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ABSTRACT: The characteristics and kinetics of durian shell (DS) pyrolysis were
investigated using non-isothermal thermogravimetric analysis (TGA). DS is a cellulose-
rich biomass with high volatile matters content, which is suitable for bio-oil production.
Thermal decomposition experiments were performed under nitrogen flow at various

heating rates (i.e., 5°C min™, 10°C min™' and 20°C min™). The model-fitting method
represented by Coats-Redfern was applied on the experimental TGA data of DS pyrolysis.
The decomposition of DS was divided into three stages: first stage (59°C—-200°C)

involved removal of moisture and light volatiles; second stage (200°C—400°C) showed
decomposition of cellulose and hemicellulose,; and third stage (above 400°C) presented
lignin decomposition. There was 56% weight loss observed in second stage, revealing
that decomposition of cellulose and hemicellulose contributed the most on volatile
production. The model shows that the activation energy was between 42.08 kJ mol™ and
84.40 kJ mol™ for the second stage of the pyrolytic process from 200°C to 400°C using
different decomposition mechanisms. The Coats-Redfern method is applied successfully
for the correlation of experimental TGA data with an average correlation coefficient (R?)
of 0.991 while one-way diffusion model DI gave the highest correlation coefficient of
0.998. DS biomass is a suitable raw material for energy or chemicals production.
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1. INTRODUCTION

Researchers have been evaluating the utilisation of biomass from agricultural and
animal wastes as a renewable source for fuels and chemicals due to its favourable
properties in terms of potential energy.'” Biochemical, physiochemical and
thermochemical processes are used for this purpose, with the dominance on the
latter method because of its effectiveness in the thermal decomposition of biomass
to volatiles and char products.® The most developed thermochemical techniques
are pyrolysis, gasification and combustion.” '

Among the thermal decomposition processes, pyrolysis is the most effective and
widely adopted method in converting organic compounds into useful products
under an inert atmosphere and relatively low temperatures. During pyrolysis, the
main products are light gases (volatiles), liquids (bio-oil) and solid char.'" Both
light gases and bio-oil products are effective fuel sources because of their high
heating values.!? Bio-oil also contains various organic compounds, which can be
used as feedstock for value-added products. '

Both decomposition behaviour and kinetics should be investigated to determine
the most suitable design and operation of pyrolytic process.'* Thermogravimetric
analysis (TGA) is the most common and simplest method of evaluating the
kinetics of pyrolysis.”*'” The TGA determines the weight loss during sample
decomposition as a function of time or temperature under inert atmosphere at a
constant heating rate.'®

Pyrolysis kinetics can be analysed under isothermal or non-isothermal conditions.
The major drawback of the isothermal method is sample loss before rising to
the required temperature, causing a specific error during analysis. Thus, non-
isothermal TGA is more accurate in the evaluation of kinetic parameters by using
either model-fitting or model-free methods.!® The first method estimates the kinetic
parameters based on prior assumptions of the reaction mechanism model.?® The
activation energy in the model-fitting method is calculated at various heating rates
and temperatures without a reaction function.?! The non-isothermal TGA method
has been widely applicable in the kinetic analyses of different biomass pyrolyses
such as corn straw, karanj fruit hulls, rice husk, smooth cordgrass, hazelnut husk
and Hydrilla verticillata '*¥242526

Durian (scientific name Durio zibethinus L.; family Bombacaceae), is a seasonal
fruit that is most popular in Southeast Asia, particularly in Malaysia, Indonesia,
Thailand and the Philippines.?” The tree grows up to 40 m in height with a typical
buttressed trunk and 3—7 cm long oblong or elliptical dark green leaves.?® The fruit
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is oval-shaped with a weight of 2—4.5 kg based on its type. In Malaysia, the reported
durian fruit production in 2013 is estimated at around 320,164 MT.? However,
only 15%-30% of the entire fruit weight is edible; the remaining parts, including
the shell and seeds, are discarded as waste, which causes environmental problems
if not properly disposed. The durian shell (DS) consists of 60.5% cellulose,
13.1% hemicellulose and 15.45% lignin.*® This high cellulosic composition is
a very attractive source of value-added products that can be useful in various
applications.’!

The kinetics of DS pyrolysis has not been elucidated. Thus, this work investigates
the thermal behaviour and kinetics of DS pyrolysis using non-isothermal TGA at
heating rates of 5°C min™', 10°C min™' and 20°C min' under nitrogen atmosphere.
The kinetic parameters in terms of activation energy and pre-exponential factor
are also determined using the Coats-Redfern method with different mechanism
models. Statistical analysis was used to determine the best model with the highest
correlation coefficient.

