
Introduction

Biomass can generally be defined as any hydrocarbon

material which mainly consists of carbon, hydrogen,

oxygen and nitrogen. Sulfur is also present in less pro-

portion. Some biomass types also carry significant pro-

portions of inorganic species. The concentration of the

ash arising from these organics changes from less than

1% in softwoods to 15% in herbaceous biomass and

agricultural residues [1]. Another definition is that ev-

ery type of combustible substances except fossil fuels

is described as biomass. Municipal solid wastes, agri-

cultural and forest solid wastes, and aquatics are some

of the well-known classes of biomass [2].

Nowadays there is a great concern with the envi-

ronmental problems associated with the great CO2,

NOx and SOx emissions resulting from the rising use of

fossil fuels. For this reason, more attention is being

paid to renewable energy, especially biomass energy.

In order to mitigate the greenhouse effect on the clima-

tic change the EU has elaborated the 2003/87/CE Di-

rective, in which the CO2 emission quota for each Un-

ion European country is fixed. The new technologies

must allow fulfilling the objective of the CO2 emission

reduction by saving energy, diversifying the energy

sources and making the energy-production processes

more efficient. The renewable energy, especially bio-

mass energy, will pay an important role in this goal.

According to EU objectives, 22.1% of electricity

should be generated from renewable energy [3].

The thermolytic behavior of biomass materials pri-

marily depends on its chemical composition and struc-

ture. The degree of crystallinity and polymerization of

the starting materials are integral in defining their re-

spective thermal degradation behavior. In addition to the

above parameters, experimentally derived kinetic pa-

rameters also depend on the specific pyrolysis condi-

ions that include temperature, heating rate, pressure,

particle size and ambient gas environment [4].

The major organic components of biomass can

be classified as cellulose, hemicellulose and lignin.

Cellulose is a polysaccharide and forms the skeletal

structure of most terrestrial biomass and constitutes

approximately 50% of the cell wall material. Hemi-

cellulose is a complex polysaccharide takes place in

association with cellulose in the cell wall, but unlike

cellulose, hemicelluloses are soluble in dilute alkali

and consists of branched structures, which vary con-

siderably among different woody and herbaceous bio-

mass species. The lignin is highly branched, substi-

tuted, mononuclear aromatic polymers in the cell

walls of certain biomass, especially woody species,

and more often bound to adjacent cellulose fibers to

form a lignocellulosic complex [1].

When the biomass is burned, the released carbon

goes back to the atmosphere and will be recycled into

the next generation of growing plants. Therefore, the

application of biomass for energy can lead to zero net

CO2 emission in a very short life cycle periods, since

carbon in the form of CO2 and energy are fixed by

photosynthesis during biomass growth. On the other

hand, most of biomass residues can represent an im-

portant environmental problem when stored or land

filled without control because it undergoes anaerobic

fermentation, resulting in the formation of methane.

This compound has absorption capacity of the infra-
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red radiation 23 times higher than CO2, thus its inci-

dence on greenhouse effect is very high. Moreover,

methane affects also the formation of tropospheric

(ground-level) ozone, which can affect human health,

vegetation, and building materials. Thus the use of

biomass residues as energy source has a double posi-

tive effect from an environmental viewpoint [3].

Pistachio is the one of the most common agricul-

tural product of Turkey and world. According to the

Foreign Agriculture Service of the United States De-

partment of Agriculture, the world pistachio produc-

tion was 0.21 million tonnes in 1999. This will then

result in large quantities of shells being generated [4].

On the other hand, according to Agriculture Ministry

of Turkey, annual pistachio production of Turkey is

varied from 3·104 to 9·104 tonnes.

Due to high variety of raw material, the pro-

cesses that lead to direct energy, combustibles and

chemicals from biomass transformation are numer-

ous. A good solution for technical application of bio-

mass energy is conversion of biomass by pyrolysis,

gasification or combustion processes. Kinetic data of

a pyrolysis reaction is useful for the monitoring and

improving efficiency of commercial pyrolyser,

gasifier and combustor.

Particularly thermal analysis, thermogravimetry

(TG), derivative thermogravimetry (DTG), differen-

tial thermal analysis (DTA), differential scanning cal-

orimetry (DSC), seem to be useful for the character-

ization of the compost organic matter, because of

their rapid determination and simplicity as well [5, 6].

