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process to convert the discarded Bakelite into valuable products. In this study, the pyrolysis of
Accepted: 08 December 2024 Bakelite is conducted to set the backbone of the study. Then, based on the pyrolysis of Bakelite,
the catalytic pyrolysis of Bakelite with Halloysite clay is conducted to compare the pyrolysis
kinetics and product yields for reactor design. The kinetic analysis is completed by using TGA
: data and Coats-Redfern modeling from 150-450 °C. The thermodynamic parameters are cal-
Pyrolysis; Coats-Redfern Integral culated by the Eyring equation from the TGA data. The TGA data of Bakelite and its blend
Method; Discarded Bakelite; with the different concentrations (2.5, 5, 7.5, and 10 wt%) of Halloysite clay were obtained
Halloysite Clay at a heating rate of 20 °C/min over the temperature range of 30 to 1000 °C. The batch pyrol-
ysis of the Bakelite in the presence of Halloysite clay is conducted at the optimum pyrolysis
temperature for the pyrolysis of Bakelite. The pyrolytic oils produced are analyzed by Fourier
transform infrared spectroscopy (FTIR) and gas chromatography-mass spectrometry (GC-
MS). The weight loss at a heating rate of 20 °C/min increases from 56.49% to 62.57% with the
addition of 5 wt% Halloysite clay. The degradation of Bakelite without Halloysite clay follows
a 1.5th-order kinetic mechanism with an activation energy of 81.088 kJ/mol and an Arrhenius
constant of 4.39x10"> min'. However, with 5 wt% Halloysite clay, the activation energy de-
creases to 77.883 kJ/mol and the Arrhenius constant drops to 2.08x10'> min™!, without chang-
ing the kinetic mechanism. The thermodynamic parameters, such as the changes in enthalpy
and Gibbs free energy for the thermal degradation of Bakelite, decrease with the addition of
Halloysite clay. The addition of 5% Halloysite clay to Bakelite increases the condensable prod-
ucts from 39.12% to 41.25%, while the gas fraction decreases from 30.36% to 29.51% and the
residue from 30.52% to 29.24%. FTIR and GC-MS support the presence of alkanes, cycloal-
kanes, alkenes, cycloalkenes, aromatics, and oxygenated species in the pyrolytic oils. These
results highlight that the addition of Halloysite clay with Bakelite during thermal conversion
alters the kinetic analysis, improves the product yields, and varies the composition of the py-
rolytic oil. The novelty of this study lies in demonstrating the catalytic effect of Halloysite clay
on thermal degradation, kinetics, and product distribution for optimal reactor design.
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INTRODUCTION

The polymer and its composite-based materials are
widely used for manufacturing heat-resistant components
in the automotive and aerospace industries [1]. The use
of polymers has grown due to their low density, poor heat
and electrical conductivity, high strength, flexibility, and
low cost [2]. About 1.75x10° tons/annual of Bakelite are
used in over 15,000 products [3]. The synthetic Bakelite is
used widely in the manufacture of electronics, glassware,
chemicals, metals, polymers, mobile cases, kitchenware,
containers, and pipe stems [4]. The global Bakelite market
is expected to increase from USD 3.51 billion in 2024 to
USD 4.22 billion by 2029, with a CAGR of over 3.5% [5].
The widespread use of Bakelite increases the volume of
discarded Bakelite. The Bakelite waste production in India
was 8 x 10* tons in 2020, and it is expected to increase to 7
million tons by 2050 [6]. The vast waste of Bakelite causes
a negative impact on the environment and human beings.
So, bakelite waste is essential to reduce. The microplastics
produced from waste plastic cause a major threat to aquatic
life [7]. The disposal of waste Bakelite in landfills or the
burning of waste Bakelite contaminates water, soil, and air
with harmful substances such as methanol, formaldehyde,
and asbestos. The cross-linked structure of thermosetting
plastic Bakelite provides heat resistance, which complicates
recycling [3]. So, developing eco-friendly disposal meth-
ods for waste bakelite remains challenging for valorisation,
including plastic fuel production in the ongoing research.

To date, researchers are working on new technologies
and methods to mitigate Bakelite waste. Mohan et al. used
discarded bakelite as a reusable component in concrete
beam fabrication [4]. Murali and Sambath mixed waste
Bakelite into concrete and used it for solid block manufac-
turing [3]. Surendranath and Ramana used discarded bake-
lite as an alternative to conventional aggregates in concrete
[6]. Nowadays, many researchers are working on alternative
recycling technologies such as thermal and catalytic pyrol-
ysis, gasification, and plasma arc gasification [8]. Dhunna
et al. used the waste bakelite as a carbon source in iron-
making [9]. Horikawa et al. carbonised the phenol-form-
aldehyde resin by using ethylene glycol, 1,6-hexanediol,
and polyethylene glycol [10]. Chen et al. synthesized nitro-
gen-doped mesoporous carbon with 11.64% nitrogen and a
2D hexagonal structure by carbonizing phenolic resin with
melamine [11].

Pyrolysis is an efficient, cost-effective method for
converting carbon-rich waste into fuels and energy [12].
Pyrolysis is a tertiary recycling process that reduces high
molecular weight polymers into smaller molecules in an
oxygen-free atmosphere, according to ASTM D5033-00
[13]. This method operates at 300-900°C, converting plastic
waste into liquid hydrocarbons, char, and gas. By generat-
ing higher-quality liquid hydrocarbons at lower tempera-
tures and with shorter reaction periods, catalytic pyrolysis
performs better than thermal pyrolysis and copyrolysis [8].

Xu et al. synthesized carbon aerogels by pyrolyzing pheno-
lic resin gels with ZnCl, [14]. Wang et al. obtained char res-
idues of 62.9% and 60.5% from pure phenol-formaldehyde
resin, and 71.9% and 68.4% from boron carbide-modified
PF resin at 700°C and 1000°C, respectively [15].

Research has produced phenolic-rich oils and chemi-
cals from PF resins via pyrolysis, co-pyrolysis, and catalytic
pyrolysis [12]. Bennett and Payne examined the volatile
organic compounds released during the thermal disinte-
gration of phenolic resin under varied pyrolysis conditions,
identifying phenol as the primary product, along with ben-
zene, methylbenzene, 1,4-dimethylbenzene, 1,2-dimeth-
ylbenzene, 1,3,5-trimethylbenzene,  2-methylphenol,
4-methylphenol, 2,6-dimethylphenol, 2,4-dimethylphenol,
2,4,6-trimethylphenol, 9H-xanthene, and phenanthrene.
They also quantified permanent gases like CO, CO,, CH,,
and H,0, excluding hydrogen. Lower heating rates led to
more complete decomposition with fewer secondary reac-
tions, while higher rates preserved larger VOC fragments.
Faster heating at 20,000°C per second produced more vola-
tile organic compounds and less CO, than slower heating at
20°C per minute, though the residue composition remained
consistent [16]. Xu et al. synthesized aromatic amines with
14.2% carbon content and 57.6% selectivity from phe-
nol-formaldehyde resins using an HZSM-5-3 zeolite cata-
lyst at 650°C. Adding lignin increased the yield of aromatic
amines by 32.2% and achieved 11.8% carbon content at a
1:1 lignin-to-PF resin ratio [17]. Wong et al. performed
batch pyrolysis of resole-type phenol-formaldehyde resin
from 320 K to 1290 K, resulting in a 39.2% mass loss. They
produced three product types: water below 800 K, phenolic
derivatives from 500 to 850 K, and permanent gases (Ha,
CH,, CO, CO,) above 800 K. Aromatics formed between
700 and 850 K, while C,-C, hydrocarbons peaked at 1000 K
[18]. Xu et al. showed that pyrolyzing PF resin with calcium
hydroxide enhanced thermal decomposition and cracking,
increasing monophenol yield. At 650°C and 5% calcium
hydroxide, the process produced a phenolic-rich oil with
9.1% aromatic hydrocarbons, 82.8% phenols, and a 33.7%
carbon yield. Pyrolyzing the residue at 800°C produced a
CaO/char catalyst that reduced bio-oil oxygen content from
14.4% to 2.4% during soybean oil pyrolysis [19]. However,
to improve the quality and yield of phenolic-rich oil from
waste Bakelite using an optimized reactor, it is need to study
the thermal degradation with and without a catalyst, vari-
ous co-feedstocks, pyrolysis kinetics, and product analysis.

