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Sapindus mukorossi (SM) is a fast-growing deciduous tree found extensively in tropical and
sub-tropical regions of Asia. The conversion of SM seed shell (left over after extracting the
pulp and kernal) to value added products through pyrolysis needs in-depth knowledge about
its thermal degradation behavior. The present work studies the physicochemical properties,
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pyrolysis behavior, and kinetics of this less explored biomass feedstock for thermochemical
conversion. The elemental composition, gross composition and higher heating value (HHV)
of the SM shell is found to determine its energy potential. The kinetics of the pyrolysis re-
action influence the breakdown of solid biomass into final products. Thermogravimetric
analysis (TGA), wherein the sample is heated at various heating rates (5, 10, 20 °C/min) at
inert condition reveals the thermal degradation profile of SM seed shell. Three important
isoconversional model-free techniques, notably Friedman, Ozawa-Flynn-Wall (OFW), and
Kissinger- Akahira-Sunose (KAS) approaches, are employed to obtain the kinetic triplet data,
the thermodynamic parameters are also determined. The C, H, N, S and O content of the SM
shell was found to be 39.82%, 4.64%, 0.64%, 0.64% and 54.26% respectively. The SM seed shell
had a volatile matter, fixed carbon and HHV of 68.5%, 20.9% and 16.6 MJ/kg respectively
which revealed its energy potential for thermochemical conversion. From the TGA curve,
the maximum thermal degradation was observed between 200 °C and 500 °C. The values of
average activation energy determined using models Friedman, OFW and KAS are 152.28 kJ
mol’, 140.05 kJ mol’ and 138.14 k] mol’, respectively. The frequency factor was found to
vary widely between 10° and 10". The variation in activation energy and frequency factor as
the conversion progresses indicated complicated processes during the thermal deterioration
of SM. The biomass degradation occurs by diffusion and nucleation mechanisms when the
conversion value is between 0.2 and 0.5, and for conversion values in the range of 0.6-0.8, the
degradation occurs by diffusion mechanisms. The physicochemical characteristics of SM are
found to be comparable with that of the commonly available biomasses. The detailed inves-
tigations presented in this paper have clearly demonstrated the viability of SM seed shell as a
viable feedstock for the pyrolysis process.
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INTRODUCTION

Biomass, an abundantly available energy resource,
is being viewed as an effective replacement for fossil
fuels. The carbon neutrality of biomass makes it a prime
short-cycle carbon source for meeting future energy needs.
Biomass resources provide energy security and support the
rural economy, especially in developing countries. In India,
almost 32 percent of the primary energy usage of the nation
is still derived from biomass [1]. In the coming years, the
demand for energy is anticipated to increase at arate of about
4.8% annually. Biomass is a feasible substitute for fossil fuels
when employed for energy production in rural areas. The
share of total energy consumption in rural areas of devel-
oping countries met by biomass are: India (47%), Pakistan
(27%), Brazil (25%), and China (13%) [2]. According to an
estimate, the world’s population dependency on biomass as
a primary energy source will be 15-50% by the year 2050
[3]. Biomass is an easily available, economical, renewable
source of energy [4]. Biomass includes residues from agri-
culture (like rice husk, wheat straw, etc.), oil and food pro-
cessing industries (like sugarcane bagasse, de-oiled cakes,
etc.), forest residues (like wood chips, leaves, and seeds),
solid waste (vegetable waste), and sludge from wastewater
treatment plants that have reasonable bioenergy content
[5, 6]. In addition to being a cost-effective and sustainable
source of energy, biomass energy also provides a solution
for the disposal of solid waste [7]. The primary conversion
methods for biomass-based feedstock into fuel include ther-
mochemical, biochemical, and mechanical processes. The
lower cost and higher efficiency of thermochemical tech-
niques make the process prominent over biochemical [8].
Liquefaction, pyrolysis, gasification, and combustion are
the widely adopted thermochemical techniques. Feedstock
properties, reactor design, and reaction conditions can
influence the efficiency of the thermochemical conversion
process [9]. The pyrolysis process helps in thermal cracking
of biomass into useful chemicals, biofuels, and absorbent
biochar, which usually takes place in an inert atmosphere at
a temperature of 400-700 °C [4]. The process involves com-
plex chemical reactions, heat, and mass transfer phenom-
ena happening inside. The characteristics and nature of the
products depend on the type of biomass, heating rate, and
type of reactor [10]. It was reported that once the kinetics
and thermodynamics parameters are established, it is easy
to examine the viability of feedstock, scale up reactors, run
them, and optimize them [11-14].

