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 
Abstract: Biomass residues have potential to be used as an 

alternative solid fuel for various processes, also will be responsible 
for the optimization of the pyrolysis reaction processes, giving 
insight into the pyrolysis mechanisms and aiding in engineering 
efforts. There are different methods for production of bio-fuel 
from biomass residues; however before the production of bio-fuels 
from biomass it is important to understand their thermal 
degradation and kinetics. In the present work the Kinetics studies 
of four different walnut shells, namely, paper (PSW), thin (TSW), 
medium (MSW) and hard (HSW) shelled walnuts have been 
studied. Thermal degradation behaviour of walnut shells is 
investigated using thermogravimetric analysis (TGA) under three 
different heating rates (30, 60 and 100 0Cmin−1) in an oxidizing 
atmosphere to understand the kinetic behavior. 
Kissinger–Akahira–Sunose (KAS) and Ozawa–Flynn–Wall 
(OFW) methods were used to estimate the kinetic parameters such 
as Pre-exponential factor (R) and average activation energy (Ea) 
using TGA data of active zone. The average activation energy of 
biomass obtained from PSW, TSW, MSW and HSW using KAS 
method were 198.25, 184.21, 180.93, and 152.79 kJ mol−1, 
respectively. Whereas by OFW method the values were found to be 
204.10, 186.28, 188.39 and 153.78 kJ mol−1 respectively. Thus the 
present investigation may be useful for its use as a renewable 
energy source and potential candidate for fuel production by 
thermo-chemical processes. 

Keywords: Different types of walnut shells; Kinetic parameters; 
Thermo gravimetric analysis (TGA).  

I. INTRODUCTION 

Biomass is considered to be the most abundant renewable 
alternate energy source evenly distributed in the world. It is an 
attractive option for power generation. The use of fossil fuels 
in power plants can be substituted by biomass without any 
major transitional economic adjustment. Continuous 
depletion of fossil fuels, rising prices of petroleum, increasing 
demand for energy, and environmental problems are the 
critical reasons due to which there is much emphasis on 
alternative renewable energy sources. Sustainability, 
biodegradability and environmental friendliness are the 
valuable features which have made the biomass as dominant 
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source for production of bio-energy. Another important 
feature of biomass is that it has very low amount of ash, 
nitrogen and sulfur contents which make the biomass more 
attractive from the stand point of environment [1]. Walnut 
shell is one of the agricultural biomass waste materials 
obtained from the dry fruit, walnut and belongs to the group of 
nutshells. The main producer of walnut is mainly in Europe, 
North America and Asia can be used to produce chemicals 
such as activated carbons, lignin and carbon molecular sieve 
[2, 3] It consists of 60% kernel (the oily material) and 40% 
shell (the hard covering of the walnut [4, 5, 6]. The kernel, 
which comes out when cracked, is used for various purposes, 
whereas the shell remains mostly unused. The shell is 
marginally utilized for heating purpose by directly 
combusting into furnaces. However, it can be utilized for the 
production of bio-fuels or high value added chemicals for 
suitable processes. India is the seventh walnut producing 
country in the world, where Jammu and Kashmir contributes 
about 98% of the country’s total walnut output. In the year 
2016-2017, about 266,280 Mts was produced in Jammu and 
Kashmir [7]. As reported by Global Agricultural Information 
Network, the walnut production in India is expected to 
increase by three percent to reach 34,000 MT in 2017-18 [8]. 
Walnut production in India is primarily confined to the hilly 
states of Jammu and Kashmir, Uttarakhand and Himachal 
Pradesh [8]. The area, production and productivity of walnut 
in India from 20010-11 to 2016-17 have been shown in the 
Table I. According to one report, 38% of the world's 
production of walnut shell is from United States, from which 
99% is produced in California [9]. With the expansion of 
walnut, the amount of walnut wastes–walnut shells has 
increased markedly.  

 
Table-I: All Indian Area, Production and Productivity of 

walnut 

Year 
Area 
(in ‘000 HA) 

Production 
(in ‘000MT) 

Productivity 
(in MT/HA) 

2010-11 137 201 1.5 
2011-12 172 288 1.7 
2012-13 144 242 1.7 
2014-15 115 238 2.1 
2015-16 92 229 2.5 
2016-17 122 228 2.4 

 
Extensive studies are available in the literature on the 

thermo-gravimetric analysis and kinetic parameter estimation 
during thermal degradation of biomass residues [10, 11, 12, 
13, 14, 15, 16]. Braz and Crankovic studied the kinetics of six 
different biomass residues like tucumã seed, coffee husk, 
peanut shell, sugar cane bagasse,  
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pine sawdust and rice husk [17]. It was reported that, at the 
initial stage of the thermal degradation tucuma seed have 
lower activation energy and it increases monotonously with 
the reaction, which is an indication of the easy ignition of the 
fuel. However, for other biomass samples the TGA profile 
showed stable behaviour.  