Many studies have been proposed by many researchers
regarding the kinetics and mechanisms of bakelite.

Jiang et al. explore the kinetics of the pyrolysis of PF
using non-isothermal thermogravimetry at heating rates
of 5-20 K/min from 363 to 1100 K. They suggested that
the thermal degradation of Bakelite is conducted in three
stages. The activation energy, Arrhenius factor, and integral
form for the first stage are 222.73 kJ/mol, 1.19x10° min™,
and g(a) = (1-a)73; for the second stage they are 271.70 kJ/
mol, 4.02x10° min™!, and g(a) = (1-a)™%; and for the third
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stage they are 305.14 kJ/mol, 3.60x10” min', and g(a) = 1
+(2/3)a — (1+a)?/?, respectively [20]. Jiang et al. conducted
infrared spectroscopy of PF resin pyrolysis from 450 to
750°C. Their research showed that CO and CO, arise from
methylene group oxidation, with PF resin decomposition
driven by methylene scission. However, methylene radicals
react with smaller molecules to form volatile compounds
like ethylene and methanol. PF resin gradually converts
into amorphous carbon as temperature increases through
pyrolysis and polycyclic reactions [21].

Catalytic pyrolysis technology progress is limited by the
lack of effective, affordable catalysts. Therefore, research
on improved catalysts is important to increase the catalytic
efficiency and reduce the cost of the catalyst, for commer-
cially producing renewable fuels and chemicals through
catalytic pyrolysis [12]. The effective catalytic pyrolysis of
waste plastic depends upon the selection of a suitable cat-
alyst [8]. The clay catalysts are widely used due to strong
adsorption and surface activity [12]. Clay catalysts have a
layered structure, with silica tetrahedra and hydrated alu-
mina octahedra linked by covalent and van der Waals forces
[22]. Halloysite (Hal) clay, a cost-effective dioctahedral 1:1
alumosilicate (Al;Si,Os(OH)4nH,0), is chemically similar
to kaolinite. This clay contains internal gibbsite (Al-OH)
sheets, external siloxane (Si-O-Si) groups, and a mono-
layer of water between layers. The hydrated halloysite-(10
A) has a single water layer between its layers, while dehy-
drated halloysite-(7 A) forms by removing interlayer water
through mild heating or vacuum.

The spherical or plate-like shape of Halloysite clay
depends on its origin [23]. The researcher explores the
use of different clay catalysts like bentonite, montmoril-
lonite, kaolin, and synthetic hydrotalcite. However, little
research has been completed on the use of Halloysite clay.
Cai et al. evaluated the catalytic performance of benton-
ite, montmorillonite, kaolin, and synthetic hydrotalcite in
pyrolyzing mixed plastics (PE: PP: PS = 40:20:20:20) for
fuel and energy recovery at a 1:10 ratio. The catalyst, like
hydrotalcite, increased oil yield and reduced wax. Bentonite
increased the gas production, montmorillonite increased
the oil production, and kaolin promoted wax generation.
Montmorillonite achieved the highest oil yield (71.0%),
kaolin produced the most gasoline-range hydrocarbons,
and bentonite nanoclay yielded the most diesel-range
hydrocarbons. Clay catalysts increased hydrocarbons
(methane, ethane, ethene, propene, butane) and reduced
CO: levels. The study shows that during the catalytic pyrol-
ysis of mixed plastic waste, the moderate acidity of clay
catalysts is essential for increasing oil production and gas-
oline and diesel range fuels. Mechanistic analysis revealed
that radicals from plastic breakdown strongly influence the
pyrolysis process [12]. Panda and Singh used a batch reac-
tor to fracture waste polypropylene thermally and catalyti-
cally at 400-550°C. At 500°C, they obtained the maximum
liquid yield (82.85%). Adding kaolin catalyst reduced reac-
tion time and increased production, achieving an 87.5%

oil yield at a 1:3 kaolin-to-plastic ratio and 500°C, with oil
resembling petroleum fuels [24].

Kanattukara et al. investigated the effect of HNT on the
production of pyrolytic oil from HDPE, LLDPE, and PP
through catalytic pyrolysis. The HNT catalyst reduced the
pyrolysis temperature from 470°C to 450°C and enhanced
the yield of liquid. The liquid and gas yields for PP are
66.8% and 32.4%, for HDPE are 51.5% and 37.5%, and
for LLDPE are 66.5% and 32.3%, respectively. The HNT
catalyst produced a liquid rich in paraffins, naphthenes,
olefins, and aromatics, shifting the product distribution
toward lighter C,-C,, hydrocarbons, similar to gasoline.
The pyrolysis oil with the HNT catalyst contained lighter
liquid fractions: 34.2% for PP, 16.0% for LLDPE, and 18.9%
for HDPE [13]. Li et al. investigated how poly (butylene
adipate-co-terephthalate) (PBAT) is thermally degraded by
halloysite nanotubes. Both PBAT and its Halloysite nano-
tube nanocomposite showed a single-step degradation
process. The residual char from PBAT was 0.88%, while
the halloysite nanotube/PBAT nanocomposite produced
7.63%, nearly eight times higher. The degradation of both
materials released water, alcohols, acids, CO,, CO, esters,
and alkenes [25].

Understanding the chemical kinetics of degradation is
crucial for evaluating, designing, and scaling up industrial
waste polymer conversion units. The most used technique
for examining the kinetics of thermal degradation is ther-
mogravimetric analysis.

