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Abstract—The pyrolysis of rapidly growing grass biomass in an inert atmosphere was studied by thermogravi-
metric analysis using sorghum as an example. Pyrolysis was performed under isothermal conditions at tem-
peratures from 250 to 400°C. To describe the reaction kinetics, a single-component model including six first-
order reactions was proposed. A special feature of this model is the occurrence of a step of the formation of
an intermediate carbonaceous substance from the volatile products of biomass decomposition.
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INTRODUCTION

Currently, new methods for fuel production have
been intensively developed because of the prospect of
the exhaustion of petroleum resources and the
increase in the prices of petroleum products [1]. The
pyrolysis of biomass to produce liquid (bio-oil), gas-
eous, and solid fuels is a method of this kind. More
than a hundred of different forms of biomass were
tested as raw materials for the manufacture of biofuels
[2]. The effects of the following various factors on the
final products of pyrolysis were investigated: the type and
granule size of raw materials, temperature conditions,
and reactor design. The kinetics of pyrolysis of some
types of biomass and wastes was also studied [3—27].

The kinetics of pyrolysis has been studied experi-
mentally in both isothermal experiments [3, 4, 6, 8,
11, 18, 19, 22] and experiences with dynamic temper-
ature conditions [3, 5—7, 9—18, 20—27], mainly,
under conditions of a linear increase in the tempera-
ture. The dynamics of sample weight changes in the
course of an experiment was investigated using ther-
mogravimetric analysis (TGA) and derivative thermo-
gravimetry (DTG), and the composition of the gas
phase was determined in more detailed studies [18, 25,
28]. Comparing experimental data with the results of
calculations according to the kinetic models pro-
posed, the kinetic parameters of these models were
determined.

The true mechanism of the pyrolysis of biomass
cannot be currently described in detail because this is
a complex process due to a great number and a wide
variety of substances that participate in different paral-
lel and consecutive reactions. For this reason,
attempts at the development of simplified formal
kinetic models of pyrolysis have been made without
ceasing. The advantages of a formal approach are its

simplicity and the possibility of conducting applied
calculations on its basis, and the main disadvantage is
that, as a rule, it is applicable only in the range of
parameters in which the experimental data were
obtained. The composition of raw materials and the
temperature conditions are key parameters for
describing pyrolysis. It is likely that the variety of raw
materials and temperature conditions leads to the
appearance of a set of formal kinetic models for the
test process.

The models proposed in the literature can be clas-
sified according to several signs: the number of com-
ponents (single-component or multicomponent), the
number of stages (single-stage or multistage), and the
orders of reactions (first-order and other).

In the single-component single-stage models, the
process is simulated by one reaction with complex
kinetics. In this case, the task of a kinetic study is the
selection of three values, which compose a so-called
kinetic triplet: a preexponential factor, an activation
energy, and a function that describes the dependence
of the rate of reaction on conversion [11, 15, 22].

In a number of publications, a multicomponent
single-stage model was used, in which it was assumed
that the main component of biomass (hemicellulose,
cellulose, and lignin) decomposed independently of
each other in first-order reactions. The model of three
independent parallel first-order reactions was success-
fully used for describing the kinetics of pyrolysis of var-
ious types of biomass and wastes [5, 7, 9, 10, 12—14,
16, 18, 25].

In more complex models, it is assumed that more
than three components participate in the process and
non-first-order reactions are considered. Thus,
Gronli et al. [14] used five first-order reactions for
describing the process of pyrolysis. The pyrolysis of
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hemicellulose and cellulose was simulated by first-
order reactions, and the pyrolysis of lignin, by a third-
order reaction [17, 20]. Gomez et al. [23, 29] included
four parallel reactions into their model, whereas
Meszaros et al. [21] used a model of six first-order
reactions and also a model of four reactions, three of
which were of second order. In a number of multistage
models, secondary reactions of the decomposition of
pyrolysis products were considered [4, 6, 8, 19, 26,
27]. Currently available kinetic schemes and models
were surveyed in more detail in reviews [30, 31].

A universal model suitable for different types of
biomass to describe the process of pyrolysis over a wide
range of temperatures, including both isothermal and
dynamic conditions, is currently unavailable, although
a great number of kinetic models were published.

Rapidly growing grassy plants, such as sorghum,
miscanthus, reed, and switchgrass, belong to the
promising sources of biomass. The pyrolysis of some of
them has been studied [8, 28, 29, 32, 33]. Sorghum
can be a promising crop from an energy point of view
for Russia, Ukraine, Moldavia, and Uzbekistan
because it is widely cultivated in these countries. The
pyrolysis of sorghum biomass was examined by Piskorz
et al. [32], who studied the dependence of the yield of
pyrolytic liquid on temperature and reaction time.
However, the kinetic studies of the pyrolysis of sor-
ghum were not carried out.