In recent years the application of TG, DSC and DTG

to study the combustion and pyrolysis behavior of

fossil fuels and their derivatives has gained a wide ac-

ceptance among researchers, which is of exceptional

significance for industry and for the economy [7–11].

In this study, the effect of particle size on the pyrol-

ysis kinetic parameters of pistachio shell were aimed.

Experimental

Pistachio shell from Gaziantep region of Turkey was

used in this study. After drying in an oven at 105°C the

samples were crushed by a jaw breaker (Retsch BB 1/A)

and ground in a rotor beater mill (Retsch SRZ).

Sieve analysis (passing a known amount of the

sample material successively through a series of stan-

dard sieves of decreasing size) is one of the oldest

methods to determine size distribution of solid parti-

cles. The Retsch 3B model test-sieving machine (Tyler

series sieves: 3360–71 �m) was used, and the grain-

size classes were weighed an analytical balance.

Elemental analysis of the samples were done by

Carlo Erba model 1108 elemental analyzer calibrated

with standard compounds using the K factor calculation.

The pyrolysis experiments were carried out by

non-isothermal thermogravimetry using Shimadzu

TGA-50 analyzer. Thermal gravimetric experimental

procedure involves placing the sample (max. amount

20 mg) into a platinum crucible and then heating am-

bient to 800°C at different linear heating rates of 5,

10, 15 and 20°C min–1 and with a nitrogen flow rate of

30 mL min–1. The mass losses occurring in correspon-

dence to the temperature rises were continuously re-

corded with a computer working in coordination with

the furnace and the control unit of the analyzer, in or-

der to collect the data required to determine the pyrol-

ysis characteristics and kinetics of the samples.

Results and discussion

Table 1 shows the ultimate analysis and proximate

analysis results according to particle size.

It is seen from the table that there is no S. This is

interesting from environmental and technical point of

view because some S derivatives are important atmo-

spheric contaminants and negatively affect the instal-

lation. SO2 emissions result in acid rain, causing

health, environmental and material damages, and it is

transformed in the atmosphere to small particles that

can have a very long life-time. The high volatile mat-

ter found in the samples suggests the high potential of

this residue for energy production by pyrolysis and

gasification [3].

Typical TG and DTG curves of pistachio shell par-

ticle size –0.125+0.071 mm obtained from 5°C min–1

are presented in Fig. 1.

It is generally recognized that the pyrolysis of bio-

mass involves various individual peaks or shoulders on

the DTG curve, taking place from decomposition of the
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Table 1 Ultimate and proximate analysis of pistachio nut shell

Sample size/mm
Ultimate analysis/% Proximate analysis/%

C H O moisture VM ash

–0.60+0.250 46.76 5.28 47.96 3.59 88.22 0.61

–0.25+0.125 47.13 5.24 47.63 3.12 91.48 0.66

–0.125+0.071 47.55 5.48 46.97 3.34 95.16 0.99



major components of biomass such as hemicellulose,

cellulose and lignin. Hemicellulose and cellulose can be

easily decomposed under miscellaneous pyrolysis con-

ditions, since these oxygen rich constituents show high

thermal reactivity under decomposing conditions. This

is because, some volatiles release after moisture removal

as a result of disintegration of hemicelluloses, and just

after that cellulose is begun to disintegrate, giving fur-

ther volatiles as temperature increases. Of the major

constituents of biomass, lignin is not as thermally reac-

tive as hemicellulose and cellulose. Although lignin also

began to decompose while hemicellulose and cellulose

were decomposing, the peaks of hemicellulose and cel-

lulose masked its peaks at lower temperatures. Lignin

peaks can be shown on the DTG curves as a tailing sec-

tion especially at higher temperatures, after completion

of the previous peaks of other two components [2].

It is seen from the DTG diagram (Fig. 1) that there

are three peaks. First is around 100°C and correspond-

ing to remove of the moisture. Second is beginning

around 200°C and finishing 350°C. Between these

temperatures, hemicellulose is decomposing and fi-

nally, third peak is beginning around 350°C and lasting

to 800°C. This peak is corresponding to decomposing

of cellulose and lignin. According to particle size and

heating rate, these values are presented in Table 2. It is

clearly seen from the Table 2 that initial and final de-

composing temperatures, temperature of maximum

mass loss rate and lost amounts are increase, when

heating rates increase. On the other hand, upon particle

size increases, all the above values increase.