About 50% of the world’s biomass is estimated to come
from lignocellulosic biomass, the global production of
lignocellulosic biomass accounts for approximately 181.5
billion [15]. Sapindus mukorossi is a deciduous tree, com-
monly known as ‘Areetha’ or Indian soap berry. The generic
name is derived from the Latin words ‘sapo’ and ‘indicus’
The seed of Sapindus mukorossi contains 23% of oil [16].
The kernel of soap nut seed was identified as a potential
feedstock for biodiesel production [17]. SM is cultivated

as an ornamental plant in the northern part of India. The
pulp of the soap nut contains a high level of natural foam-
ing agents [18, 19]. Due to the abundance of this feedstock,
studies on its potential application as a biofuel have been
considered. Knowledge of reaction kinetics is vital for
analyzing processes aimed at an efficient transformation
of solid biomass into useful energy. The purpose of the
kinetic analysis is to interpret the obtained kinetic triplet
data experimentally [20]. The kinetic triplet data consists
of activation energy, frequency factor, and differential (or)
integral form of the model [21]. Activation energy is associ-
ated with the energy barrier; frequency of vibrations of acti-
vated complex is associated with the frequency factor and
differential (or) integral form of a model with the reaction
mechanism [22, 23]. During the thermal decomposition of
materials, kinetic parameters obtained from the reaction
are essential for generating accurate data to understand
the reaction process and optimizing process parameters.
Thermogravimetric methods are proven to be helpful for
the analysis of pyrolysis reaction kinetics for a better under-
standing of the thermal decomposition of biomass [24]. It
is possible to assess the pyrolysis kinetic behavior of a feed-
stock using iso-conversional and model fitting techniques.
Both of these methods are applicable for isothermal and
non-isothermal operating conditions [25, 26]. Single step,
parallel reaction, pseudo components, and distributed acti-
vation energy models (DAEM) are the TGA-dependent
models used to evaluate the feedstock pyrolysis kinetic
behavior [27]. Patnaik et al. [28] investigated the thermal
degradation of corn starch-based plates and used TGA data
at different temperatures to determine the kinetic parame-
ters. The experimental data from TGA obtained at different
heating rates gives insight into the conversion mechanism
and reaction kinetics [29-31].

One of the crucial steps in model fitting procedures
is choosing a suitable kinetic model. Brostrém et al. [32]
investigated the pyrolysis kinetics of Norway spruce based
on a multi-pseudo component kinetic model. Tapasvi et al.
[33] analyzed the pyrolysis kinetics with a more detailed and
complex DAEM. Prior knowledge of the reaction mecha-
nism is required for model-fitting methods [25]. The type
of reaction and the morphology of the reactants are useful
parameters for identifying the reaction model. The descrip-
tion of complex kinetics by multi-step reaction models uses
model-fitting methods, but some nontrivial problems are
encountered in applying these methods [34]. The kinet-
ics of solid-state reaction processes are often described
with iso-conversional methods. The benefit of using the
iso-conversional method is that a complicated, multi-step
process is treated as a single-step process. Ben Abdallah et
al. [4] reported the wide acceptance of the iso-conversional
method in investigating the chemical kinetics of biomass.
Theiso-conversional method had become more popularized
after the recommendation of International Confederation
for Thermal Analysis and Calorimetry (ICTAC) [34, 35].
Many computational techniques were created adopting
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the iso-conversional concept, with differential and inte-
gral being the two categories into which they can be clas-
sified [34, 36]. The Friedman, Ozawa-Flynn-Wall (OFW),
Kissinger- Akahira-Sunose (KAS), and Starink methods are
widely used non isothermal, iso-conversional model free
approaches for a conversion range of 0.1-0.9 for calculating
the kinetic parameters [37-39]. Friedman’s method comes
under the differential category, which employs instanta-
neous rate values and is sensitive to experimental noise,
leading to numerical instability. Integral methods include
KAS and OFW, which are developed approximating the
temperature integral based on Doyle’s approximations [40].
Singh et al. [41] studied the pyrolysis behavior of garlic
husk and determined its kinetic parameters using Starink,
OFW, and KAS methods. The thermodynamic parame-
ters like enthalpy, entropy and Gibbs free energy were also
estimated. Komandur et al. [39] determined the activation
energy and pre-exponential factor of Mesua ferrea L, which
is a non-edible oil seed. The experimental data of TGA was
determined at different heating rates (5, 10, 20 and 40 °C/
min). The average activation energy of Aegle mamelos L.
and Phoenix dacylifera seed was found by Pal et al. [38]. The
activation energy for Phoenix dacylifera seed was 173.75,
172.94, and 170.71 kJ/mol as calculated by KAS, FWO, and
Starink model; for Aegle mamelos L., it was 170.26, 167.24,
and 164.80 kJ/mol. The activation energies of the biomass
vary due to the physical and chemical composition differ-
ences of different biomass. The kinetic parameters, includ-
ing activation energy, were also determined in a number of
different investigations by use of the Friedman, OFW, and
KAS techniques [20, 42, 43]. The analysis of experimen-
tal data using integral methods gives activation energy by
averaging over the whole conversion range. Inconsistency
between the activation parameters derived from isother-
mal and non-isothermal experiments is attributed to the
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Figure 1. Sample preparation and analysis.

difference in the averaging process followed for integral
and differential methods. On comparing the ideal master
plot and experimental master plot, the reaction mechanism
was also evaluated [44]. Based on master plot analysis, it
was determined that the reaction model pertaining to garlic
husk biomass was matching with a second order reaction
[41].

