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Abstract

We investigated the thermal decomposition behaviors of two typical grains, rice and corn, using a thermogravimetric analyzer
at different heating rates. The pyrolysis process of rice and corn both can be divided into three stages, and the most possible
pyrolysis mechanism of both rice and corn during devolatilization is a three-dimensional diffusion reaction, which can be
represented by the Zhuravlev equation (G(a)=[(1 —a)""? = 1]%). Corn had a higher initial degradation temperature and
end temperature as well as a higher mass loss in the second stage than rice. The average E, of rice determined by Kissinger,
FWO and Friedman method was 143.6 kJ mol~!, 161.6 kJ mol~! and 148.7 kJ mol~!, respectively. The average E, of corn
determined by Kissinger, FWO and Friedman method was 166.1 kJ mol~', 146.3 kJ mol~" and 170.4 kJ mol~!, respectively.
A lower E, of rice than corn also indicates that rice is easier to be pyrolyzed. The predicted values using the kinetic param-
eters calculated show a good agreement with the experimental data at all the four heating rates. The results presented herein
could provide guidance for storage of grains.
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Introduction role to stabilize the development of the national economy.

However, the amount of grain loss during storage is shock-

Grain is an important strategic commodity closely related to
the national economy and people’s livelihood. With China
joining the WTO and the gradual opening up of the grain
market, the storage of large amounts of grains plays a vital
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ing. The annual loss of grains in China, caused by insects,
rodents, mildew and fire accidents, is as high as 35 billion
kilograms. For example, in 2013, the “5-31” fire accident
ruined 40,000 tons grains that belonged to China Grain
Reserves Corporation, leading to a direct economic loss of
approximately 1 billion RMB. Therefore, how to avoid the
grain loss during storage is a challenging task.

Among various grains, rice and corn are two kinds of
the most common grains. Rice is the main food for more
than half of the world’s population, especially in developing
countries in Asia, for which rice provides more than 70% of
the daily caloric intake from foods [1]. As well, global corn
production began to exceed that of rice and wheat in 1998,
making it the world’s highest-yielding, most productive food
crops [2]. For example, the production of Chinese corn in
the 2016/2017 season is 225,000 kt, and China is the second
largest corn producer in the world. Corn is an important food
crop in China and an important feed, which is one of the
crops accounts for a considerable proportion of agricultural
production in China. Thus, rice and corn are the top two
grains in the China Grain Reserves list.
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The initial stage of a fire generally begins with pyrolysis
and ignition of combustibles, so studying the mechanism of
grain pyrolysis is important for predicting fire occurrence
and fire protection technology design [3]. Grain is composed
of biomass rich in starch, protein, fat and a small amount of
cellulose. Biomass pyrolysis and ignition are very complex
physical and chemical processes, and many reviews have
been introduced to analyze these processes comprehensively.
Yang used a thermogravimetric analyzer combined with dif-
ferential scanning calorimetry to study the pyrolysis char-
acteristics of three major components of biomass (hemicel-
lulose, cellulose and lignin) [4]. Pyrolysis of hemicellulose
and cellulose occurs very quickly. The mass loss of hemicel-
lulose occurs mainly at 220-315 °C, and the mass loss of
cellulose occurs at 315-400 °C. Through in-depth study of
the three major biomass components, a better understanding
of the gaseous products released by biomass thermal inter-
pretation can be obtained. Liu et al. [5] provide an overview
of research progress in the discharge, conversion and distri-
bution of elements in biomass pyrolysis, discuss resource-
oriented transformation and the challenges of reducing pol-
lution and emphasize the importance of understanding the
fate of elements in pyrolysis and significance. Wu studied
the pyrolysis behavior of fertilizers by TG. Results showed
that the pyrolysis and combustion reactions were divided
into four steps. The second step was the most critical step in
which cellulose, hemicellulose, starch and protein were pro-
duced [6]. The relationship between co-pyrolysis municipal
solid waste and pulp sludge and additives (MgO) was studied
by TG-FTIR and Py-GC/MS. The release characteristics of
pollutants (CO, SO,, NO, HCI) and CO, were studied in this
literature [7].