Also, different biomass samples showed the presence of 
oxygen, which indicated the ignition processes even in the 
absence of air. The kinetic parameter estimation studies are 
broadly classified to model fitting and model free or also 
referred as “iso-conversional” methods. In case of model 
fitting methods different models are fitted with experimental 
data to get the best statistical fit model to estimate the kinetic 
parameters. The model fitting methods produce highly 
unreliable kinetic parameter values when applied to 
non-isothermal data. These problems can be addressed by 
using iso-conversional methods, where kinetic curves are 
plotted at different heating rates to estimate the kinetic 
parameters irrespective of reaction function and order. 
Iso-conversional methods have been used both for single as 
well as multiple step processes to describe the kinetics of 
thermal degradation processes [10, 11, 12]. From these 
studies it was concluded that the iso-conversional methods, 
such as Flynn-Wall-Ozawa (OFW), 
Kissinger–Akahira-Sunose (KAS) and Coats–Redfern, are 
more reliable methods to estimate kinetic parameters of a 
biomass: activation energy (Ea) and pre-exponential factor 
(A). In iso-conversional methods the basic assumptions are (i) 
for a constant conversion the reaction rate depends on the 
temperature only, and (ii) the reaction mechanisms are 
independent of the heating rate. Therefore, model free 
methods are easy in application and predict more reliable 
values of kinetic parameters for different biomass samples 
during thermal decomposition. From latest trend, large 
investigation are going on for efficient and economical 
method of biomass conversion technologies and its utilization 
were reported in literatures like Combustion, pyrolysis, 
liquefaction and gasification. Pyrolysis is the most attractive 
process for converting biomass into energy [18, 19, 20], 
however, due to highly complex mechanism that is influenced 
by many factors, like properties of raw materials and the 
operating conditions [21, 22]. By using TG repeatable data 
collection has the advantage of pyrolysis rate, which makes a 
deep investigation of the kinetic parameters [23, 24]. 
Different researchers have used these methods to calculate the 
kinetic parameters from TGA data of pyrolysis of various 
biomass and waste materials such as karanj fruit hulls, 
hazelnut husk, and apple pomace [25, 26, 27]. Walnut shell 
may be utilized in many areas. Presently, its primary 
application is the production of activated carbon and as a 
pyrolysis feedstock. It is reported that walnut shell filters are 
usually installed for removing solid matter and oils produced 
from water bodies, refineries and from other industries. The 
basic properties which make pulverized walnut shell 
preferable for filtration is its adsorbent properties. A study 
conducted to estimate the efficiency of walnut shell as 
adsorbent reported that up to 96 % oil removal may be 
achieved [28]. Investigations have shown that the activated 
carbon produced from walnut shell was found economically 
feasible and environmentally friendly [29]. It may also use for 
varieties of industrial applications. These include cleaning 
and de flashing, as fillers in manufacturing, for blasting 
polishing etc [30]. Now day’s research scientists are more 

interested in finding out good feedstock for pyrolysis or for 
other conversion technologies. Walnut shell may be a 
potential feed stock for producing chemical or fuels.  

In the present work the kinetic parameter estimation during 
thermal decomposition of different types of walnut shells 
have been carried out. The thermal decomposition processes 
were evaluated for different walnut shell samples available in 
India: paper (PSW), thin (TSW), medium (MSW) and hard 
(HSW) shelled walnuts, using oxidizing (air) atmosphere. 
The kinetics parameters were determined by using 
Kissinger–Akahira–Sunose (KAS) and Flynn–Wall–Ozawa 
(OFW) models. The optimal kinetics mechanism was 
determined by the maximum correlation coefficients, 
activation energies and frequency factors calculated by using 
iso-conversional methods by using TGA data in active zone. 
The study results clearly shows biomass, can be used as 
alternative solid fuel for various processes, also will be 
responsible for the optimization of the pyrolysis reaction 
processes, giving insight into the pyrolysis mechanisms and 
aiding in engineering efforts. 