The aim of this work was to study the kinetics of
pyrolysis of sorghum biomass in an inert atmosphere
under isothermal conditions and to develop a kinetic
model for satisfactorily describing experimental data.
The results obtained can be used for a further develop-
ment of the process of pyrolysis of rapidly growing
grassy plants as an energy source.

EXPERIMENTAL

The samples of sorghum biomass as granules 6 mm
in diameter and from 1 cm to several centimeters in
length were provided by the EUBIA Association (Bel-
gium). The granules were ground using a mill and sep-
arated on sieves into several fractions. A fraction of
100—125 pm was used in the experiments. The ele-
mental composition of the sorghum biomass was
determined using an EA-3000 CHNS analyzer at the
Vorozhtsov Institute of Organic Chemistry, Siberian
Branch of the Russian Academy of Sciences, Novosi-
birsk. The moisture content of the biomass was deter-
mined based on a sample weight change after drying at
a temperature of 105°C for 1.5 h, and the ash content
was found by sample calcination in a muffle furnace at
580°C for 3.5 h. The test samples had the following
characteristics: moisture content, 4.6%; ash content,
4.4%. Elemental composition: C, 46.2%; H, 6.2%; N,
1.4%; and O, 46.2% (the oxygen content was calculated
by difference).

The pyrolysis of the samples was performed in a
quartz reactor in an atmosphere of argon. The flow
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rate of argon was 20 1/h. The reactor was equipped
with a McBain balance for measuring the sample
weight in the course of the experiment. A quartz basket
suspended with the aid of a thread to a calibrated
quartz spring was placed inside the reactor. The spring
modulus of elongation was 0.146 mm/mg. The expan-
sion of the spring was measured with a cathetometer to
within 0.03 mm. The accuracy of sample weight mea-
surements was 0.2 mg.

The pyrolysis of biomass samples was studied under
isothermal conditions at 250, 340, 360, 380, and
400°C. A 50-mg sample was rapidly placed in a pre-
heated reactor; thereafter, changes in the sample
weight in the course of the experiment were deter-
mined at regular intervals from 1 to 5 min. The sample
weight was referred to the initial sample weight and the
dependence of the relative weight was plotted as a
function of pyrolysis time. Henceforth, the relative
weight is referred to as the sample weight.

The correctness of isothermal experiments can be
doubted because of the presence of a nonisothermal
section in TGA curves, in which the sample was heated
from room temperature to the reactor temperature.
The heating time of a sample particle can be estimated
using the thermal conductivity equation

T = lzﬂ (1)
}\l b

where 7 is the characteristic time of particle heating,
[ is the characteristic particle size, p is density, ¢ is the
specific heat capacity, and A is the thermal conductiv-
ity of the particle. At the particle size /= 1.1 X 10~*mand
the physical parameters characteristic of the materials of
plant origin [34], namely, p = 0.5 X 10°kg/m?, ¢ = 1.5 X
100 Kkg "K', and L = 0.1 Wm~! K-, the character-
istic time of particle heating is about 0.1 s. The maxi-
mum rate of sample weight change in the rapid section
was reached at a temperature of 400°C; according to
the experimental data (Fig. 1), it was about 1072 s,
Correspondingly, the sample weight changed by 103
(or 0.1%) in time t = 0.1 s. Thus, the change in the
sample weight in the initial section of particle heating
can be ignored and the experimental conditions can be
considered isothermal.

RESULTS

Figure 1 shows changes in the sample weights in the
course of experiments performed at different temper-
atures. At each temperature, the TGA curve exhibited
two characteristic sections with different weight
change rates, rapid and slow. Initially, the sample
weight rapidly decreased to a certain level for several
minutes; thereafter, it continued to slowly decrease at
an almost constant rate. In this case, the duration of
the rapid section and the sample weight at the end of
this section decreased with temperature. These quali-
tative characteristics of the isothermal process of the
pyrolysis of sorghum biomass, namely, a decrease in
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the yield of solid carbon residue and an acceleration of
lignocellulose destruction with temperature, are con-
sistent with published data obtained upon the pyrolysis
of other substances [3, 4, 6, 8, 35].

KINETIC SIMULATION

The aim of the kinetic simulation was to find a
kinetic model for satisfactorily describing the experi-
mental data.