Biomass pyrolysis is a very important way for us to know
more about pyrolysis characteristics of biomass, which can
provide theoretical guidance for grains storage to avoid fires.
TGA has been widely used to investigate pyrolysis charac-
teristics of different biomass and polymers [8§—10]. TG data
can be analyzed by many dynamic models, such as KAS
method [11], Flynn—Wall-Ozawa (FWO) method [12] and
Friedman (FR) method [13]. Rice and corn are the two typi-
cal grains in China. As far as we know, there is no research
on the pyrolysis characteristics of rice and corn. Therefore,

we aimed to study the pyrolysis characteristics of rice and
corn and to understand their kinetics characteristics. This
will provide theoretical guidance for avoiding fires of rice
and corn.

Materials and methods
Materials

The rice and corn were produced in Anhui province (2016),
China. Rice was not yet removed rice husk, and the corn is
the state of corn kernels. They were broken down to parti-
cles, and we got rice powder and corn powder. The materi-
als were screened to get particles (250—400 pm), which is
important for TGA to ensure a more consistent heat transfer
rate in decomposition [14]. Table 1 shows the proximate
and ultimate analyses result of the two powders. Moisture
and volatility tests were carried out according to GB/T
28731-2012.

Pyrolysis characteristics

The pyrolysis behaviors of rice and corn were studied using
a TA Q50 thermogravimetric analyzer. The processed sam-
ples were heated in nitrogen atmosphere from room tempera-
ture to 800 °C at a heating rate of 5, 10, 20 and 40 °C min~ !,
respectively. The initial mass of the sample was 10 mg to
avoid possible adverse effects on mass transfer or heat trans-
fer during the test [15].

Kinetic models

The one-step global kinetic model of biomass pyrolysis
assumes that pyrolysis is a single reaction. The decomposi-
tion rate is expressed as follows:

da

g

i f (a) (1)
where £k is the reaction rate constant and f{@) is the pyrolysis
mechanism function.

Table 1 Ultimate and proximate

. Sample Ultimate analysis Proximate analysis
analyses result of rice and corn
samples C H (0} N S Moisture/% Ash/% Volatiles/% Fixed carbon/%
Rice powder 44.88 6.85 47.84 2.19 0.23 12.09 3.92 73.24 10.75
Corn powder 4193 691 4997 143 029 12.25 1.24 75.95 10.56
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Equation (1) expresses the rate of conversion, da/df at a
constant temperature as a function of the reactant conversion
loss and rate constant. In this study, the conversion rate a is
defined as follows:

my — my
a@=—-

e @
in which my, is the initial mass, m, is the actual mass at time
t, and my; is the final mass. k is described as follows:

-E,
k=Aexp <ﬁ> 3)

where R is the gas constant, E, is the apparent activation
energy, T is the absolute temperature, and A is the pre-expo-
nential factor.

We can get Eq. (4) by combining Egs. (1) and (3):

d -E,
d_(: = Aexp < RT )f(a). 4)

For a TG process, combining the heating rate, f=d7/d¢, with
Eq. (4), Eq. (5) is obtained as:

d—a—éex —ﬂa 5
ar 5 SPTRI® o)

Equations (4) and (5) can be used to calculate kinetics
parameters based on TG data. By combining Eqs. (1) and
(5) together using Coats—Redfern method, we can obtain
Eq. (6):

G@ , AR E,
= = T Rr ©)
in which,
da
Ga)= [ ==.
@ / J@ @

By linear fitting of In % ~1/T curve, the kinetic param-

eters A and E, can be obtained from the intercept and slope
of the line. By selecting different G(a), we can get different
In €9 1/T curves, and from the linear correlation coeffi-
cient of the fitted line, we can get the appropriate mechanism
function f(a) and G(a).The general mechanism functions for
thermal decomposition reaction of solid are list in Table 2.

Three non-isothermal models (FWO method, Friedman
method and Kissinger method) were used in our study [16].

