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a b s t r a c t

Co-pyrolytic behavior and kinetics of walnut shell (WS), polypropylene (PP), low density polyethylene
(LDPE) and their blends were investigated using a thermogravimetric analyzer. WS and plastic samples
were blended weight proportion of 1:2; 1:1 and 2:1. The desired final temperature of 650 �C was ach-
ieved at five different heating rates (5, 10, 15, 20 and 50 �C min�1). Three devolatilization stages of WS
were determined as removal of water, decomposition of hemicellulose and cellulose, and lignin. On the
other hand, the degradation curves of PP and LDPE showed only one stage belonging to decomposition of
polyene chains. The kinetic parameters like activation energy and pre-exponential factor of pyrolysis
zone were determined by applying Arrhenius and Coats Redfern method. According to Arrhenius
method, the average value of activation energies of WS, PP and LDPE were 69.32, 295.65 and
254.55 kJ mol�1, respectively. Moreover by using Coats Redfern method, average value of activation
energies of WS, PP and LDPE were determined as 101.58, 333.53 and 316.77 kJ mol�1, respectively. As the
pyrolysis reaction advanced the Arrhenius parameters (E and A) increased or decreased simultaneously,
exhibiting a compensation effect.

© 2016 Energy Institute. Published by Elsevier Ltd. All rights reserved.
1. Introduction

Concern of climate change and the harmful impacts of acid rain encouraged the researchers for new and cleaner methods of electric
power generation [21]. Burning of fossil fuels is increased CO2, NOx ans SOx emissions so their environmental impact is also increasing. In
addition, the increasing consumption of these non-renewable fuels gives the impression that their quantity is finite. Thus, energy from
biomass could promote to decrease the consumption of fossil fuels, by means of reducing environmental and energy problems. Currently,
14% of the world's total energy needs is supplied by biomass [12]. Pyrolysis, thermolysis, gasification and combustion, as characterization
studies of lignocellulosic biomass, have been carried out by many researchers in order to design efficient and environmentally sustainable
processes [9,19,24,28,29,34,37,40,42]. Biomass type can significantly influence heat transfer and reaction rates, such that the optimal
operating conditions are highly variable. Biomass and organic residues can convert into diverse product by pyrolysis. Its application may
essentially diversify the energy-supply in many situations, leading to a more secure and sustainable global energy-supply chain [26].

The 60% of solid urbanwaste is plastics from containers and packaging so the plastic materials have became an important part of this type
of waste. The composition of the plastic part is mainly polyolefins (high and low density polyethylene, polypropylene and polystyrene),
accounting for around 70% of the total plastic waste. Plastics are mostly non-biodegradable; these strong uses have led to the generation of
an increased amount of plastic waste. Different techniques have been implemented by researchers to decrease negative impact of waste
plastics on the environment. Leaching and soil impregnation of plastics degradation products produce several pollutants (nitrous and sulfur
oxides, dusts, dioxins and other toxins) that have a highly negative impact on the environment, so landfilling or incineration of this type of
waste are not the right solutions. Recovery of the organic content of plastic waste should be part of the organic life-cycle but both processes
do not allow the recovery of the organic content of plastic waste [1].
n).
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The conversion of lignocellulosic and plastic waste into valuable products such as chemicals or fuels via thermal co-processing treatment
methods is environmentally friendly ways. Polyolefinic polymers which contain approximately 14 wt.% hydrogen, can provide hydrogen
during thermal co-processing with wood biomass. Acting as hydrogen source of polyolefines can lead to an increase of liquid production.
The synergistic effects observed for co-liquefaction of biomasseplastic mixtures lead to an increase in oil yields. On the other side, biomass
gives highly oxygenated pyrolysis oils because of low carbon content of 47e51 wt.% and high oxygen content of 42e46 wt.%. However,
synthetic polymeric materials such as waste polyolefines have very high carbon content of about 84 wt.% and low oxygen content of about
1.5 wt.% producing hydrocarbon oils by pyrolysis.

Co-processing of synthetic polymers with biomass could balance the carbon, oxygen and hydrogen in the feedstock, with strong effects
on the properties of degradation products. Biomass has lower thermal stability compared to plastics and thus it could affect their radical
degradation mechanism by promoting the degradation of synthetic macromolecules. In the co-pyrolysis, the yields and composition of the
products strongly depends on the treatment method, processing conditions, type of biomass and of synthetic polymers [11,49].