The thermal degradation profile of biomass involves
complex reaction mechanisms with varying activation
energy. In the available literature, investigations on the fea-
sibility of SM seed shell as a potential feedstock for pyroly-
sis and gasification have not been found. A detailed study
regarding thermal decomposition, pyrolysis kinetics, and
its thermodynamics needs to be explored. Hence, the pres-
ent study concentrates on determining the pyrolysis kinetic
behavior of SM seed shell with the help of TGA in non-iso-
thermal conditions using the iso-conversional methods of
KAS, OFW, and Friedman and to compare with solid state
reaction models by generating master plot.

MATERIALS AND METHODS

Procurement and Preparation of Sample

The species Sapindus mukorossi (SM) is a member of the
kingdom Plantae and the family Sapindaceae. It belongs to
the Sapindus genus. The tree is a rather large deciduous tree
with leathery leaves. It grows to a height of 15 to 20 metres
and a circumference of 1.8 meters [45]. Sapindus mukorossi
seeds are procured from regional markets, exposed to the
sun for 48 hours, and then sealed in a bag. After removing
the kernel from SM seeds, the seed shells are dried in an
oven using hot air before being ground into tiny pieces with
a mean particle diameter of less than 1.0 mm. The processes
involved are shown in Figure 1.

Proximate analysis
| Ultimate analysis

TGA analysis

5, 10, 20 °C/min

= Determination of Kinetic and
thermodynamic parameters
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Proximate and Ultimate Analyses

The proximate analysis details the biomass sample’s
moisture content (MC), volatile matter (VM), fixed carbon
(FC), and ash (A). ASTM D 2016-74 is followed for ana-
lyzing moisture content. The SM seed shell sample weigh-
ing 1 g is placed in a silica crucible and then heated for
1 hour at 105 + 5 °C in a muffle furnace. The Initial and
final weights of the sample are observed, and Eqn. (1) is
used to determine the moisture content. The volatile mat-
ter and ash content percentages are calculated according to
ASTM E-872-82 and ASTM D 1102-84, respectively. The
same biomass sample used for moisture analysis is placed
inside a mulffle furnace and maintained at 950 °C tempera-
ture for 7 minutes, and the observed difference in weight
loss gives the percentage of volatile matter and is calculated
using Eqn. (2). The furnace temperature is then adjusted
to 525 °C and the sample is maintained at that temperature
for a duration of 4 hours. The final weight of the sample left
in the crucible after the analysis is used to determine the
amount of ash content present in the sample, using Eqn.

(4).

Moisture Content, MC (%) = WT_b (1)
Volatile Matter,VM (%) = bw;c (2)
) = &
Ash content, A (%) = — (3)
Fixed carbon, FC (%) = 100 — [MC (%) + VM (%)
+ Ash content (%)] (4)

where w is the weight of the sample taken for proxi-
mate analysis, b is the sample weight recorded after dry-
ing, ¢ is the sample weight recorded after releasing volatile
matter, and a is the weight of the ash left in the crucible.
The ultimate analysis provides the elemental composition
(in percentage). The percentages of C, H, N, and S in the
sample are estimated using a Perkin-Elmer Elemental
Analyzer at the Sophisticated Analytical Instruments
Facility (SAIF), STIC, Kochi, India. Oxygen content is cal-
culated by subtracting the sum of C, H, N, and S from the
total. The HHV or gross calorific value of biomass indi-
cates the amount of heat energy liberated per kilogram of
biomass, taking the latent heat of vaporization of water
into account.

Thermogravimetric Analysis

Pyrolysis is a thermal degradation process in which the
feedstock is heated in the range of 400 — 700 °C under an
inert atmosphere [46]. The thermal degradation of biomass
is dependent on the percentage of cellulose, hemicellulose,
and lignin present in the sample. The effective pyrolysis
temperature of the SM seeds can be determined by TGA,
which is carried out using the instrument TGAQ50 (TA

instruments). Approximately a mass of 5-10 mg of SM seed
is taken in a pan and heated to a temperature of 900 °C,
and a one-minute residence time is allowed at that tem-
perature. TGA is performed in the current investigation at
three different heating rates (5, 10, and 20 °C min™). The
plot between thermogravimetric weight loss (%) and tem-
perature (°C) provides information about the temperature
range where maximum thermal degradation of biomass
takes place.

