Article
Volume 13, Issue 2, 2024, 86
https://doi.org/10.33263/LIANBS132.086

Kinetic and Thermogravimetric Analysis of Rice Husk
and its Derived Biochar

Priti Jagnade 19, Narayan Lal Panwar 1@

! Department of Renewable Energy Engineering, College of Technology and Engineering, Maharana Pratap University of
Agriculture  and  Technology, Udaipur 313001 Rajasthan, India, priti.jagnade@gmail.com (P.J.);
nlpanwar@rediffmail.com (N.L.P.);

*  Correspondence: nlpanwar@rediffmail.com (N.L.P.);

Scopus Author ID 55793296100
Received: 3.04.2023; Accepted: 30.05.2023; Published: 30.06.2024

Abstract: This study aims to investigate the thermal properties of rice husk and rice husk biochar. It
accelerates heating rates at 5, 10, 20, and 30 °C/min in an inert atmosphere with a conversion ratio of
0.1to 1. To determine the thermodynamic and kinetic parameters, three model-free methods were used:
Flynn-Wall-Ozawa (FWO), Kissinger—Akahira—Sunose (KAS), and Starink. Between 168 and 390°C,
40-55% of the mass loss was attributed to the active pyrolysis zone. As a result, rice husk biomass has
an average activation energy of 179.88, 179.59, and 176.81 kJ/mol. In addition, rice husk biochar has
an average activation energy of 77.05, 75.72, and 74.14 kJ/mol, respectively, in the FWO KAS and
Starink models. The average enthalpy values of rice husk were 174.44 kJ/mol for the FWO, 174.14
kJ/mol for the KAS, and 171.36 kJ/mol for the Starink methods.

Keywords: rice husk; pyrolysis; thermogravimetric analysis; activation energy; enthalpy; entropy.
Abbreviations: Aa - Pre-exponential factor s*; A - Degree of conversion; AH - Enthalpy, kJ/mol;
AG - Gibbs free energy, kd/mol; AS - Entropy, J/mol K; 3 - Heating rate, k/min; R - Universal gas
constant (8.314 JJKmol); h - Planks constant, m? kg s; Ea - Activation energy, kJ/mol; TG - Thermo
gravimetric; R2 - Correlation coefficient; F(a) - Model-based function or reaction model; mg -
Initial weight of biomass sample, g; m; - Weight of sample after pyrolysis at a time, t; m; - Weight of
biochar at the end of pyrolysis, g; t - Time, s; T - Process temperature, k; kB - Boltzmann constant, m?
kg s K; KAS - Kissinger-Akahira-Sunose; FWO - Flynn-Wall-Ozawa; HHV - Higher heating value;
DTG - Differential thermogravimetric.
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1. Introduction

Population growth and industrialization have inflated global energy demand, resulting
in unregulated energy consumption [1]. Although coal and oil have long been primary energy
sources, their environmental impacts have prompted a significant search for alternative energy
sources [2]. After coal and oil, biomass is the world’s third most abundant primary energy
source. Approximately 35% of the total energy consumed in developing countries is derived
from biomass [3]. As biomass is burned, carbon dioxide is released into the atmosphere. It is
assumed that the plants that produce the biomass capture almost the same amount of carbon
dioxide through photosynthesis, thus making biomass a carbon-neutral energy source [4,5].

Rice is the staple food crop of India. Rice production has gradually increased during
the last decade. As rice output increases, the potential for rice by-products also increases. Rice
husk is a by-product produced during milling that makes up 20 to 22% of the rice grains [6].
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Rice husk is produced in large quantities in India, about 16.5 million tons. Some farmers burn
rice residue because it is a less expensive and simpler way to dispose of rice waste. When rice
husks are thrown away in landfills, they pollute the environment due to their high amorphous
silica content, hard surface, and low bulk density [7]. Rice husks are a waste that is extremely
difficult to biodegrade due to their physical-chemical composition. Poor management of bio-
waste causes air pollution and greenhouse gas emissions. Using this bio-waste as an energy
source through thermal processes could be an attractive way to solve these difficulties and
promote efficient and clean energy from agricultural waste in rural regions. As a result, using
agricultural by-products as biomass resources has much potential to help the bio-economy
develop by generating value-added products and bio-energy [8].

Biomass with high carbon content, like rice husk, can be thermochemically converted
into energy-rich biochar, a cost-effective approach for biomass disposal and energy recovery
[8]. Thermal and biochemical processes can be employed to convert lignocellulosic biomass
into solids, liquids, and gaseous fuel, depending on the type of biomass. Pyrolysis technology
has drawn interest in recent years due to its low environmental impact, extensive application,
and ease of industrialization. However, using technologies for energy generation demands a
better understanding of biomass thermal decomposition characteristics (such as cellulose,
hemicelluloses, and lignin) and reaction kinetics, which are crucial for better performance and
enhancing pyrolytic conversion. For designing pyrolyzers and gasifiers, kinetic analysis is
useful for optimizing thermal process parameters [9].