Kinetic analysis of thermal decomposition processes has been the subject interest for many investigators all along the modern history of
thermal decomposition. The interest is fully justified. On one side, kinetic data are essential for designing any kind of device, in which the
thermal decomposition takes place; on the other side, kinetics is intrinsically related with the decomposition mechanisms. The knowledge
of themechanism allows the postulation of kinetic equations or vice versa, and kinetics is the starting point to postulate mechanisms for the
thermal decomposition [17]. Thermogravimetric analysis (TGA) is one of the most common techniques used to investigate thermal events
and kinetics during pyrolysis of solid rawmaterials such as coal, biomass and plastic. It provides ameasurement of weight loss of the sample
as a function of time and temperature. The kinetics of these thermal events has been determined by the application of the Arrhenius
equation corresponding to the separate slopes of constant mass degradation [49].

Considering the kinetics of plastic-biomass co-pyrolysis numerous recent studies on the TGA pyrolysis of plastics [1,13,27,30] and
biomass [4,26,31,33,36] Uzun & Sarioglu, 2009 [50] are available and most were based on different calculations methods.

Presently, the shell of the edible nuts walnut has been selected as biomass. Walnut shell, an agricultural waste, is the lingo-cellulosic
material forming the thin endocarp or husk of the walnut tree fruit. In 2012, walnut production was about 203,212 tonnes in Turkey
[51]. 136,150 tonnes of walnut shell was left behind in 2012, since it comprises 67% of the total weight of the fruit. The walnut shell as ligno-
cellulosic biomass is a good precursor for pyrolysis process [7,15]. In the literaturewalnut shell is used as a precursor for co-pyrolysis process
together with coal and tar sand [23,47]. Walnut shell can be also pyrolyzed together with polyolefins. Polyolefins, which can be called as
engineering plastics, has increased significantly in recent decades largely due to their low cost, goodmechanical properties and light weight.
On the other hand, this increase in usage has also createdmany challenges associated with disposal and their impact on the environment. In
that, polyolefins do not easily degrade in the natural environment and hence the need for clean conversion technologies has become amajor
topic of research. There is no sufficient study on co-pyrolysis kinetics of walnut shell and waste polyolefins in the literature. In this study,
waste polypropylene (PP) and low density polyethylene (LDPE) were selected as waste polyolefin samples. Co-pyrolytic behaviors of WS-PP
and WS-LDPE blends were investigated under inert atmosphere using a thermogravimetric analyzer. Thermogravimetric analysis were
carried out at five different heating rates (5, 10, 15, 20 and 50 �C min�1), and the related kinetic parameter, activation energy (E), pre-
exponential factor (A) were calculated by Arrhenius and Coats Redfern methods in order to evaluate Walnut, PP and LDPE as a potential
feedstock for thermochemical conversion.
2. Experimental technique

2.1. Raw material collection and sample preparation

The feedstock materials used in this study included Walnut shell (WS) from Bilecik located in the north west of Turkey, as well as
commercially available (MTM Recycling Company, Turkey) waste polypropylene (PP) and waste low density polyethylene (LDPE). Air-dried
biomass sample was ground in a high speed rotary cutting mill and sieved to give fractions of 224 < Dp < 425 mm, 425 < Dp < 600 mm,
600 < Dp < 850 mm, 850 < Dp < 1250 mm and 1250 < Dp < 1800 mm. 425e600 mm mesh size samples were used in all experiments. Waste
plastic samples were grounded cryogenically and <224 mmmesh size samplewere chosen for all experiments. ASTM Standard Test Methods
for proximate analysis were used to determine the weight fractions of volatile, ash and fixed carbon contents. The weight fraction of
moisture contentwasmeasured in SartoriusMA 150moisture analyzer. The ultimate analysis ofWalnut shell, PP and LDPEwas performed in
an elemental analyzer (Leco CHN628 Series). The heating value is a substantial thermal property to design and evaluate of thermal con-
version systems.

The gross calorific values were calculated by Dulong formula [22]:

QGVC ¼ 338:2C þ 1442:8
�
H � O

8

� �
kJ kg�1

�
(1)

C, H, N, O and S are the mass fractions of carbon, hydrogen, nitrogen and oxygen. The main characteristic properties of walnut shell are
given in Table 1. More detailed characteristic properties of walnut shell can be found in previous study [39]. The main characteristic
properties of PP and LDPE are also given in Table 2. The FTIR spectrum of PP and LDPE which shows indications of various surface functional
groups is shown in Figs. 1 and 2, respectively.
2.2. Pyrolysis

Pyrolysis experiments were carried out with a thermogravimetric analyzer (Setaram Labsysevo, France). The biomass/plastic samples
were blended (1:1 weight ratio) in an agate mortar to achieve homogeneity. 100 mL Al2O3 crucible was used for each run, and the exper-
iments were carried out non-isothermal conditions. 10 ± 3mg of sample was pyrolyzed from room temperature to 650 �C at heating rates of



Table 1
Main characteristic properties of walnut shell.

