71.1% and 75.7%. The con-
ersion of corn stalks into char, oils and gas products using pyrolysis
nd gasification technologies are the most promising alternatives
o convert corn stalk into useful products and energy [10,23].

Studying the pyrolysis characteristics and reaction kinetics
arameters of corn stalks, it will provide useful reference data
or the operation of the equipment of pyrolysis, vaporization and
ombustion. The literature data on pyrolysis modeling and kinet-
cs cannot anticipate precisely enough the yield and distribution
f pyrolysis products. The objective of the present work is to gain

 comprehensive understanding of corn stalk pyrolysis with focus
ainly on the distribution and properties of gas products under var-

ed temperatures and pressures, thus facilitating the establishment
f a reaction kinetics model to simulate corn stalk pyrolysis and
ontribute to a better understanding of the processes and mech-
nism of corn stalk pyrolysis and characteristics of gasification.
or this purpose, pyrolysis of actual corn stalk was investigated
n a high-pressure reactor at different temperatures and pressures,
nd the releasing profile and characteristics of the obtained prod-
cts were thoroughly identified using various approaches. Then the
ffect of temperature and heating rate on the pyrolysis of corn stalk

as performed by the method of thermal analysis at several linear
eating rates. The pyrolysis kinetic parameters were determined by
he assumption of the pyrolysis kinetics model and the parameters
f the corn stalk pyrolysis process.
40 g corn stalk 1.67 11.26 8.77 30.2
50  g corn stalk 1.38 12.05 8.06 31.7

2. Experimental

2.1. Materials

Corn stalk used in this work was obtained from Taiyuan, Shanxi
Province, China, and milled to pass through a 40 sizes screen. The
contents of C, H, N and S were determined using an elemental
analyzer (Vario EL, Elementar, Germany). Proximate and ultimate
analyses of the corn stalk are shown in Table 1. From the proximate
analysis, the biomass has higher content of volatile, which is the
main weight loss part in the pyrolysis process. Proximate analysis
of char and char yield are shown in Table 2.

2.2. Experimental

The thermogravimetric experiments were performed using
thermogravimetric analyzer NETZSCH STA 409C. High purity
nitrogen was used as the load gas with a 400 ml/min flow. Ther-
mogravimetric analysis for dehydration step had a heating rate of
10 ◦C/min−1, while de-volatilization step were performed at three
different heating rates: 5, 25 and 35 ◦C/min. The samples were
milled and sieved, and the selected particle size fraction was  in the
range of 0–0.2 mm.  The weight of corn stalks the feed used during
pyrolysis is about 2 mg.  Prior to the thermogravimetric experi-
ments, the corn stalks were dried in an oven at 105 ◦C for 3 h. Each
TGA experiment was normalized by the initial dry sample mass. For
this purpose, the sample mass measured at 120 ◦C was selected. The
sample mass normalized in this way  is denoted by m(t). The sam-
ple was  put in a ceramic crucible heated from room temperature to
800 ◦C. During the heating, the mass of the corn stalks and furnace
temperature were recorded.

Pyrolysis was  performed with a high-pressure reactor and a
high- temperatures reactor. The high-pressure reactor mainly con-
sists of a stainless steel reactor of volume 0.3 l (WHF, Weihai,
Shandong). The design working pressure is 30 Mpa, and the work-
ing temperature is 350 ◦C. The high-temperatures apparatus (MJF,
Beijing, China) mainly consists of a stainless steel cylindrical reac-
tor of height 640 mm,  I.D.140 mm.  The design working temperature
is 1400 ◦C.

High-pressure pyrolysis reaction: About 40 g or 50 g of corn stalk
feed used during pyrolysis was added to the high-pressure fixed-
bed reactor, and then Nitrogen (99.99%) was  fed into the reactor
with a flow rate of 100 ml/min, and oxygen in the reactor was
purged until its concentration declined below 0.01% (by gas chro-
matography). Subsequently, the reactor was  heated to the desired
pyrolysis temperature. After the desired temperature was  reached

and maintained stable 30 min. Pyrolysis experiments were carried
out at a heating rate of 2 ◦C/min and at temperature of 330 ◦C.
The amounts of the gases and char fractions were directly calcu-
lated. The gas products were analyzed by a gas chromatograph.
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Fig. 1. Influence of temperature on pressure.
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Fig. 3. Gas releasing profile of corn stalk pyrolysis at high temperature reactor.
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Fig. 2. Gas releasing profile of corn stalk pyrolysis at high pressure reactor.

or each pyrolysis condition, at least two sets of experiments were
erformed.