Determination of Kinetic Parameters

With the help of TG analysis, the various kinetic char-
acteristics of the SM seed shell, including activation energy
and frequency factor, are to be determined. The kinetic
parameters are essential during the pyrolysis of biomass,
where several reactions occur simultaneously, involving
complex reaction mechanisms. The global reaction can be
represented as:

Biomass k — Volatiles + Char

Where k represents the reaction rate constant and the
volatiles in the reaction account for different gases and tar
formed during the process. The degree of conversion (a)
can be used to express the reaction rate of the pyrolysis pro-
cess, as given in Eqn. (5).

m;—-m = a
mi—mf (5)

where m; —m and m; — mg are current mass change
and total mass change, respectively. The rate of reaction can
be represented as given in Eqn. (6).

da

P k(T)f (a) (6)

where k(T) is the reaction rate constant as a function of
temperature and f(a) is the differential form of the reaction
model. Eqn. (7) gives the relationship between the activa-
tion energy and reaction rate constant.

k(T) = Ae(;_g) (7)

Here A, E, R, and T are the frequency factor, activation
energy, universal gas constant, and temperature, respec-
tively. The rate of heating (0) is expressed in Eqn. (8)

§ =4 _drda
T dt dadt (8)
— (¥ da _AE

g(a) and f(a) functions in Eqn. 9 represent the integral
and differential functions of the reaction mechanism and

E .. . .
a=_. Since there is no exact solution for the tempera-

ture integral function u(w), the solution is found through
approximation methods.
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Kissenger-Akahira-Sunose (KAS)

The integral reaction method KAS is used to predict the
kinetic behavior of biomass in the pyrolysis process, and the
corresponding relation is given in Eqn. (10).

in (%) =ln E;‘gx) - RE_T

(10)

By plotting the curve between In (T%) and (1/T) at differ-

ent heating rates, the slope of the curve gives activation energy
E, and the intercept of the curve gives the frequency factor.

Ozawa-Flynn-Wall (OFW)

OFW is one of the model-free methods used to calcu-
late the kinetic parameters. The value of the function u(x)
is approximated by Doyle’s method using the first three
terms of the Schlomilch series expansion and the following
approximation of temperature integral is obtained [47].

log (u (a))=-2.315-0.457 a (11)

Substitution of approximated functional value and rear-
rangement of terms in Eqn. (9) gives:

AE
g(@)R

In(s) = 1n[

] — 2315 — 0.457a 12)

The activation energy and frequency factor can be cal-
culated from the slope and intercept of a plot between In(5)
and 1/T for various heating rates.

Friedman method
It is one of the iso-conversional methods and the gen-
eralized form of a differential method that can be obtained
from Eqns. (8) and (9):
da

In (E) =Z+in (Af(a)") 13)

Where 7 is the order of a reaction.
According to Friedman, the conversion function term
fla)" is constant, and the biomass degradation depends

only on the mass-loss rate and is independent of tempera-
ture [48]. A graph plotted between In (%) and 1/T gives
the slope and intercept of the curve for evaluating activa-

tion energy and frequency factor of the pyrolysis reaction,
respectively.

Thermodynamic Analysis

The thermal stability of biomass is correlated with
thermodynamic parameters such as a change in enthalpy,
entropy, and Gibbs free energy. The endothermic (or exo-
thermic) nature of the reaction process, system reactivity,
and thermodynamic equilibrium are indicated by enthalpy
change, entropy change, and Gibbs free energy, respectively.
The Eqns. (14-17) are used to calculate the frequency fac-
tor or pre-exponential factor (A), change in enthalpy (H),
change in Gibbs free energy (G), and change in entropy (S)
of the degradation process [49].

E
_ 6Ee(m) (14)
T RTE
AH = E - RT (15)
AG = E + RTm[ln (’(z:m)] (16)
AH—-AG
a5 == (17)

Where T, : temperature (K) at maximum decomposi-
tion, Ky: Boltzmann constant, h: Planck’s constant, 6: heat-
ing rate, E: activation energy, R: gas constant

Reaction Mechanism (Z-master Plot)
According to Criado et al. [50], the thermal degradation
rate of solid material can be expressed as:

-E

2 — 4el&) f(@) (18)
Combining integral and differential forms of the par-
ticular reaction model gives the Z(a) curve. The Z (curve),
also referred to as a master chart, is a theoretical curve that

depends on the reaction’s kinetic model but is unaffected by
the activation energy or pre-exponential factor.

a

Z(@) = f(@) x g(a) = e [[e™%dT  (19)

The experimental plots and the generating equation
for theoretical master plots are equated in Eqn (19). The
fourth-order rational formula of the Senum-Yang approxi-
mation was used to find an approximation of the tempera-
ture integral. The error obtained for a>20 is less than 10~
% [51]. The theoretical curve can be compared with an
experimental curve to identify the nature of the reaction
mechanism. The equations of different physical models are
listed in Table 1.