Characteristics Method

Moisture contenta (%) Moisture analyzer 8.06
Holocellulose (%) TS 4431 46.13
Oil (%) TS 769 3.29
Lignin [25] 48.11
Ectrastives [25] 3.78
Hemicellulose [25] 22.18
Cellulose By difference 23.95
Proximate analysisb

Ash (%) ASTM D 1102-84 0.33
Volatile matter (%) ASTM E 897-82 76.38
Fixed carbon (%) By difference 15.21
Ultimate analysis
Carbon (%) Elemental analyzer 47.50
Hydrogen (%) Elemental analyzer 6.39
Nitrogen (%) Elemental analyzer 0.46
Oxygen (%) By difference 45.65
Empirical formula By calculation CH1.61N0.008O0.75

H/C molar ratio By calculation 1.61
O/C molar ratio By calculation 0.75
Higher calorific value (MJ/kg) Dulong formula 16.69

a As received.
b Weight percentage on dry basis.

Table 2
The main characteristic properties of PP and LDPE.

Characteristic Method

Ultimate analysis PP
Carbon (%) Elemental analyzer 83.28
Hydrogen (%) Elemental analyzer 13.61
Nitrogen (%) Elemental analyzer 0.16
Oxygen (%) By difference 2.96
Empirical formula By calculation CH1.96N0.002O0.03

H/C molar ratio By calculation 1.96
O/C molar ratio By calculation 0.03
Higher calorific value (MJ/kg) Dulong formula 47.26

Ultimate analysis LDPE
Carbon (%) Elemental analyzer 81.80
Hydrogen (%) Elemental analyzer 13.52
Nitrogen (%) Elemental analyzer 0.29
Oxygen (%) By difference 4.39
Empirical formula By calculation CH1.98N0.003O0.03

H/C molar ratio By calculation 1.98
O/C molar ratio By calculation 0.03
Higher calorific value (MJ/kg) Dulong formula 46.38

Fig. 1. FTIR spectrum of PP.
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Fig. 2. FTIR spectrum of LDPE.
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5,10, 15, 20, 50 �Cmin�1. Nitrogenwas used as an inert purge gas to displace air in the pyrolysis zone, thus avoiding undesirable oxidation of
the sample. After the initial purging, nitrogen was flowed 20 mL min�1
3. Results and discussion

3.1. Pyrolysis of WS, PP, LDPE and their blends

The results of main characteristic properties of WS, PP and LDPE are presented in Tables 1 and 2. Higher calorific values were calculated
from elemental analysis results by using Dulong's formula [22]. The higher calorific values of WS, PP and LDPE are 16.69 MJ kg�1,
47.26 MJ kg�1 and 46.38 MJ kg�1 , respectively.

FTIR spectrum of PP and LDPE are given in Figs. 1 and 2. In Fig. 1, peak positions of 1458, 1375, 1167 cm�1 indicates that PP has aliphatic
hydrocarbon with brunched chain, 2951, 2877, 1458, 1375 cm�1 indicates that PP has alkyl group-methyl substituent and 2951, 1458, 1375,
1167, 973 cm�1 indicates that PP has aliphatic hydrocarbonwith highly branched chain. According to Fig. 2, LDPE has aliphatic hydrocarbon
groups with long chain (2921, 2846, 1471, 1377, 729 cm�1), alkyl groups-long chain compound (2921, 2846, 1464, 720 cm�1) and aliphatic
hydrocarbon groups-possibly long chain crystalline (2921, 1464, 729, 720 cm�1).

Fig. 3 shows the thermogravimetric and derivative thermogravimetric curves of walnut shell, under inert atmosphere for the final
temperature 1000 �C heating rate of 20 �C min�1.

According to TG curve of WS, the mass lose range can be divided into three step because of variable-slope curves. The first step starts at
60 �C and finishes at about 140 �C. This could have been owing to the vaporization of the moisture in consequence of physically absorbed
water of the sample. Following the TG curve the main devolatilization step begins at 220 �C and finishes at 394 �C. This step indicates
decomposition of hemicellulose and cellulose referred as “active pyrolysis zone” since mass loss rate is high. After 415 �C “passive pyrolysis
zone” started and mass loss rate is lower at this step. Then, there is no further weight loss essentially. These thermal behaviors clarified by
the components of WS. WS is mainly consisted of hemicellulose, cellulose and lignin like all other lignocellulosic materials. The
Fig. 3. The thermogravimetric curves of WS (heating rate of 20 �C min�1).