One of the most prevalent approaches for studying pyrolysis is thermogravimetric
analysis. Thermogravimetric analysis is one of the most frequent methods for analyzing
pyrolysis reaction kinetic and thermodynamic characteristics. TGA (thermogravimetric
analysis) is a technique that has been used to investigate thermal decomposition behavior and
kinetics analysis at temperatures and lower heating rates. Thermogravimetric analysis plots
temperature versus mass loss in a specific rate of heating and inert atmosphere, producing
thermogravimetric (TG) and derivative thermogravimetric (DTG) curves that depict mass loss
owing to chemical and physical changes that occur during the thermal decomposition of
biomass [10].

Model-free (iso-conversional) and model-fitting are the two most frequent
methodologies for quantitatively describing biomass pyrolytic processes. Compared to the
model-fitting method, the model-free method is considered more dependable, optimal, and
accurate for kinetic analysis [11]. Thermogravimetric analysis and model-free methods like
FWO, KAS, and Starink can be used to conduct thermo-kinetic research on various feedstocks
to design an integrated pyrolysis technique to produce energy. As a result, iso-conversional
methods like KAS, Starink, and FWO, are frequently used to estimate the thermal and kinetic
parameters of the pyrolysis process of various biomasses like activation energy, enthalpy
frequency factor, Gibbs free energy, entropy, reaction order, etc.

Although some authors have studied the thermal characterization of rice husks and their
behavior during pyrolysis using one or two iso-conversional models. For example, Kumar et
al. investigated rice husk treated with alkali and acid and its effect on the physicochemical,
structural, and thermal properties [12]. Further, Jia et al. studied rice husks' pyrolysis and
thermal characteristics using the integral Ozawa method and the Friedman method for
calculating the devolatilization index [13]. In addition, Said et al. studied the thermal
degradation of rice husk using the thermogravimetry analysis at various heating rates and found
the activation energy 180.075kJ/mol [14]. Similarly, Lim et al. determined the average
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activation energy 51.19kJ/mol at five different heating rates of rice husk using KAS method
[15]. However, no study yet exists that focuses on the thermal characterization of rice husks
using three iso-conversional methods, i.e., KAS, FWO, and Starink. Therefore, the present
research examined the thermal degradation of rice husk biochar and biomass using a
thermogravimetric system. The husk and rice husk biochar were thermally degraded at 5, 10,
20, and 30°C/min. The KAS, FWO, and Starink are three iso-conversional models used to
determine activation energy at a 0.1 to 1 conversion rate. In addition, thermodynamic variables
(enthalpy, entropy, and Gibbs free energy) were also calculated using model-free methods.

2. Materials and Methods

2.1. Characterization.

The rice husk was collected from the Gondia (MH) rice mills, India. The rice husk was
dried in a solar dryer to remove excess moisture. For biochar production, 2 kg of rice husk was
pyrolyzed at 500°C for 30 to 60 min in a vacuum pyrolysis unit. For proximate, ultimate, and
thermogravimetric analysis, both samples were ground in a grinder to obtain the smallest
particle size possible. The standard mesh (500um) was used to get the fine sample for the
analysis. Out of the sieved sample, about 10 g sample was taken for the experiments. The
moisture, volatile, and ash content of raw rice husk and biochar samples were determined using
ASTM standard procedure [16]. The higher heating value of biomass was calculated using the
correlation model given by Nhuchhen and Abdul Salam [17]. The structural compositions of
rice husk were obtained from thermogravimetric using the DTG curve[18]. Using an elemental
analyzer (Vario MICRO tube model) at the Indian Institute of Science Education and Research
(IISER), Bhopal, Madhya Pradesh (India), the ultimate analysis of rice husk and rice husk
biochar was determined. The fixed carbon and oxygen contents are calculated using equations
1 and 2. All tests were performed three times using the standard error experiment to achieve
the average value.

Fixed Carbon (%) = 100 — (Moisture contain + Volatile matter + Ash) Wt % (1)

Oxygen (%) = 100 — (C+ H+ N + S + Ash) Wt% (2)

2.2. Thermo-gravimetric analysis.

The powdered form of rice husk and its biochar were used in a thermogravimetric
analyzer (Hitachi STA7300) to obtain a thermal decomposition pattern of the feedstock. In TG
analysis, temperatures range from 30 to 900°C. The finely ground material was heated at 5, 10,
20, and 30°C/min. In all experimental runs, nitrogen (N2) gas was provided at a 50ml/min flow
rate to avoid undesired oxidation reactions inside the pyrolysis zone. The reaction rate in the
case of the model-free method is temperature-dependent, so TG data for at least three heating
rates is required [19]. The raw rice husk and rice biochar samples were weighed at 5 to 11ug
and then subjected to assessment of the kinetic and thermodynamic parameters.

2.3. Kinetic analysis.

The kinetic analysis of feedstock gives crucial data for developing and optimizing
biofuel generation systems. The kinetic analysis of rice husk and its biochar was carried out
using model-free methods. Pyrolysis is a thermochemical process of conversion of biomass
that can be described by equation 1:
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k (T)
A (rice husk biomass) — B (biochar) + C (tar + gas) (3)
Where k- constant rate, it depends on temperature ‘T’, which is given by Arrhenius
equation:

Ea
K(T) = Ae~ (&) @)
Under non-isothermal conditions, the conversion rate from solid (biochar) state to
volatile (Gas+ liquid) product following the reaction can be used to describe [20].

