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Abstract Pyrolytic characteristics and kinetics of pista-

chio shell were studied using a thermogravimetric analyzer

in 50–800 �C temperature range under nitrogen atmosphere

at 2, 10, and 15 �C min-1 heating rates. Pyrolysis process

was accomplished at four distinct stages which can mainly be

attributed to removal of water, decomposition of hemicel-

lulose, decomposition of cellulose, and decomposition of

lignin, respectively. The activation energies, pre-exponen-

tial factors, and reaction orders of active pyrolysis stages

were calculated by Arrhenius, Coats–Redfern, and Horo-

witz–Metzger model-fitting methods, while activation

energies were additionaly determined by Flynn–Wall–

Ozawa model-free method. Average activation energies of

the second and third stages calculated from model-fitting

methods were in the range of 121–187 and 320–353

kJ mol-1, respectively. The FWO method yielded a com-

patible result (153 kJ mol-1) for the second stage but a lower

result (187 kJ mol-1) for the third stage. The existence of

kinetic compensation effect was evident.

Keywords Pistachio shell � Thermogravimetric analysis �
Pyrolysis kinetics � Coats–Redfern method � Horowitz–

Metzger method � Flynn–Wall–Ozawa method

Introduction

A great interest is focused on renewable energy sources

since fossil fuels, the present major energy contributors,

concern environmental problems, and show to be confronted

with depletion in near future. Biomass is thought to be the

most attractive renewable energy source owing to its avail-

ability, easy processability, and being environmentally

friendly. It is already the fourth largest energy source in the

world, and it is widely dispersed. Biomass materials, com-

pared to coal, can be easily processed to produce chemicals

and fuels since their reactivity and volatility are high [1].

Biomass materials capture the solar energy as fixed carbon

via photosynthesis during which carbon dioxide is converted

to organic compounds. Thus, their usage does not contribute

to the increase of carbon dioxide concentration in the

atmosphere [2]. The low sulfur and nitrogen contents of

biomass materials (and derived fuels) cause less environ-

mental pollution and health problems than fossil fuels when

they are used in combustion processes [3]. It is also true that

the usage of biomass waste materials as energy sources

solves a part of waste disposal problems.

Biomass materials can also be used as raw materials to

produce liquid, gaseous, and solid fuels unlike the other

renewable energy sources. There are two main routes for this

purpose: (i) biochemical conversion in which enzymatic

activities takes place and (ii) thermochemical conversion in

which biomass is exposed to heat or oxidation [4]. The main

thermochemical conversion routes are pyrolysis, gasifica-

tion, and liquefaction. Among these, pyrolysis is at spotlight

since it enables to produce energy fuels at high fuel-to-feed

ratios [5]. The biomass pyrolysis process can simply be

described as the thermal decomposition of biomass at

moderate temperatures (400–600 �C) in the absence of

oxygen to obtain preferably liquid products (bio-oil) [6].

Pyrolysis is also involved in the combustion, gasification,

and liquefaction processes of biomass as the initial step

[7, 8]. Hence, knowledge of the characteristics and kinetics

of pyrolysis step is vital to predict the behavior of biomass to

design and control the necessary conversion units.
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Thermoanalytical techniques such as thermogravimetric

analysis (TG) and derivative thermogravimetry (DTG) are

commonly used to investigate the pyrolytic characteristics

and kinetics of solid raw materials [9, 10]. In TG, the mass

loss of a sample is measured against temperature under

controlled heating rate and gas atmosphere, and then it is

recorded in the form of TG curves. DTG curves are

obtained by taking the first derivative of TG curves. It is

known that kinetic parameters can be calculated from

thermogravimetric curves since the shape of these curves is

a function of reaction kinetics. For this purpose, several

model-fitting (a reaction model has to be chosen) and

model-free (does not require a reaction model) kinetic

calculation methods were developed [11]. These calcula-

tion methods can follow either a differential or an integral

approach to manipulate the TG data, and both have dif-

ferent disadvantages on which detailed information can be

obtained from reference [12]. Arrhenius, Coats–Redfern,

and Horowitz–Metzger methods are some examples for

model-fitting kinetic calculation methods, and there are

numerous studies available in literature as stated in refer-

ences [13–15], [16–20], and [21, 22], respectively. The

Flynn–Wall–Ozawa (FWO) method is one of the model-

free isoconversional methods, and has been used in many

studies [23–26].

