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Abstract The pyrolysis of wheat straw has been carried
out by means of thermogravimetric analysis in inert
atmosphere. The samples were heated over a range of
temperatures that includes the entire range of pyrolysis
with three different heating rates of 5, 10 and
20 K min~". The activation energy values as a function of
the extent of conversion for the pyrolysis process of
wheat straw have been calculated by means of the Flynn—
Wall-Ozawa isoconversional method, the Vyazovkin-
Sbirrazzuoli isoconversional method and an iterative iso-
conversional method presented in this article. The results
have showed that there are small differences between the
activation energy values obtained from the three methods,
and the pyrolysis process reveals a dependence of the
activation energy on conversion and have indicated the
validity of the iterative integral isoconversional method.
The effective activation energy for the pyrolysis of wheat
straw is 130-175 kJ mol ™' in the conversion range of
0.15-0.85. Furthermore, the prediction of the pyrolysis
process under isothermal conditions from the dependence
of the activation energy on the extent of conversion has
been presented.
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Introduction

Agricultural residues such as wheat straw have been usually
considered as pyrolytic raw materials for the production of
bio-oil or fuel gas [1-3]. The development of the pyrolysis
process requires an optimization of the operating conditions
in order to assure both acceptable gas outlet composition and
an energy recovery, which makes the process economically
satisfactory [4]. A good knowledge of the kinetics is fun-
damental to the optimization of the pyrolysis process [5].

The determination of reaction kinetics of wheat straw
pyrolysis using thermogravimetric analysis (TGA) was
investigated in some literature.

Nonisothermal TGA has proved to be one of the best
techniques to study the kinetics of biomass pyrolysis and it
has been extensively used. There are many methods for
analyzing nonisothermal TGA data [6]. These kinetic
methods can be divided into model-fitting and isoconver-
sional methods [7, 8]. When applied to nonisothermal data,
the model-fitting methods tend to produce highly unreliable
values of kinetic parameters [9, 10]. This problem can be
resolved when using isoconversional methods. Isoconver-
sional methods allow estimating the activation energy as a
function of conversion without previous assumptions on
the reaction mechanism model. The basic assumption of
these methods is that the reaction rate for a constant extent
of conversion depends only on the temperature and the
reaction mechanism model is independent of the heating
rate [11]. Isoconversional methods allow describing not
only the kinetics of single step processes, but also the
kinetics of multi-step processes to be detected via a vari-
ation of the activation energy with the extent of conversion
[12]. For the complex solid-state reaction processes, the
apparent activation energy calculated by isoconversional
methods is a global energy that may include several
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reactions as well as physical transformations [13]. To use
these methods, a series of experiments at different heating

rates has to be performed.
The main purpose of this article is to investigate the

kinetics of wheat straw pyrolysis. The specific objectives of
this article are:

(a) to approach the kinetics of wheat straw pyrolysis via
thermogravimetric measurements;

(b) to determine the activation energy using isoconver-
sional methods and to verify the validity of an
iterative integral isoconversional method.

Experimental

The experiments were carried out on a thermogravimetric
analyzer STA 449C developed by Netzsch Instruments,
Inc. The atmosphere used was nitrogen with a flow rate of
60 mL min~" for the pyrolysis experiments.

All the experiments were carried out under dynamic
conditions over a range of temperatures that includes the
entire range of decomposition, with heating rates of 5, 10
and 20 K min~'. The mass of the sample used was around
2 mg, and under these conditions the heat transfer limita-
tions can be neglected.

The extent of conversion, o, was calculated according to
Eq. 1, where my is the initial and m, is the final mass. The
initial loss of mass corresponding to water evaporation was
disregarded. Figure 1 shows the data of the extent of
conversion versus temperature at different heating rates.
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Fig. 1 Conversion of wheat straw pyrolysis as a function of

temperature
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Model-free isoconversional kinetics

For nonisothermal conditions when the temperature is
raised at a constant heating rate, the reaction rate of ther-
mally stimulated solid-state reactions can be generally
described by Pilling and Seakins [14]:

doe A
= 2o ETf ()

ar g
where 7 is the absolute temperature, f3 is the heating rate, A
is the frequency factor, E is the activation energy, R is the
universal gas constant, and f(«) is the differential conver-
sion function which describes the dependence of the
reaction rate on the extent of conversion.

The integration of Eq. 2, after rearranging, yields

T 00
é/efE/RTdTZIE/ u e Mdu =
B ) BR

where g(a) = fgf(ot)_ldoc is the integral form of the con-
version function and x = E/RT.

The p(x) function which is usually termed as the tem-
perature integral has no exact analytical solution, and
therefore, Eq. 3 cannot be expressed in a closed form. It
can be solved by using either approximations or numerical
integration [15]. The isoconversional integral methods
differ according to the approximation used to calculate the
p(x) function [16].