=k (T f (o) 5)
Combining Equations (4) and (5) gives
Ea
K(T) = Ae"®) £(a) (6)
Where, a can determined by the mass-loss given as follows [21]:
Degree of conversion (o) = r::’;g: @)
o

Where:
Mo, ms - Initial and final mass
mT - Instantaneous mass
T - Temperature, K
A - Pre-exponential factor (s™);
Ea - the apparent activation energy, kJ.mol?;
R - Gas constant, J.mol 1.K.

Ea
K(T) = Ae~ (&) £(1 — )" (8)
Where, f (a) is the function of expression given by [22]. During the non-isothermal
method, the B (heating rate) remains linear to increase the temperature.

da _ da 1
dT _ dt B ©)
Substituting equation (6) for equation (7) yields the following equation to obtain the

formula of the rate law for non-isothermal conditions:
d A _(Ea
= se ) f(1— )" (10)
This equation (9) refers to biomass decomposition. The kinetic parameters are

calculated using this expression;

a d AT _Ea
g(a) = fo (1—:0“ = EfTOe RT AT (1)
gla) = ﬁ: fxoo u2e U du= ﬁ;’ P(X) (12)

Fitted or free models can be used to evaluate Kinetic parameters in non-isothermal
thermogravimetric analysis. The reaction rate is solely determined by thermogravimetric data
and temperature in the iso-conversional approach, and at least three different heating rates were
necessary [23]. The current study looked at kinetic parameters from three iso-conversional
methods: FWO (Flynn-wall-Ozawa), KAS (Kissinger—Akahira—Sunose), and Starink given in
Table 1.

Table 1. Model-free iso-conversional method for obtaining kinetic and thermodynamic parameters.

Method Equation Linear plots obtained ‘E,’ References
AEa Ea .
FWO  |In(B) =In (35 (a)) — 5331-1052— (13) In Biversus 1/Tai [24]
Bi_ (_AR_)_ Ex Bi_ RS
KAS In T2ai (E(x G(Ot)) RTai (14) In T2Z ai Versus Tai [25]
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Method | Equation | Linear plots obtained ‘E.> | References

STARINK | In —£— = Constant — 1.0037 -2 (15) In = versus 1/T [26]

T1.92 o TL92 o

2.4. Thermodynamic parameters.

The KAS, Starink, and FWO models were utilized to determine E, (activation energy),
as well as to derive thermodynamic parameters such as A (pre-exponential factor), AH
(enthalpy), AG (Gibbs energy), and AS (entropy), as shown in equations 16,17,18, and 19,
respectively [27,28].

Ea
A =BE,exp —(F;‘TT;“Z) (16)
AH = E, — RT, (17)
AG = Eq + RTy, In(T22) (18)
AH- AG
AS = (?) (19)

Where, Tm, ks (1.381 x 1022JK™) and h (6.626 x1034Js) are the peak temperature,
Boltzmann constant, and plank constant in DTG curve, respectively.

3. Results and Discussions

3.1. Characteristics of rice husk and rice husk biochar.

Biomass characterization is crucial in determining its physicochemical properties,
which are significant in deciding its ability as a fuel source. Table 2 summarizes the physical
and chemical properties of rice husk and rice husk biochar determined in the current study.
Rice husk has a moisture content of 4.15%, less than 10%, making it acceptable for thermal
processing [29]. According to Table 2, the ash and volatile matter content in rice husks are
17.44 and 64.43%, respectively. The large ash in the rice husk creates fouling and slagging
during the direct combustion of the rice husk. The calorific value of the rice husk and rice husk
biochar was calculated using a Digital Bomb Calorimeter (Advance Research Instrument
Company), and it was 11.656MJ/kg and 14.89MJ/Kkg, respectively.

Moreover, it is noted that silica, the primary component of rice husk ash, is highly
abrasive and can mix with alkalis to generate alkali silicates, which dissolve or degrade at low
temperatures and promote the development of slag and clinker. The ash contains more than
13% biomass due to its low bulk density, and long-distance transportation of this by-product is
not cost-effective [30]. Therefore, when feedstock has a higher ash percentage, it is usually
inversely proportional to the biochar heating value of the biochar produced. The hydrogen and
nitrogen content in rice husks were 5.11 and 0.53%, respectively, which was lower than that of
other agricultural by-products, but the sulfur concentration was higher. Due to its volatilization
at higher temperatures, the sulfur concentration in the char was lowered [31]. The O/C and H/C
ratios for rice husk biomass were found to be 1.34 and 0.13, respectively. Biomass with low
O/C and H/C atomic ratios is often preferred for thermochemical fuel conversion because it
contains more energy [32]. The percentage composition of H (hydrogen), C (carbon), N
(nitrogen), and O (oxygen) of rice husks was determined experimentally, with oxygen being
computed by the difference shown in Table 2. The low percentage of nitrogen in rice husk
means it produces fewer nitrogen oxide emissions during combustion. The heating value of
rice husk and rice husk biochar were 15.97 and 21.61 MJ/kg, respectively. The ash and volatile
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matter in rice husk biochar were 34.69% and 15.29 %, respectively. The volatile matter
contained in rice husk biochar was less because some oxygen-based chemical groups in organic
waste may be removed through thermochemical conversion [33]. The structural composition
of rice husk biomass was found to be 32.65% hemicelluloses, 34.12% cellulose, and 19.790%
lignin, respectively.