Taking into account the high temperature of the
sample, we can assume that moisture present in the
biomass was evaporates in the rapid section of pyroly-
sis. In view of the low moisture content of the sample
(about 4%) and the short duration of a rapid section,
we assumed that moisture was absent from the sample
already at the second measurement point. Corre-
spondingly, the weight of the dry sample at the point in
time of the onset of measurements was m; = 0.96.

The formal mathematical analysis of the TGA
curves showed that they were adequately described
(with an absolute error of 0.01) by a function that
includes the sum of a constant and two exponents
(rapidly and slowly decreasing exponents). Thus, the
process of pyrolysis can be described by a mechanism
that consists of first-order reactions.

The search for the best model was performed by
going from simple to more complicated models. The
kinetic parameters were determined by the least
squares technique, comparing experimental data with
the results of calculations according to the model. In
this case, the following function was minimized:

F =2 = m™)’, @

exp

where n is the experimental point number, and m,,

and mS° are the experimental and calculated sample

weights at the nth experimental point, respectively.
The minimization was performed both for each indi-
vidual experiment and over all of the experiments
simultaneously, excluding points corresponding to the
initial moment of time. The calculations were carried
out with the use of the Mathcad program.

Kinetic Scheme 1

The simplest kinetic scheme, which considers the
temperature dependence of the yield of carbonaceous
substance at an infinite time of pyrolysis is given
below:

Scheme 1. Single-component single-stage kinetic scheme
including two parallel reactions.
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Fig. 1. Dependence of sample weight on reaction time at
various temperatures.

According to Scheme 1, biomass B decomposes in
two parallel first-order reactions into volatile products
G and carbon substance C with the reaction rate con-
stants k, and k,, respectively [30].

Scheme 1 corresponds to the following equations
and initial conditions:

dmg _

ar _(kl + kz)mB, my(0) = my, (3

dm
€= kZmB’

ar mc(0) =0, “4)

where mg and m are the weights of the biomass and
the carbon substance, respectively, and #is the reaction
time.

The solution of the set has the form

Mg = moe*(kﬁkz)" (5)

kz ~(ky+ky )t
me=m 1-e . 6
T+ k2( ) )

The sample weight m is the sum of the weights of
the biomass and the carbon substance:
ky + ke
m=my+m-=my—2—~-— 7
TN vk,
The yield of carbon substance m,, at an infinite time
of pyrolysis is
k
. ®)
k, + k,
The temperature dependence of the yield of carbon
substance follows from the fact that the reaction rate

constants depend on temperature in accordance with
the Arrhenius equation

E,
k.= A — =i,
’ ’eXp( RT) ©

m,, :mo
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where i is the reaction rate constant number; 4; and E;
are the preexponential factor and the activation energy
of the i reaction, respectively; R is the gas constant;
and T'is temperature.

A disadvantage of Scheme 1 is the presence of only
one exponent in Eq. (7), which can describe only one
section of pyrolysis, either rapid or slow, but it is
impossible to satisfactorily describe the process as a
whole. To adequately describe the entire process, the
time dependence of sample weight should include no
less than two exponents. Two versions are the simplest.
According to the first version, biomass consists of sev-
eral components, and some of them are rapidly pyro-
lyzed, whereas the others are slowly pyrolyzed.
According to the second version, the pyrolysis of bio-
mass occurs in two stages: at the first stage, the biomass
is rapidly pyrolyzed with the formation of primary car-
bon substance and volatile products, whereas the pri-
mary carbon substance is decomposed into secondary
carbon substance and volatile products at the second
slow stage. More complicated combined versions are
also possible.

Subsequently, we tested three mechanisms (Kinetic
Schemes 2—4), which contained Scheme 1 as a con-
stituent, for describing the process of pyrolysis.

Kinetic Scheme 2

Biomass is considered as the sum of three compo-
nents: hemicellulose, cellulose, and lignin. The pyrol-
ysis of each particular component occurs according to
Scheme 2, where j is the component number.

K, G

1j J

mG

J

B/

Scheme 2. Three-component single-step kinetic scheme
including two parallel reactions for each component.

Scheme 2 is a single-step three-component kinetic
scheme. The decomposition of hemicellulose and cel-
lulose corresponds to a rapid section in the TGA
curve, whereas the decomposition of lignin corre-
sponds to a slow section. In this case, the time depen-
dence of sample weight has the form

—(ky j+hey )t
m:zmojkzj+klje ,
) ki; + ky;

J
where m; is the weight of the jth component at the ini-
tial point in time, and k; and k,, are the reaction rate
constants of formation of volatile products and carbon
substance, respectively, in the pyrolysis of the jth com-
ponent.