Compared with isothermal experiments, non-

isothermal runs are more convenient to carry out be-

cause it is not necessary to perform a sudden tempera-

ture jump of the sample at the beginning. However,

Arrhenius parameters obtained from non-isothermal

are often reported to disagree with the values derived

from isothermal experiments [12].

Modelling of a reaction for combustion and py-

rolysis processes of natural matter is extremely com-

plicated because several components are oxidized si-

multaneously. In the present work, data from TG and

DTG curves were used to determine the kinetic pa-

rameters. Mathematical analysis was performed by

integral method of Coats and Redfern kinetic model

and Flynn–Wall–Ozawa (FWO) kinetic model.

The methods of kinetics processing can be di-

vided into two main categories: those which employ

data obtained under only one heating rate, and those

based on performing series of measurements under

different heating rates (isoconversional methods).

The attraction of isoconversional methods derives

mainly from its ability to give activation energy val-

ues without the necessity of presuming the analytical

form of the conversion model. The basic assumption

of model-free isoconversional methods is that the re-

action rate at a constant conversion is only a function

of temperature, and that the reaction model is not

dependent on temperature or heating rate [13].
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Fig. 1 TG and DTG curves of pistachio nut shell particle size

–0.125+0.071 mm obtained from 5°C min–1

Table 2 Initial and final mass loss temperatures, and temperatures of maximum mass loss rate of pistachio nut shell at studied
pyrolysis conditions for different heating rates and particle sizes

Particle size/mm Heating rate/°C min–1
Step 1 Step 2

Ti/°C Tf/°C TM/°C Ti/°C Tf/°C TM/°C

–0.600+0.250

5
10
15
20

227.2
239.7
247.4
251.7

324.9
337.0
345.2
350.9

294.3
306.2
311.7
318.7

324.9
337.0
345.2
350.9

800.0
800.0
800.0
800.0

356.7
369.1
377.9
381.3

–0.250+0.125

5
10
15
20

215.2
224.4
234.8
242.6

325.4
340.2
347.7
356.3

298.7
312.1
318.7
326.0

325.4
340.2
347.7
356.3

800.0
800.0
800.0
800.0

353.5
365.6
371.6
379.4

–0.125+0.071

5
10
15
20

200.0
215.1
225.9
233.3

317.3
333.7
345.8
353.4

303.6
316.9
326.4
332.4

317.3
333.7
345.8
353.4

800.0
800.0
800.0
800.0

350.6
363.9
374.4
381.2

Ti – initial temperature, Tf – final temperature, TM – maximum mass loss rate temperature
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Coats and Redfern kinetic model has been suc-

cessfully used for studies on the kinetics of decompo-

sition of solid substances [14–18].

The calculation of the kinetic data is based on

the formal kinetic equation

d

d

n�
�

t
k

�

��
�

�	

 (1)

where � is the amount of sample undergoing the reac-

tion, n is the order of reaction and k is the specific rate

constant.

Coats and Redfern developed an integral method,

which can be applied to thermogravimetric data, as-

suming the order of reactions. The correct order is pre-

sumed to lead to the best linear plot, from which the ac-

tivation energy is determined. The final form of the
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where � is the heating rate (K min–1).

By plotting the appropriate left-hand side of the

equations vs. 1/T, the slope equals –E/2.303R. The ac-

tivation energy (E), Arrhenius constant (A) and reac-

tion rate constant (k) can be calculated from these

equations [15]. An integral method, which can be ap-

plied to TG/DTG data assuming the order of reac-

tions, was also applied. The correct order is presumed

to lead to the best linear plot, from which the activa-

tion energy is determined.

The isoconversional method of Flynn, Wall and

Ozawa is a model-free method which involves mea-

suring the temperatures corresponding to fixed values

of � (conversion degree) from experiments at differ-

ent rates, �, and plotting ln� vs. 1/T

ln ln
( )

( / )
�

�

�



�

�
�

�

�
	�A

f

t

E

RTd d

a (4)

and the slopes of such plots give –Ea/R. If Ea varies

with �, the results should be interpreted in terms of

multi-step reaction mechanism [12].