2. EXPERIMENTAL

2.1 Materials

DS sample was collected from a local shop (Nibong Tebal, Penang, Malaysia) and
was used as raw material for pyrolysis. The sample was washed three times with
adequate distilled water to remove all dust. The sample was dried at 60°C for two
days, ground, sieved to a fraction of less than 250 pm particles, and stored in an
airtight container before use.

2.2 DS Characteristics

Proximate analysis of DS applied the American Society for Testing and Materials
(ASTM) standard E870-82, whereas the ultimate analysis adopted ASTM
D3176-89. Sample mass weighed 5 mg, and the N, flow rate was 20 ml min™'.
The heating rate was kept constant at 20°C min™'. C, H, N, O and S contents
were evaluated using an elemental analyser (PerkinElmer 2400 Series II). The
characteristics of the DS are shown in Table 1, which reveals the high carbon and
low ash contents of DS. Thermal analysis in terms of heating value was conducted
with a bomb calorimeter IKA C200 under the standard method (DIN 51900-1).
The lignocellulosic composition of the DS sample was evaluated according to the
method of Li et al.*
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Table 1: Characteristics of DS and other biomasses.

Biomass
Parameter Durian Corn Karanj Rice Cord-  Hazelnut
shell straw hulls husk grass husk
Proximate analysis (wt%)
Moisture 4.96 6.57 3.71 0 9.5 7.24
Ash 3.11 11.8 5.79 16.53 6.2 5.27
Volatiles 70.28 75 84.17 70.6 71.3 73.86
Carbon 21.65 13.21 6.33 12.87 13 20.87
Ultimate analysis (wt%)
C 42.99 43.83 45.1 39.37 439 42.61
H 10.68 5.75 6.13 5.13 6.2 5.51
(¢} 43.13 45.01 48.41 55.18 49.4 50.62
N 2.44 0.97 0 0.32 0.5 1.13
S 0.76 0 0.36 0 0 0.14
Chemical analysis (Wt%)
Cellulose 40.92 36.4 11.73 41.05 34.2 345
Hemicellulose 21.99 22.6 47.28 19.05 329 20.6
Lignin 25.45 16.6 38.62 14.45 9.6 35.1
Extractives 11.64 7.82 2.37 8.95 233 9.8
Thermal analysis (MJ kg ™)
HHV 21.22 - 16.54 16.58 18.5 18.5
Reference This work Gai etal.’? Islam Zhang Liang Ceylan &
etal?  etal?® etal.*  Topgu®

2.3  TGA Study

Pyrolysis tests of the DS sample were performed using PerkinElmer Pyres TGAL.
The temperature-programmed pyrolysis for DS was conducted under a nitrogen
atmosphere with a flow rate of 80 ml min~'. A 10 mg sample was inserted directly
into a ceramic crucible. The temperature was ramped from 30°C to 900°C in the
presence of nitrogen with three heating rates (i.e., 5°C min™!, 10°C min™' and
20°C min™'). Thermogravimetry (TG) and derivative thermogravimetry (DTG)
data were processed using instrument software. Each experiment was performed
at least twice to confirm repeatability.
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2.4  Kinetic Study

2.4.1 Theoretical background

The differential form of the reaction rate equation for the heterogeneous solid-state
pyrolysis under a non-isothermal condition can be expressed as:

da

o = KT)f (@) &)
where a is the pyrolysis reaction conversion, and %—‘f represents the conversion
rate. Equation 2 can be used to calculate a as:

_w=wm
A=W =w

o =S}

2

where W,, W, and W, refer to the sample weight at the initial state, time ¢ and final
state, respectively.

The reaction rate constant represented by k(7) can be expressed by the Arrhenius
equation with the form of:

KT) = Aexp( i) 3)

where E, is the activation energy, A is the pre-exponential factor, R is the gas
constant, and 7 is the pyrolysis temperature. Therefore, Equation 1 can be
modified to:

98— texp| 5 ) f1@) )

The rate of temperature increase per unit time is the heating rate, §, where
B =dT/dt = (dT/da) (do/dt). Therefore, Equation 4 can be rewritten as:

v/fm gmﬁ=%J§m%—%%ﬁT )

where g(a) is the integral function of conversion. Equation 5 represents the basic
equation, which various models can adopt to analyse the pyrolytic reaction kinetics.
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2.4.2 Coats-Redfern method

The Coats-Redfern integral method, which was derived from the Arrhenius equation,
was used to analyse the kinetics of DS pyrolysis in this study.** This model-fitting
method correlates experimental kinetic data based on prior assumptions of the
reaction function. The Coats-Redfern equation is given as:

1n<g(T‘f))= 14%)— L 6)

The plot of In(g(a)/T?) versus 1/T is linear after substituting different g(a) values
into Equation 6. The corresponding £, and A4 values can also be obtained from
the slope and the intercept. The common reaction mechanism functions, g(a), are
listed in Table 2.