We managed to choose model parameters (my;, ky;,
and k) at each particular temperature so that the pro-
cess was described with an absolute accuracy of 0.003;
however, we failed to adequately describe simulta-

(10)
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neously all of the experiments with the use of a set of
parameters (my;, Ay, Ay, Ey;, and Ey).

Kinetic Scheme 3

The next scheme tested is shown below:
e
B

ki 7 G
o
ky
&

Scheme 3. Single-component two-stage kinetic scheme
including four reactions.

Scheme 3, which was used by Di Blasi and Lanzetta

[4, 8], is a single-component two-stage Kkinetic

scheme. Reactions 1 and 2 correspond to a rapid sec-

tion of the pyrolysis curve, whereas reactions 3 and 4

correspond to a slow section. The sample weight is the

sum of the weights of biomass B, carbon substance C,

(m¢;), and carbon substance C, (mc,):

m = mg + Mc; + M. an

Scheme 3 corresponds to the following equations
and initial conditions:

W~ + k). mo(0) = m, (12)
dmg,

ar = kymy — (k3 + ky)my, mc(0)=0,  (13)
dmc, _ _

ar kyme,, mey(0) = 0. (14)
A solution to the set of Egs. (12)—(14) has the form

my = moe_(k'%)f, (15)

Mgy ky

— (e*(k3+k4)f _ e*(kﬁkz)’)’ (16)

_ e—(k3+k4)t ~ 1

Mey _ kyky 1 —¢ k) (17)
mo k1+k2_k3_k4 k3+k4 k1+k2 )

With the use of Scheme 3, as well as Scheme 2,
model parameters (k;) were chosen for description
with an absolute accuracy of 0.003; however, we also
failed to find a set of parameters (4; and E;) for simul-
taneously describing the results of all of the experi-
ments. Deviations were observed in the rapid segment
of a TGA curve. For correcting these deviations, one
additional reaction related to the formation of carbon
substance from volatile products, which was observed
in the pyrolysis of biopetroleum [31], was added to
Scheme 3.

No. 4
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Kinetic Scheme 4

The following refined reaction scheme of pyrolysis
was proposed:

G;
b

bl
ke

B x t b o 92

2

G

B

2

Scheme 4. Single-component kinetic scheme including six
reactions.

Scheme 4 corresponds to the following equations
and initial conditions:

dmy _

~(ky + ky)my,  my(0) = my, (18)
% = klmB — (k5 + k())mGl’ mGl(O) = O’ (19)
dmg,
= komy + kgmg, — (ks + k) mey,
S (20)
Mcy (0) =0,
drdntc 2= kyme;, mey(0) =0, 2

where mg, is the weight of volatile products G;.

Asin Scheme 3, the sample weight is determined by
Eq. (11). A solution to the set of Egs. (18)—(21) allows
us to find the dependence of the weights of biomass
and carbon substances C, and C, on reaction time:

Mo — e, (22)
m
me (k k1k6 jekaﬂ . e*klzt
ULCRS S
my ki, —ksg) ki —ksy (23)
. klkﬁ e—k34t _ e—k561
ki, —kse ks — kay
Mcy
my
_ [kz ik j ky (1 —e ™ 1 e"‘”’) (24)
kiy —ksg ) kip — k34 ks, ki,

kki  k, (1 e ] "SG’J
k12 - k56 k56 - k34 k34 k56

For brevity, the following designations are used in
EqS. (22)—(24) k12 = kl + kz, k34 = k3 + k4, al’ld k56 =
ks + k.

The calculation according to Scheme 4 gave the
best description, as compared with those based on
Schemes 2 and 3. Table 1 summarizes the numerical
values of the obtained kinetic parameters, and Fig. 2
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Fig. 2. Comparison between the calculated (points) and
experimental (lines) dependences of sample weight on the
reaction time at various temperatures.

compares the calculated and experimental data. The
accuracy of the determination of kinetic parameters
was calculated by introducing disturbances into the
experimental data with the aid of a random-number
generator with an absolute error of 0.004. The stan-
dard deviations were calculated using 30 points.