Table 2 General mechanism functions for thermal decomposition reaction of solid

Reaction mechanism

Model G(a) fa)

Chemical reaction

F1 —In(1 — @) l-a

F3/2 2la—ai—1 (1-a)

F2 Q1-a)'=1 (1 -a)

Diffusion control reaction

D1 a? 12 a

D2 A-a)ln(l—a)+a —In(1-a)!

D3 [1-( - 1501 - 1= (1 -]
_ 2 \ -1

G-B (1-2/30) = (1 — @)’ 15[ - -1

ZH

[(1—01)‘% —1]2

Phase boundary reaction

R1 a 1
R2 I—(1-w'" 2(1 - )
R3 -1 - 31— a)

Nucleation and growth
A2 [—In(1 — a)]'/?
A3 [—In(1 — a)]'/3

2(1 — a)[=In(1 — a)]'/?
3(1 = a)[~In(1 — )]*?

151 - a)*? [(1 - (x)_% - 1]_1

n=1 reaction

n=1.5 reaction

n=2 reaction

One-dimensional diffusion, Parabolic law
Two-dimensional diffusion, Valensi equation

Three-dimensional diffusion, Jander equation

Three-dimensional diffusion, Ginstling—Broushtein equation

Three-dimensional diffusion, Zhuravlev equation

One-dimensional
Two-dimensional, shrinking cylinder

Three-dimensional, shrinking sphere

Randomized nucleation, Avrami—Erofeev equation 1

Randomized nucleation, Avrami—Erofeev equation 2
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Kissinger method [17] 160 . 2
—— 5 °C/min
.o . . . C. 140 4 ——10°C/min
The Kissinger equation is a classic nonnuclear kinetic equa- _38 gm:ﬂ 11 =
tion widely used in the calculation of activation energy Q
and pre-exponential factor [17, 18]. The advantage of this %
algorithm is that it does not require a blind selection of the °\;° ° 8
mechanism model during the calculation [19]. The equation § ﬁ
is shown in Eq. (8): -1 E
(]
()
p AR E, 2
In——=In— - (8) 2
T2 E, RT,,.
where T, is peak decomposition temperature. 0 -3

fto

max max

By linear fitting of In curve, A and E, can be

obtained from the intercept and the slope, respectively.
FWO method

The FWO method [20, 21] can directly solve for E,, and
there are two methods for solving the E,, namely the approx-
imate conversion method for peak conversion and the equal
conversion method. The equation is shown in Eq. (9):

E
RT,

o

lgf=lg [i] —04567-L- ~2315 ©)

RG(a)
in which G(a) is integral kinetic mechanism function and
T, is the temperature where the conversion rate is . By lin-
ear fitting of In f§ to TL A and E, can be obtained from the

intercept and the slope, respectively.
Friedman method [22]

The equation of Friedman method is shown in Eq. (10):

da da E
n($2) =1n (555 ) = In@r@) - o=
(5 n\fyg ) =InAf(@) - (10)
By linear fitting of In (ﬂg—;) to %, A and E, can be

obtained from the intercept and the slope, respectively.

Results and discussion
Pyrolysis characteristics of rice

TG and DTG curves of rice in nitrogen atmosphere at dif-
ferent heating rates (5 °C min~!, 10 °C min~!, 20 °C min~/,
40 °C min~") are shown in Fig. 1.

The main decomposition process of rice occurs in a tem-
perature range of 200 °C to 500 °C. Due to the large amount
of ash and fixed carbon in rice, there is about 20 mass% of
residual carbon after TG analysis. From TG and DTG curves
of rice, the pyrolysis process of rice can be divided into three

@ Springer
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Fig.1 TG and DTG curves of rice at different heating rates in nitro-
gen atmosphere

stages, and the temperature regions are: (1) under 200 °C,
(2) 200-500 °C, and (3) over 500 °C. Table 3 shows the
pyrolysis characteristics of rice in different pyrolysis stages.

In the first stage of decomposition, the moisture in the
rice, mainly including free water, crystal water and absorbed
water, was lost [23]. Free water and the adsorbed water were
lost at a lower temperature, and then, the crystal water was
removed at a higher temperature.