There are considerable work has been done to calcu-
late kinetic parameters using the Coats-Redfern model
(CR). Ganesha et al. use thermogravimetric analysis and
the Coats—Redfern method to investigate the pyrolysis and
co-pyrolysis kinetics of mango seed kernel (MSK), mango
seed shell (MSS), and PET at heating speeds of 15, 20, and
25°C/min. MSS degraded at higher temperatures than MSK
due to its higher cellulose content. The degradation rate
depends upon the type of biomass and the PET-to-biomass
ratio. Although the reaction order may change depending
on the material composition, co-pyrolysis of PET with MSK
and MSS increased thermal degradation rates and activa-
tion energy. The initial degradation stage has a higher order
and lower activation energy than the secondary and tertiary
stages. The reaction order varies with raw material com-
position, ranging from 0.1 to 3 [26]. Arias et al. used ther-
mogravimetric analysis using models such as Friedman,
Coats-Redfern, and ASTM E1641 to investigate the effects
of particle size (0.3 and 5.0 mm) on waste tire pyrolysis
kinetics. Waste tire pyrolysis occurs in two stages between
200 and 520°C, involving plasticizer volatilization and
rubber degradation. The larger sizes cause higher kinetic
parameters due to heat and mass transfer processes. The
activation energy in the Friedman model varied between 40
and 117 kJ/mol for particles of 0.3 mm and between 23 and
119 kJ/mol for particles of 5.0 mm. The activation energy in
the Coats-Redfern model varied between 46 and 87 kJ/mol
for 0.3 mm and 43 and 124 kJ/mol for 5.0 mm. According
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to ASTM E1641, activation energy was 56-60 kJ/mol for
both 0.3- and 5.0-mm particles. The reaction order was
approximately one in both decomposition zones [27]. Uzun
et al. investigated the co-pyrolysis behavior and kinetics
of blends of walnut shell, polypropylene, and low-density
polyethylene (1:2, 1:1, and 2:1 ratios) using the Arrhenius
and Coats—Redfern models and thermogravimetric analysis
data at heating rates of 5-50 °C/min. Walnut shell had three
devolatilization stages: water removal, hemicellulose/cellu-
lose decomposition, and lignin degradation. Polypropylene
and low-density polyethylene decomposed in a single stage
with a weight loss of 45% in the active pyrolysis zone. As
pyrolysis progressed, activation energy and the Arrhenius
factor changed concurrently, indicating a compensating
effect. The Arrhenius method gave activation energies of
69.32 kJ/mol for walnut shell, 295.65 kJ/mol for polypropyl-
ene, and 254.55 kJ/mol for LDPE, while the Coats-Redfern
method yielded 101.58, 333.53, and 316.77 kJ/mol for WS,
PP, and LDPE, respectively [28].

Numerous studies have been conducted for converting
waste bakelite into valuable products like char, phenolic-rich
oils, and chemicals via pyrolysis. However, limited research
has focused on the kinetic study and pyrolytic mechanism
of bakelite. Several studies have been proposed about the
catalytic pyrolysis by using catalysts like kaolin, montmo-
rillonite, bentonite, and halloysite nanotubes to improve
yields and efficiency. A lot of work is also completed by
using the Coats-Redfern model for the accurate calculation
of kinetic parameters. From the above literature review, a
research gap is identified, namely, the catalytic batch pyrol-
ysis of Bakelite by using Halloysite clay. This study aims
to address these gaps by examining the pyrolytic degrada-
tion, kinetic studies using the Coats—Redfern method and
thermogravimetry analysis data, thermodynamics analy-
sis by the Eyring equation, and catalytic batch pyrolysis of
Bakelite using different concentrations of Halloysite clay.
The goal of this study is to improve the valorisation of the
waste bakelite by using a suitable clay catalyst. This study
offers a novel approach by investigating the catalytic pyrol-
ysis of bakelite using Halloysite clay, a cost-effective mate-
rial rarely explored for waste management.

MATERIALS AND METHODS

Materials

The discarded electric switches, plugs, and holders col-
lected from the VSSUT electrical maintenance department
were used as a source of materials for producing bakelite.
The discarded electrical components were first manually
broken down into small fragments. These bakelite pieces
were then ground into powder using a Philips domestic
grinder (model HL7756/00, 750 watts). The ground pow-
der is passed through a No. 18 sieve (Gilson Company, Inc,
Model: V8SF#18, ASTM E11 standard) to get a uniform
particle size of Imm. The Hal clay, sourced from Vedayukt

India Private Limited, India, has a purity of 98-99% (with
ALO; = 37.079% and SiO; = 55.056%). The Halloysite clay
sample has the following features: a BET surface area of
7.672 m*/g, an average pore radius of 7.065 nm, a total pore
volume of 0.026 cc/g, and a density ranging from 1.8 to 2.6
g/cm’. The clay features an irregular plateau shape and a
rough surface texture and is utilized as a catalyst.

Methods

Characterization of Bakelite

The proximate analysis is performed by using the differ-
ent ASTM methods: moisture content (ASTM D 4442), vol-
atile matter (ASTM D 3172), fixed carbon (ASTM D 3177),
and ash content (ASTM D 3175). The CHNS elemental
analyzer is used for ultimate analysis. The bomb calorime-
try is used to calculate the calorific value.

Thermogravimetric Analysis

The study employed a pyrolysis simultaneous ther-
mal analyzer 8000 for Thermogravimetric and Derivative
Thermogravimetry evaluation of discarded bakelite and its
blends with Hal clay. Samples, each weighing about 9.6 +
0.25 milligrams, included bakelite and blends with Hal clay
at concentrations of 2.5, 5, 7.5, and 10 wt/wt%. The samples
are taken in a crucible, and the crucible is subjected to heat-
ing under nitrogen flow at 20 ml/min, with temperatures
from 30°C to 1000°C and a consistent heating rate of 20°C/
min. The thermogravimetry analysis is performed in tripli-
cate to ensure result accuracy.

Batch Pyrolysis and Pyrolysis Oil Analysis

The pyrolysis and catalytic pyrolysis of Bakelite using
different concentrations (2.5, 5, 7.5, and 10 wt/wt%) of
Halloysite clay are performed in a stainless-steel tube batch
reactor with an internal diameter of 37 mm, an exterior
diameter of 41 mm, and a length of 145 mm. The reactor,
which features a top opening, was filled with 30 grams of
sample and securely sealed with nuts and bolts. The batch
reactor is heated using an external electric furnace at a
heating rate of 20 °C per minute. The reactor temperature
was monitored using a Cr-Al: K thermocouple, and the
temperature is regulated with an accuracy of +3.6 °C by a
PID controller. The pyrolysis temperature ranges from 300
to 500 °C, revealing that 450 °C is the optimal temperature
for bakelite pyrolysis, maximizing the yield of condensable
fractions. Therefore, catalytic pyrolysis of the bakelite-Hal
clay blend is also performed at 450 °C. The vapors formed
are passed through a condenser to condense into liquid
and wax. The non-condensable gases are away from the
system. The residual solid is collected from the reactor. By
comparing the mass of the collected materials to the initial
mass of the reactant, the yield of liquid and wax products
was evaluated. The percentage yield of the pyrolytic prod-
ucts, including condensable substances and residue, is cal-
culated, and the non-condensable gases are calculated by
subtracting from 100%. The batch pyrolysis experiment is
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conducted three times for each sample to maintain accu-
racy and reliability. The FTIR analysis of the pyrolytic oils is
performed by using a Bruker Alpha FTIR spectrophotom-
eter (Resolution = 2 cm™ and Spectrum range = 500-4000
cm™). For GC-MS analysis, a Shimadzu GC-MS QP 2020
NX system with an SH-Rxi-5ms capillary non-polar col-
umn (30 m x 0.25 mm ID x 0.25 um film thickness) was
utilized.

The GC-MS analysis is conducted by including the
experimental condition: Carrier gas (He): 1.0 mL/min,
Injection volume: 1 uL, Temperature program: 35-280 °C
at 5 °C/min, and Mass range: 35-650 m/z (NIST 20 library.

Pyrolysis Kinetic Theory

The complexity of pyrolysis makes it difficult to create
kinetic models that fully explain the principles underlying
thermal breakdown. However, instead of a complete kinetic
analysis, average kinetic values can still be used [29]. The
thermogravimetry analysis data are used in the Coats-
Redfern integral method to calculate the kinetic parame-
ters [30].

The overall rate of pyrolytic degradation of bakelite in
the absence and presence of Hal clay (da/dt) is defined by
equation 1.

da
_:kf
™ (o) (1)

Here, f(a) is a function of a, and the value of f(a) varies
from model to model, and k is the rate constant [31].