Table 2. Physical and chemical properties of rice husk and rice husk biochar.

Analysis Rice husk Rice husk [34] Rice husk biochar Rice husk biochar
(present study) (Present study) [35]
Proximate analysis
Moisture content 4.15 7.39 2.49 -
Volatile matter 64.43 65.11 15.29 11.23
Ash content 17.44 12.30 34.69 35.88
Fixed carbon 13.98 15.20 47.53 52.89
HHV (MJ/kg) 15.97 17.39 23.01 21.61
Ultimate analysis
C 40.12 39.34 62.08 53.83
H 5.11 5.29 4.25 2.25
N 0.53 0.51 0.73 0.72
S 0.1 0.05 0.045 0.03
O (by difference) 54.14 54.82 11.23 7.28
O/C ratio 1.34 1.05 - -
H/C ratio 0.13 1.61

3.2. Thermogravimetric analysis of rice husk and rice husk biochar.

In a thermogravimetric analysis, rice husk and its biochar were heated at 5, 10, 20, and
30°C/min, and mass changes were noted that depended on temperature, as shown in Fig. 1 and
2 TG analyzers demonstrate three distinct processes for removing moisture from the husk,
devolatilizing it, and forming biochar. Among the principal components of biomass are
cellulose, hemicellulose, and lignin. Hemicelluloses, celluloses, and lignins are degraded at
200 to 380°C, 250 to 380°C, and 180 to 900°C, respectively [36]. As the temperature and
heating rate of pyrolysis change, they react differently. Drying, devolatilization, and char
formation are the main stages of rice thermal decomposition. A rice husk and its biochar are
removed from moisture physically and externally at temperatures below 200°C during the first
phase of the process. Thermal decomposition of hemicellulose, cellulose, and pyrolysis occurs
in the second stage. A branchless glucose chain forms the cellulose structure, which is
thermally more stable than hemicellulose [37]. There are two phases in the second phase: the
right side and the left side. Decomposition of hemicelluloses is indicated on the left side.
Possibly due to its low volatile matter content, biochar degrades more slowly at moderate
temperatures. Fig. 2 shows the rice husk biochar’s highest degradation temperature in the
second region. Decomposition occurred at a higher temperature due to the biochar’s low
volatile content and high availability of fixed carbon [38].

Using the DTG and TG curves represented in Fig 1 and 2, we looked at how the heating
rate influenced temperature ranges and mass loss rates in rice husk pyrolysis. In addition to
biomass having a low thermal conductivity, pyrolysis also results in a mass and heat transfer
effect as the pyrolysis rate increases [39]. As a result, the TG curves shifted to a higher
temperature. Overlapping curves indicate complex hemicellulose, cellulose, and lignin
composition in rice husk biomass [40]. According to Table 3, rice husk decomposes at various
temperatures based on the intensity of decomposition. As shown in Figure 1, the first
degradation peak is divided into three stages: Stage | (33 to 207°C) is the dehydration stage,
https://nanobioletters.com/  60f16
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where some moisture and extractives are released. At stage 11 (207°C to 390°C), about 45 to
50% of mass loss occurred from hemicellulose decomposition to cellulose decomposition; the
first peak on the left is caused by hemicellulose decomposition. Stage I11 (360°C to 683°C) is
when lignin degradation takes place, as well as some endothermic and exothermic reactions
between organic compounds. Degradation of lignin begins at 360°C, reaches a peak at 683°C,
and then slows down. The slower rate of reaction in lignin requires a higher temperature (100—
900°C) to degrade completely. Due to its more complex chemical structure and heat resistance,
lignin degradation is more difficult than hemicellulose and cellulose [41]. A major component
of the rice husk product is hemicellulose, which is composed of cellulose, lignin, and lignin,
which is composed of hemicellulose. The devolatilization rate was almost stable after 600°C,
indicating that the pyrolysis had completed this stage, indicating the biochar’s formation. After
600°C, the devolatilization process has completely ceased. As the curve progressed, mass
degradation increased. Stage Il is regarded as active pyrolysis for determining the Kinetics,
while stages | and Il are passive pyrolysis zones. A similar behavior was observed for rice
husks by Kumar et al. [12].
Table 3. Pyrolysis parameters relevant to heating rates for rice husk.

Rice husk
o 0, H
. TieC TfeC Tm,°C DTG max, A)/r_n_ln
Parameters B, C/min - . (Temperature at max (max decomposition
(Initial temperature) (final temperature) -
decomposition) rate)
5 33 168 58 0.323
Stage | 10 33 191 67 0.524
g 20 3 197 77 0.91
30 33 207 84 1.23
5 168 360 303 3.136
Stage I 10 191 365 316 6.488
g 20 197 382 332 13.03
30 207 390 338 21.94
5 360 532 403 1.314
10 365 567 476 1.962
Stage Il
20 382 645 500 2.76
30 390 683 506 3.74
Temperature (°C
0 100 200 300 400 500 600 700 800 900
| | L | L | L | L 1 L 1 L | L 1 L
100+ 5 °C/min
1 — 10 °C/min
o 807 20 °C/min
] ——30°C/min
2 07 | Stage IlI
T 20 Stage | | Stage |1 tage Il .
| (Passive pyrolysis)
20 1 ! (Active pyrolysi
B+—+——F—+——+—+—+—F+—F+—+——
—~on . i ‘A1 Cellulose peak
=20 Hemi-cellulose |
Left shoul :’ -~
% 15-_ (Lefts OL;’ der) f Lignin peak
S . | ‘
o 101 Dehydration peak
B 5- I § Char formation
07 : :
T T T T T T T T T T T