In the second stage, the pyrolysis reaction of rice mainly
occurred and the mass loss was nearly 60%. The peak tem-
perature of the maximum mass loss rate is 286 °C, 297 °C,
310 °C and 324 °C corresponding to a heating rate of 5,
10, 20 and 40 °C min~!. As the heating rate increased, its
heat transfer delay effect became more obvious and TG and
DTG curves of the rice sample showed the tendency to move
to the high temperature side in nitrogen atmosphere. In the
second stage, we can see two peaks on the DTG curves,
which is consistent with the results of previous studies. The
first exothermic peak is mainly due to the decomposition of
carbohydrates, and the second exothermic peak is due to the
decomposition and secondary cracking of the pyrolyzates of
proteins, lipids and cellulose [24]. Cellulose decomposes at
the temperature range between 320 and 380 °C.

In the third stage, the mass loss is mainly due to the ther-
mal degradation process of tar or char residue. The rear-
rangement of the starch structure at the low temperature
promoted the production of char residue.

Many literatures also reported that the composition
of various biomasses is not the same, and their pyrolysis
behavior varies from species to species [25]. Therefore, it is
impossible to define each decomposition temperature zone
as the decomposition temperature interval of a specific com-
ponent (carbohydrate, lipid or protein), and each decompo-
sition temperature zone must be analyzed according to the
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Table 3 l')yfolysis . Heating Ist stage 2nd stage 3rd stage
characteristics of rice rate/°C min~!
Ti/°C T/°C MS/% Ty/°C T/°C Ry /% °c™! T1,/°C MS/% T/°C TJ°C MS/%
5 55 266 5.9 266 286 14 312 594 312 800 12.7
10 55 269 4.8 269 297 1.5 327 578 327 800 11.1
20 55 284 7.2 284 310 1.7 336 644 336 800 104
40 55 300 79 300 324 19 3499 609 349 800 11.9
T; is initial temperature; T}, is peak temperature corresponding to maximum mass loss rate; Ry, is the

max

maximum mass loss rate; T, is end temperature; MS is mass loss
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Fig. 2 ln%~ 1/T of rice at low-temperature section 50-300 °C

product analysis of each temperature zone, which will be
investigated in our follow-up studies.

Figures 2 and 3 show ln% ~ 1/T of rice at a low-temper-
ature section and a high-temperature section at the heating
rate of 20 °C min~! for example. The fitting result of differ-
ent curves is shown in Table 4.

From the fitting result of different lnif)~ 1/T curves,
we can find that at a low-temperature section, ZH model
shows a Pearson’s r that is very close to — 1, and at a high-
temperature section, ZH model also shows the best fitting
result. Therefore, we can assume that the pyrolysis of rice is
the diffusion reaction control process and the kinetic model
of rice pyrolysis is ZH model. The mechanism function of
ZH model is Eq. (11):

2

G(a) = [(1 —o o] (11)

8.0k " F1 e F32 F2 v D1 D2
- < D3 G-B ® ZH * Ri1 ® R2
@ R3 + A2 X A3

|
©
o
T

-11.2

In (G(a)/T?)

-128F

—14.4 ' DR

1 1 1
0.00120 0.00135 0.00150

1/7K™!

1
0.00105

Fig.3 1n%~ 1/T of rice at high-temperature section 300-700 °C

Pyrolysis characteristics of corn

TG and DTG curves of corn in nitrogen atmosphere at dif-
ferent heating rates are shown in Fig. 4.

From Table 1, we can see that the rice powder has a
higher content of ash and fixed carbon and lower content
of moisture and volatiles than that of corn powder, which is
consistent with the TG results—corn powder has more than
80% mass loss and rice powder has less than 80% mass loss,
which can be seen from Figs. 1 and 4.