The earlier work suggests that the thermal degradation
of Bakelite follows the F, order mechanism [32]. Catalysts
influence cracking rates [33], allowing variations in reac-
tion order without altering the overall model with the Hal
catalyst. Therefore, this study employed the order-based
Coats-Redfern model for clarity, as adding other models
could complicate the analysis without significant bene-
fits. Equation 2 defines the value of f(a) for the nth-order
decomposition reaction.

fl)=(1- )" 2) [34]

The reaction order (n) is used to describe the pyrolysis
model.

The value of the extent of pyrolysis of the sample (a)
derived from thermo-gravimetric analysis, and is expressed
as: [29]

W,-W,
o= —

Vvi 'Wf (3)

Here, W, = Initial weight of the sample at time t = 0, W,
= Weight of the sample at an intermediate time t, and W; =
Final weight of the sample as time approaches infinity

The relationship between temperature and the rate con-
stant k is described by the Arrhenius equation, provided as:

Ea
k=Aexp|—
p ( RT) (4) [35]
Ea stands for activation energy, R for universal gas con-
stant, T for absolute temperature, and A for pre-exponen-
tial component in equation 4.
From equation (1) and (4)

da Ea
G A exp (_RT) fla)
(5)
f(a) RT
Now integrate the equation (5)
o t
da Ea
[ 8% A =24
@) (f) o (f) exp( RT) t (6)

Now multiply and divide dT with the right side of equa-
tion (6)

(7)

For the linear heating program,
Heating rate (p) = dT/dt
From equation (7) and (8)

o T
) do =A[exp Ea leT
0 RT

(8) [36]

f(o) 0
“da AT Ea
= =—|exp|-—|dT
i bl

The right-hand side of equation (9), though obtaining a
precise analytical solution is not possible.
By using Cauchy’s rule, the equation (9) becomes

T 2
g | exp(—Ea)dT - ART (1-2RT)exp (_Ea) (10)
0

(9) [31]

Ea RT

From equation (9) and (10)

% 4o ART?( 2RT Ea
[ = 1- exp| -

o f(a) PEa Ea RT (11)
From equation (2) and (11)

% 4o  ART?( oRT Ea

Sy P (1_ Ea )eXp(‘RT) 12

Since, (2RT/Ea) <<< 1, So, the value of (2RT/Ea) is
neglected, and equation (12) becomes
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]‘- do _ ART’ ox (-E_a If n=1, then equation (13) becomes,
o (l-0)" ~ PEa RT - ARTZ .
a 2 o -ra
ma. ART -Ea
= [0 oG '([(1-0.) e Gr)
(-0 ] ART’ Fa o« ART? -Ea
2[ e D) (-1)} ~ PEa e P(ﬁ :>[—ln(1— (1)]07 —— exp (—) i~
()" (™" |ART®  -Ea E
:((-n-%—l) ('1))'(.n+1) h BEa &) =-In(1-a)-(-Inl) ( a)
(1) 1 (13) [30] B
(I-n) X('”'a- e e () =-n(1 O0—— (Ri)
_ ™ u)“'")x( I+ _ ART’ (-Ea) Ea
(I-n) (- n) PEa T

Now divide by T2 and apply logarithm on both sides of
equation (15)

1 ()" ART? o (-E_a)
(I-n)  (1-n) BEa

- (-0 _ ARTz -Ea -In(1-0)\ AR\ Ea
*“e e &) ln( T )‘%@)'ﬁ

(16)

Now divide T* and apply logarithm on both sides The Coats-Redfern model equations, given as equations

1- (1-0)" ™ AR Ea (14) and (16), are employed for calculating kinetic parame-
T2 o ¢ Mg CeXp ( ) ters [34]. The Coats-Redfern model kinetic equations used

2
Td-n . BE (14)  in model-fitting methods are tabulated in Table 1.
In 1-(1-0)™" _ ln( AR ) _ Ea By plotting In [g(a)/T?] versus 1/T graph, the Y-intercept
T*(1-n) PEa | RT will be In [(AR)/(BEa)] and the slope will be - (Ea/R) allow-
ing to determine the values Ea and A respectively [37]. The
The equation (14) is validated for n#1 reaction order for the thermal degradation of bakelite with

Table 1. Coats-Redfern kinetic equation used in model-fitting methods

Method Kinetic Equations Plot
CR 1-(1-0) ™" a 1
(i) n#1, In # ln(ﬂ _Fa In g(z) Versus —
T?(1-n) BEa’ RT T T

(i) n=1. In [ lnl a} ( ) Ea

Table 2. Value of f(a) and g(a)

Reaction mechanism Symbols f(a) g(a)

One-half order Fys (1-a)? 2(1 - a)'?

First order F, 1-a) -In(1-a)
Three-halves order Fi s (1-a)* -2[1-(1 —a) -2
Second order F, (1-a)? -[1-(1-a)
Five-halves order F,s (1-a)” -23)[1-(1-a)-©2]
Third order F; 1-a)? -(1/2) [1-(1 -a)?
Seven-halves order Fy5 1-a)” -@2/5) [1-(1-a)-62]
Fourth-order F, (1-a)t -1/3)[1-1-a) 7
Nine-halves order F,s 1-a)”? -Q/I7)[1-(1-a) 7]
Fifth order Fs 1-a) -/ [1-(1-a)™
Eleven-halves order Fss (1 -a)t? -2/9)[1-1-a)-©2]
Sixth order Fq 1-a) -1/5)[1-(1-a) 7]
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or without Hal is shown by the plot with the R* value closest
to 1. The values of g(a) and f(a) are displayed in Table 2
[31, 35].

The activated complex theory and the Eyring equation
are employed to calculate further kinetic parameters of the
process, as given by:

k= _ethBTm exp (%) exp (-RE_;n)

(17)

Where, e = Neper number (2.7183)

X = Transmission factor which is unity for monomolec-
ular reactions

kg = Boltzmann constant

T, = Peak temperature which can be obtained from the
DTG plot

h = PlancK’s constant

AS = Change in entropy

From equation (4) and (17)

T
- AS—Rln(em) (19) [35]

We know,
Ea = AH + RT,, Where, AH = Change in enthalpy

= AH=Ea—RTn (20)
According to the Gibbs-Helmholtz equation
AG:AH-Tm AS (21) [30]
Where, AG = Change in Free energy
@ Bakelite
100 Bakelite+Hal(2.5%)
Bakelite+Hal(5%)
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RESULTS AND DISCUSSION

Characterization of Bakelite

The proximate analysis of bakelite shows volatile com-
pounds at 68.22%, moisture at 3.24%, ash at 6.82%, and
fixed carbon at 21.72%. Discarded bakelite can be used as
a possible feedstock for pyrolysis because of its high vola-
tile content, and its high fixed carbon content increases the
possibility that it will be converted into useful carbonaceous
products [32]. However, the moisture content necessitates
additional energy for drying, and the relatively high ash
content increases both handling and processing costs [38].

The ultimate analysis of bakelite reveals a carbon con-
tent of 68.04%, oxygen at 14.78%, and hydrogen at 5.09%.
Pyrolytic degradation of Bakelite produces more oxygen-
ated compounds due to the presence of oxygen. Bakelite
has zero nitrogen and sulfur content, so no nitrogen- or
sulfur-containing compounds are produced [38]. A high
amount of carbon and hydrogen produces a higher num-
ber of aromatic compounds. This high carbon and hydro-
gen content causes a higher heating value of Bakelite. With
a calorific value of 6610 Cal/g, bakelite is an efficient fuel
that can be utilized to maximize combustion temperature
in operations involving the use of raw materials [39].