The isoconversional method independently developed
by Flynn and Wall [17] and Ozawa [18] uses the Doyle

approximation [19]:

(2)
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g(a) (x)

p(x) = 0.0048¢ 0310 (4)
From Eqgs. 3 and 4, it follows
AE E
| =In{——) —5.331 —1.0516 — 5
) =) . (5)

Based on the above equation, the equation of the Flynn—
Wall-Ozawa isoconversional method for evaluating the

activation energy is given as

A,E,
tn(fi) =In <Rg(oc)

where subscripts i and « designate a given value of heating
rate and the extent of conversion, respectively. Equation 6
is practically linear with respect to T;,l and thus allows E,
to be found from the slope of the plot of In(f;) versus ];,»1.

Coat and Redfern [20] suggested the following approxi-
mation for the p(x) function:

p(x) = x 2 (1 —2/%) (7)

Generally, the part of (1 — 2/x) of the approximation (7)
is neglected, and an oversimplified approximation (8)

E,

ol

(6)
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plx) = x 2 (8)

is actually used [21].
Submitting Eq. 8 into Eq. 3 and taking the logarithm,
we have that

" (i%) -n(ga) ®)

The left-hand side of Eq. 8 is linear with respect to the
inverse temperature, T, ; . This enables the activation energy
to be evaluated via the slope of a straight line Y = a + bX,
where Y is In(8,/T5,), X = T,}, and b = —E,/R. The above
isoconversional method was proposed by Vyazovkin
and Sbirrazzuoli, which is named here the Vyazovkin—
Sbirrazzuoli isoconversional method [22].

Due to the development of computing technologies and
software products, there is no special limitation to the use
of numerical iterative methods in the determination of the
activation energy [23-25]. Here we give an iterative
isoconversional method.

The p(x) function can be expressed by the following
formula

p(x) = / u e "du = x*¢*h(x) (10)
where
h(x) zxfzefx/ u e "du (11)

The h(x) function has no exact analytical solution, and
can be expressed as ‘x + x’¢*ExplntegralEi[—x]’ in the
Mathematica software developed by Wolforam Research,
Inc. ExplntegralEi[x] stands for the exponential integral
function which can be numerically integrated.

From Egs. 3, 10 and 11, it follows

pi . AR E,
" (Tflh(Ea/RT“,)> =l (Eag(oc)> " RT,; (12)

According to the above expression, the iterative proce-
dure for the estimation of the activation energy is as follows:

Step 1. Supposing h(E,/RT, ;) = 1 to estimate the initial
value of the activation energy, EY” according to the
slope of the plot of ln(ﬂi/T'f(,i) versus T;,]

Step 2. Using E© to calculate h(E,/RT, ), from the slope
of the plot of ln[ﬁ,-/Tiyl«/h(Ea/RTM)] versus T;,l calculat-
ing a new value of the activation energy E\".

Step 3. Replacing E‘f) with E;l), repeating step 2, until
IES” — EVI < &, where ¢ is a defined small quantity such
as 0.001 kJ mol ™.

Results and discussion

To apply the isoconversional methods, one has to deter-
mine the values of T,. These values have been evaluated
from the experimental data via a nonlinear interpolation. In
this study, the MATLAB software has been used to per-
form the interpolation procedure. Detailed information
about the implementation of the nonlinear interpolation by
means of the MATLAB software can be found in the lit-
erature [26]. The o versus T, data for the pyrolysis of wheat
straw at different heating rates are listed in Table 1.

The plots of In(f;) versus 1.0516 x 10° (RTOC,,-)*1 cor-
responding to several conversion degrees of the pyrolysis
process are shown in Fig. 2. As it can be obtained that there
is linearity for all cases so the activation energy may be
calculated from the corresponding slope by means of the
Flynn—Wall-Ozawa isoconversional method. The deter-
mination coefficients corresponding to linear fittings in
Fig. 2 together with the resultant activation energy values
are listed in Table 2. As it can be seen that the determi-
nation coefficients are higher than 0.99141 for all cases.

Figure 3 shows the plots of ln(ﬁ,/Tﬁ,[) versus 10°
(RTM)_1 corresponding to several conversion degrees of
the pyrolysis process. By virtue of the Vyazovkin—Sbir-
razzuoli isoconversional method, straight lines with the
slopes —E, are obtained. The determination coefficients
corresponding to linear fittings in Fig. 3 together with the
resultant activation energy values are shown in Table 3.
From the results included in Table 2, the determination
coefficients are higher than 0.99022 for all cases.

Table 1 The o versus T, data for the pyrolysis of wheat straw at
different heating rates

o T,/K
5 K min~' 10 K min~" 20 K min~!

0.15 588.091 602.074 617.921
0.2 597.069 609.495 624.399
0.25 603.218 617.182 630.839
0.3 608.370 620.075 634.000
0.35 611.026 623.428 637.898
0.4 614.070 627.614 641.322
0.45 617.935 630.920 644.962
0.5 619.261 633.920 646.610
0.55 623.010 635.478 650.266
0.6 625.236 638.756 653.302
0.65 628.065 640.213 655.500
0.7 629.849 642.717 658.626
0.75 633.049 645.719 659.770
0.8 634.851 647.830 661.460
0.85 638.066 649.051 664.899
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Fig. 2 The dependence of In(f};) versus 1.0516 x 10° (RTW«)_l at the
different values of o (solid lines are linear fitting corresponding to
different o)

Table 2 The determination coefficients (R?) corresponding to linear
fittings in Fig. 2 together with the resultant activation values (E,)

o E. /K] mol ™! R?