This study aims to provide a clear understanding of the

pyrolytic characteristics and kinetics of a biomass waste

material, namely, pistachio shell. For this purpose, ther-

mogravimetric analyses were performed at three different

heating rates, and the related kinetic parameter values were

calculated by Arrhenius, Coats–Redfern, Horowitz–Metz-

ger, and FWO methods.

Materials and methods

Materials

In this study, the pyrolysis of pistachio shell was conducted

by a thermogravimetric analyzer. Pistachios were obtained

from a local market (Siirt, Turkey), and their shells were

gently separated from the fruit. Shell samples were ground

to particle size \0.1 mm using a Ika A11 model analytic

mill. The samples were dried under vacuum at 105 �C, and

kept in glass containers. The proximate and ultimate

analyses data for pistachio shell are given in Table 1.

Highly purified (99.99%, vol.) nitrogen was used as a

carrier gas.

TG

The mass change of pistachio shell over the course of

pyrolysis reaction was measured and recorded by Perkin

Elmer Diamond TG/DTA system. The experiments were

carried out non-isothermally at three different heating rates

of 2, 10, and 15 �C min-1. Nitrogen at a flowrate of

50 mL min-1 was used as a carrier gas. In each experi-

ment, a sample mass of 8 ± 3 mg was used. The sample

holders were open type platinum pans. The tests were

conducted in the 50–800 �C temperature range.

Kinetic modeling

Biomass pyrolysis process may be represented by the fol-

lowing reaction scheme:

Biomass! Solid residue þ Volatiles:

The fraction of pyrolyzed biomass (or conversion), a, is

defined by the following expression:

a ¼ m0 � mtð Þ
m0 � mf

� � ð1Þ

where m0 is the mass of biomass at the beginning; mt and

mf refer to the values at time t and at the end of the mass

event of interest, respectively.

Pyrolysis rate, da/dt, is a linear function of temperature-

dependent rate constant, k, and reaction model (a temper-

ature-independent function of conversion), f(a):

da
dt
¼ kf að Þ: ð2Þ

Replacing the rate constant with Arrhenius equation,

and introducing the heating rate (b = dT/dt) for non-

isothermal case, Eq. 2 becomes:

da
dt
¼ A

b
e �

E
RTð Þf að Þ ð3Þ

where A is the pre-exponential factor, E is the activation

energy, R is the gas constant, and T is the absolute

temperature.

Table 1 Proximate and ultimate analyses of pistachio shell

Proximate analysis/% Ultimate analysis/%

Ma VMb,c FCd,c Ashc HHVe C H Of N S

3.71 77.45 18.43 0.41 4155 44.62 5.81 49.25 0.32 –

a Moisture; b Volatile matter; c Calculated in dry basis; d Fixed carbon; e Higher heating value/kcal kg-1; f Calculated by difference
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Selecting nth order reaction model in the light of a

previously accomplished kinetics study of pistachio shell in

the literature [23], and rearranging, Eq. 3 becomes:

da
1� að Þn ¼

A

b
e
�E
RTð ÞdT : ð4Þ

In this study, Eq. 4 is the fundamental expression used

in model-fitting kinetic calculation methods on the basis of

TG data.

Results and discussion

Thermogravimetric analyses

TG/DTG curves

The TG and DTG curves for heating rates of 2, 10, and

15 �C min-1 are shown in Fig. 1. The whole pyrolysis

process can be divided into four stages since every single

slope change on a TG curve indicates the beginning of a

new stage. By considering the TG/DTG curves obtained at

10 �C min-1, the following observations and/or comments

can be listed:

(1) The first stage (stage I) starts at 50 �C and finishes at

222 �C. The mass loss occured in this stage was

3.33%, and can be attributed to the removal of water

present in material and external water bounded by

surface tension. It is also possible that some light

volatile compounds are removed. Stage I is repre-

sented by the weak peak on the most left hand side of

the DTG curve.