Fig. 4. TG curves of LDPE, PP, WS, WS/PP and WS/LDPE.
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thermogravimetric behavior of these components have been studied before and it is well known that hemicellulose, cellulose and lignin
accomplished their decompositionwithin the temperature ranges of 210e325, 310e400, and 160e900 �C, respectively [38]. Based on these
temperature intervals, the minor andmajor reactions observed in active pyrolysis zone can be attributed to decomposition of hemicellulose
and cellulose. From Table 1, the sum of hemicellulose and cellulose amount is calculated as 46.13% and the average mass loss of WS at active
pyrolysis zone is determined as about 45%. This case is another evidence of hemicellulose and cellulose decomposition occurs in the active
pyrolysis zone.

TG and DTG curves of PP, LDPE, WS, WS/PP and WS/LDPE blends for the blending ratio of 1:1 are given in Figs. 4 and 5 (heating rate of
20 �Cmin�1). According to the curves, WS is decomposed at a lower temperature than plastics. Polyolefinic polymers, like PP and LDPE have
almost same trends, this is indicates that they have the same pyrolysis behaviors due to similar chemical bonds in their molecular structures.
Polyolefinic polymers are decomposed by random chain scissionwhich is a very typical mechanism for polymer decomposition. The process
is a multistep radical chain reaction with all the general features of such reaction mechanisms: initiation, propaganation, branching, and
termination steps [8,10]. The weight losses show that degradation of plastics occurs almost totally in one-step process.

PP samples starts to react at temperature as lowas 392 �Cwhile LDPE samples begin to decompose at a higher temperature of 432 �C. The
weight loss of all samples increased with temperature increasing. Since the chemical bonds in plastic break more easily at higher tem-
perature, increase of weight loss with temperature is expected [39,49].

Table 3 shows that the characteristic properties of active pyrolysis zone ofWS, PP, LDPE and their blends such as starting temperature (Ti),
ending temperature (Tf), the peak temperature (Tp) and total mass loss (%). As the heating rate is increased, Table 3 shows that there was a
lateral shift with an increase in the rate as the heating rate was increased from 5 to 50 �Cmin�1. The displacement of TG curves with heating
rate has been described in the literature by different researchers [3,4].

There are many arguments to explain these displacements. Many authors consider that a change in themechanism of the reaction can be
produced when there is a change in the heating rate. In contrast inefficient heat transfer from furnace to sample may produce large dif-
ferences between the temperature of the furnace and that of the sample, which obviously increase with heating rate.
Fig. 5. DTG curves of LDPE, PP, WS, WS/PP and WS/LDPE.



Table 3
Properties of active pyrolysis zone at different heating rate.

Heating rate (�C/min) Pyrolysis range (�C) Peak temperature (�C) Total mass loss (%)

Ti Tf Tp

WS 5 208 365 348 68
10 215 370 359 68
15 230 410 360 69
20 232 415 365 68
50 248 440 379 56

PP 5 362 487 443 76
10 366 492 457 75
15 372 503 463 77
20 392 511 473 76
50 418 524 474 78

LDPE 5 385 501 459 74
10 392 503 488 75
15 413 514 484 73
20 432 522 504 79
50 443 544 509 76

WS:PP
1:1 mass ratio

5 189 460 290-345-415 64
10 188 479 300-359-435 64
15 199 500 305-362-448 64
20 199 500 310-369-450 64
50 222 545 323-378-484 65

WS:LDPE
1:1 mass ratio

5 190 502 320e455 69
10 200 527 340e473 67
15 203 531 342e475 65
20 210 532 340e480 67
50 213 564 428e504 67
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TG curves of biomass and plastic sample blends lie between the ones of the individual samples. The characteristic temperatures for the
blends change in comparisonwith those for each component. Co-components increase thermal stability ofWS as can be concluded from the
shift to Tmax towards higher values.