— :
0 100 200

—
300 400 500 700 800

Temperature (°C)

600 900

Figure 1. Thermal decomposition behaviour of rice husk at heating rate of 5°C/min, 10°C/ min, 20°C/min and
30°C/min showing different peak of dehydration, devolatilization, and biochar formation.
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Temperature (°C)
0 100 200 300 400 500 600 700 800 900
L 1 L 1 L 1 L 1 L 1 L 1 L 1 L 1 L

1
100 ~—— ] 5 °C/min
] ? X —— 10 °C/min
& 20 °C/min
£ 80 — 30°C/min
O l ; |
604 Stagel | Stagell :Stage
o+ttt
~ 4 . Thermal | No effect of
c ! .
= ] . | stability temperature
% 3- Dehydration " ofbiochar | on biochar
> 1 peak 3 ‘
~— 2 —
E J
n 1]
0] ‘
J T T T T T

— :
0 100 200 300 400 500 600 700 800 900
Temperature (°C)

Figure 2. Thermal decomposition behavior of rice husk biochar at heating rates of 5°C/ min 10°C/ min,
20°C/min, and 30°C/min for analyzing the mass loss at different stages.

Utilizing a thermogravimetric analyzer, rice husk biochar was evaluated at 5, 10, 20,
and 30°C/min. Fig. 2 shows that the first peak is at the temperature of 40 to 55°C, at which
time biochar is released with moisture. Compared with raw rice husk, the peak disappeared at
160 to 330°C. At temperatures ranging from 160 to 330°C, the least mass loss (1-1.5%) was
observed, indicating the highest thermal stability of the obtained biochar [42]. Weight loss
reached 72-75 % when the temperature increased from 330 to 750°C. Rice husk biochar,
however, did not lose mass when heated above 750°C. After some time, the pyrolysis process
did not affect the biochar’s characteristics.

3.3. Kinetic analysis.

This study used model-free methods to determine the kinetic properties of rice husk and
rice husk biochar. Rice husk Arrhenius plots calculated by FWO, KAS, and Starink methods
during pyrolysis can be seen in Fig 3, Fig 4, and Fig 5. The apparent activation energy can be
closed in Figs 3, 4, and 5, which may indicate a single reaction mechanism [43]. According to
the FWO model, E, can be calculated using equations (13) based on the slope at increasing
degrees of conversion derived from linear plots of In(B/T?) versus 1/T as shown in Fig. 3 (a)
and Fig. 3 (b). Similarly, Fig 4 (a) and Fig 4 (b) show the linear plots of In(T) versus 1/T. The
E. was calculated using the Starink method of equation (14). The E, was calculated using the
Starink method of eq (15) Fig 5 (a) and Fig 5 (b) depict the linear plots of In P Versus UT.

T1.92 ad
The apparent activation energies for rice husk were determined to be between 164 and
181kJ/mol using the FWO KAS and Starink models. According to the FWO KAS and Starink
models, rice husk has an average activation energy of 179.88, 179.59, and 176.81(KJ/mol).
There is less than 5% discrepancy in all average activation energy values mentioned,
demonstrating its accuracy. Based on FWO KAS and Starink models, activation energies
obtained in this study were 220, 222.69, and 223.57KJ/mol lower than those obtained with

https://nanobioletters.com/ 8 of 16


https://doi.org/10.33263/LIANBS132.086
https://nanobioletters.com/

https://doi.org/10.33263/LIANBS132.086

pretreated rice husk [12] and using integral Ozawa and Friedman method; the activation energy
for rice husk evaluated 220.06 and 224.85KJ/mol respectively [13]. The activation energy
values were influenced by a number of factors, including the different kinetics models, heating
rate, biomass type, and particle size [44]. The model-free techniques’ Ea (activation energy)
differs depending on the estimates and calculations utilized to solve the temperature integral.
According to these studies, rice husk could be employed as a feedstock for biomass thermal
conversion to bioenergy [45].

Table 4 illustrates that as the activation energy increased as the rate of conversion (o)
increased from 0.1 to 0.9 and decreased slightly at 1 degree of conversion, similar trends were
observed in FWO, KAS, and Starink methods, indicating that the complex reaction may have
occurred at a higher temperature [46], thermal cracking and devolatization of biomass
components occur at this stage, implying a series of reaction [47]. The E, values increased from
164.94 - 180.51kJ/mol for FWO, from 164.63- 179.15kJ/mol for KAS and for Starink from
164.84-173.95, respectively, as shown in Fig. 4 (a). The linear correlation coefficients ranged
from 0.88 to 0.99 for determining the activation energy, which was nearly suitable for liner
plots.