Just like rice, as the heating rate increases, its heat trans-
fer delay effect became more obvious and TG and DTG
curves of the corn sample show the tendency to move to the
high temperature side in nitrogen atmosphere. During the
pyrolysis process, the temperature gradient generated inside
the corn leads to the formation of thermal hysteresis. The
higher the heating rate, the more obvious the thermal hyster-
esis effect [26]. The pyrolysis process of corn also included
three stages. Table 5 shows the pyrolysis characteristics of
corn in three consecutive pyrolysis stages.
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Table 4 The fitting result of different In %~ 1/T curves of rice
Low temperature (50-300 °C)
G(a) F1 F372 F2 D1 D2 D3 G_B
Pearson’s r —-0.9764 -0.9771 -0.9779 -0.9914 -0.9914 —0.9915 -0.9914
G(a) ZH R1 R2 R3 A2 A3
Pearson’s r —-0.9916 —-0.9745 —-0.9755 —-0.9758 0.61342 0.9757
High temperature (300700 °C)
G(a) F1 F372 F2 D1 D2 D3 G_B
Pearson’s r —0.7528 —0.9923 —0.9908 0.9666 0.8877 —-0.6792 0.7186
G(a) ZH R1 R2 R3 A2 A3
Pearson’s r —0.9957 0.9899 0.9641 0.9262 0.9778 0.9919
—— R is obvious. This can be explained by the difference in the
. — min .. . .
140 — 10 ;C/min 10 composition of the main components of the two kinds of
°C/min BRE . . . .
120 4 —— 40 °C/min _ grain powder. Considering rice husk was not removed, the
05 ob rice powder had much more cellulose than corn powder,
1004 0.0 which results in the above phenomenon.
o 0 . . .
< 80 - -05 & In the third stage, the mass loss is also mainly due to the
é _10 8 thermal degradation process of tar or char residue.
] Y oe .
60 15 € Figures 5 and 6 show ln%~ 1/T curves of corn at a low-
40 - o temperature section and a high-temperature section at the
-20 g heating rate of 20 °C min~'. The fitting result of different
201 -25 curves is shown in Table 6.
0 _30 From the fitting result of different ln%~ 1/T curves,

T T T T T T T
100 200 300 400 500 600 700 800
Temperature/°C

Fig.4 TG and DTG curves of corn at different heating rates in nitro-
gen atmosphere

Similarly, from the TG and DTG curves of corn, we con-
clude that the pyrolysis process included three stages.

In the first stage of the reaction, the mass loss was mainly
attributed to evaporation of the moisture in corn, including
free water, adsorbed water and crystal water.

In the second stage, the pyrolysis reaction of rice mainly
occurred. The mass loss was nearly 60% in this stage, which
is similar to rice. The peak temperature of the maximum
mass loss rate was 292 °C, 307 °C, 318 °C and 329 °C cor-
responding to the heating rates of 5, 10, 20, and 40 °C min~",
Compared to rice, corn showed higher peak temperature,
about 5-10 °C higher than rice. In the second stage, we can
also see two peaks on the DTG curves, which is similar
to the results of rice. However, we can tell that the second
peak of corn is almost invisible and the second peak of rice

@ Springer

we can also assume that the pyrolysis of corn is the diffu-
sion reaction control process and the kinetic model of corn
pyrolysis is ZH model.

The diffusion-controlled reaction model, ZH model,
assumes that the surface reaction rate depends on the rate
at which the gaseous oxidant diffuses to the particle sur-
face, and the effect of surface reaction kinetics is ignored.
In the literature reported, we find that pine wood, sunflower
stalk, coal powder and Enteromorpha prolifera (a kind of
macroalgae) are three-dimensional diffusion process in their
pyrolysis process.

As we all know, lignocellulosic biomass primarily com-
prises three components: hemicellulose, cellulose, and
lignin. Rice and corn mainly contain starch, protein, lipid
and cellulose. The components of rice and corn are different
from the above lignocellulosic biomass, and there is no lit-
erature about their reaction models. It is interesting that the
pyrolysis processes of rice and different biomass are all con-
trolled by three-dimentional diffusion reaction, ZH model,
though their composition are different. This may be related
to the fact that they are all composed of complex natural
polymer materials. The degradation processes of starch,
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Table 5 l')yfolysis Heating 1st stage 2nd stage 3rd stage
characteristics of corn rate/°C min~!
Ti/°C T/°C MS/% Ty/°C T/°C Ry /% °c™! T1,/°C MS/% T/°C TJ°C MS/%
5 55 269 131 261 292 14 312 552 312 428 153
10 55 271 92 271 307 14 330 641 330 484 113
20 55 285 92 285 318 15 338 664 338 599 114
40 55 295 116 295 329 14 356 669 356 591 10.0
T; is initial temperature; T}, is peak temperature corresponding to maximum mass loss rate; Ry, is the

maximum mass loss rate; 7, is end temperature; MS is mass loss

cellulose and hemicellulose are small molecule removal
reactions, and the gaseous oxidant diffuse rate is much
slower than the surface reaction rate, which results in the
same reaction model of crops and lignocellulosic biomass.