High-temperature pyrolysis and gasification at an atmospheric
ressure: About 100 g of corn stalk sample was added to the high-
emperature fixed-bed reactor, and Nitrogen (99.99%) was first fed
nto the reactor with a flow rate of 100 ml/min until oxygen concen-
ration declined below 0.01%. Subsequently, the reactor was  heated
o the desired pyrolysis temperature (200 ◦C, 350 ◦C, 500 ◦C and
00 ◦C). Experiments were carried out at a heating rate of 10 ◦C/min.
he gas products were analyzed by gas chromatograph and volume
easured by displacement method. At 700 ◦C, steam was fed into

he reactor with a flow rate of 600 ml/min. Subsequently, the reac-
or was heated to the desired pyrolysis temperature (750 ◦C, 800 ◦C,
50 ◦C and 900 ◦C). At 900 ◦C, the electrically heated tubular furnace
as switched off when no gas discharged. During the experiment,

he gaseous products were analyzed per 50 ◦C. Gas calorific value
alculation formula Hm is as follows:

m = 35994 × CH4% + 10819 × H2% + 12676 × CO% (kJ/M3)

here CH4%, H2% and CO% were the average content of the product
f methane gas, hydrogen and carbon monoxide.

Gas yield (V/L) calculation formula is as follows:V/L = Gas vol-

me  in different temperature/Total gas volume of the whole
emperature range
Fig. 4. Influence of temperature on gas production LHV and gas yield.

2.3. Product analysis

Gas products of pyrolysis and gasification were analyzed using
gas chromatography. GC-950 gas chromatograph equipped a ther-
mal  conductivity detector (GC-TCD, Haixin, Shanghai) used the
column of carbon molecular sieve column which filled with the
monomer of GDX-303. The carrier gas is high-purity hydrogen
(hydrogen-table pressure 0.20 MPa, pre-column pressure 0.04 MPa,
and bridge flow 100 mA)  and detector temperature is 40 ◦C. GC-
9890A gas chromatograph equipped thermal conductivity detector
(GC-TCD, Linghua, Shanghai) used the column of carbon molecular
sieve column which filled with the monomer of GDX-303. The car-
rier gas is high-purity nitrogen (nitrogen-table pressure 0.30 MPa,
pre-column pressure 0.10 MPa) and detector temperature is 80 ◦C.
Elemental analysis of the corn stalk was  determined using an ele-
mental analyzer (Vario, ELEMENTAR, Germany).

2.4. Kinetic methods

As is well-known to everyone, corn stalk consists mainly of three
major components: hemicellulose, cellulose, and lignin [31,32].
Due to their physical and chemical structure, the pyrolysis pro-
cess of the corn stalk includes many serial and parallel chemical
processes, which lead to complex reaction. The establishment of
reaction kinetics of the corn stalk should be the following basic
hypothesis [24,33].
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molecules were broken. In this stage, the bonds cracking were more
ig. 6. DTG and TG curves of a corn stalk in nitrogen at 35 ◦C/min heating rates.

1© The type of pyrolysis reaction is:

(solid) → B(solid) + C(gas) (1)

2© The pyrolysis atmosphere has no effect on the pyrolysis of
orn stalk.

3© There was no temperature gradient during the pyrolysis reac-
ion of corn stalk.

4© Arrhenius equation can be used for pyrolysis of formula (1),
he kinetics of reactions in solid-state are described by the following
quation [33]:

d˛

dt
= kf (a) (2)

here � is the degree of conversion of the reaction in time

 = m0−mt

m0 − me
(3)

here mo, me, and mt are the sample weight at the start and the end
f every section, and at time t, respectively; k is the reaction rate
onstant; f(�) is the mechanism function, which generally obeys
he Arrhenius equation.
(T) = Aexp(−E/RT) (4)

here A is the pre-exponential factor, E is the activation energy, T
s the absolute temperature, and R is the gas constant.
pplied Pyrolysis 122 (2016) 249–257