TG-DTG Analysis

In earlier research, the thermal study was conducted
at various heating rates (5, 10, 20, 30, and 50°C/min) [32].
According to the ICTAC guidelines [40], heating rates in the
1-20°C/min range are commonly used, as this range provides
reliable and reproducible results for TGA/DTG analysis. The
moderate heating rate of 20 °C/min is selected for the TG-
DTG analysis of the impact of Halloysite clay on the thermal
degradation of Bakelite to ensure continuity and compara-
bility with earlier findings at heating rates ranging from 5
to 50 °C/min. Figure 1 presents the TG-DTG curve for the
thermal degradation of Bakelite in the absence and presence

b
0.0 -( )
oy

-0.2 {

0.4 1

067 Bakelite
Bakelite + Hal (2.5%)
Bakelite+Hal (5%)

0.8 Bakelite + Hal (7.5%)
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R
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Figure 1. (a) TGA, (b) DTG of bakelite and its blends with Hal clay.
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of different concentrations (2.5%, 5%, 7.5%, and 10%) of Hal =
clay at a heating rate of 20 °C/min. 3:/

The temperature affects the extent of the pyrolytic 2
cracking reaction, which changes the quantities of con- =
densable gases, non-condensable gases, and char yield. At 5
a lower temperature, long-chain hydrocarbons are formed, .; n o o~ e -
but at higher temperatures, these long hydrocarbons ° S 2 g I 3
undergo C-C bond cracking to form shorter hydrocarbons. = oo e e
Secondary reactions, which lead to the formation of aro- w9 w2
matic compounds, are more prominent at elevated tempera- zZ2 |9 o v o o
tures. Catalytic conditions further enhance the conversion
rate at lower temperatures than thermal pyrolysis [8]. The S 2 g g 8
Hal clay catalyst enhances the reaction rate of thermal deg- Bl S = =2 2 =
radation of Bakelite, resulting in a lower activation energy.
The presence of the Hal clay catalyst promotes phenolation, © E - S (R o
transalkylation, and oxidative coupling, which leads to the 8 E” o 2o ®
formation of a broader range of degradation products [41]. g &
The pyrolysis of Bakelite follows free radical-initiated chain ; E g8 & 3 & &
scission, whereas catalytic pyrolysis of Bakelite occurs via 2
a carbocation mechanism. Therefore, the presence of the N ° © o " o
Halloysite clay catalyst changes the product distribu- > = < B
tion and composition [12]. The larger compounds begin £ coT T
degrading on the outer surface of the catalyst, but with fur- £ e e e
ther degradation, the process occurs in the internal pores, = E|S 2 3 3 2
influencing product selectivity. Adding 5% Hal clay catalyst §
promotes bakelite degradation; however, a higher catalyst/ g iﬁ £l 28 8 2 2 2
polymer ratio leads to more char formation. Therefore, =R RS R R
as Hal clay concentration is increased from 5% to 7.5% £ E & e o N~ e

. o . 03 = - o o A I Q

and 10%, weight loss decreases, resulting in more residue 2 = = N ~ ~ N N
[8]. However, compared to pyrolysis without the catalyst, 8
weight loss increases when the concentration of Hal clay E > 2 8 R & &
is decreased from 5% to 2.5%, although it stays lower than g a7
when the concentration of Hal clay is 5%. This could be  © - a o o~ e
due to an inadequate amount of catalyst for effective deg- i ElS & & & A
radation. Table 3 shows the initial temperature (T,), peak &
temperature (T,,), final temperature (T;), and percentage 8 §J 5 E § E E &
weight loss (W) at different stages from Figure 1. % 3

According to Table 3, bakelite loses 56.95% of its total = g
weight when heated at a heating rate of 20°C per minute. = Slml8 & &8 &8 8
When blended with Hal clay at concentrations of 2.5%, 5%, §
7.5%, and 10% wt/wt, the weight losses change to 58.9%, o & % o o o
62.57%, 51.45%, and 50.71%, respectively. The 5% concen- E 2 o = Rk S &
tration proves to be the most effective, leading to the high- 8
est weight loss. At a heating rate of 20°C/min, the thermal :5; = x % 2 & &
degradation of discarded bakelite and its blend with Hal &=
clay of varying concentrations takes place in four stages % zo E 2 R T OB Z
over a temperature range of 30 to 1,000°C, both with and g >
without the Hal clay catalyst. The addition of a 5% Hal clay & | & - | o o e o
catalyst accelerates all stages of thermal degradation of e Fle = = & 9
Bakelite. Bakelite loses 3.01% in the first stage (30-185°C), E T . 2 2
while Bakelite with 5% Hal catalyst loses 3.38% in the first Té’ 3 i}i E j%
stage (30-186°C), mainly due to the loss of adsorbed water 5 = = = =
and volatile substances. Bakelite loses 2.49% in the second ﬁ E E E f
stage (185-231°C), while Bakelite with 5% Hal catalyst f;j 2 £ £ £ &£ &
loses 2.77% in the second stage (186-230°C), primarily due = E" E 2T BT T =
to phenol derivatives, heavier aromatic species, and water SR 2 & & & &
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released during degradation and cross-linking. Bakelite
loses 37.70% in the third stage (231-392°C), while Bakelite
with 5% Hal catalyst loses 40.89% in the second stage (230-
391°C), mainly due to the release of volatiles, water, and
unreacted oligomers. Bakelite loses 13.75% in the fourth
stage (392-1000°C), while Bakelite with 5% Hal catalyst
loses 15.53% in the second stage (391-1000°C), mainly due
to the release of volatiles, water, and unreacted oligomers.
The weight loss in this stage is primarily due to the release
of CO, CO,, CH,, methanol, Tar, aromatic hydrogen, ben-
zene, toluene, xylene, phenol, 2,6-xylenol, 2,4-xylenol, and
2,4,6-Trimethylphenol, naphthalene, biphenyl, dibenzofu-
rans, fluorene, phenanthrene, and anthracene. The residue
obtained at the end of the thermal degradation process is
a mixture of char and major fillers, including SiO,, Al,O;,
BaO, CaO, and ZnO [32].

There is no consistent trend in the variation of peak
temperature with the addition of different concentrations
of Hal clay catalyst to bakelite. Figure 1(b) confirms that
the addition of 5% Hal clay results in a decrease in peak
temperatures in the first stage (65-64°C), third stage
(289-290°C), and fourth stage (852-845°C), while the sec-
ond stage shows a slight growth in peak temperature from
212°C to 215°C.

Kinetic Analysis Through Model Fitting

Kinetic graphs for the thermal degradation of bakelite,
and its blend with Hal clay at 2.5%, 5%, 7.5%, and 10% wt/
wt concentrations, were produced using non-isothermal
thermogravimetric data and the Coats-Redfern model
equations. The kinetic graphs are shown in Figure 2 at a
heating rate of 20°C/min.

The activation energy and Arrhenius factor for the
thermal degradation of bakelite in the absence and pres-
ence of Hal clay catalyst at several concentrations (2.5, 5,
7.5, and 10% wt/wt) are calculated by slope and Y-intercept
of kinetic graphs, respectively. Table 4 shows the values of
activation energy, Arrhenius factor, and regression factor
for several order-based reaction models. The different val-
ues of f(a) for various order-based models result in vari-
ations in both the slope and the Y-intercept of the kinetic
plots. This is because each reaction order model assumes
a distinct relationship between conversion (a) and time or
temperature, leading to different mathematical expressions
f(a). Therefore, the activation energy and Arrhenius fac-
tor were calculated from the slope and Y-intercept of these
plots and vary depending on the order of the reaction being
modeled. The variation of activation energy and Arrhenius
factor values proves the need to select the appropriate
reaction order for accurately analyzing the thermal degra-
dation kinetics. The best-fit kinetic model provides more
reliable kinetic parameters and improves understanding
of the degradation mechanisms. The results of activation
energy, pre-exponential factor, and correlation coefficient
for the thermal degradation of Bakelite in the absence and

presence of Hal clay catalyst at different concentrations
(2.5,5,7.5,and 10 wt%) are listed in Table 4.