Table 2: Common reaction function forms.*

Mechanism Model g(a)

Reaction order models First-order R1 “In(1—-a)
Second-order R2 (I-a)y'-1
Third-order R3 [A=a)?2-1]2

Diffusion models One-way transport D1 o?
Two-way transport D2 o+ [(1—a)n(l —a)]
Three-way transport D3 [1T—=(1—a)"P
Ginstling-Brounshtein D4 (1-20/3)— (1 —a)*?

3. RESULTS AND DISCUSSION

3.1 Characterisation of the Raw Material

Table 1 shows a comparison of the proximal, elemental and compositional analyses
of DS with other biomass wastes. The DS is a high lignocellulosic biomass
composed mainly of 40.92% cellulose, 21.99% hemicellulose and 25.45% lignin.
The cellulose and hemicellulose biomass contents are generally the main source of
volatiles, whereas lignin corresponds to char.?* These results confirm that pyrolysis
of biomass with higher volatile matter content produces higher bio-oil yield.*
Elemental analysis shows that DS contains 42.99% carbon, 43.13% oxygen, 10.68%
hydrogen, 2.44% nitrogen and 0.76% sulphur. Carbon and oxygen, being the most
abundant elements, are the main favourable characteristics of lignocellulosic
material, which are very attractive for thermal degradation processes.*® The lower
nitrogen and sulphur contents are also important for environmental protection.?’
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Hence, DS, which has a low ash content of 3.11% and high volatile matter of
70.28%, can be considered as an ideal raw material for pyrolysis to produce bio-
oil.

3.2 Thermogravimetric Analysis

TG and DTG curves obtained from DS pyrolysis at heating rates of 5°C min™,
10°C min™"' and 20°C min™' are presented in Figures 1 and 2, respectively. The
decomposition zone of DS involves three stages (Figure 1). The first stage
(59°C-200°C) presented a 4.5% weight loss caused by the release of moisture
from the hygroscopic DS and very light volatiles.*® The main stage (200°C—400°C)
displayed a 56% weight loss and indicates cellulose and hemicellulose pyrolysis,
as manifested by a strong peak in the 200°C—400°C range in Figure 2.* A weak
decomposition above 400°C shows a 14% weight loss, which is related to lignin.

100 —
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=
.20
g 40 A
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Figure 1: Plot of wt% vs. temperature of DS at different heating rates.

Figures 1 and 2 show the contribution of increasing heating rate to the deceleration
of the thermal degradation processes. The high heating rate allowed the sample to
reach the given temperature in a short time because of increased thermal lag. The
yield of volatile matter decreased slightly with increasing heating rate. The yield is
75.0% at 5°C min™' at a temperature range of 200°C—600°C. This yield decreased
significantly to 70.0% and 67.0% at 10°C min" and 20°C min™', respectively.
The decrease in heating rates only shifted to a lower peak temperature without
altering the thermal profile of the decomposition because the heat changing
efficiency increased at lower heating rates compared with higher heating rates.
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This conclusion is in good agreement with the study by Kim et al., who proposed
that the maximum decomposition rate is directly proportional to heating rates
because of increasing thermal energy.*

In addition, Figure 1 shows that the char yield increased with the heating rate,
which could be attributed to the incomplete lignin decomposition under higher
heating rate. In Figure 2, a second minor peak appears in the curve of 5°C min™'
(temperature range 350°C—450°C), indicating lignin decomposition, although this
peak is not obvious in the curves of higher heating rates.*! Lignin decomposition of
lignin can occur across a broad temperature range and this reaction might overlap
with hemicellulose degradation at high heating rates.*?
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Figure 2: DTG curves of the DS at various heating rates.