Function f (˛) depends on mechanism of reaction and type
of reaction. When first order or second order, f (˛) can be was
described by

f (˛) = (1  − ˛)n (5)

Where n is reaction order. Combination of the three reaction Eqs.
(2)–(4) gives the fundamental expression (6) of analytical methods
to calculate kinetic parameters, on the basis of TGA results.

da

dt
= Ae

−
(

E
RT

)
(1 − a)n (6)

For non-isothermal, TGA experiments at the constant heating
rate could be described as � = da

dT , the Eq. (6) could be described as
follows:

da

dT
=

(
A

�

)
e

−
(

E
RT

)
(1 − a)n (7)

This equation expresses the fraction of material consumed in the
time. In this paper the activation energy was obtained from non-
isothermal TGA. The methods used to calculate kinetic parameters
are called model-free non-isothermal methods and require a set of
experimental tests at different heating rates.

3. Results and discussion

3.1. characteristics of corn stalk pyrolysis

3.1.1. Characteristics of corn stalk high-pressure pyrolysis
For the sealed high-pressure reactor, when the pyrolysis tem-

perature increases, the pressure can be caused by the reaction of
corn stalk pyrolysis to syngas remained in the reactor. Plotting the
pressure (P) against the absolute temperature was  shown in Fig. 1.

It can be seen form Fig. 1 that the pyrolysis temperature had a
positive impact on the formation of gas products (pressure), and
the reaction final pressure increased with increasing corn stalk
weight; that is, the pressure tended to increase as the final pyrol-
ysis temperature increased from 170 to 330 ◦C and reached its
maximum value (12 MPa) at 330 ◦C. Clearly, the increase in the
pressure in the temperature range of 170–230 ◦C was not as fast
as that in the range of 230–330 ◦C. The results obtained from the
thermal decomposition process indicate that the high-pressure
pyrolysis process of the corn stalk includes three steps: dehydra-
tion, pyrolysis and secondary pyrolysis. From room temperature to
330 ◦C, the reaction pressure gradually increased with increasing
pyrolysis temperature mainly for two  reasons: moisture content
in the raw material removed to form water vapor; on the other
hand, the unstable branched chain of cellulose, hemicellulose and
lignin macromolecule heated to form volatile gases. The second
stage (pyrolysis stage), from 230 ◦C to 260 ◦C, pressure quickly
increased with increasing pyrolysis temperature. At this stage, the
macromolecular structure such as cellulose, hemicellulose and its
derivatives is damaged, C O bonds of between d-glucose unit and
C O bonds, C C bonds and a small number of C H, C OH bond of
d-glucose ruptured to form a large number of medium and small
molecular compounds. Small molecular compounds precipitated
in gaseous form, and middle molecular compounds precipitated in
gaseous form and liquid form. So pressure increased rapidly with a
large number of gaseous product precipitates. The third stage (sec-
ondary pyrolysis), from 260 ◦C to 330 ◦C, pressure slowly increased
with increasing pyrolysis temperature. The main reason is that the
big and medium molecular species formed in the pyrolysis stage
further were pyrolyzed, internal bonds among medium and large
difficult than the second stage, so the pyrolysis rate is lower than
the pyrolysis stage, and the corresponding rise rate of react pressure
decreases.
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The main gas products from the pyrolysis process were CO2, CO,
2 and CH4. The gas products in 330 ◦C was shown in Fig. 2. As
an be observed from Fig. 2, the releasing profile of gas showed a
imilar pattern under different pressure, the amount of CH4, CO2,
O and H2 accounted for 18, 56, 6 and 11%, respectively. Compared
ith 1% H2 and 25% CO in gas production of high-temperature corn

talk pyrolysis at an atmospheric pressure, the composition of CO
ecreased and the composition of H2 increased. It indicated that
he pressure inhibited the generation of CO and was beneficial to
enerate H2 and CH4. The calorific value of the gas products was
bout 8860.6 kJ/M3. It can be seen that the CO2 production was
ignificantly higher than that of other gases. This is because there
re a large number of acetyl groups originating from uronic acid in
he structure of hemicellulose, which undergo a decarboxylation
eaction during pyrolysis, and thus release large amounts of CO2
10].