II. MATERIALS AND METHODS 

2.1 Material 

Four types of walnut shells with particle size 0.1 mm: paper 
(PSW), thin (TSW), medium (MSW) and hard (HSW) shelled 
walnuts were collected from the local walnut industry 
Srinagar Kashmir, India. Fine powdered material was packed 
in air tight PVC containers and stored in desiccators for 
further use in the present research. 

2.2 TG Analysis 

Thermo-gravimetric analysis (TGA) was carried out by the 
thermogravimetric analyser (SII TG/DTA 6300 instrument). 
The tests were conducted non-isothermally over a wide range 
of temperature i.e., 28 to 1000 0C, at three different heating 
rates ( 0   0 and  00  Cmin-1) in oxidizing atmosphere at a 
flow rate of 200 mLmin-1. Biomasses were placed on open 
platinum sample pans during the TG analysis. For each 
experiment a sample mass of 100.26g were taken. The 
instrument was used to measure and record the changes in 
mass of the samples with temperature. Small sample size 
favours good temperature uniformity during determination. 

2.3 Models Developed for Kinetic Analysis of different 
types of Biomass 

Kinetic study is very essential for understanding the nature of 
thermal decomposition of biomass and getting the best 
kinetics model for kinetic parameters estimation. The kinetic 
model considered in the present work is described below.  

 In order to calculate the kinetic parameters by using TGA 
data, there are three iso- conversional models suchas: (i). 
Coats–Redfern methods ii). Kissinger–Akahira–Sunose 
method (KAS) and (iii). Ozawa–Flynn–Wall method (OFW) 
these models are most reliable and widely accepted used to 
calculate the kinetic parameters like activation energy (Ea), 
the reaction model f (α) and correlation factor (R). KAS and 
OFW models were used by different researchers like [31, 32, 
33]. Whereas Coats-Redfern method was used to investigate 
the reaction mechanism likes diffusion, contacting chemical 
reaction and geometry [25]. 
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In thermogravimetric analysis, Biomass decomposition 
process can be generally expressed as: 
Biomass (solid)               Bio-yields (bio-char/oil and Gases)     
Solid mass decomposition commonly described as: 

               
)(f

d

d



k

t
                                                              (1.1) 

Where , t and k  refer to fractional change in conversion, 
rate constant and f() refers to reaction model, respectively. 
Equation (1.1) signifies the rate of conversion as a function of 
temperature and conversion. The fractional change was 
calculated using equation (1.2), as follows: 

 fi

i
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


                                                        (1.2) 

Where, mi, mt and mf are the initial mass, mass at a time t, 
and final mass of the biomass residues, respectively.  The rate 
constant k is generally given by Arrhenius eq. 
 

Where A, Ea, T and R are pre-exponential factor, activation 
energy, absolute temperature and universal gas constant 
(8.314 J/K.mol), respectively. On combining equations 1.1 
and 1.3 we have 
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For dynamic case temperature is dependent both on time and 
heating rates and described as 
Follows  Where β = dT/dt, Introducing the heating rate into 
equation. 1.4, we obtain, 
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In order to calculate kinetic parameters by using 
analytical methods on the given TGA data, rearrange the 
equation 1.5  

      

T
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(1.6) 

 
Now using initial conditions of   =0 and T= T0 

After integration and rearranging equation (1.6), Kissinger 
formula was developed and expressed as follows:
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Using equation (1.7) the activation energy can be evaluated 

from the plot of ln(β/T2) versus 1/T with slope
R

Ea gives a 

straight line. 
 
The activation energy was also estimated by Flynn- Wall-      
Ozawa (OFW) model as:                                              
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WHERE           

 
Where 
       g (α)    =  ln (1-α)/T2                                                                       for n=1  

               /                             n≠  
Plot, ln() versus 1/T for three heating rates (30, 60, 100 
0C/min) and for conversion (0.1 to 0.8) values corresponding 
to activation energy should be parallel line with slope of  
-0.457 Ea/R. The Coats-Fern method is derived from 
Arrhenius equation and is used for estimating the reaction 
mechanism at particular reaction order (n) in addition to 
activation energy and pre-exponential factor of the sample. 