Using a variety of kinetic models, including model fit-
ting and model-free (KAS, FWO, STR, FRM, LTA, VYZ,
and Kissinger), the non-isothermal degradation of bakelite
was investigated in a previous study at heating rates of 5,
10, 20, 30, and 50°C/min in a nitrogen atmosphere. It was
discovered to follow an F; order-based mechanism with an
activation energy of 213 kJ/mol and an Arrhenius factor of
4x10"° min."' [32]. To elaborate, the present study examines
how the Coats-Refern method and varying concentrations
of Hal clay catalyst affect the kinetic triplets (activation
energy, Arrhenius factor, and mechanism) of the thermal
degradation of bakelite. From Table 4, it is seen that the
value of Ea generally increases with the reaction order for
all samples [26]. The pre-exponential factor (A) also rises
exponentially with the reaction order, indicating increased
reaction complexity at higher orders [31]. Additionally, the
R? values, which indicate the goodness of fit for the kinetic
models, generally increase up to the 1.5" order and then
decrease with increasing reaction order, reflecting a decline
in model accuracy at higher orders. The value of R? for all
samples is maximum at the 1.5" order as compared to the
other orders. Therefore, the thermal degradation of bake-
lite with Hal clay catalyst or without Hal clay catalyst of
different concentrations follows a 1.5" order mechanism.
However, the thermal degradation characteristics of bake-
lite change with Hal clay concentration, affecting activation
energy and Arrhenius factor. The activation energy and
Arrhenius factor for the thermal degradation of Bakelite
are 81.088 kJ/mol and 4.39x10'* min™!, respectively. With
2.5% Hal clay, the activation energy is 79.524 kJ/mol, and
the Arrhenius factor is 3.01x10"* min~'. With 5% Hal clay,
these values are 77.883 kJ/mol and 2.08x10"* min™!, respec-
tively. At 7.5% Hal clay, activation energy is 78.471 kJ/mol,
and the Arrhenius factor is 2.41x10"> min™". The activation
energy increases to 81.732 kJ/mol and the Arrhenius factor
to 4.74x10"* min™! for the thermal degradation of Bakelite
using 10% Hal clay. So, the optimized catalyst for the ther-
mal degradation of Bakelite is 5% Hal clay.

Thermodynamic Parameters

The evaluation of thermodynamic parameters helps
determine the energy analysis and feasibility of the pyro-
lytic process [42]. During forming the activated complex,
higher free energy means the reaction is less favorable.
Negative change in free energy indicates the reaction is
spontaneous, while positive change in free energy indicates
it is non-spontaneous and requires extra energy [37]. The
enthalpy is the energy required to increase the temperature
of a feedstock for pyrolysis until it converts into a product
[42]. The positive change in enthalpy confirms an endo-
thermic reaction requiring energy, while a negative change
confirms an exothermic reaction that releases energy [37].
The change in free energy shows the amount of heat energy
necessary to convert various products, whereas the change
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Figure 2. Kinetic plot for pyrolysis of (a) bakelite, (b) bakelite-Hal (2.5%) (c) bakelite-Hal (5%) (d) bakelite-Hal (7.5%),

and (e) bakelite-Hal (10%).

in enthalpy value represents the overall energy absorbed
by the feedstocks [31]. The entropy change that occurs
during thermochemical conversion or combustion defines
the thermodynamic complex. A positive change in entropy
means the feedstock is more reactive and forms an activated

complex faster. In contrast, a negative change indicates the
reaction reaches equilibrium quickly and forms a more
ordered complex [42]. The values of AS, AH, and AG for
bakelite and its mixes with Hal clay at various concentra-
tions (2.5%, 5%, 7.5%, and 10% wt/wt) were computed
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Table 4. Outcomes of kinetics analysis of bakelite, and its blends

Order Bakelite Bakelite + Hal (2.5%)
Ea A R2 Ea A R2
0.5 58.362 1.08x10'" 0.940 59.077 1.20 x10%° 0.907
1 67.833 1.36x10" 0.974 67.254 1.16x10" 0.977
1.5 81.088 4.39x10"2 0.990 79.524 3.01x10" 0.990
2 97.398 3.02x10* 0.979 94.955 1.71x10* 0.977
2.5 115.602 3.26x10' 0.954 124.578 4.68x10"7 0.909
3 134.939 4.61x10'8 0.928 147.163 1.11x10% 0.909
3.5 154.991 7.66x10% 0.905 168.590 8.58x10% 0.877
4 175.523 1.42x10% 0.885 169.852 4.24x10% 0.874
4.5 196.398 2.83x10% 0.869 188.649 4.71x10* 0.871
5 217.528 5.96x10% 0.855 212.735 2.08x10% 0.860
5.5 238.855 1.31x10%* 0.844 226.227 7.09x10% 0.841
6 260.337 2.97x10% 0.835 252.738 4.18x10% 0.834
Order Bakelite + Hal (5%) Bakelite + Hal (7.5%) Bakelite + Hal (10%)
Ea A R2 Ea A R2 Ea A R2

0.5 56.360 7.02x1%9 0.941 56.727 7.66x10° 0.935 59.347 1.30x10% 0.942
1 65.378 7.78%10" 0.976 65.816 8.67x10" 0.972 68.682 1.56x10" 0.976
1.5 77.883 2.08x10"2 0.990 78.471 2.41x10"1 0.988 81.732 4.74x10" 0.990
2 93.219 1.11x10" 0.975 94.003 1.35x10* 0.975 97.777 3.02x10 0.977
2.5 110.332 9.12x10" 0.947 111.335 1.18x10'¢ 0.948 115.672 3.00x10' 0.950
3 128.647 9.92x10Y 0.915 130.024 1.41x10'8 0.915 134.677 3.86x10' 0.922
3.5 147.414 1.19x10% 0.892 148.874 1.73x10% 0.893 154.385 5.83x10% 0.897
4 166.770 1.63x10% 0.870 168.462 2.51x10% 0.872 174.567 9.79x10% 0.876
4.5 186.463 2.41x10* 0.853 188.388 3.93x10* 0.854 195.089 1.77x10% 0.859
5 206.654 3.99x10% 0.835 209.110 7.44x10% 0.835 215.864 3.38x10% 0.844
5.5 226.547 6.11x10% 0.826 228.938 1.12x10% 0.828 236.834 6.74x10% 0.832
6 246.842 1.02x1%1 0.816 249.466 2.00x10% 0.818 257.961 1.39x10% 0.822

using equations 19-21 at a heating rate of 20°C/min. The
results of thermodynamic parameters are shown in Table 5.