The value of activation energy for rice husk biochar formed at 500°C was evaluated
with the help of model-free techniques (FWO KAS and Starink models) to determine its
thermal capacity for energy generation via pyrolysis. The average activation energy values (E)
rice husk biochar for the FWO, KAS, and Starink models were 77.05, 75.72, and 74.14 kJ/mol,
respectively, as reported in Table 5. Biochar made from rice husk had a lower E, value than
raw rice husk, showing that biochar made from biomass can easily react with the low energy
demand displayed in Fig 6 (b). Biochar can easily react with a low-energy source due to its
high carbon content, higher heating value, lignin composition, and aromaticity. Fig 6 shows
the activation energy change for rice husk and rice husk biochar versus the degree of conversion
using the FWO, KAS, and Starink methods.

The pre-exponential factor (A) is crucial for biomass pyrolysis optimization [48]. Ea
and A factor have a mathematical relationship for the model-free kinetic approach such that
changing (E.) according to the pyrolysis extent changes (A) as well [49]. In the current
research, the pre-exponential factor was calculated using the Coats-Redfern method as given
in equation (12). The values of A (pre-ex Rice husk is a by-product produced during the milling
potential factor) from FWO, KAS, and Starink ranges for 2.17 x 10 1t0 9.76 x 10 *s?, 2.05
x 10 1t0 1.38 x 10 ¥s?, 2.14 x 10 ' to 6.03 x 10 2 respectively. The complex pyrolysis
reaction and the extensive variation in pre-exponential factors concerning the degree of
conversion rate denote the complexity of the feedstock's natural structure composition [50].

FWO (@ FWO ®)
3.5 *01 4 - +0.1
N mo.2
mo.2 25 ]
3 0.3 0.3
3] x0.4
=25 X0.4 a ]
% == B
2z %0.5 B23 o %0.5
? 0.6 2 0.6
L5 4 0.7 15 4 0.7
1 0.8 1 . . . . 0.8
1.45 1 I65 1 ISS 0.9 0.8 1 1.2 1.4 1609
. (.lfT)x 1000 . 1 (1/T) x 1000 1
a) b)

Figure 3. (a & b) Linear plots of In (B/T2) versus 1/T for rice husk biomass and rice husk biochar,
respectively, using FWO method for calculating the activation energy.
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Figure 4. (a & b) Linear plots of In(T) versus 1/T for rice husk biomass and rice husk biochar respectively
using KAS method for calculating the activation energy.
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Figure 5. (a & b) Linear plots of In Bi/(T~(1.92 ) ai) versus 1/T for rice husk biomass and rice husk biochar,
respectively, using the Starink method for calculating the activation energy.

The intersection of three parameters, activation energy, gas constant, and heating rate,
makes up the pre-exponential factor. The value of pre-exponential is greater than 10° s,
indicating that the reactive system is a simple, complex reaction, and the value of 109 s-1
indicates that it is less reactive with a closed complex reaction [51]. The pre-exponential factor
values for rice husk using KAS , FWO, and Starink models were summarised in Table 4 using

Eq (12).

Table 4. ‘E,’ (activation energy) and ‘A’ (pre-exponential factor) for the rice husk related to the degree of
conversion (a) at 20°C/min.

Conversion FWO KAS STARINK
factor
= E. E.
A aumoly | AED R kamony | AGY R | kamony | ACD R?
0.1 16494 |217x10™ | 09997 | 16463 | 2.05x 10" | 0.0097 | 16484 | 2.14x10" | 0.9962
02 16890 |462x10™ | 0.9991 | 16851 | 429 x 101 | 0.9989 | 171.88 | 8.13 x 101 | 0.9923
03 17316 |1.03x10%2 | 0.9982 | 17278 | 9.64x 10 | 0.9980 | 17312 | 1.03x 102 | 0.9896
0.4 17572 |1.68x10%2 | 0.9977 | 17530 | 1.55x10% | 0.9975 | 17395 | 1.20 x 102 | 0.9885
05 17546 |1.60x10%2 | 0.0976 | 17488 | 1.43x 1012 | 0.9973 | 177.68 | 2.44x 1022 | 0.9881
0.6 17572 |1.68x10%2 | 0.9976 | 17499 | 1.46x 10 | 0.9973 | 17809 | 2.63 x 102 | 0.9880
0.7 18082 |441x10%2 | 0.9960 | 18022 | 3.94x 102 | 0.9973 | 179.33 | 3.33 x 1022 | 0.9852
0.8 19418 |550x10% | 0.9933 | 19412 | 545x 102 | 0.9926 | 18058 | 4.22 x 1012 | 0.9808
0.9 20943 |9.76x10 | 0.9859 | 21128 | 1.38x 105 | 0.9845 | 19466 | 6.03 x 10 | 0.9682
10 18051 |415x10% | 09540 | 17915 | 3.21x 102 | 0.9485 | 17395 | 1.20 x 1022 | 0.9292
Average | 179.88 |1.04x 107 17959 | 1.45x 10 17681 | 7.74 x 1012
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Table 5. ‘E,’ (activation energy) for the rice husk biochar significant to the degree of conversion (o) at