(2) The second stage (stage II), the upper ‘‘\’’-shaped

section on TG curve, starts at 222 �C and finishes at

298 �C with a mass loss of 26.99%. The correspond-

ing area on the DTG curve is represented by the

negative peak whose maximum is at 263 �C. The

maximum mass loss rate was 5.59% min-1 at this

stage. This stage can be referred as an active pyrolysis

stage since mass loss rate is high.

(3) The third stage (stage III), the lower ‘‘\’’-shaped

section on TG curve, goes from 311 to 365 �C, and

shows a mass loss of 26.73%. This stage is repre-

sented by the negative peak showing a maximum at

340 �C on the DTG curve. The maximum mass loss

rate was 9.02% min-1 at this stage. This rate is also

the maximum mass loss rate obtained during the

whole pyrolysis process. This stage can also be

referred as an active pyrolysis stage considering its

high mass loss rate.

(4) The fourth stage (stage IV) starts at 365 �C and

continues up to 800 �C, and it is seen as a tail in both

TG and DTG curves. The mass loss occured in this

stage was 14.17%. Stage IV can be referred as passive

pyrolysis stage since mass loss rate is much lower

compared to those in the second and third stages. The

residual mass at the end of the overall pyrolysis

process was determined as 24.53%.

(5) The mass losses observed in stage II, III, and IV can

be explained by the components of pistachio shell.

Pistachio shell is mainly composed of hemicellulose,

cellulose, and lignin like all other lignocellulosic

materials. The thermal degradation behavior of these

components have been well studied, and it is known

that hemicellulose, cellulose, and lignin complete

their decompositions at temperature intervals of

210–325, 310–400, and 160–900 �C, respectively

[27]. So, the mass losses of stage II, III, and IV can

mainly be attributed to decomposition of hemicellu-

lose, cellulose, and lignin, respectively.

(6) The ratios of hemicellulose, cellulose, and lignin in

pistachio shell can not be determined exactly from

TG/DTG curves since (i) the components decompose

in overlapping temperature ranges and (ii) the com-

ponents do not decompose completely but also form a

residue. However, by combining the percentage

values given above with the knowledge that lignin
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Fig. 1 TG (upper) and DTG curves of pistachio shell at different

heating rates
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yields *40% of its mass as a residue at the end of the

pyrolysis process, the lignin and holocellulose (hemi-

cellulose ? cellulose) ratios of pistachio shell can be

estimated as 23.62 and 68.8%, respectively.

The effect of heating rate on pyrolysis characteristics

The characteristics related to active pyrolysis stages (stage

II and stage III) such as starting temperature (Ti), ending

temperature (Tf), maximum mass loss rate (Wmax) and the

temperature where this rate occured (Tmax) were exactly

determined for all studied heating rates, and their values

are given in Table 2. It can be clearly said that all char-

acteristic temperatures were shifted to higher values with

increasing heating rate. This is because the heat transfer is

not as effective and efficient as it was at lower heating

rates. At lower heating rates, heating of biomass particles

occurs more gradually leading to an improved and more

effective heat transfer to the inner portions and among the

particles [28]. The maximum mass loss rates were also

shifted to higher temperatures with increasing heating rate

as a consequence of the increasing effect of the inertia of

the devolatilization process as the characteristic time of the

process is decreased [29].

Calculation of kinetic parameter values

Model-fitting kinetic calculations

The reaction model describing the reaction mechanism is

of high importance since the values of E and A depend on

the assumed f(a). However, the pyrolysis of biomass

includes complicated multiple reactions and thus, it is quite

difficult to determine the reaction mechanism in needed

detail to formulate the reaction kinetics. To overcome this

situation, the process was simplified by lumping the com-

plicated multiple reactions that takes place in carefully

selected temperature ranges as an nth order reaction. The

active pyrolysis stages (stage II and stage III), whose

characteristics were explained thoroughly in previous

section, were the temperature ranges subjected to kinetic

calculations using Eq. 4. The kinetics of each stage was

studied at 0.1–0.9 conversion interval to assure that linear

parts of related stages on TG curve are at the focus of

attention. The model-fitting kinetic calculation methods

performed in this study were differential method of

Arrhenius and integral methods of Coats–Redfern and

Horowitz–Metzger.