To further illuminate whether interactions existed between the biomass and plastics, difference of weight loss
(Dw ¼ wblend�(x1w1þx2w2)) is defined where wblend is the weight loss of blend, xi is the mass fraction of each material in the same
operational conditions and wi is the weight loss of each material in the same operational conditions. Dw describes the extent of synergistic
effect which is calculated for different heating rate of 20 �C min�1 in Fig. 6 (For the blending ratio of 1:1). For WS-PP blends and WS-LDPE
blends, co-components show a different behavior from that of individual samples. It can be seen that, for the two blends, Dw is less then ±5%
before 390 �C because at this temperature PP and LDPE were still not decomposed, obviously there is no interaction betweenWS and plastic
samples. A significant interaction is observed after about 392 �C for WS-PP blends which is the point of starting temperature of PP
decomposition. These experimental results indicate a maximum synergistic effect during co-pyrolysis of WS-PP blends at 20 �C min�1 is
about 16% at 448 �C. For WS-LDPE blends maximum synergistic effect during co-pyrolysis at 20 K min�1 is about �7% at 488 �C.
Fig. 6. Variation of Dw for WS-PP and WS-LDPE (1:1 mass ratio) blends (heating rate of 20 �C min�1).



Table 4
Kinetic parameters for pyrolysis of WS, PP, LDPE and their blends from Arrhenius method.

Sample Heating rate (�C min�1) Activation energy (kJ mol�1) Pre-exponential factor (min�1) R2

WS 5 69.11 1.87 � 105 0.976
10 79.73 2.62 � 106 0.955
15 61.00 4.91 � 104 0.984
20 67.03 2.19 � 105 0.924
50 69.71 6.48 � 105 0.982

PP 5 305.76 2.20 � 1021 0.908
10 298.74 2.04 � 1020 0.943
15 279.53 3.00 � 1019 0.950
20 295.11 3.51 � 1020 0.960
50 299.13 7.17 � 1020 0.991

LDPE 5 256.58 3.82 � 1017 0.973
10 255.56 3.24 � 1017 0.978
15 247.86 1.01 � 1017 0.987
20 224.30 4.20 � 1015 0.990
50 288.45 4.54 � 1019 0.984

WS/PP
1:2 mass ratio

5 1.stage 69.30 5.34 � 104 0.786
10 1.stage 57.60 5.92 � 103 0.882
15 1.stage 59.51 9.37 � 103 0.910
20 1.stage 67.62 4.07 � 104 0.898
50 1.stage 71.23 4.59 � 105 0.901

WS/PP
1:1 mass ratio

5 1.stage 120.68 5.35 � 1010 0.960
2.stage 169.79 1.32 � 1014 0.972
3.stage 103.66 1.42 � 107 0.987

10 1.stage 112.21 1.06 � 1010 0.960
2.stage 134.29 7.25 � 1010 0.982
3.stage 116.57 1.60 � 108 0.997

15 1.stage 108.89 5.20 � 109 0.978
2.stage 152.30 3.22 � 1012 0.987
3.stage 109.63 5.01 � 107 0.992

20 1.stage 113.24 1.64 � 1010 0.989
2.stage 141.06 3.42 � 1011 0.986
3.stage 122.00 4.77 � 108 0.997

50 1.stage 105.46 3.42 � 109 0.980
2.stage 117.94 4.09 � 109 0.945
3.stage 193.23 2.59 � 1013 0.893