0.15 133.463 + 2915 0.99952
0.2 149.282 + 5.898 0.99844
0.25 150.953 + 2.917 0.99963
0.3 164.706 + 6.281 0.99855
0.35 158.822 4+ 5.093 0.99897
0.4 158.381 + 1.429 0.99992
0.45 161.612 + 1.656 0.99990
0.5 160.010 + 8.630 0.99710
0.55 162.693 £+ 5.993 0.99864
0.6 159.512 4+ 1.342 0.99993
0.65 164.002 + 8.831 0.99711
0.7 157.638 + 7.604 0.99768
0.75 171.270 £+ 3.070 0.99968
0.8 172.978 4+ 0.392 0.99999
0.85 171.810 + 15.994 0.99141

As indicated in Fig. 4, the values of E, calculated by the
three isoconversional methods mentioned in “Model-free
isoconversional kinetics” section presented a great accor-
dance although the Flynn—Wall-Ozawa method gave
slightly higher values than the iterative method and the
Vyazovkin—Sbirrazzuoli method gave slightly lower values
than the iterative method. The small differences among the
activation energy values determined by means of three
isoconversional methods are due to the fact that the dif-
ferent approximations are used to calculate the temperature
integral in these methods.

As results from Fig. 4, the activation energy for the
pyrolysis of wheat straw is about 130-175 kJ mol ™'
(o« = 0.15-0.85). According to this E, dependence, it can
be concluded that the pyrolysis of wheat straw follows
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Fig. 3 The dependence of ln(ﬁi/Ti,-) versus 10° (RT%,-)f1 at the
different values of o (solid lines are linear fitting corresponding to
different o)

Table 3 The determination coefficients (R?) corresponding to linear
fittings in Fig. 3 together with the resultant activation values (E,)

o E,/kJ mol™" R
0.15 130.325 £+ 3.136 0.99942
0.20 146.830 + 6.268 0.99818
0.25 148.486 + 3.002 0.99959
0.30 162.875 + 6.666 0.99833
0.35 156.634 + 5.420 0.99880
0.40 156.119 + 1.437 0.99992
0.45 159.454 + 1.806 0.99987
0.50 157.748 + 9.011 0.99675
0.55 160.502 + 6.367 0.99843
0.60 157.115 + 1.479 0.99991
0.65 161.792 4+ 9.352 0.99667
0.70 155.059 + 8.064 0.99730
0.75 169.361 + 3.292 0.99962
0.80 171.129 + 0.476 0.99999
0.85 169.839 + 16.882 0.99022
o
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Fig. 4 The activation energy values as a function of the extent of
conversion obtained by different isoconversional methods
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Table 4 Isoconversional .
kinetic predictions: time to * £/min
reach the o at 7y under To =550 K To=575K To = 600 K To =625 K To = 650 K
isothermal conditions

0.15 25.422 7.340 2.350 0.824 0.313

0.2 45.498 11.232 3.115 0.958 0.322

0.25 68.895 16.741 4.577 1.388 0.461

0.3 104.093 22.064 5.322 1.439 0.480

0.35 110.189 24.781 6.311 1.793 0.561

0.4 135.148 30.542 7.813 2.229 0.700

0.45 171.961 37.650 9.355 2.599 0.797

0.5 192.756 42.891 10.817 3.046 0.945

0.55 222.396 48.208 11.870 3.269 0.994

0.6 241.767 54.117 13.723 3.884 1.211

0.65 291.856 62.492 15.214 4.147 1.249

0.7 378.758 63.624 16.424 4.725 1.496

0.75 470911 93.837 21.389 5.488 1.563

0.8 551.455 108.056 24.254 6.135 1.725

0.85 566.989 112.465 25.528 6.524 1.852

multi-step kinetics expressed by different apparent activa-
tion energies.

The dependence of E, on o is enough to predict the
isothermal kinetics from nonisothermal data, as in Eq. 13
[27-29].

e

ty = B BN, (13)

where ¢, is the time to reach the extent of conversion « at a
given temperature, T, under isothermal conditions.
Solving Eq. 13 for different conversion degrees, the
pyrolysis process of wheat straw at some temperatures has
been predicted. The results obtained are shown in Table 4.

Conclusions

The dependence of E, on o has been determined from the
isoconversional kinetic analysis of nonisothermal thermo-
gravimetric data of the pyrolysis of wheat straw. An iterative
integral isoconversional method was presented and used for
the kinetic analysis of wheat straw pyrolysis. The Flynn—
Wall-Ozawa and Vyazovkin—Sbirrazzuoli methods were
also used for the determination of the dependence of E, on a.
The results have shown that the differences among the
activation energy values obtained by means of the three
isoconversional methods are very small, which indicated the
validity of the iterative integral isoconversional method. The
effective activation energy corresponding the pyrolysis of
wheat straw is 130-175 kJ mol ™! (o = 0.15-0.85). Using
the dependence of E, on a, the isothermal pyrolysis process
has been predicted.
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