We get 
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III. RESULTS AND DISCUSSION 

3.1 Thermo-gravimetric analysis 

Thermal behaviour was studied and the TG curves for four 
different walnut shells are shown in Figure.1 (i-iv). From 
Fig.1 (i-iv) it can be seen that the thermal decomposition of 
four different samples can be divided in to three stages due to 
variable slope curves. In the first stage, i.e. up to 120-190 0C, 
the mass loss was due to the free and sorbet water 
vaporization. This zone constitutes an approximately a mass 
loss of 7-12 %. The present finding is in agreement with the 
work of Aciklin  and Kar [34, 35]. In the TG curve the main 
devolatilization step begin at about 200 0C and complete at 
about 375 0C in terms of heating rates with an average mass 
loss of 55%. This step indicates the decomposition of 
hemicelluloses and cellulose, which are the major 
components in biomass. The mass loss is high in this stage and 
therefore is referred as active pyrolysis zone. After 420 0C 
passive pyrolysis zone started and went on up to 800 0C with a 
mass loss about 16 % for all walnut shell samples. 

The thermal decomposition behaviours can be explained by 
different components present in walnut shell, which is mainly 
comprised of lignocelluloses materials. Thermo-gravimetric 
behaviour of hemicelluloses, cellulose and lignin components 
has been studied by [36], and their decomposition was 
reported within the temperature range of 210-325, 310-400 
and 160-900 0C, respectively. In active pyrolysis zone the 
different reactions observed may be due to the decomposition 
of cellulose and hemicellulose. The nature of thermal 
decomposition for the four walnut shell samples were 
analysed at 30, 60 and 100 0C/min (Figure 1 Thermal 
decomposition profiles of different walnut shell were similar, 
which is due to the similar composition of all walnut samples 
considered. However, the HSW requires a little higher 
temperature to vaporize the physically absorbed water than 
other samples (TSW, MSW and PSW) due to its hard 
structure.  

 
(i) 

              
)/(- aAe RTEk              (1.3) 
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(ii) 

 
(iii) 

 
(iv) 

Fig. 1.TGA profile of (i) PSW (ii) TSW (iii) MSW and        
(iv) HSW in air atmosphere at (30, 60 and 100 0C/min) 

heating rates. 

3.2 Kinetic behaviour of Walnut shells  

The kinetic parameters (activation energy and correlation 
factor) obtained were estimated by KAS and OFW and 
Coats–Redfern methods. The active pyrolysis zone of the 
biomass residues ranging from (190-375 0C) was considered 
for the analysis. Curves derived heating rates (30, 60 and 100 
0C/min) with degree of conversion () ranging from 0.1 to 0.8 
in an oxidizing atmosphere was taken for the kinetic study of 
different samples. Figure 2 and Figure 3 show the kinetic plots 
of PSW, TSW, MSW and HSW with KAS and OFW models, 
respectively. It can be seen that the fitted lines at different 
conversions for all types of walnut shells were nearly parallel 
with each other, which indicated that there is a possibility of 
single reaction mechanism. 

 
(i) 

 

 
(ii) 

 
(iii) 
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(iv) 

Fig. 2. Kinetic plots of (i) PSW (ii) TSW (iii) MSW and 
(iv) HSWobtained by the KAS method 

 

 
(i) 

 
(ii) 

 
(iii) 

 
(iv) 

Fig. 3. Kinetic plots of (i) PSW (ii) TSW (iii) MSW and 
(iv) HSW obtained by the OFW method. 

The average activation energy value from KAS method for 
different walnut shell were 198.25, 184.21, 180.93, and 
152.79 kJ/mol and for OFW 204.78, 186.28, 188.39 and 
153.78 kJ mol−1 for (PWS), (TWS), (MWS) and (HWS) 
respectively, are listed in Table II and Table III. It was 
observed that the activation energy first increased with an 
increase in conversion (0.1-0.2), then decreased (0.2-0.3) and 
finally increased from 0.3 conversions onwards. It may be due 
to the removal of moisture and light volatile matters in the 
initial stage, the activation energy is low which then increased 
due to the conversion of complex molecules such as 
hemicellulose, cellulose and lignin. High values of activation 
energy indicated that the sample was thermally more stable 
since higher energy is needed during thermal-degradation 
process. The comparison of the activation energy estimated in 
the present work for different walnut shells have been carried 
out with the value of activation energies reported in the 
literature for different walnut shells. It can be seen from Table 
IV that there is wide variation in the values of activation 
energy reported in the literature, which may be due to the 
different thermal decomposition stages considered during 
different studies.  
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However, present predictions were in good agreement with 
the work of Yuan and Liu [30] for thermal-decomposition of 

walnut shells.  