WS/PP
2:1 mass ratio

5 1.stage 103.76 3.51 � 107 0.653
2.stage 264.51 1.22 � 1018 0.872

10 1.stage 86.71 7.09 � 106 0.796
2.stage 268.15 5.55 � 1018 0.990

15 1.stage 74.66 7.81 � 105 0.986
2.stage 211.03 4.31 � 1014 0.991

20 1.stage 75.12 1.13 � 106 0.980
2.stage 142.47 4.00 � 109 0.840

50 1.stage 79.24 7.22 � 107 0.905
2.stage 158.45 1.89 � 108 0.891

WS/LDPE
1:2 mass ratio

5 1.stage 78.34 1.02 � 106 0.980
2.stage 256.71 3.18 � 1017 0.979

10 1.stage 74.99 6.87 � 105 0.986
2.stage 256.14 3.04 � 1017 0.990

15 1.stage 79.14 1.84 � 106 0.956
2.stage 184.85 4.11 � 1012 0.981

20 1.stage 76.79 1.42 � 106 0.965
2.stage 188.77 9.52 � 1012 0.972

50 1.stage 81.49 2.54 � 106 0.908
2.stage 204.48 8.95 � 1012 0.899

WS/LDPE
1:1 mass ratio

5 1.stage 86.72 6.61 � 106 0.938
2.stage 156.58 3.01 � 1010 0.991

10 1.stage 86.41 9.79 � 106 0.962
2.stage 146.99 8.74 � 109 0.989

15 1.stage 97.17 1.06 � 108 0.951
2.stage 162.59 1.47 � 1011 0.946

20 1.stage 84.61 9.91 � 106 0.978
2.stage 152.84 3.56 � 1010 0.951

50 1.stage 75.35 1.99 � 106 0.978
2.stage 197.75 3.21 � 1013 0.909

WS/LDPE
2:1 mass ratio

5 1.stage 89.93 4.87 � 106 0.983
2.stage 133.18 8.62 � 108 0.976

10 1.stage 85.43 8.94 � 106 0.952
2.stage 149.66 2.03 � 1010 0.972

15 1.stage 86.81 1.52 � 107 0.977
2.stage 144.73 1.03 � 1010 0.959

20 1.stage 89.84 3.11 � 107 0.980
2.stage 141.33 6.0 � 109 0.962

50 1.stage 91.45 2.58 � 107 0.981
2.stage 151.35 8.01 � 109 0.915
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3.2. Kinetic analysis

Non-isothermal kinetic study of carbonaceous materials is an extremely composite task because of the presence of numerous complex
components and their parallel and consecutive reactions [45]. The decomposition rate during thermal treatment can be represented by the
following equation:

dx
dT

¼ kf ðxÞn (2)

where f(x) ¼ (1�x), x is the extent of conversion, t is the time, k is the specific rate constant and n is the order of reaction. The extent of
conversion can be represented as follows:

x ¼ wo �wt

wo �wf
(3)

where wo is the initial mass of the sample, wt is the actual mass and wf is the mass after pyrolysis. The reaction rate constant, k, is modeled
by Arrhenius equation, whereby:

kðTÞ ¼ Ae
�Ea
RT (4)

R is the universal gas constant, Ea the activation energy and A the pre-exponential (or frequency) factor, a gauge of the collision frequency
of molecules during a reaction related to the number of molecules present in a given volume [46]. For constant heating rate, b, a linear
relation between time and temperature can be written as:

T ¼ To þ bt (5)

Now, substituting Eqs. (4) and (5) in (2) and rearranging, the expression becomes:

dx
dT

¼ A
b
e�Ea=RT ð1� xÞn (6)

The above equation can be used to evaluate Ea and A at constant heating rate using TG data. However, the right hand side of Eqn. (6) has
no definite integral whichmakes it difficult to find the exact solution. Therefore, several methods were developed to estimate the value of Ea
and A [41].

In Arrhenius method the final rate equation given below is obtained by linearization of Eq. (6) and making some rearrangements:

ln
�
dx
dT

�
� nlnð1� xÞ ¼ ln

�
A
b

�
� Ea
RT

(7)

The plot of ln(dx/dT)�nln(1�x) versus (1/T) should give a straight line for the correct value of reaction order n. The activation energy and
pre-exponential factors are calculated from slope (�Ea/R) and interception (ln(A/b)), respectively [4].

In Coats Redfern method, an asymptotic approximation for the resolution of Eq. (6) gives,

ln
�
� lnð1� xÞ

T2

�
¼ ln

�
AR
bEa

�
� Ea
RT

ðn ¼ 1Þ (8)

Above Eq. (8) will result in a straight line with slope �Ea/R and an intercept of ln [AR/bEa]. This was done by plotting graph between
following [14,32]:

ln
�
� lnð1� xÞ

T2

�
versus 1=T ðn ¼ 1Þ

Kinetic parameters were calculated for the blending ratios of 1:2, 1:1 and 2:1 with the applied heating rates of 5, 10, 15, 20 and
50 K min�1. For individual samples and their blends (1:2, 1:1 and 2:1 mass ratio) calculated activation energies and pre-exponential factors
by using Arrhenius method and Coats Redfern method were given at Tables 4 and 5, respectively. Considering the results tabulated in Tables
4 and 5, it can be said that the kinetic parameter values were affected from the variations in heating rates. When comparing the results with
those of the thermal decomposition of the single materials, it is noteworthy that the activation energies of polyolefin in the blends were
lower than the activation energies of single polyolefin for applied heating rates. Also decreasing of the activation energies are due to the
probable influence of products formed duringWS degradation on polyolefin degradation. This behavior was also noted for blends of biomass
derivatives with other common polymers with changes in the mechanism of thermal degradation [2,39].