20°C/min.
Conversion FWO KAS STARINK
factor
A Eq (KJ/mol) R? Eq (KJ/mol) R? Eq (KJ/mol) R?
0.1 118.55 0.9165 116.40 0.9005 107.68 0.9448
0.2 102.74 0.9247 100.37 0.9068 99.40 0.9513
0.3 94.84 0.9319 91.45 0.9128 91.12 0.9573
0.4 86.93 0.9308 83.14 0.9084 82.83 0.9564
0.5 79.03 0.9306 74.83 0.905 78.69 0.9556
0.6 71.13 0.9345 66.51 0.9063 66.27 0.9582
0.7 63.22 0.9339 62.36 0.9005 62.13 0.9574
0.8 55.32 0.9318 58.20 0.8907 57.98 0.9532
0.9 51.37 0.9344 54.04 0.8864 49.70 0.9597
1.0 47.42 0.9481 49.88 0.9131 45.56 0.9659
Average 77.05 75.72 74.14
200 - 140 -
mEFWO 1201 =EWO
9 150 A BKAS @ 100 - EKAS
S = STARINK % ~ STARINK
v = S 80 A
2 £ 100 g E
e e
4 50 - £ 40
20
0 - 0
e A R A T T - T I B
S oo c oo oSS o o ©o © o o S o o
Degree of conversion () Degree of conversion ()
a) b)

Figure 6. Activation energy value changes with respect to the degree of conversion (a) for FWO, KAS, and
Starink models for (a) rice husk biomass; (b) rice husk biochar, respectively.

3.4. Thermodynamic parameters analysis.

During the process of biomass pyrolysis, the enthalpy of a reaction determines whether
it is endothermic or exothermic. For rice husk and rice husk biochar, both Tables 6 and 7
present the change in enthalpy (%H), Gibbs free energy (%G), and entropy change (%) when
using the FWO, KAS, and Starink methods of conversion, respectively. A low heating rate of
20°C/min was proposed to minimize the effects of such an interaction and mitigate its effects.
It has been shown that the enthalpy change during the pyrolysis process indicates that the
biomass and its end products have different levels of energy [27]. According to the FWO, KAS,
and Starink methods, the rice husk FWO values ranged from 159 to 175kJ/mol for conversion
degrees of 157 to 175kJ/mol, while the KAS method obtained the lowest value of 159kJ/mol.
The enthalpy value was positive for rice husk and rice husk biochar, indicating that energy was
required to decompose the rice husk. There is an increase in the enthalpy value for rice husk as
the conversion rate is raised and a decrease in the enthalpy value for rice husk biochar with a
conversion rate of 0.1 to 1, respectively. The biomass enthalpy values for rice husk biomass
were 174.44 for the FWO KAS method, 174.14 for the Starink method, and 171.36 for the
KAS method. Table 4 and Table 6 show that there is a minimal difference in energy (5kJ/mol)
for activation energy and enthalpy value for rice husk pyrolysis, indicating that the lowest
amount of energy is required for rice husk pyrolysis to be effective, as indicated by Table 4
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[52]. Pawar et al. used the coconut shell biomass for pyrolysis and evaluated the lower energy
difference enthalpy 224kJ/mol and activation energy 229kJ/mol [53]. The minimal energy
difference shows that the values AH and E, were in satisfactory correlation, indicating the
formation of a simple product.

The Gibbs energy (AG) is an expression of the increase in energy in a system as the
state of the activated product changes and the nature of the reactant changes as well [27]. The
AG change was 186 - 187.50kJ/mol, greater than the activation energy. The AG value for the
rice husk decreases with the degree of conversion ‘a’. In terms of G value, the maximum value
was 0.1, which indicates that excessive thermal energy was received at the beginning of the
pyrolysis process. Based on the FWO, KAS and Starink methods illustrated in Table 6, the
average value for the type G for rice husk was around 187.01, 187.02, and 187.09kJ/mol,
respectively. Increasing the conversion rate from 0.1 to 1, we see a slight decline in the value
of G as the conversion rate increases. There is a strong possibility that rice husk biomass was
not formed spontaneously since this would require a great deal of energy to complete the
reaction.

The change in entropy indicates the degree of disorder in a chemical process. The
entropy values contain positive and negative values determined at a conversion rate of 0.1 to
1, shown in Table 6. The positive value of entropy (AS) indicates that the degree of conversion
of the product is higher, whereas a negative value of AS shows that the conversion rate of the
product was lower [54]. The AS value for rice husk was found to be between -42.71 to
3.28kJ/mol, -43.18 to 3.20kJ/mol, and -42.86 to 4.04kJ/mol for FWO KAS and Starink method,
respectively. For FWO KAS the average value of entropy and Starink were determined by -
19.19, -19.66, and -24.01, respectively. Positive and negative entropy values suggest a complex
thermal conversion process in biomass [19].

Table 7 summarises the enthalpy AH, Gibbs energy (AG), and entropy (AS) of rice husk
biochar derived from rice husk using the FWO KAS and Starink methods at 20°C/min rate of
degree conversion (a), respectively. At 500°C, biochar made from rice husk biomass showed
a negative entropy value, indicating biomass feedstock has a lower degree of disorder. Almost
comparable results obtained from other biomass for AH, AG, and AS were determined for
Prosopis juliflora [53].

Table 6. Thermodynamic parameters of rice husk.