.1.2. Characteristics of corn stalk high-temperature pyrolysis
Fig. 3 showed the influence of temperature on gas releasing pro-

le of corn stalk pyrolysis at a high temperature reactor. It can be
bserved that the CO2 content decreased significantly from 56%
o 8% as temperature increased from 300 ◦C to 700 ◦C, and CH4,
2 content significantly increased. It indicated that gas products
f pyrolysis can occur secondary reaction under high-temperature.
ver the whole temperature range analyzed, CO content increased

lightly with increasing temperature, then, as the temperature fur-
her increased, CO content basically remained unchanged. It is
onsistent with the previous results reported [34]. They proposed
hat the formation of CO is due to secondary cracking of tars.
ver the whole temperature range, the releasing content of CH4

ncreased slightly with increasing temperature and reached a maxi-
um  yield of 25% at 600 ◦C. H2 showed a similar pattern with that of

H4. However, its increasing rate was much higher after 500 ◦C, and
he maximum content of 45% at 700 ◦C was higher than that of CH4.
t can be concluded that H2 production from corn stalk pyrolysis is

ainly dependent on the secondary reactions of volatiles, espe-
ially in the high temperature range. The CH4 started to evolve at
emperature >300 ◦C because of the cracking of methoxyl functions,
nd then it increased as temperature increase.

Influence of temperature on gas yield (V/L) and calorific value
LHV) was shown in Fig. 4. It can be seen from Fig. 4 that the pyrol-
sis temperatures had a major impact on the gas yield and calorific
alue. As it also can be seen from Fig. 4, gas yield increased grad-
ally with temperature increasing. It is due to that the relatively
oor stability components of tar further broke up and generated
mall molecule gaseous components with increasing temperature,
esulting in gas yields increasing. According to the views of Wei
35], the extent of secondary reactions is affected by reactor tem-
erature and vapor residence time in the reactor. The calorific value
f produced gas showed a similar pattern with that of gas yield.

.1.3. Characteristics of gasification of pyrolytic char of corn stalk
From Table 2 can be seen, about 30% char was  produced after

orn stalk pyrolysis under 700 ◦C. The temperature of gasifica-
ion has important influence on the proportion of combustible gas
omponents and gasification intensity [36,37]. A typical profile of
as composition of gasification pyrolytic char with temperature
ncreasing is plotted in Fig. 5.

The main chemical reaction of the biomass char gasification was
epresented as follows [33].
C + O2 = 2CO2 + 394 kJ (8)

 + CO2 = 2CO − 172 kJ (9)

2O + CO = CO2 + H2–2.89 kJ (10)
Fig. 7. Weight loss TG and DTG curves of corn stalk at different heating rates.

C + H2O = CO + H2–175 kJ (11)

C + 2H2 = CH4 + 75 kJ (12)

As seen from Fig. 5, the content of H2 increased slightly with
increasing temperature. CO2 and CO showed a similar pattern with
that of H2. But the content of CH4 decreased slightly with increasing
temperature. It indicated that pyrolytic carbon had good reaction
with steam. According to the reaction equations above, the adding
of steam increased the reaction rates of Eqs. (9)–(11) when suffi-
cient heat was provided. The reaction rates of Eqs. (10) and (11)
were faster than Eq. (9) with increasing temperature, with the

adding of steam in the system. Then the result is that the content
of H, CO and CO2 slightly increased and the amount of CH4 slightly
decreased. The rate of H2/CO in the gas products of gasification was
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Fig. 8. Relationship of Tmax and � for comstalk pyrolysis.

Fig. 9. Relationship between lnK and 1/T at different heating rates.

Fig. 10. Relationship between lnK and 1/T at different heating rates.
Fig. 11. Relationship between lnK and 1/T at different heating rates and reaction
order n.

about 2.0, which is available for the FT synthesis. The calorific value
of syngas was about 9508.90 kJ/M3.

3.2. Thermogravimetric analysis

3.2.1. The effect of temperature on the corn stalk pyrolysis
Temperature is one of the most prominent factors in the pyrol-
ysis of material. Thus, it is important to study the influence of
temperature on the pyrolysis of the corn stalk. The mass loss
thermograms of thermal decomposition of the corn stalk pyrol-
ysis, at heating rates 35 ◦C/min under nitrogen atmosphere, are
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Table 3
Maximum pyrolysis rate and corresponding temperature at different heating rates.