RESULTS AND DISCUSSION

SM Seed Shell Characterization

The physicochemical characterization results of the SM
seed shell are given in Table 2. According to the proximate
analysis, the biomass contains a volatile matter content of
68.5%, an ash content of 1.1%, a moisture content of 9.5%,
and a fixed carbon content of 20.9%.

More volatile matter suggests the easiness of ignition
during combustion. A high amount of volatile matter could
yield a higher liquid during pyrolysis [27]. The lower per-
centage of ash indicates that the feedstock is expected to
have a better calorific value, whereas higher ash content
reduces the effectiveness of the pyrolysis process by acting
as a heat sink. A dry ash-free basis is used for ultimate anal-
ysis. It reveals the percentage composition of carbon (C),
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Table 1. Differential and integral equations for different solid-state decomposition processes [52]

Symbol

Geometrical contraction model
R1
R2

R3

Diffusional model

D1

D2

D3

D4

Nucleation model

Al5

A2
A3
A4

A4/5

A5/6

Order based model
F1

F1.5

F2

F3

F4

Power law model

P1.5

P2
P3

P4

o= 7))

1

2(1 — a)'/?

3(1 — a)?/?

1

2a

[in(1 - a)] -1

;(1 —ay[1-a- <>z)§]_1

;[(1 —a)i— 1]_1

2(1 — @)= Inln(l - )"
201 — a)[-In (1 - a)2
31— &)[=In (1 — )5
41— )[=In(1 - &)+

4 _1
§(1 —a)[-In(1-a)] =

21— @l (-]

1—-a
3

1-a)
(1-a)
(1-a)?
1-a*
31
2%

1
2az

Z
3as

g(a) = kt

24
1-—(1-a)/?
1-(1-a)/?
o2

A-an(l-—a)+ «a

2

[1-a-ay

1- @a —(1- )

[~in(1 -
[—in (1 - @)z
[~in (1 - )
[~ (1- )i

[—in (1 - )]s

[—In (1 - a)]s

—[-In(1—-a)]

201 — )z —1]

(- —1]

(- )2 —1]
2

(- @) —1]
3

a

w

o

i
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Table 2. Physicochemical characterization of SM seed shell

Type of analysis Standard SM seed shell
Proximate Analysis (wt. %)*

Moisture ASTM D 2016-74 9.5

Ash ASTM D 1102-84 1.1

Volatile Matter ASTM E 872-82  68.5

Fixed Carbon Calculation 20.9
Ultimate Analysis (wt.%)®

C 39.82

H 4.64

N 0.64

S 0.64

0] By difference 54.26

H/C molar ratio Calculation 1.38

O/C molar ratio Calculation 1.02
Molecular formula Calculation CH, 330, ¢,
Heating value (MJ/kg)

HHV ASTM D 2015-85 16.06

“Weight percentage on a dry basis ®on dry ash-free basis

hydrogen (H), nitrogen (N), and sulphur (S) as 39.82%,
4.64%, 0.64% and 0.64%, respectively. The oxygen content
is determined by difference and found to be 54.26%. The
HHYV of the SM seed shell is found to be 16.06 M]J/kg using
a bomb calorimeter.

Thermogravimetric Analysis of SM Seed Shell

The TGA and Differential Thermogravimetric analysis
(DTG) profiles of SM seed shells are shown in Figure 2 and
3, respectively. Thermograph demonstrates that biomass
degraded in stages at three distinct heating rates (5, 10,
and 20 °C min™). TGA data of at least three heating rates
are required for the iso-conversional analyses [29]. The
percentage reduction in the weight of the biomass sample
with temperature is obtained from the TGA. Figure 2 shows
that the removal of moisture and light organic components
occurs within 200 °C, and it is known as the drying stage,
which is almost the same at all heating rates [53]. Further,
maximum degradation occurs in the active pyrolytic stage
(200-500 °C) due to an increased pyrolysis rate. In this
stage, cellulose and hemicellulose are degraded, resulting in
the release of volatiles. During the passive pyrolytic stage
(>500 °C), the biomass degradation rate is lower due to the
complex molecular structure of lignin. The DTG profile of
the SM seed shell confirmed that biomass degradation took
place in three zones, as shown in Figure 3. In the first zone,
with the evaporation of water molecules at a temperature
below 100 °C first peak of DTG is observed. In the tem-
perature range 100-150 °C, complete evaporation of mois-
ture took place. The release of light volatile compounds is
inferred at a temperature range of 150-250 °C. In the sec-
ond zone, the peak found at 248 °C and 320 °C confirms

the decomposition initiation of hemicellulose and cellulose,
respectively. A slower rate of lignin decomposition at the
last stage of the process, which favors the development of
char, can be seen in the third zone from DTG profiles at a
temperature of more than 500 °C. In most of the reported
TGA results, different biomasses like agro-waste, coffee
husk, sugarcane bagasse, bean pod, corn stover, etc. [7, 54,
55], similar degradation profiles are obtained.