Conversion FWO KAS STARINK
factor
AH AG AS AH AG AS AH AG AS
¢ (kJ/mol) | (kJ/mol) | (kd/mol) | (kd/mol) | (kI/mol) | (kI/mol) | (k3/mol) | (kJ/mol) | (kJ/mol)
0.1 159.49 187.47 -42.71 159.19 187.48 -43.18 159.39 187.47 -42.86
0.2 163.46 187.34 -36.45 163.06 187.35 -37.08 166.43 187.24 -31.77
0.3 167.71 187.20 -29.76 167.33 187.22 -30.35 167.68 187.20 -29.81
0.4 170.28 187.12 -25.71 169.85 187.14 -26.38 168.50 187.18 -28.51
0.5 170.02 187.13 -26.12 169.43 187.15 -27.05 172.23 187.06 -22.64
0.6 170.27 187.12 -25.73 169.55 187.15 -26.86 172.65 187.05 -21.99
0.7 175.37 186.97 -17.70 174.78 186.99 -18.64 173.89 187.01 -20.03
0.8 188.73 186.58 3.28 188.68 186.58 3.20 175.13 186.97 -18.08
0.9 203.98 186.17 27.19 205.83 186.12 30.08 189.21 186.57 4.04
1.0 175.06 186.98 -18.19 173.70 187.02 -20.32 168.50 187.18 -28.51
Average 174.44 187.01 -19.19 174.14 187.02 -19.66 171.36 187.09 -24.01
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Table 7. Thermodynamic parameters of rice husk biochar.

Conversion FWO KAS STARINK
factor
AH AG AS AH AG AS AH AG AS
* (KJd/mol) | (KJ/mol) | (KJ/mol) | (KJ/mol) |KI/mol) | (KJI/mol) | (KI/mol) | (KI/mol) | (KI/mol)
0.1 110.28 297.54 -188.36 108.13 | 297.69 | -190.68 99.42 298.34 -200.09
0.2 94.47 298.72 -205.45 92.10 298.92 | -208.03 91.13 299.00 -209.09
0.3 86.57 299.39 -214.07 83.19 299.69 | -217.77 82.85 299.72 -218.14
0.4 78.67 300.11 -222.74 74.87 30047 | -226.93 74.57 300.51 -227.27
0.5 70.77 300.89 -231.48 66.56 30135 | -236.17 70.43 300.93 -231.86
0.6 62.86 301.76 -240.31 58.25 302.32 | -245.51 58.00 302.35 -245.79
0.7 54.96 302.74 -249.24 54.09 302.85 | -250.23 53.86 302.88 -250.49
0.8 47.06 303.84 -258.30 49.93 30342 | -254.98 49.72 303.45 -255.23
0.9 43.10 304.45 -262.89 45.78 304.04 | -259.78 41.43 304.73 -264.84
1.0 39.15 305.12 -267.53 41.62 304.70 | -264.63 37.29 305.45 -269.73
Average 68.79 301.46 -234.04 67.45 30154 | -235.47 65.87 301.73 -237.25

Table 8 compares rice husk biomass's kinetic and thermodynamic parameters obtained
from other agricultural residues. Rice husk has lower activation energy than woody biomass
and is very close to other agriculture residues. The lower activation energy for rice husk
indicates that it can react effectively with a small amount of energy, implying that rice husk
biomass can be efficiently utilized for bio-energy production. Furthermore, knowledge of
thermodynamic variables would aid in properly designing thermochemical conversions.

Table 8. Comparison of the thermodynamic and kinetic parameters obtained for rice husk to other agricultural

residues.
Rate_ of Ed(Activation Thermodynamic parameters
Feedstock Models heating energy)kd/mol Gibbs energy References
°C/min Enthalpy kJ/mol KJ/mol
. FWO, KAS, 179.88 179.59 174.44,174.14 187.01, 187.02
Rice husk Starink 5,10,20,30 176.81 171.36 187.09 Present study
Friedman 197.63, 186.06, 180.58 (KAS) 176.76 (KAS)
Maize cob | FWO, KAS, 5,10,20 185.39 192.83 176.49 [19]
Starink 185.80 (Friedman) (Friedman)
. 150.45 154.80 155.32
\Qﬁ]:vit FVS:;”Q;S 20, 30, 40 15855 15557 153.98 [55]
' ' 149.45 153.91 153.75

4. Conclusions

Kinetic analysis of rice husk and its biochar using thermogravimetric under non-
isothermal conditions was performed at heating rates of 5,10, 20, and 30°C/min of temperature
from 30 to 900°C. Rice husk and rice husk biochar have higher heating values of 15.97 and
21.61 MJ/Kkg, respectively. The thermal decomposition of rice husk mainly occurs in three
different temperature stages: drying, devolatilization, and biochar formation. The major
thermal decomposition occurred at 168°C to 390°C, called the active pyrolysis zone. The
average activation energy values for rice husk biomass were 179.88, 179.59, and 176.81
(KJ/mol), and for rice husk biochar, were 77.05, 75.72, and 74.14kJ/mol, for the FWO KAS
and Starink models. For the rice husk biomass, the average values of Gibbs energy (187.01,
187.02, and 187.09kJ/mol) and enthalpy (174.44, 174.14, and 171.36kJ/mol) for FWO KAS
and Starink, respectively. The positive values of entropy and Gibbs suggest that the thermal
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degradation of rice husk biomass occurs non-spontaneously. The slight difference in enthalpy
and activation energy indicates that biomass pyrolysis is feasible. The results showed that the
kinetic parameters were in good agreement, as all three models, FWO, KAS, and Starink,
satisfactorily reflected the complexity of the devolatilization process.
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