Heating rates
(◦C/min)

Maximum
Pyrolysis rate
(%/◦C)

Tmax (◦C) Pyrolysis Time
(min.)

5 −2.7244 313 63
15  −10.5218 320 22
25  −12.9040 328 16
35  −18.8226 335 10

Table 4
Kinetic results of corn stalk pyrolysis.

Heating rates
(◦C/min)

Temperature (◦C) E (KJ/mol) lnA (min−1) R

5 204–395 26.1 1.3 −0.979
G. Zhang et al. / Journal of Analytical 

hown in Fig. 6. The weight loss of corn stalk in the pyrolysis
rocess is caused by gas evolution. It could be found from Fig. 1
hat the pyrolysis process of the corn stalk can be divided into 3
tages. They are correspond to dehydration(20 ◦C–150 ◦C), main-
yrolysis (150 ◦C–400 ◦C)and carbonization. The first stage from
0 ◦C to 150 ◦C is related to the extraction of moisture and adsorbed
ater in the corn stalk sample. At the same time, because of the
emicellulose plays a connection role between lignin and cellu-

ose, and its chemical stability is poor, so a small hemicellulose
tarted to decompose slowly [28–31]. The second stage is the main
hermal decomposition of the corn stalk, the DTG curve also dra-

atically changed this paragraph. As can be seen from the plot, a
ittle devolatilization process occurs at about 150 ◦C and proceeds
apidly with increasing temperature until about 400 ◦C and then
he weight loss decreases slowly to the final temperature. With the
emperature increasing, the weight loss rate of sample increased,
he reaction rate is accelerated, with the maximum loss rate of
btained at about 310 ◦C, corresponding to a peak value on the DTG
iagram. In this region, about 80% to 85% of the total weight loss,
here are two peaks which the literature [30,31,38–40] shows to be
elated to hemicellulose and cellulose decomposition, while lignin
s decomposed in both regions of main-pyrolysis and carbonization

ithout characteristic peaks. The third stage (≥400 ◦C) is the slow
ecomposition of residues (carbonization stage), and the genera-
ion of ash and fixed carbon at last. In this stage, the loss of weight
s smaller than the second stage, the solid residue yields are about
% for corn stalk.

.2.2. The effect of heating rate on the pyrolysis of corn stalk
Differential mass loss thermograms curves of thermal decompo-

ition of corn stalk pyrolysis, at three heating rates 5, 25, 35 ◦C/min
nder nitrogen atmosphere, are shown in Fig. 7. All tested samples
re found to follow similar trends on the curves. Heating rates affect
G curve positions, maximum decomposition rate and location of
aximum Tmax peaks. It can be seen from Fig. 7, along with the

ncrease of heating rate, starting and final temperature of the main-
yrolysis and carbonization region also increase. The TG curve at
ifferent heating rates is very similar. Maximum points of TG and
inimum points of DTG curves move forward to high tempera-

ure, due to thermal lag effect. This data are coherent with the
iterature [31]. In the case of achieving the same weight loss, with
he increase of heating rate, the required temperature for pyrolysis
as increased. Under the same temperature, the lower the heat-

ng rate, the pyrolysis is more sufficient, the volatile precipitation
s more. Based on heat transfer limitation, at low heating rate, a
arger instantaneous thermal energy is provided in the system and

 longer time may  be required for the purge gas to reach equilib-
ium with the temperature of the furnace or the sample. Then the
yrolysis time is long, the conversion will be improved. While at
he same time and in the same temperature region, higher heat-
ng rate has a short reaction time and the temperature needed for
he sample to decompose is also higher. The increase of heating
ate makes the temperature difference between inside and outside
arger, the products of pyrolysis from the outer particle have no
ime to spread, and it will affect the conduct of the internal pyroly-
is. This causes the maximum rate curve to shift to the side of high
emperature [40].

From the figure of DTG-TG curves and related calculations, it
an obtain the parameters of the pyrolysis characteristics: (1) The
ax  pyrolysis rate (%/◦C); (2) Temperature of the highest volatiliza-
ion rate Tmax(◦C); (3) The maximum weight loss rate the required
ime. Table 3 lists the main characteristic parameters of corn stalks
t four heating rates 5 ◦C, 15 ◦C, 25 ◦C, 35 ◦C/min under nitrogen
tmosphere. The relationship between the maximum weight loss
25  206–394 25.3 1.7 −0.992
35  206–407 23.5 1.6 −0.992

rate Temperature Tmax and the corresponding different heating rate
� are shown in Fig. 8.