The activation energy obtained from the Coats Redfern method for WS, PP, LDPE and their blends are mostly higher than that obtained
from the Arrhenius method. Some researchers have studied out that activation energy values are influenced by the temperature interval of
pyrolysis, method of mathematical analysis, pyrolysis techniques, and others. So the literature offers a wide range of values of activation
energy [18]. The variation between Arrhenius and Coats Redfern methods encountered in this study can be generally attributed to the
approximations of the method used for determination of kinetic parameters.

The results of calculated x values using the predicted kinetic parameters by the Arrhenius and Coats Redfern method have been
compared to those experimental and are shown in Figs. 7 and 8 for the heating rate of 20 Kmin�1 and blending ratio 1:1. It can be seen from
the figures, all the calculated curves almost overlap with the experimental ones. In general, experimental values of x are lower than the
calculated values.



Table 5
Kinetic parameters for pyrolysis of WS, PP, LDPE and their blends from Coats-Redfern method.

Sample Heating rate (�C min�1) Activation energy (kJ mol�1) Pre-exponential factor (min�1) R2

WS 5 102.31 2.74 � 105 0.962
10 109.83 1.95 � 106 0.955
15 97.51 1.07 � 105 0.963
20 89.78 8.18 � 104 0.957
50 108.45 1.66 � 108 0.982

PP 5 336.16 5.27 � 1023 0.963
10 315.81 1.59 � 1022 0.971
15 308.92 4.04 � 1021 0.977
20 314.32 9.58 � 1021 0.982
50 392.45 2.34 � 1027 0.951

LDPE 5 309.17 2.36 � 1021 0.985
10 276.79 9.28 � 1018 0.990
15 286.89 5.12 � 1019 0.992
20 302.81 9.18 � 1020 0.982
50 408.19 6.22 � 1022 0.906

WS/PP
1:2 mass ratio

5 1.stage 72,82 9,60 � 104 0,930
10 1.stage 64.63 2.07 � 104 0.957
15 1.stage 64.25 1.83 � 104 0.953
20 1.stage 69.54 4.36 � 104 0.957
50 1.stage 70.59 7.89 � 104 0.963

WS/PP
1:1 mass ratio

5 1.stage 51.02 5.07 � 103 0.887
2.stage 251.50 1.24 � 1021 0.999
3.stage 149.39 4.44 � 1010 0.996

10 1.stage 44.39 1.67 � 103 0.852
2.stage 199.58 1.87 � 1016 0.996
3.stage 180.76 9.49 � 1012 0.992

15 1.stage 49.80 7.82 � 103 0.895
2.stage 237.84 3.63 � 1019 0.997
3.stage 166.02 6.92 � 1011 0.993

20 1.stage 52.53 1.71 � 104 0.873
2.stage 211.04 1.76 � 1017 0.996
3.stage 183.64 1.46 � 1013 0.993

50 1.stage 122.61 1.10 � 1011 0.971
2.stage 188.54 1.34 � 1015 0.965
3.stage 270.23 5.77 � 1018 0.988