Table 1. Numerical values of the parameters of a kinetic
model for the pyrolysis of sorghum in accordance with
Scheme 4

Constant no. (i) In4; [min~"] E;, kJ/mol
1 13.5 £0.20 709 £ 1.0
2 0.283 £ 0.079 6.12+0.39
3 —3.65%£0.10 10.6 £ 0.49
4 —0.050 £ 0.002 20.4+0.26
5 0.573 £ 0.056 0.864 + 0.022
6 4.04t1.3 269+ 7.6

Table 2. Deviations of calculated curves from the experi-
mental curves, as calculated in accordance with Eq. (25)

Temperature, °C 3, %
250 0.7
340 3.9
360 5.0
380 1.3
400 1.4
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Table 3. Characteristics of wheat straw and cornstalk biom-

asses [8]

Characteristic Wheat straw Corns talks
Ash content, % 10.7 5
Concentration, %:

hemicellulose 32 35
cellulose 41 42
lignin 18 20

Table 4. Numerical values of kinetic model parameters for
the pyrolysis of wheat straw and corn stalks in accordance
with Scheme 3 [8]

Wheat straw Corn stalks
Constant

no. (i) In4;, E;, In4; E;,
[min—!] kJ/mol [min~"] kJ/mol

1 15.7 75.15 21.5 102.7
2 11.2 53.6 15.9 76.95

3 11.2 66.6 15.3 84.6

4 5.13 27.6 5.58 38.1

Quantitatively, the deviation of calculated curves
from experimental ones (in the percentages) at each
temperature was evaluated by the quantity

2
Z(m;xp . msalc)
6 =100 |- . (25)
2. (m”)
The calculated deviations given in Table 2 confirm
the satisfactory description of experimental data.

DISCUSSION

The preexponential factors and activation energies
found for formal models can be correctly compared
with published data only on condition that raw mate-
rial compositions, temperature conditions, and
kinetic model structures are similar because these
characteristics considerably affect the kinetic parame-
ters. Special features of the composition of grassy bio-
mass, as compared with wood biomass, are a decreased
lignin content and an increased ash content. The com-
pounds of K, Na, Fe, and Ca are the constituents of
ashes; these compounds serve as catalysts for the
pyrolysis of lignocellulose raw materials and influence
the quantitative characteristics of the process. There
are a few publications on the kinetics of the isothermal
pyrolysis of biomasses. As applied to grassy biomass, a
publication by Lanzetta and Di Blasi [8], who studied
the isothermal pyrolysis of wheat straw and corn stalks
and processed experimental data according to Scheme 3,
can be noted. Tables 3 and 4 summarize data on the
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composition of biomasses and the numerical values of
kinetic parameters in dimensionalities accepted in this
work. Table 3 indicates that wheat and corn biomasses
had almost the same lignocellulose composition, but
they differ in ash contents by a factor of about 2. In this
case, the kinetic parameters of the pyrolysis of these
crops were noticeably different (Table 4). It seems
obvious that the main reason for this difference con-
sists in different concentrations of alkali and alkaline
earth metal compounds, which are catalysts for the
pyrolysis of lignocellulose, as already mentioned
above. As applied to the pyrolysis of sorghum, the
kinetic parameters of the model proposed, with the
exception of the first coefficient, which corresponds to
the main change in sample weight, are also strongly
different from the parameters found by Lanzetta and
Di Blasi [8]. This is likely due to the fact that the com-
positions of sorghum biomass on the one hand and
wheat and corn biomasses on the other are consider-
ably different, as well as the structures of kinetic mod-
els. Qualitatively, the TGA curves obtained in the study
of the pyrolysis of wheat, corn, and sorghum biom-
asses are similar, whereas they are quantitatively dif-
ferent to a considerable extent. Di Blasi [31] also
noted the wide scatter of kinetic model parameters;
this is likely characteristic of a formal approach.

Thus, based on an example of sorghum, we investi-
gated the pyrolysis of the rapidly growing grassy biom-
ass under isothermal conditions. The pyrolysis of
ground samples of size 100—125 pm was carried out in
an inert atmosphere at temperatures of 250, 340, 360,
380, and 400°C with the use of TGA. The TGA curves
at each particular temperature consisted of two sec-
tions (rapid and slow) with different rates of changes in
the sample weight. The duration of the rapid section
and the sample weight at the end of this section
decreased with temperature. For describing the exper-
imental curves, we used the well-known Kinetic
schemes of the pyrolysis of biomass and a new scheme,
which is characterized by the presence of a stage of the
formation of intermediate carbon substance from the
volatile products of biomass decomposition. The best
quantitative description was achieved with the use of
the last model. Note that the proposed model, which
includes the decomposition of volatile pyrolysis prod-
ucts into lighter compounds and carbon material,
more correctly describes real chemical processes that
occur on the thermal decomposition of lignocellulose
than Schemes 2 and 3.

Thus, a single-component kinetic model including
six first-order reactions can be used for describing the
pyrolysis of grassy biomass under isothermal condi-
tions. This model can be applied to grassy biomass
whose ash residue is close to sorghum in elemental
composition.

The experimental results can be used to develop
processes for the manufacture of second-generation
biofuels from plant biomass.
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