3.3. The corn stalk pyrolysis kinetic analysis

3.3.1. The determination of first-order kinetics parameters
According to the basic hypothesis, pyrolysis of the corn stalk is

a simple reaction; the process of reaction does not involve parallel
reaction and consecutive reaction. So the process of reaction could
be described by first order reaction model. This data is coherent
with the literature [31].

In the above Eq. (7), when n = 1, integrating the function of Eq.
(7) over temperature T leads to Eq. (13):∫

da

−a
=

∫ (
k

�

)
dT (13)

−ln(1 − ˛) = k/� × T (14)

Substituting the different � and T into the Eq. (14) yielded dif-
ferent k, putting different k into the Eq. (3) would get the Arrhenius
equation. Taking the log of both sides of the equation, it would get
the Eq. (15).

lnk = − E/(RT) + lnA (15)

− E
RT is the slope of the straight line and lnA is the intercept. Plot-

ting the curve of ln k versus 1/T leads to the slope that can be applied
to activation energy E and pre-exponential factor A, respectively.

In the study of corn stalk pyrolysis kinetics, researchers are con-
cerned with the characteristics of the main pyrolysis region. So,
apparent kinetic model is established to obtain the pyrolysis kinetic
parameters in this stage. In order to eliminate effects of moisture
and ash content to kinetics of the results, the weight loss ratio � is
about15%–70%. When � is ≥15%, the moisture of corn stalk is close
to 0; when � is ≤75%, the main precipitate is volatile.

Fig. 9 is the relationship between ln k and 1/T  at different heat-
ing rates 5 ◦C, 25 ◦C, 35 ◦C/min. It could be found that the liner
fitting degree is high; the pyrolysis reaction of corn stalks can be
described with the first-order kinetics model in their main reaction
temperatures. The kinetic parameters results of corn stalk pyrolysis
obtained are given in Table 4.

It can be seen from Fig. 9 that the relationship between ln k and
1/T is a straight line with Tends to zero intercept in low tempera-
ture area. But there is any deviation in the high temperature area.

This is because the pyrolysis process can be described by a one-step
reaction at a low temperature. At a low temperature, the pyrolytic
reaction of the corn stalk carried out mainly through the Eq. (1). For
high temperature, these can be described by two consecutive reac-
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Table 5
Kinetic results of corn stalk pyrolysis at low temperature.

Heating rates
(◦C/min)

Temperature
(◦C)

E (KJ/mol) lnA (min−1) R

5 204–302 25.5 1.2 −0.996

t
t

b
p
e
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q
t
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− the activation energy obtained is 25 kJ/mol; at high temperature

T
K

25  206–306 25.3 1.7 −0.998
35  204–310 25.3 2.0 −0.998

ions. The secondary reaction of pyrolysis is unavoidable besides
he main reaction (1).

Especially, from Table 3, it can be seen when temperature is
etween 200 ◦C and 400 ◦C, the activation energy of corn stalk
yrolysis is about 25 KJ/mol, the pyrolysis of corn straw is relatively
asy. There are two spikes in the curve of corn stalk weight loss rate
DTG) at this temperature. With the heating rate increased, the fre-
uency factor decreased. However, due to the pyrolysis process of
hree components is quite complicated, the activation energy does
ot necessarily under different heating rate.

.3.2. The determination of two section pyrolysis kinetic
arameters

When the temperature is higher, ln k and 1/T linear degree may
ot give higher accuracy (Fig. 9). This is because that the influence
f heating rate on the pyrolysis of the corn stalk is complex. For
he same weight loss, the higher the heating rate, the pyrolysis
emperature needs the higher. The same temperature, the pyrol-
sis is more sufficient under the lower the heating rate, and the
olatile precipitation is more. It is for that the heating rate affects
he temperature difference between internal and outside parts of
he sample, and it will affect the conduct of the internal pyrolysis.
nder low heating rate, corn stalk remained at a low temperature

or a long time, which favored the development of condensed struc-
ures. As a result, only few volatile matters are precipitated. Under
igh heating rate, more corn stalk structures will be decomposed.
his will enhance precipitation of volatile matters.