Kinetic models from three methods

Kissinger method
Figure 7 shows the relationship between In Tf and TL

(Table 7).

Table 4 shows E, of rice and corn at different conver-
sion rates. The range of E, of rice powder is between 141.7
and 145.5 kJ mol™', and the average E, is 143.6 kJ mol™".
The E, of corn powder is 166.1 kJ mol™". It is a common
practice to represent the apparent E, of biomass pyrolysis
as an average to describe the overall process. Since E, is the
lowest energy requirement to initiate a reaction, the higher
the E,, the slower the reaction [27]. It can be seen that corn
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Fig.6 ln%~ 1/T of corn at high-temperature section 300-700 °C

has higher E, (166.1 kJ mol™!) than rice (143.6 kJ mol™}),
indicating that the energy required to complete rice pyroly-
sis is less than that of corn, and rice is more susceptible to

pyrolysis.

FWO method

Figure 8 shows the relationship between lgf and TL

Table 8 shows the E, of rice and corn calculated by FWO
method at different conversion rates. The range of apparent
E, of rice powder was between 141.7 and 219.7 kJ mol~!,
and the average E, is 161.6 kJ mol~!. The range of apparent
E, of corn powder was between 80.1 and 176.9 kJ mol ™!,
and the average E, is 146.3 kJ mol~'. Consistent with the
Kissinger results, it was also found that corn had higher E,
(161.6 kJ mol™") than rice (146.3 kJ mol~"), suggesting that
the required energy for the pyrolysis of rice was less than
that of corn, and rice was easier to be pyrolyzed than corn.
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Table 6 The fitting result of different In (G(a))/T%~ 1/T curves of corn
Low temperature (50-300 °C)
G(a) F1 F372 F2 D1 D2 D3 G_B
Pearson’s r —0.8661 —0.8702 —0.8741 —0.9308 —-0.9319 —0.9330 —-0.932
G(a) ZH R1 R2 R3 A2 A3
Pearson’s r —0.9350 —0.8574 —-0.8618 —0.8633 —0.1430 0.7784
High temperature (300-700 °C)
G(a) F1 F3/2 F2 D1 D2 D3 G_B
Pearson’s r —0.5453 —0.9974 —0.9972 0.9752 0.9201 -0.5174 0.8084
G(a) ZH R1 R2 R3 A2 A3
Pearson’s r —0.9981 0.9916 0.9698 0.9391 0.9771 0.9911
(a) Table 7 Pyrolysis kinetic parameters of Kissinger method
-9.0 Fi K
90 " Sample E,/KJ mol ™! Frequency factor/ R?
e min~!
-95
- Rice
o é 100 ® First peak 141.7 4.74E+12 0.99894
I:Q' Second peak 145.5 1.05SE+12 0.98338
E" —105 | \ u Average 143.6 - -
Corn
1104 First peak 166.1 6.82E+25 0.98960
N |}
° Average 166.1 - -
-11.5 T T T T T
0.00155 0.00160 0.00165 0.00170 0.00175 0.00180
Tol /K .
Prec Friedman method
b . . .
(b) 1654 = Here, the result of Friedman method is shown. Figure 9
shows the linear fitting curves of In ( ﬂj—; ) to %
16.0 4 Table 9 shows the E, of rice and corn calculated by
~ - Friedman method at different conversion rates. The range
© .
?E"E 15.5 of apparent E, of rice powder was between 127.8 and
& . 220.8 kJ mol~!, and the average E, is 148.7 kJ mol~!. The
£ 1501 " range of apparent E, of corn powder was between 121.7 and
221.7 kJ mol™!, and the average E, is 170.4 kJ mol™".
14.5 It can be seen from Fig. 10 and Table 10 that the E, of
. corn increased with the increase in conversion rate, while
14.0 the E, of rice fluctuates with the increase in conversion rate,