To determine the kinetic parameters, according to

Coats–Redfern method, different reaction orders (0.5,

2/3, 1, 1.25 and 1.5) were assumed and data analysed

according to Eqs (2) and (3). The reaction order was as-

certained on the basis of best-fit criteria between experi-

mental and predicted results. Results of Coats–Redfern

and FWO calculations are presented in Tables 3–6, re-

spectively. For step 2, activation energy values were cal-

culated in the range of 0.1���0.6, because out of that

range, reaction order was diverged from assumed order.

In the step 1, best correlation coefficients (>0.99)

were obtained from Mampel (first order) reaction

model [12]. On the other hand, it also suggested that

step 2 obey power law reaction model, and that was

corresponding to 3/2nd reaction order.

For the step 1, correlation between activation en-

ergy values calculated from Coats–Redfern method

and FWO method are compatible each other. But, for

the step 2, this expression is not true. This was mainly

due to, in Coats–Redfern calculations, upon heating

rate increases, initial and final decomposing tempera-
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Table 5 Activation energies calculated from FWO method for different particle sizes/kJ mol–1

Particle size/mm
Conversion degree/%

10 20 30 40 50 60 70 80 90 Avr.

–0.600+0.250
Step 1
Step 2

138
173

143
176

148
181

147
186

160
185

164
187

168
–

169
–

166
–

156
181

–0.250+0.125
Step 1
Step 2

129
150

133
157

138
165

143
171

147
174

150
176

151
–

151
–

147
–

143
166

–0.125+0.071
Step 1
Step 2

115
130

119
133

121
140

123
148

123
157

123
165

125
–

123
–

124
–

122
146

Table 6 logA values calculated from FWO method for different particle sizes/mg1–n min–1

Particle size/mm
Conversion degree/%

10 20 30 40 50 60 70 80 90 Avr.

–0.600+0.250
Step 1
Step 2

12.14
13.98

12.29
13.82

12.58
13.97

12.22
14.16

13.18
13.93

13.34
13.94

13.35
–

13.12
–

12.43
–

12.74
13.97

–0.250+0.125
Step 1
Step 2

11.39
12.01

11.45
12.32

11.64
12.76

11.88
13.05

12.00
13.10

12.02
13.07

11.86
–

11.50
–

10.71
–

11.60
12.72

–0.125+0.071
Step 1
Step 2

10.20
10.47

10.21
10.42

10.18
10.81

10.17
11.29

9.95
11.86

9.78
12.32

9.69
–

9.26
–

8.93
–

9.82
11.19



tures increase. This was lead to reduce temperature

range of step 2 and finally, kinetic parameters calcu-

lated by using Coats–Redfern method were higher

than by using FWO method.

Conclusions

Pistachio shell samples have been analysed by ther-

mogravimetry due to great potential of this biomass

for energy uses. TG analysis was made from room

temperature up to 800°C at different heating rates: 5,

10, 15 and 20°C min–1. Results showed three degrada-

tion regions. First was due to dehydration of samples

about 100°C. Second and third one (about 200 and

320°C) was corresponding to degradation of

hemicellulose and cellulose. Then kinetic parameters

of samples were calculated using Coats–Redfern

method and FWO method.

For degradation of hemicellulose region (step 1),

reaction was fitted to Mampel (first order) reaction

model and activation energy and logA values were

varied from 124 to 149 kJ mol–1, and from 10.78 to

13.15 mg1–n min–1, respectively, using Coats–Redfern

method and varied from 122 to 156 kJ mol–1, from

9.82 to 12.74 mg1–n min–1, respectively, using FWO

method. It is from the results that, there is seen a good

correlation between two methods.

For degradation of cellulose region (step 2), re-

action was fitted to power law reaction model and ac-

tivation energy and logA values were varied from 248

to 262 kJ mol–1, and from 20.59 to 21.71 mg1–n min–1,

respectively, using Coats–Redfern method and varied

from 146 to 181 kJ mol–1, and from 11.19 to

13.97 mg1–n min–1, respectively, using FWO method.
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