From Table 5, it is seen that the value of AS and
AH increase, but AG decreases as order increases. The
non-spontaneity of the reactions across all temperatures
is demonstrated by positive AG and AH values and a neg-
ative AS [32]. Therefore, the 0.5th, 1* order, 1.5th, and 2"
order based thermal degradation reaction of bakelite and
its blends with different concentrations (2.5, 5, 7.5, and 10
%wt/wt) show a non-spontaneous reaction, while others
are not. The thermal degradation reactions, which all have
a positive AH, are endothermic, and this is consistent across
reactions of all orders. The thermal degradation reactions
of bakelite and its blends (2.5%, 5%, 7.5%, and 10% wt/wt)
for 0.5th, 1st, 1.5th, and 2nd orders show a negative entropy
change, indicating the formation of a more ordered system.
These reactions reach equilibrium quickly and form a sta-
ble complex. In contrast, reactions of other orders are more
reactive, forming the activated complex faster and resulting

in a less ordered system. For the 1.5th order-based thermal
degradation, bakelite shows AS, AH, and AG values of -0.050
kJK"mol™, 76.415 kJ/mol, and 104.803 kJ/mol, respectively,
while for bakelite blended with Hal clay, the values are -0.054
kJK-'mol™', 74.844 kJ/mol, and 105.050 kJ/mol for 2.5%
Hal clay; -0.057 kJK-'mol™, 73.210 kJ/mol, and 105.095 kJ/
mol for 5% Hal clay; -0.055 kJK-'mol™, 73.873 kJ/mol, and
104.492 kJ/mol for 7.5% Hal clay; and -0.050 kJK-'mol™,
77.059 kJ/mol, and 105.088 kJ/mol for 10% Hal clay, respec-
tively. Among the others, the 5% Hal clay catalyst blend for
bakelite’s 1.5th order-based thermal degradation offers the
benefit of the lowest entropy and enthalpy among the blends,
suggesting a more controlled degradation process with less
disorder and lower heat absorption. These results are useful
to confirm a more stable and efficient thermal degradation
process. The change in entropy for the thermal degradation
of Bakelite in the presence of Hal clay (5%) is slightly greater,
creating more disorder during the process. The lower change
in enthalpy leads to more energy-efficient degradation. The
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Table 5. Outcomes of thermodynamic parameters of bakelite and its blends

Order Bakelite Bakelite +Hal (2.5%)
AS AH AG AS AH AG
0.5 -0.100 53.681 110.220 -0.099 54.396 110.461
1 -0.079 63.152 107.873 -0.081 62.573 108.009
1.5 -0.050 76.407 104.853 -0.054 74.844 105.050
2 -0.015 92.717 101.365 -0.020 90.274 101.589
2.5 0.024 110.921 97.638 0.046 119.897 94.153
3 0.065 130.258 93.804 0.127 163.909 92.215
3.5 0.107 150.310 89.922 0.091 142.482 91.168
4 0.151 170.842 86.018 0.141 165.172 85.997
4.5 0.195 191.717 82.106 0.180 183.969 82.754
5 0.239 212.847 78.193 0.230 208.054 78.332
5.5 0.284 234.174 74.280 0.260 221.546 75.301
6 0.329 255.656 70.370 0.313 248.057 71.955
Order Bakelite +Hal (5%) Bakelite +Hal (7.5%) Bakelite +Hal (10%)
AS AH AG AS AH AG AS AH AG

0.5 -0.104 51.697 110.165 -0.103 52.054 110.112 -0.099 54.674 110.264
1 -0.084 60.706 107.935 -0.083 61.144 107.864 -0.078 64.010 107.999
1.5 -0.057 73.210 105.095 -0.055 73.798 104.992 -0.050 77.059 105.088
2 -0.024 88.546 101.830 -0.022 89.331 101.689 -0.015 93.104 101.725
2.5 0.013 105.660 98.351 0.015 106.662 98.167 0.023 111.001 98.136
3 0.052 123.975 94.757 0.055 125.352 94.507 0.063 130.005 94.443
3.5 0.092 142.741 91.154 0.095 144.201 90.882 0.105 149.712 90.705
4 0.133 162.098 87.515 0.136 163.790 87.199 0.148 169.895 86.947
4.5 0.174 181.791 83.870 0.178 183.715 83.510 0.191 190.416 83.181
5 0.217 201.981 80.191 0.222 204.448 79.745 0.235 211.191 79.413
5.5 0.258 221.874 76.579 0.264 224.266 76.130 0.279 232.162 75.647
6 0.301 242.169 72.937 0.307 244.793 72.444 0.323 253.288 71.883

*AS = KJK-'mol", AH = kJ/mol, AG = kJ/mol

greater change in Gibbs free energy makes the process less
spontaneous than pure Bakelite.

Batch Pyrolysis Outcomes and Oil Characterization

The conditions of the process and the type of plastic
significantly affect the yields and compositions of the final
products [43]. Catalysts also influence product distribution
by promoting further cracking of initial fragments into
smaller hydrocarbons at their active sites [13]. In the batch
pyrolysis of bakelite and its Hal clay-catalyzed variant at
450°C, products such as waxy oil, pure wax, residue, and
non-condensable gas were classified. Figures 3 (a) and (b)
present the yield versus products and feedstock type versus
reaction time, respectively.

Figure 3a shows that the yields of waxy oil, pure wax, gas,
and residue during batch pyrolysis of bakelite are 11.73%,
27.39%, 30.52%, and 30.36%, respectively, while during
Hal clay (5%) catalyzed pyrolysis, the yields are 16.42%,

24.83%, 29.24%, and 29.24%, respectively. Cai et al. found
that using a clay catalyst notably enhances the production
of liquid products while decreasing the yields of wax and
gas. Additionally, the catalyst effectively inhibits the further
conversion of liquid oil into gas [12]. Pyrolysis causes the
development of solid residue (char) through condensation.
A catalyst increases the ash concentration and H/C ratio
of the char without changing its elemental composition.
Nevertheless, the buildup of char on the catalyst can lower
its active sites, thereby diminishing catalytic performance.
The catalyst also enhances the quality and amount of the
resultant liquid oil [8]. Viscous and waxy products result
from inadequate cracking of plastics into high molecular
weight hydrocarbons. Therefore, waxy oil forms rather than
pure oil, and pure wax is produced in larger quantities than
waxy oil. Catalysts promote polymer cracking by provid-
ing a solid surface for the reaction to occur [44]. The exter-
nal surface of a catalyst is where primary plastic cracking
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Figure 3. (a) Product versus Yield (b) Types of feedstocks versus Reaction time.

occurs, with subsequent cracking happening inside the
pores of the catalyst. So, the surface area and pore volume of
the Halloysite clay catalyst have a significant impact on the
thermal conversion process, such as pyrolysis. The more
the surface area and pore volume, the more the production
of gaseous products, and the lower the liquid amount [13].
The thermal degradation of bakelite using Hal clay, which
has a smaller surface area and pore volume, produces lower
gas and larger liquid yields. Therefore, introducing 5% Hal
clay in the pyrolysis of bakelite lowers the formation of pure
wax and gas, while enhancing pure oil yields and reducing
residue. Figure 3b shows a reduction in the reaction time
for bakelite pyrolysis from 41 minutes to 28 minutes with
the addition of Hal clay catalyst, as the catalyst accelerates
the cracking reactions [8].