In order to describe the process of corn stalk pyrolysis reaction
ccurately, based on the first order reaction kinetics model, the
echanism of function was determined and two-stage pyrolysis

ynamic parameters were obtained. When temperature is higher,
he different parameters (n = 1, n = 1.5 and n = 2) are introduced into
q. (7). It was integrated to get the Eqs. (16)–(18). The activation
nergy (E) and frequency factor (A) could be obtained through the
elation between ln k and 1/T.  Substituting the different � and T
nto the Eqs. (16)–(18) yielded different k, putting different K into
he Eq. (15) get the relationship between ln k and 1/T. Then Reaction
ctivation energy E and frequency A were obtained.

ln(1 − ˛) = k/� × T(n = 1, shrinkingcoremodel) (16)
1√
(1 − a)

=
(

k

�

)
T (n = 1.5) (17)

able 6
inetic results of corn stalk Pyrolysis at high temperature.

Heating rates (◦C/min) Temperature (◦C) n Reaction ord

5 313–451 1 

313–451 1.5 

313–451 2 

25 319–506 1 

319–506 1.5 

319–506 2 

324–447 1 

35 324–447 1.5 

324–447 2 
pplied Pyrolysis 122 (2016) 249–257

1
(1 − a)

− 1 =
(

k

�

)
T (n = 2, chemical reaction model) (18)

It can be easily demonstrated that the cut-off point between
low temperature and high temperature zone is in the temperature
range of the maximum weight loss rate. Fig. 10 is the relationship
between ln k and 1/T at different heating rates. Table 5 is the kinetic
results of corn stalk pyrolysis at different heating rates. It can be
seen that it is feasible to describe corn stalk pyrolysis which is
before the maximum weight loss rate as first order reaction. The
activation energy is about 25 KJ/mol.

Fig. 11 is the relationship between ln k and 1/T at different heat-
ing rates and n. The apparent activation energies were obtained
from the slope and pre-exponential factors from the intercept of
regression line and are given in Table 6. The calculated squares of
the correlation coefficients, R, correspond to linear fittings in Fig. 11,
were higher for all cases and were in range from −0.955 to −0.986. It
can be easily founded that the reaction in a high temperature zone is
more complicated than in low temperature zone. The results show
that the pyrolysis reaction of corn stalks can be described with the
second-order kinetics in high temperature. However, due to the
pyrolysis process of the components of the corn stalk is compli-
cated; the activation energy does not necessarily under different
heating rate.

4. Conclusion

In this work, corn stalk pyrolysis and kinetic study was pre-
sented. The results show that temperatures and pressures have an
important influence on the combustible gas components of product
gas. A higher reactor pressure was conducive to the yield of H2 and
CH4, and was  not conducive to the generation of CO. Combustible
gas components increase with the increase reactor temperature. H2
concentration was affected significantly by temperature at room
pressure, was mainly released at >500 ◦C. At 700 ◦C, the com-
bustible gas components are up to 90% and H2 concentration is up to
51.78%. The calorific value of pyrolysis gas is up to 8860.64 kJ/M3.
The gas components of the corn stalk pyrolytic char gasification
mainly consisted of CO and H2, 25.69% and 50.67% respectively.
The rate of H2/CO in the gas products of pyrolytic char gasification
with steam was about 2, which is available for the FT synthe-
sis. The calorific value of gasification gas is up to 9508.90 kJ/M3

at 700–900 ◦C. By using the Popescu method to determine that
the mechanism, at the low temperature pyrolysis, shrinking core
model (n = 1) can reflect the pyrolysis process of the corn stalk truly,
pyrolysis, chemical reaction model (n = 2) can reflect the pyrolysis
process of the corn stalk truly, the activation energy obtained is
among 16–24 kJ/mol.

er E (KJ/mol) lnA  (min−1) R

15.8 1.8 −0.979
7.8 2.8 −0.972
21.0 0.4 −0.984

11.9 1.0 −0.939
5.5 1.6 −0.966
16.7 1.1 −0.986
18.3 0.7 −0.971

9.4 0.6 −0.955
24.1 2.8 −0.972
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