Figure 3 shows the change in conversion with temperature for different heating
rates in a nitrogen environment. The conversion of the DS sample increased
rapidly from 0.1 to 0.8 within the temperature range of 200°C—400°C. Ceylan
and Topgu reported the same increase in the conversion hazelnut husk, but within
the temperature range of 200°C—600°C.* This result may be attributed to the ash
content of the hazelnut shell (5.27%) being higher than DS (3.11%).2
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Figure 3: Temperature vs. a of all samples at various heating rates.
3.3  Kinetics Analysis

To understand the kinetics of DS pyrolysis and to evaluate the activation
energy and pre-exponential factor, the Coats-Redfern method with different
mechanism models was used. Least-squares regression analysis is applied for
fitting Equation 6 to the experimental kinetics data of DS pyrolysis. The fitting
results in terms of kinetic and statistical parameters within the second stage of
decomposition at different heating rates are summarised in Table 3. The first-
order (R1), second-order (R2) and third-order (R3) reaction models correlate
the kinetic data with average correlation coefficients (R?) of 0.9895, 0.9833 and
0.9686, respectively. Thus, the R1 reaction model yields the best correlation. The
R3 model has a highest average value of activation energy (57.69 kJ mol!) in
comparison with R2 and R1 kinetics at 52.42 kJ mol' and 48.45 kJ mol™,
respectively. Hence, R3 kinetics is the dominant mechanism of the reaction
model kinetics during DS decomposition. According to R3 kinetics, raising the
heating rate from 5°C min! to 20°C min™! increases the activation energy E, from
41.99 kJ mol™! to 72 kJ mol! and pre-exponential factor 4 from 84 min™' to
16899 min!. This result can be related to the fact that the increase in heating rate
decelerates and complicates the decomposition process, so that more activation
energy is necessary for driving the reaction.”” On the other hand, the value of
A (min™) is favourably proportional to E, (kJ mol™) according to Equation 6.
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Table 3: Coats-Redfern method results of the DS and pyrolysis of other biomasses.

f=5°C min' f=10°C min!
Model
E, (kJ mol™) A (min™") R? E, (kJ mol™) A (min™") R?
R1 58.99 941.5986 0.9764 42.08 1.06E+01 0.9937
R2 50.03 93.81886 0.9868 50.1 8.48E+01 0.9837
R3 41.99 11.4954 0.9708 59.07 8.40E+01 0.9708
D1 78.99 13168.44 0.9984 77.98 8.43E+03 0.9973
D2 83.39 20133.51 0.9979 82.67 1.37E+04 0.9974
D3 37.18 2.127886 0.9976 36.75 1.73E+00 0.9968
D4 85 6702.249 0.9976 84.4 4.69E+03 0.9973
B =20°C min™'
Model
E, (k] mol ™) A (min™) R?

R1 44.29 18.96066 0.9984

R2 57.14 458.3997 0.9795

R3 72 16899.6 0.9642

D1 76.67 7053.956 0.9984

D2 83.16 17078.39 0.9977

D3 36.9 1.933353 0.9972

D4 85.61 6846.118 0.9972

The complication of DS pyrolysis and reduction of conversion with increasing
heating rate can be also observed from Figure 4 where the elevation of heating
rate from 5°C min' to 20°C min' for R3 kinetics increases the absolute value of
slope from 691 K to 855 K. The activation energies from diffusion kinetic models
D1-D4 can also significantly influence DS pyrolysis under nitrogen. The D4
kinetic with the highest average activation energy at 85.0 kJ mol ! significantly
affects DS pyrolysis. Although all mechanism models correlate the kinetics with
high R? values, the diffusion models, especially the one-way diffusion model D1,
show better analysis (average R* = 0.9980) than the reaction models (Table 3).
However, the reliability of the activation energy values from different kinetics
based on their correlation values indicates that DS pyrolysis followed a complex
multi-step kinetics to burnout. The kinetic parameters of the Coat-Redfern method
for DS were compared with those for H. verticillata and karanj hulls.?** The E,
values for DS pyrolysis were lower than those reported for H. verticillata and
karanj hulls in all of the decomposition models used. This result may be attributed
to the low ash content of DS (3.11%) compared with 5.27% and 5.79% for H.
verticillata and karanj hulls, respectively.’** The presence of high levels of ash in
the biomass sample could result in issues in the chemical process, such as fouling,
poor pyrolysis and reduced energy conversion efficiency.* Moreover, the E, values
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were in the ascending order of DS < karanj hulls < H. verticillata. This behaviour

may be related to the heating values of three samples, which were 21.22 MJ kg,
16.54 MJ kg ' and 14.78 MJ kg, respectively.
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Figure 4: Coats-Redfern plots at (a) p = 5°C min™' and (b) = 20°C min™'.
4. CONCLUSION
DS pyrolysis was studied using TGA analysis under nitrogen atmosphere at

various heating rates (5°C min™!, 10°C min' and 20°C min™"). Strong DS pyrolysis
is observed in the temperature range of 200°C—400°C, which is a consequence
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of hemicellulose and cellulose decomposition. R* of 0.991 fits the experimental
TGA data using the Coats-Redfern method. Considering the high cellulosic
composition and low ash content of DS, the thermochemical system could provide
insights into the future application of this biomass as a potential resource of energy
and chemicals.
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