T T T T T T
0.00166 0.00168 0.00170 0.00172 0.00174 0.00176 0.00178
T Mo/ K

Fig.7 Non-isothermal plot of Kissinger method at different heating
rates: a rice and b corn
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which are similar to those of FWO method. We compared
the results of the E, of rice and corn calculated by the three
methods, as shown in Fig. 10. The E, calculated by the three
methods is very close, and the maximum relative error is less
than 0.21, which demonstrated that the methods adopted and
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(a) Table 8 Pyrolysis kinetic parameters of FWO method
1.6y ? P aTa e t Sample Conversionrate @ E/kJ mol™!  Frequency  R?
factor/min~"
149 Rice 0.1 200.2 252E+16  0.98338
X s >evt e 0.2 159 2.98E+12 0.99781
1.2+ 0.3 152.7 1.34E+12 0.9964
%}oﬁ 0.4 149.1 9.89E+11 0.99422
" 104 X . o baltd & o 0.5 146.6 878E+11  0.99043
0.6 144.6 8.11E+11 0.97634
08 4 0.7 133.5 9.30E+10 0.86782
. 0.8 149.3 1.41E+12 0.93622
* ® > AOVA e ]
0.9 219.7 2.18E+17 0.94614
06 T T T T T T T T
0.00145 0.00150 0.00155 0.00160 0.00165 0.00170 0.00175 0.00180 0.00185 0.00190 Average 1616 - -
T Corn 0.1 80.1 6.44E+04 0.84906
(b) 0.2 145 1.36E+11 0.99618
= o 0.3 1535 131E+12  0.99853
1.6 - > 4OV A o o
:3222 0.4 158.5 5.29E+12 0.99935
v a=04 0.5 163.6 2.02E+13 0.9996
144 R o 0.6 176.9 3.73E+14  0.9988
> AoV A o _ > a=07 Average 146.3 _ _
1.2 4
Q.
=)
1.0 4 > { ¢V A o [
(@=0.8) to 221 kJ mol™! (a=0.9), which can be attributed
0.8 4 to devolatilization of charcoal from rice [28].
" L s & _ Vamvuka et al. [29] studied the pyrolysis characteristics
06 : of biomass residual mixtures with lignite. The kinetics of the
' 0.0016 0.0017 0.0018 0.0019 00020  thermal decomposition were modeled by a scheme consist-
7K1 ing of three independent first-order parallel reactions of the

Fig. 8 Non-isothermal plot of FWO method at different heating rates:
arice and b corn

values are credible. It can be seen that the E, of rice calcu-
lated by FWO method increased greatly from 149 kJ mol™!
(@=0.8) to 219 kJ mol~! (¢=0.9), and the E, of rice cal-
culated by Friedman method increased from 161 kJ mol™!

main biopolymer components: hemicellulose, cellulose and
lignin. They reported E, values between 145 kJ mol~! and
285 kJ mol™" for cellulose, 90 kJ mol™" and 125 kJ mol™" for
hemicellulose and 30 kJ mol~! and 39 kJ mol~! for lignin.
Xue et al. [30] studied the pyrolysis characteristics of cel-
lulose, starch and mixtures of different content of cellulose
and starch. Their result showed that the E, value of cellulose
is between 105 kJ mol™" and 169 kJ mol™' and the E, value
of starch is between 197 and 271 kJ mol™!, which is related