DTG profiles at various heating rates show that the peak
of DTG curves is shifted into the area of higher temperature
with an increase in heating rate from 5 to 20 °C min™.

Due to the weak thermal conductivity of the biomass
sample, there is a temperature gradient that increases with
the heating rate and causes a change in the degradation
temperatures and a limited amount of heat transfer from
the sample to the surface of the furnace pan [56].

110
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Figure 2. SM seed shell TG profile at different heating rates.
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Figure 3. SM seed shell DTG profile at different heating
rates.
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Table 3. Comparison of activation energies of SM seed shell with other biomasses

Biomass Heating rate KAS OFW Friedman References
(°C min™) (kJ mol™") (kJ mol™) (kJ mol™)

Sapindus mukorossi 5,10 and 20 138.14 140.05 152.28 Present study
Sawdust (Pine) 5,10,15,20 and 25 171.66 179.29 168.58 [27]

Sawdust (Sal) 5,10,15,20 and 25 148.44 156.58 181.53 [27]

Areca nut husk 5,10,15,20 and 25 171.24 179.47 181.61 [27]
Madhuca longifolia 5-25 114.14 150.21 123.11 [27]
Sugarcane bagasse 5,7.5,10 52.31 61.71 121.72 [57]

Rice husks 5-20 - 169.00 182.20 [58]

Cacao shells 5-20 - 145.60 133.70 [58]

Pyrolysis Kinetics of SM Seed Shell

Iso-conversional methods like KAS, OFW, and
Friedman are used for the kinetic analysis of SM seed shell.
The slower the rate of reaction, the higher the activation
energy required. Pyrolysis parameters like activation energy
and frequency factor are obtained by curve-fitting the con-
version value against temperature data into linear equation
form. The slope and intercept of the linear equation give
activation energy and frequency factor, respectively. Using
KAS, OFW, and Friedman methods, the average activation
energies obtained are 138.14 k] mol™, 140.05 kJ mol, and
152.28 k] mol™, respectively. Table 3 compares the average
activation energy for the SM seed shell, which was deter-
mined in the present study using model-free approaches,
with that of other biomasses.

Figure 4 shows the ordinates of the iso-conversional
methods (KAS, OFW, and Friedman) against 1/T for frac-
tional conversion ranges of 0.1-0.8 at heating rates of 5, 10,
and 20 °C/min. From Figure 4(c), the non-parallel nature
of the plot using Friedman’s method revealed the complex
mechanism of biomass degradation [59]. Table 4 shows the
coefficient of determination (R?) value of the linear equa-
tion and the corresponding fractional conversion (a) value
of the SM seed shell. For a fractional conversion range of
0.2-0.5, the perfect linear relationships (R* > 0.99) indicate
the accuracy of the kinetic data. The poor fitting of data
(R?< 0.99) at a lower and higher conversion value indicates
the nature of reactions is heterogeneous because of sec-
ondary reactions. The degradation of biomass at a higher
conversion value was through the diffusion process [60].
The increase in the activation energy with the increase in
the percentage conversion, as given in Table 4 indicates the
influence of temperature and conversion ratio on the acti-
vation energy [61].

During the kinetic analysis of SM seed shell using mod-
el-free methods, poor coefficient of determination val-
ues were observed for conversion values above 0.8 which
implies the inaccuracies of data, so it was not considered
further for the analysis. In the present study, the values
of average activation energy (E) obtained by two integral
methods (KAS, OFW) are almost equal, as shown in Table

4. In contrast to the values obtained using the Friedman
technique, the values from KAS and OFW were signifi-
cantly different. The variations of activation energy with
conversion value follow a similar trend (parallel in nature)
for integral methods KAS and OFW, as shown in Figure 4
(a) and (b). The variation in activation energy differential,
computed by Friedman’s method as shown in Figure 4 (c), is
more accurate than that obtained by integral methods. The
higher R* values achieved for Friedman’ technique indicate
this. The combination of the integral and Friedman’s differ-
ential methods was found to be more reliable in determin-
ing the appropriate activation energies of biomass [59]. The
activation energy determined by KAS and OFW is found to
be lower than the Friedman method. The activation energy
determined by the Friedman method was reported to be
accurate compared to the other two. This is because of the
assumption of constant activation energy during the inte-
gration of Arrhenius equation for the derivation of OFW
and KAS method. The activation energy, which varies
throughout the reaction, is approximated as a constant in
the temperature integral, which induces error [44, 62].