The final rate equation of Arrhenius method can be

obtained by taking the logarithm of Eq. 4 and making some

rearrangements. It is given as follows:

1n
da
dT

� �
� n1n 1� að Þ ¼ 1n

A

b

� �
� E

RT
ð5Þ

where

da
dT
¼ aT2

� aT1

T2 � T1

: ð6Þ

According to Eq. 5, the plot of ln (da/dT) – n ln (1 - a)

versus (1/T) should give a straight line for the appropriate

value of reaction order n. In order to determine the

appropriate value of n for active pyrolysis stages, several

values of n were chosen, the plots were drawn, and the

related correlation coefficients (R2) were calculated to

generate R2–n curves (Fig. 2a, b). Most appropriate

n values ensuring the highest R2 were determined from

these curves for all studied heating rates. Using these

values of n, final plots were drawn (Fig. 3a, b). The

activation energy and pre-exponential factor of each active

pyrolysis stages were calculated from the related slope

(-E/R) and interception (ln (A/b)) of final plots,

respectively. The results obtained by Arrhenius method

are given in Table 3. Note that kinetic parameters could not

be calculated for the 2 �C min-1 heating rate since the

generated plots were R2–n lines instead of R2–n curves. In

other words, R2 showed a continuous increase with selected

n values.

In Coats–Redfern method, the integral of Eq. 4 is taken,

and the resulting exponential integral which does not have

an exact analytical solution is approximated using a Taylor

Table 2 Properties of active pyrolysis stages

Property Heating rate/8C min-1

2 10 15

SII
a SIII

b SII SIII SII SIII

Ti/8C 196 281 222 311 225 318

Tf/8C 269 340 298 365 299 371

Tmax/8C 244 310 263 340 275 342

Wmax/% min-1 0.99 1.72 5.59 9.02 7.57 13.30

a Stage II; b Stage III

230 K. Açıkalın

123



series expansion. The obtained equation is simplified by

considering 2RT/E � 1. The final form is given as follows:

1n g að Þ ¼ � E

RT
þ 1n

AR

bE

� �
ð7Þ

where g(a) = -(ln (1 - a))/T2 if n = 1; g(a) = (1 -

(1 - a)(1-n))/((1 - n)T2) if n = 1. In this method, a

straight line should be obtained by plotting ln g(a) versus

(1/T) if n is selected properly. So, R2–n curves (Fig. 2c, d)

were generated as explained in Arrhenius method, and the

proper n values were determined for each active pyrolysis

stage. Then, final plots (Fig. 3c, d) were drawn using these

n values. The activation energy and pre-exponential factor

of each active pyrolysis stage were determined from the

slope (-E/R) and the interception (ln ((AR)/(bE))) of final

plots, respectively. The results are given in Table 4.

In Horowitz–Metzger method, the linearized form of

final equation is given as follows [30]:

1ng að Þ ¼ EU
RT2

max

� �
þ 1n

ART2
max

bE

� �
� E

RTmax

ð8Þ

where U = T - Tmax, and Tmax is the temperature where

maximum mass loss rate occurs. Here, g(a) = -ln (1 - a)

if n = 1; g(a) = (1 - (1 - a)(1-n))/(1 - n) if n = 1. In

this method, the appropriate reaction order is presumed to

give the best linear plot of ln g(a) versus U. The proper

n values for each active pyrolysis stage were determined

from R2–n curves (Fig. 2e, f). Using these n values, final

plots were drawn (Fig. 3e, f). The activation energy

and pre-exponential factors were determined from slope

(E/(RTmax
2 )) and intercept (ln ((ARTmax

2 )/(bE)) - E/(RTmax)),

respectively. The results are shown in Table 5.