Table-II: Activation energy and correlation factor with different conversion  by KAS methods. 
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Table-III: Activation energy and correlation factor with different conversion by OFW methods. 

Table-IV: Comparison of activation energy of various 
biomasses reported in the literature with the present 

study 
Biomass Ea (kJ/mol) 

 KAS method 
References 

Paper shelled walnut (PSW) 198.25 Present 
work Thin shelled walnut (TSW) 184.21 

Medium shelled walnut (MSW) 180.93 
Hard shelled walnut(HSW) 152.79 
Walnut shell 120–155   [30] 
Walnut shell 45.6–78.4  [34] 
Wheat straw 130–175    [11] 
Sugarcane bagasse 126.62–148.80  [16] 
Cardoon steams 224.51  [13] 
Rice husk 206 [17] 
 

Figure 4 and Figure 5 show that the activation energy 
increases with an increase in conversion, which may be due to 
the change in reaction mechanism with an increase in 
temperature. The higher activation energy values were 
obtained in the pyrolysis zone. Also, the variation in 
conversion for different walnut shells was predicted and 
averaged at different heating rates of 30, 60 and 100 0C/min, 
as shown in Figure 4 and Figure 5, It can be seen that for all 
samples the conversion (average) begins at  240 0C 

temperature, attain maximum at a temperature of 375 0C for 
heating rate of 30 0C/min. It was also observed that in the 
initial stage of thermo-chemical reaction, at a temperature of 
200 0C, there was 10% conversion at a heating rate of 30 
0C/min. Further, in the active pyrolysis zone, i.e. temperature 
ranging from 190 to 375 0C, the conversion was 80%. 
Similarly, for a heating rate of 100 0C/min, the conversion 
initiates at 280 0C and attain maximum at 420 0C. It indicates 
that the increase in heating rate during pyrolysis results in the 
higher temperature requirements for biomass decomposition. 
The difference of activation energy of various types of 
samples are due to number of factors, such as properties of 
biomass, pyrolysis conditions, experimental operating 
conditions, quantity and ash composition. 
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Fig. 4. Variations in activation energy with conversion of 

(i) PSW (ii) TSW (iii) MSW and (iv) HSW for KAS 
method. 

 
Fig. 5. Variations in activation energy with conversion of 

(i) PSW (ii) TSW (iii) MSW and (iv) HSWfor OFW 
method. 

The pre-exponential factors, as a function of 
conversion, were estimated using Coats-Redfern method 
(equation 1.8). The activation energy values obtained from 
KAS and OFW methods were used in equation (1.8) for 
predicting pre-exponential factors, since both methods 
predicts reliable values of activation energy. The plot between 
ln[-ln(1-α)/T2] and 1/T at n = 1 resulted into a slopes (–Ea/R) 
and intercept (ln[AR/βEa]). The values for pre-exponential 
factors (A) were obtained by inserting the values of heating 
rates (), universal gas constant (R) and activation energy 
(Ea) in the intercept. Table 5 shows the values of 
pre-exponential factors obtained during thermo-chemical 
decomposition of biomass at different heating rates. It was 
observed that the pre-exponential factor values increased with 
an increase in heating rate. All the walnut shell samples 
showed similar values, with minor difference, of 
pre-exponential factor. 

 

IV. CONCLUSIONS 

In this study, the thermal decomposition behavior of four 
different walnut shell samples was studied using KAS and 
OFW models. The average activation energy has been 
resulted between 179-204 kJ/mol for all different samples. 
Thermogravimetric curves showed three distinct zones that 
can be associated to removal of water, decomposition of 
cellulose and hemicellulose and decomposition of lignin, 
respectively. In general, kinetics studies of biomass samples 
are a deep and vast concept, which require careful attention in 
fact needs a well speculated assumption. In the present work 
the model free methods was taken as a best alternative to 
study the walnut shell thermal decomposition. The kinetic 
parameters obtained by these two models were found in good 
agreement with values reported in the literature. The 
pre-exponential factor was estimated by Coats-Fern methods 
using activation energy value obtained with KAS and OFW 
models. The kinetic parameters obtained by these two models 
were found in good agreement with values reported in the 
literature. It was also observed that the values of activation 
energy for walnut shells were comparable with other biomass 
residues. Therefore, it seems that the Indian walnut shells 
have a promising potential for bio-fuel production through 
thermochemical conversion. 
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