Thermodynamic Parameters

The activation energy estimated by the Friedman
method is used for calculating relevant thermodynamic
parameters. The thermodynamic analysis revealed that
enthalpy change (AH) had a lower value during the initi-
ation of the pyrolysis reaction and then reached a higher
value as the reaction progressed. As the reaction progresses,
the variation in AH indicates that the energy required to
activate the remaining feedstock increases. Table 5 shows
the thermodynamic parameters of the SM seed shell that
are calculated using the activation energy obtained from
the Friedman method for a heating rate of 10 °C min™.
The R?value obtained by the Friedman method is high as
compared to KAS and OFW. The frequency factor, one of
the thermodynamic parameters, is calculated by Eqn. (14),
and it is varied with a fractional conversion value (a) from
0.026x10* to 1.085x10". The average frequency factor
is found to be 8.118x10%. The frequency factor indicates
the surface reaction. Assuming that the pyrolysis reactions
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Table 4. Kinetic analysis data of SM seed shell using KAS, OFW, and Friedman model

Figure 4. Decomposition plots of SM seed shell at different heating rates(a) KAS plot, (b) OFW plot, and (c) Friedman

a KAS OFW Friedman
Slope E R? Slope E R? Slope E R?
(kJmol™) (kJmol™) (kJmol™)
0.1 2688.456 22.351 0.999 3539.99 27.976 0.999 3766.143 31.311 0.988
0.2 10536.341 87.599 0.997 11515.692 91.008 0.997 13089.274 108.824 0.999
0.3 12742.233 105.938 0.982 13784.458 108.939 0.985 16153.764 134.302 0.990
0.4 20197.118 167.918 0.999 21325.932 168.539 0.999 19752.016 164.218 0.996
0.5 18925.957 157.350 0.999 19896.126 157.239 0.998 19686.840 163.676 0.999
0.6 20727.626 172.329 0.943 22104.681 174.694 0.950 23388.282 194.450 0.931
0.7 25292.216 210.279 0.973 26534.648 209.704 0.976 29233.723 243.049 0.999
0.8 21815.079 181.370 0.982 23075.712 182.368 0.982 21462.528 178.439 0.982
Average activation energy
138.14 140.05 152.28
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Table 5. Thermodynamic analysis of SM seed shell using Friedman model

a Enthalpy AH Gibbs free energy AG Entropy AS
(Conversion) (kJ mol ™) (kJ mol™) (kJ mol* K1)
0.1 27.795 164.979 -0.229

0.2 104.675 158.685 -0.090

0.3 129.922 157.639 -0.046

0.4 159.528 156.639 0.004

0.5 158.869 156.655 0.003

0.6 189.477 155.799 0.056

0.7 237.971 154.689 0.139

0.8 176.955 156.226 0.034
Average 148.149 157.664 -0.129

are independent of the surface area of the biomass sample,
the lower frequency factor indicates a higher interaction
between the molecules, and a higher frequency factor indi-
cates a lower interaction [63].

The activation energy found using the Friedman
method is used to find the average enthalpy change of the
SM seed shell. The positive value of AH indicates the energy
required for biomass decomposition. The enthalpy variation
with fractional conversion value reveals the complex nature
of biomass conversion. As the reaction progresses, the
variation in AH indicates that the energy required to acti-
vate the remaining feedstock increases, and it also denotes
that the conversion process is endothermic [24] The lower
enthalpy value at the beginning denotes the lesser energy
requirement to initiate the pyrolysis process [29]. The aver-
age AS value of -0.129 kJ mol* K™ indicates the disorder of
products formed by dissociation of bonds, and it is higher
compared to the initial disorder of reactants. The nega-
tive and positive values of entropy with the increase in the
conversion fraction indicate the complexity of the reaction

[64]. The biomass sample had attained a state of thermody-
namic equilibrium by undergoing a physical and chemical
ageing process. During this situation, the reactivity of bio-
mass sample is low, which increases the time of formation
of the activated complex. If high activation entropy values
are observed, it indicates that the biomass material is far
from thermodynamic equilibrium, so system reactivity
increases to produce the activated complex by reducing
reaction time. AG value indicates reaction spontaneity, and
the average value of AG for the SM seed shell is found to
be 157.664 kJmol™'. The positive value of AG indicates the
non-spontaneous nature of the process [23].