WS/PP
2:1 mass ratio

5 1.stage 101.86 2.67 � 107 0.918
2.stage 282.59 2.73 � 1019 0.969

10 1.stage 101.01 1.42 � 108 0.878
2.stage 308.04 3.96 � 1021 0.997

15 1.stage 88.18 1.09 � 107 0.972
2.stage 271.10 7.52 � 1018 0.981

20 1.stage 89.58 1.83 � 107 0.972
2.stage 164.06 1.45 � 1011 0.952

50 1.stage 95.49 2.89 � 108 0.948
2.stage 248.59 4.89 � 1018 0.974

WS/LDPE
1:2 mass ratio

5 1.stage 94.11 2.41 � 107 0.963
2.stage 326.05 2.67 � 1022 0.983

10 1.stage 89.83 1.28 � 107 0.968
2.stage 308.80 1.60 � 1021 0.991

15 1.stage 99.10 1.02 � 108 0.942
2.stage 221.07 1.32 � 1015 0.992

20 1.stage 94.76 4.96 � 107 0.955
2.stage 237.32 2.40 � 1016 0.989

50 1.stage 95.48 9.57 � 107 0.908
2.stage 240.68 3.48 � 1016 0.941

WS/LDPE
1:1 mass ratio

5 1.stage 70.30 1.74 � 105 0.992
2.stage 192.18 1.05 � 1013 0.988

10 1.stage 68.21 1.87 � 105 0.989
2.stage 182.27 2.72 � 1012 0.988

15 1.stage 68.05 2.17 � 105 0.973
2.stage 183.52 3.82 � 1012 0.986

20 1.stage 71.134 5.22 � 105 0.992
2.stage 178.94 2.16 � 1012 0.983

50 1.stage 58.760 5.75 � 104 0.984
2.stage 240.51 2.39 � 1016 0.968

WS/LDPE
2:1 mass ratio

5 1.stage 100.51 1.55 � 108 0.965
2.stage 161.35 9.32 � 1010 0.983

10 1.stage 99.12 1.48 � 108 0.953
2.stage 186.29 8.54 � 1012 0.975

15 1.stage 102.98 4.06 � 108 0.958
2.stage 175.58 1.54 � 1012 0.969

20 1.stage 105.16 6.73 � 108 0.969
2.stage 169.37 5.44 � 1011 0.981

50 1.stage 110.15 9.78 � 108 0.974
2.stage 170.26 7.69 � 1010 0.967
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Fig. 7. Comparison of experimental and model values of x vs. temperature from Arrhenius Method (20 K min�1 , 1:1 mass ratio, 1.stage) a. WS, b. PP, c. LDPE, d. WS/PP, e. WS/LDPE.
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Fig. 8. Comparison of experimental and model values of x vs. temperature from CoatseRedfern Method (20 K min�1 , 1:1 mass ratio, 1.stage) a. WS, b. PP, c. LDPE, d. WS/PP, e. WS/
LDPE.
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Fig. 9. The kinetic compensation effect analysis curves of WS, PP and LDPE.
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3.3. Kinetic compensation effect

The kinetic compensation effect states that there is a linear relationship between Arrhenius parameters log(A) and E for a family of
related processes. It is awidely observed phenomenon inmany areas of science, notably heterogeneous catalysis [5,6,16]. The applicability of
the Arrhenius equation to a particular reaction could be tested by finding constancy or a predictable variation in the “frequency factor”with
changes in experimental conditions or sample treatment or structure. It is demonstrated, both theoretically and by numerically, that random
errors in kinetic data do generate an apparent compensation effect (sometimes termed the statistical compensation effect) when the true
Arrhenius parameters are constant [44,48].

Expressions for the gradient of data points on a plot of log(A) against Ea are derived when experimental kinetic data are analyzed by
linear regression.

ln A ¼ uþ εEa (9)

where u and ε are the coefficients of linear regression, which depend on the type of sample and their structures. Fig. 9 shows the kinetic
compensation effect analysis curves of WS, PP and LDPE. The linear fitting of ln A and Ea is carried out based on the calculated kinetic
parameters through Arrhenius method, and the relationship between ln A and Ea can be expressed as following:

ln A ¼ 0:2117 Ea � 1:9919 R2 ¼ 0:925 ðWSÞ

ln A ¼ 0:1551 Ea þ 1:3976 R2 ¼ 0:904 ðPPÞ

ln A ¼ 0:14531 Ea þ 3:2586 R2 ¼ 0:999 ðLDPEÞ
The validity of the compensation effect is not generally accepted and it is often considered as a statistical deviation (an artifact), due to

the extrapolation necessary to calculate the A values. However, previous researchers proved the importance of the compensation phe-
nomenon on the kinetic parameters A and E, and gave several correlations between them and theoretic interpretations for that phe-
nomenon as well [20,35,43].
4. Conclusion

TG and DTG curves provide valuable information on pyrolysis mechanism and kinetics of biomass and plastic samples. This knowledge is
very important for industrial scale application. For this purpose non-isothermal TG analyses of WS, PP, LDPE and their blends have been
carried out in 50e650 �C temperature range at 5, 10, 15, 20 and 50 �C min�1 heating rates under nitrogen flow (20 mL min�1). For WS
pyrolysis, three distinct mass loss zones were determined which were attributed to removal of water, decomposition of hemicelluloses and
cellulose and decomposition of lignin, respectively. In the second zone named as active pyrolysis zone most of the mass loss has occurred
about 45%. Based on this result, walnut shell was found to have considerable potential for pyrolysis processes. It is found that the heating
rate has a significant effect on the pyrolysis process. The weight loss region is shifted to a higher temperature range for all materials. The
overall rate equations for various heating ratewere determined by Arrhenius and CoatseRedfern equations. According to Arrheniusmethod,
the average value of activation energies of WS, PP and LDPE were 69.32, 295.65 and 254.55 kJ mol�1, respectively. Moreover by using Coats
Redfern method, average value of activation energies of WS, PP and LDPE were determined as 101.58, 333.53 and 316.77 kJ mol�1,
respectively. Kinetic compensation effect was observed clearly for all samples which is useful for the designing of pyrolysis units.
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