Model-free kinetic calculations

Isoconversional methods do not require knowledge of

reaction mechanism to calculate activation energy. For this

reason, they are referred as model-free methods. The FWO

method is an integral isoconversional technique in which

activation energy is related to heating rate and temperature

at a constant conversion. The equation is as follows [8]:
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Fig. 2 R2–n curves obtained by

a Arrhenius method for stage II;

b Arrhenius method for stage

III; c Coats–Redfern method for

stage II; d Coats–Redfern

method for stage III;

e Horowitz–Metzger method for

stage II; and f Horowitz–

Metzger method for stage III
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1n b ¼ C1 �
E

RT
ð9Þ

where C1 is constant. According to Eq. 9, activation energy

can be calculated from the slope of ln b versus 1/T. Hence,

the temperatures corresponding to the fixed values of

conversion were measured at three different heating rates,

and necessary plots were drawn (Fig. 4). Activation energy

of active pyrolysis stages were calculated from the slopes

(-E/R) of related plots at 0.1–0.9 conversion interval. The

results are given in Table 6.
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Fig. 3 Final plots obtained by

a Arrhenius method for stage II;

b Arrhenius method for stage

III; c Coats–Redfern method for

stage II; d Coats–Redfern

method for stage III;

e Horowitz–Metzger method for

stage II; and f Horowitz–

Metzger method for stage III

Table 3 Kinetic parameters calculated by Arrhenius method

B/�C min-1 Stage E/kJ mol-1 Log A/min-1 Plot equation R2 n

10 II 132.7 12.57 y = -15959.2x ? 26.65 0.9806 1.32

III 308.8 26.46 y = -37133.7x ? 58.62 0.9896 1.61

15 II 109.4 10.22 y = -13153.5x ? 20.83 0.9858 0.86

III 339.8 29.20 y = -40870.6x ? 64.52 0.9931 1.83

Average II 121.1 11.40 1.09

III 324.3 27.83 1.72

Table 4 Kinetic parameters calculated by Coats–Redfern method

B/�C min-1 Stage E/kJ mol-1 Log A/min-1 Plot equation R2 n

2 II 156.0 14.95 y = -18765.8x ? 23.88 0.9985 1.55

III 264.3 22.93 y = -31782.9x ? 41.73 0.9997 1.64

10 II 180.3 17.35 y = -21689.4x ? 27.66 0.9983 1.85

III 321.0 27.49 y = -38610.7x ? 50.43 0.9995 1.60

15 II 161.8 15.46 y = -19461.0x ? 23.01 0.9990 1.52

III 374.2 32.13 y = -44999.6x ? 60.55 0.9993 1.90

Average II 166.0 15.92 1.64

III 319.8 27.52 1.71
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Evaluation of the calculated kinetic parameter values

Examining Tables 3, 4, and 5, it can be clearly said that

heating rate has a great influence on activation energy. In

active pyrolysis stages, the activation energy values cal-

culated by all model-fitting kinetic calculation methods

exhibited the same behavior with the changes in heating

rate. In stage II, increasing heating rate from 2 to

10 �C min-1 resulted in an increase, but a further increase

to 15 �C min-1 led to a decrease in activation energy

values. On the other hand, in stage III, activation energy

showed a continuous increase with increasing heating rate

from 2 to 15 �C min-1. Thus, it would be more righteous

to compare the results on average basis (average of the

results obtained at different heating rates). The average

activation energy of stage II was calculated as 121.1, 166,

and 186.7 kJ mol-1 by Arrhenius, Coats–Redfern, and

Horowitz–Metzger methods, respectively. The model-free

FWO method yielded 153 ± 5 kJ mol-1 in the 0.1–0.9

conversion interval which is compatible with the results

given above but more closer to Coats–Redfern method

result. For stage III, the average activation energy was

calculated as 324.3, 319.8, and 353.2 by Arrhenius,

Coats–Redfern and Horowitz–Metzger methods, respec-

tively. The results are compatible but closer results were

obtained by Arrhenius and Coats–Redfern methods. On

the other hand, FWO yielded a considerably smaller result

(184.5 ± 24 kJ mol-1). This situation was also observed

in Tonbul’s study [23] on the pyrolysis of pistachio shell.

He calculated the activation energy of stage II as 124–149

and 122-156 kJ mol-1 using Coats–Redfern and FWO

methods, respectively. These results agree with this study.