Reaction Mechanism (Master Plot)

The master plot finds application in determining the
reaction mechanism possible during the decomposition of
solid fuels [65]. It depends on the kinetic model of a reac-
tion and is independent of the activation energy and preex-
ponential factor.
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Figure 5. Master plot comparison of solid-state reaction models with an experimental model.
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Figure 5 shows a comparison between the experimental
and solid-state reaction models (Table 1) by the Z (a) mas-
ter plot developed using MATLAB software. Irrespective of
the biomass variant pyrolyzed, the normalized experimen-
tal Z(«)/Z(0.5) curve is poorly fitted with the theoretical
curves of solid-state reaction models [58]. In Figure 5, R2
and R3 correspond to the geometrical contraction model,
and D1, D2, and D3 correspond to the diffusional model. F1
represents the order-based model, whereas A2, A3, and A4
correspond to the nucleation model. The reaction mecha-
nism is evaluated by considering the accuracy of fitting and
similarities in shapes between curves obtained from the
theoretical and experimental models [59]. In TGA analysis,
the weight loss percentage of the biomass sample is repre-
sented in terms of the conversion value. The experimental
curve resembles the diffusion model for a conversion value
of 0.2 to 0.3 when the conversion value is varied from 0.1 to
0.9, as illustrated in Figure 5. For conversion values 0.3 to
0.4, shifting of the experimental curve is observed between
solid-state reaction models. For the variation of conversion
value from 0.4 to 0.5, the experimental curve follows the
nucleation model, and for a variation from 0.6 to 0.8, the
experimental curve follows the diffusion model as shown
in the master plot. Comparison of DTG analysis with mas-
ter plot indicates that the char formation takes place at a
temperature above 500 °C. In the conversion range of 0.6-
0.8, with the degradation of lignin, the volatiles start diffus-
ing within the biomass sample. The path followed by the
experimental reaction model is found to vary with different
conversion values. In light of this, it can be said that the
pyrolysis of biomass follows a complex reaction mechanism
that is impacted by the presence of hemicellulose, cellulose,
and lignin in the feedstock. Therefore, the behavior of these
constituents must be taken into consideration during the
decomposition of biomass. It is evident that nucleation
and diffusion are the mechanisms involved in the primary
decomposition of hemicellulose. The DTG profile shows
that maximum decomposition of hemicellulose and cellu-
lose constituents occurs in the active pyrolytic stage (200-
500 °C). In the active pyrolytic zone, from the master plot,
it is identified that for conversion values 0.2 to 0.5, the
reaction mechanism follows the diffusional and nucleation
models. It is identified that, through the nucleation mech-
anism, the biomass cellulose decomposes by the formation
of nuclei [66]. From the above patterns of reaction mecha-
nisms, it is identified that the major decomposition mech-
anism for pyrolysis of SM seed shell biomass is nucleation
followed by diffusion.

CONCLUSION

The feasibility of utilizing SM seed shell in the pyroly-
sis process for conversion into value added products was
corroborated through proximate analysis, ultimate analy-
sis, and calorific value. The proximate analysis shows that
the SM seed shell has 68.5 % volatile matter, 1.1% ash, 9.5%

moisture, and 20.9% fixed carbon. The heating value deter-
mined using the bomb calorimeter is found to be 16.06 MJ/
kg. The study ascertained the pyrolysis behavior of the SM
seed shell by determining its kinetic triplets and thermo-
dynamic parameters through isoconversional model free
methods (Freidman, FWO, and KAS). The average activa-
tion energies of the SM seed shell were determined as 138.14
kJ mol! for the KAS method, 140.05 k] mol! for the OFW
method, and 152.28 k] mol" for the Friedman method.
During lignin degradation, the activation energy require-
ment is observed to be higher than that for hemicellulose
and cellulose degradation. In thermodynamic analysis, the
frequency factor varied with the fractional conversion value
from 0.026x10° to 1.085x10"*s!. The average values of the
thermodynamic parameters AH, AG, and AS determined
considering the Friedman method are 148.149 kJ mol"
157.664 k] mol™ and -0.129 k] mol* K* respectively. The
Thermodynamic parameters showed that the pyrolysis or
thermal conversion of SM seed shell is a non-spontaneous
and endothermic process. The master plot shows that, SM
seed shell biomass follows different degradation mecha-
nisms such as diffusional and nucleation at different con-
version values. The highly porous nature of char promotes
the diffusion of volatiles from biomass samples. So, at
higher conversional values, the decomposition process fol-
lows the diffusional model. The nucleation model is iden-
tified as the major decomposition mechanism compared to
the diffusion model. The physicochemical and kinetic char-
acteristics of the SM seed shell clearly indicate that it can
be used as a potential feedstock for the pyrolysis process
and also helps in understanding the decomposition process
during thermochemical conversion.

ABBREVIATIONS

SM Sapindus mukorossi

HHV  Higher Heating Value

TGA Thermogravimetric analysis

OFW  Ozawa-Flynn-Wall

KAS Kissinger-Akahira Sunose

DAEM Distributed Activation Energy Models

ASTM  American Society for Testing and Materials
DTG  Differential Thermogravimetric analysis (DTG)
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