@ Springer
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(@) o Table 9 Pyrolysis kinetic parameters of Friedman method
W o=01
s Sample  Conversionrate  E/kJ mol™'  Frequency R?
M z‘ o factor/min~!
» a=07]
-2 % oo Rice 0.1 160.5 2.17E+12  0.98213
0.2 138.4 8.05E+10 0.99321
% =37 0.3 138.7 1.74E+11 0.98866
121 . 0.4 127.8 2.82E+10 0.96377
- ¢ 0.5 142.6 8.87E+11 0.95821
5 0.6 1324 1.20E+11 0.82033
0.7 1154 2.02E+09 0.59271
_6 . . . . 0.8 161.2 8.47E+12 0.97812
0.00145 0.00150 0.00155 0.00160 0.00165 0.00170 0.00175 0.00180 0.00185 0.00190
7K 0.9 220.8 4.51E+16 0.99892
() o Average 148.7 - -
. Corn 0.1 121.7 4.51E+08 0.9954
1 & . 0.2 163.1 1.07E+13 0.99668
> ¢
e\ ‘\_. 0.3 164.6 2.46E+13 0.99974
-2 > « YA 0.4 168.8 7.70E+13 0.99967
_ S\ 0.5 182.2 1.40E+15 0.99976
= ¢ m
g =37 g < Ty 0.6 221.7 3.82E+18 0.97917
g “n Average 170.4 - -
c —41 AN
S .
N
-5 > AN
N
-6 T T T T . . .
0.0016 0.0017 0.0018 0.0019 0.0020 to conversion. Their research also showed that blending
77K

Fig. 9 Non-isothermal plot of Friedman method at different heating
rates: a rice and b corn

@ Springer

may promote devolatilization, seen through lower E,. Our
research object, rice and corn are mixture of starch, protein,
lipid, cellulose and many other chemicals, which are more
complicated than the single component. The E, of rice and
corn calculated by three different methods is very close to
the above literature.

As shown in Fig. 11, the predicted values using the
kinetic parameters calculated show a good agreement with
the experimental data at all heating rates. The high agree-
ment indicates that our pyrolysis kinetic parameters are
reliable.
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(a) (b)
L F-W-O method o gt
220 S Kisanoot o 220 (I FWO method .
200 [y [ Friedman method —A— Kissinger method
200 = Friedman method
180 180 w
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Fig. 10 Comparison of E, calculated by Kissinger method, FWO method and Friedman method at different conversion: a rice and b corn

Tab!e 10 Comparison of E, Sample a Kissinger E/ FWO E/kJ mol™! Friedman E,/  Average E,/  Maximum
of rice and corn calculated by kI mol~! kJ mol~! kJ mol ™! relative error
three methods
Corn 0.1 80.1 121.7 100.9 0.21
0.2 145.0 163.1 154.0 0.06
0.3 153.5 164.6 159.1 0.04
0.4 166.1 158.5 168.8 164.4 0.04
0.5 163.6 182.2 172.9 0.05
0.6 176.9 221.7 199.3 0.11
Rice 0.1 200.2 160.5 180.3 0.11
0.2 159.0 138.4 148.7 0.07
0.3 152.7 138.7 145.7 0.05
0.4 149.1 127.8 138.5 0.08
0.5 141.7 146.6 142.6 143.6 0.02
0.6 144.6 132.4 138.5 0.04
0.7 133.5 115.4 124.4 0.07
0.8 145.5 149.3 161.2 152.0 0.06
0.9 219.7 220.8 220.2 0.00

@ Springer
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Fig. 11 Comparison between experimental and predicted values at different heating rates: a 5 °C min~!, b 10 °C min~!, ¢ 20 °C min~! and d

40 °C min~!

Conclusions

In this study, the pyrolysis characteristics of two typi-
cal grains, rice and corn, were investigated and modeled
from thermogravimetric analysis, where three decomposi-
tion stages were observed. With heating rates increasing,
the temperature at the maximum mass loss rate shifted to a
higher temperature. Compared to rice, corn had a higher ini-
tial decomposition temperature and end temperature under
different heating rates in their main pyrolysis stage. The
most possible pyrolysis mechanism during devolatilization
is three-dimensional diffusion, which can be represented by
the Zhuravlev equation (G(a)=[(1 —a)""> —1]?). Lower
E, of rice than corn also indicates that rice is easier to be
pyrolyzed. The predicted values using the kinetic parameters
calculated show a good agreement with the experimental
data at all the heating rates. The developed kinetics charac-
teristics can be employed for grain pyrolysis prediction and
grain reserves.

@ Springer
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