On the other hand for stage III, the values of

248–262 kJ mol-1 (obtained by Coats–Redfern method)

and 146–181 kJ mol-1 (obtained by FWO method) were

reported. There was an agreement with the results

obtained by FWO method but for the Coats–Redfern

Table 5 Kinetic parameters calculated by Horowitz–Metzger method

B/�C min-1 Stage E/kJ mol-1 Log A/min-1 Plot equation R2 n

2 II 179.3 17.40 y = 0.0806x ? 0.196 0.9983 1.75

III 292.9 25.57 y = 0.1036x ? 0.039 0.9996 1.82

10 II 200.9 19.43 y = 0.0840x - 0.145 0.9982 2.05

III 353.8 30.36 y = 0.1133x ? 0.344 0.9996 1.75

15 II 179.9 17.24 y = 0.0720x ? 0.146 0.9985 1.58

III 412.8 35.45 y = 0.1311x ? 0.378 0.9994 2.09

Average II 186.7 18.02 1.79

III 353.2 30.46 1.89
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Fig. 4 Plots (upper for stage II; lower for stage III) obtained by FWO

method for determination of activation energy

Table 6 Activation energies calculated by FWO method (kJ mol-1)

Conversion degree/%

10 20 30 40 50 60 70 80 90 Avr.

Stage II 148 149 150 152 153 155 156 157 158 153

Stage III 160 169 176 182 187 192 199 205 209 187
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method the results of this study were higher than the

reported values.

Generally speaking about both stages, Horowitz–Metz-

ger method gave the highest results. This is an encountered

occasion, and is generally attributed to the approximations

of the method. The second fact observed from the studies

was that the activation energy of stage III was always

higher than the activation energy of stage II. This was an

expected result since stage II and III represents the

decomposition of hemicellulose and cellulose, respec-

tively, and cellulose is known to be thermally more stable

than hemicellulose. It was also observed that pre-expo-

nential factor and activation energy exhibited the same

behavior when the heating rate was changed. In other

words, if activation energy decreases with a change in

heating rate, pre-exponential factor decreases too, or vice

versa. In literature, this situation is called as ‘‘kinetic

compensation effect’’, and it is defined as ‘‘a rise in

E (which will decrease the rate of reaction at any particular

temperature) is partially or completely offset by an increase

in A’’ [31]. In many cases, the variation of these parameters

corresponds to the equation ln A = a ? bE, where a and

b are constants [32]. So, ln A versus E plot was drawn

(Fig. 5) to search for the existence of kinetic compensation

effect. By considering the high correlation coefficient

values shown in Fig. 5, the existence of kinetic compen-

sation effect was confirmed.

Conclusions

Pyrolysis of pistachio shell has been carried out non-iso-

thermally in the 50–800 �C temperature range at three dif-

ferent heating rates (2, 10, and 15 �C min-1) under nitrogen

atmosphere using a thermogravimetric analyzer.

(1) It was observed that *65% pyrolysis conversion can

be obtained at a relatively low temperature (*380 �C).

This makes pistachio shell a potential raw material for

pyrolysis process.

(2) TG/DTG curves indicated that pyrolysis process can

be divided into four distinct stages which are mainly

due to removal of water (stage I), decomposition of

hemicellulose (stage II), decomposition of cellulose

(stage III), and decomposition of lignin (stage IV),

respectively. Most of the mass loss (*54%) was

accomplished in stages II and III which were referred

as active pyrolysis stages. The characteristic temper-

atures of these stages were shifted to higher values by

increasing heating rate.

(3) The values of kinetic parameters related to active

pyrolysis stages were calculated using various kinetic

calculation methods. Their dependency on heating

rate was clearly observed. For stage II, average

E (kJ mol-1)–log A (min-1)–n values were calculated

as 121.1-11.4-1.09, 166-15.92-1.64, and 186.7-18.02-

1.79 from model-fitting kinetic calculation methods

of Arrhenius, Coats–Redfern and Horowitz–Metzger,

respectively. These values were calculated as 324.3-

27.83-1.72, 319.8-27.52-1.71, and 353.2-30.46-1.89

for stage III. On the other hand, model-free FWO

method yielded E values as 153 and 187 kJ mol-1 for

stage II and stage III, respectively. So, it can be

concluded that compatible results were obtained

except Arrhenius ‘‘n’’ result in stage II and FWO

‘‘E’’ result in stage III.

(4) The existence of kinetic compensation effect was

presented by establishing the functional relationship

between activation energy and pre-exponential factor

at different heating rates.
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