The chemical composition of the oils is determined by
FTIR and GC-MS analysis. The outcomes of the FTIR anal-
ysis for bakelite pyrolysis oils, in the presence and absence
of Hal clay, are presented in Figure 4. The FTIR results of
the pyrolytic oils have similar functional groups, which
confirms that both pyrolytic oils have nearly the same
chemical composition. Peaks located at 1015, 1050, and
1106 cm ™ suggest the presence of C-C stretching in alkanes.
At 2871 and 2968 cm, peaks signify the asymmetrical and
symmetrical stretching of methyl C-H in alkanes, while
the 1453 cm™ peak denotes the bending of both methyl
and methylene C-H. The C-H stretching of cycloalkanes is
noted at 2968 cm™'. A characteristic peak for C=C stretch-
ing in alkenes appears at 1607 cm™. A peak at 1050 cm™
identifies C-O stretching in alcohols. The two peaks appear
at 3209 and 3338 cm™' related to O-H stretching. The peak
obtained at 1393 cm™ shows both O-H and C-O bending.
The C-O stretch at 1106 cm™ signifies the presence of ether.
The peak obtained at 1539 cm™' C=C stretching of aromatic
hydrocarbons. The peak obtained at 3665 cm™ indicates
O-H stretching of alcohol. The typical peaks at 3549 cm™

and 1393 cm™!, respectively, correspond to O-H and C-O
stretching in phenols found in the pyrolytic oil obtained
from Bakelite in the presence of the Hal clay (5%) catalyst
[45]. These results confirm that both oils have quite similar
chemical composition, except for the presence of phenolic
content in the pyrolysis oil obtained from Bakelite in the
presence of Halloysite clay catalyst. The presence of Phenol
as a major compound in the pyrolytic oil is also supported
by Bennett and Payne [16]. Wong et al. also reported that
phenol derivatives are formed during the batch pyrolysis of
resole-type phenol-formaldehyde resin at 500-850K [18].
Xu et al. showed that at 650°C and 5% calcium hydroxide,
the pyrolysis of PF produced 82.8% phenols [19]. The FTIR
analysis confirmed the presence of alkanes, cycloalkanes,
alkenes, alcohols, ethers, and aromatic compounds, and the
results are also supported by GC-MS analysis.
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Figure 4. FTIR curve of pyrolytic oils.
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The previous work [46] reported that the pyrolytic oil
from Bakelite contained compound-like alkane, cycloal-
kane, alkene, cycloalkene, oxygenated compounds like
ester, ketone, alcohol, ether, alcohol, ether, and aromatic
compounds. In this work, the oil obtained from Bakelite in
the presence of 5% Hal clay catalyst confirms the presence
of alkanes, cycloalkanes, alkenes, cycloalkenes, aromatic
hydrocarbons, and oxygenated compounds. Wong et al.
support the formation of aromatic compounds between
700 and 850 K, while C,-C, hydrocarbons peaked at 1000
K [18]. Xu et al. showed that pyrolyzing PF at 650°C and 5%
calcium hydroxide produced 9.1% aromatic hydrocarbons
[19]. Table 6 lists different types of compounds present in
the pyrolytic oils obtained from the Bakelite in the absence
and presence of Halloysite clay (5%).

Research by Ates et al. confirms that catalysts efficiently
convert long-chain aliphatic compounds to aromatic ones
[47]. Syamsiroa et al., on the other hand, reported that while
thermal pyrolysis yields compounds with carbon chains
ranging from C; to Cyg, catalysts lead to a higher proportion
of lighter oil fractions (Cs-C;,) [48]. The GC-MS results
(Table 6) show that the presence of Hal clay promotes the
production of hydrocarbons, including alkanes, alkenes,
cycloalkenes, and aromatic compounds, while reducing
the formation of cycloalkane and oxygenated compounds.
This shift towards hydrocarbon-rich products results in
a more liquid, oil-like consistency, as these hydrocarbons
are typically found in the oil fraction of pyrolysis prod-
ucts. On the other hand, the reduction in oxygenated com-
pounds, which often contribute to the formation of solid or

Table 6. GC-MS results of bakelite and bakelite-Hal clay (5%) pyrolysis oils

Compound Formula Area (%)
Bakelite Bakelite + Hal (5%)

(i) Alkane 11.92 12.11
2,3,5-trimethyl hexane CoH,, 0.20 0.55
3-Ethyl-3-methyl heptane C,oH,, 0.46 0.85
2,2-Dimethylnonane cHy, - 0.78
2,3-Dimethylnonane C\Hy, 0 - 0.81
3,7-dimethyl decane C,Hy 0.10 0.25
3-Ethylundecane C,Hy - 3.15
5-Butyl nonane C5Hyg 340 0 -
Tridecane CsHy - 0.97
5,5-Diethylpentadecane CoHyo 082 -
2-Methylnonadecane CoHy, 0 - 2.80
2,3-Dimethylnonadecane CHy, 0 - 1.95
2,6,10,14,18-Pentamethyl nonadecane C,,Hs, 29 -
Tetracosane C,Hs or e
11-Methyltricosane Cy,Hs, 097 -
2-Methylhentriacontane Cs,Hge 206 0 -
(ii) Cycloalkane 2.13 1.85
1,2-Dimethylcyclohexane CoHs - 1.30
1,2,3-Trimethylcyclododecane C,H, - 0.40
¥-Elemene CisHyy 1.01 0.15
1,3,5-Triphenyl cyclohexane C,,H,, .12 -
(iii) Alkene 7.65 7.82
1,4-Nonadiene CH, - 0.45
2,3-Nonadiene CH, - 2.50
2,5,6-Trimethyl-1,3,6-heptatriene CioHie 1.30 1.42
2,5-Dimethyl-3-methylene-1,5-heptadiene CioHyg 0.62 0.75
2,6-Dimethyl-1,6-octadiene CioHys 242 -
2,3,6-Trimethyl-1,5-heptadiene CioHyg 1.36 1.40
2,6-Dimethyl-2,6-octadiene CioHys 08 -
1,3-Undecadiene ChHy - 0.95
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Table 6. GC-MS results of bakelite and bakelite-Hal clay (5%) pyrolysis oils (continued)

Compound Formula Area (%)

Bakelite Bakelite + Hal (5%)
1,3-Tridecadiene CsH,y 0 - 0.35
3-Octadecene CgHsg 050 -
Squalene C;50Hsp 056 -
(iv) Cycloalkene 54.26 54.64
Bicyclo [4.2.0] octa-1,3,5-triene CgHg 6.30 6.51
2,4-Cyclooctadiene CH, - 1.23
1,5-Cyclooctadiene CH, - 2.50
2,5-Cyclononadiene CH, - 1.29
1,3-Cyclononadiene CH, - 1.32
D-Limonene CoHig 47.84 41.79
1-Methyl-4-(1-methylethyl) 1,3-cyclohexadiene CioHie 012 -
(v) Aromatic hydrocarbon 14.74 16.76
Toluene C,Hg 1.92 2.1
o-Xylene CH, - 2.85
1,2-Dimethylbenzene CH,, = - 2.85
p-Xylene CgH 1.75 1.99
1,3-Dimethylbenzene CH, - 1.34
Ethylbenzene CgH,y, 2.83 3.01
a-Methyl Styrene CoH,y, 275 -
Mesitylene CoH,, 084 -
Propyl benzene CoH,, 0.80 0.95
Benzene, 1,2,4-trimethyl CH, - 0.62
1-Methyl-4-(1-methylethenyl) benzene CoHp, 091 -
p-Cymene CoHyy 251 -
Biphenyl C,H, - 1.05
1,2,3-Trimethylindene C,Hy, 043 -
(vi) Oxygenate compound 9.30 6.82
Phenol cHO - 1.15
2-Methyl phenol CHO - 1.02
p-Cresol cCHoO - 0.55
Benzofuran CHO - 0.62
2,4-Dimethyl phenol CH, O - 1.15
1,9-Nonanediol CyH,,0, 1.00 0.22
Dibenzofuran C,HO e 0.35
1-Acetoxymethyl-3-isopropenyl-2-methyl cyclopentane C,H,,0, 0.49 0.68
3-(1-Methylhept-1-enyl)-5-methyl-2,5-dihydrofuran-2-one C;5H,,0, 0.36 0.15
11-Methyldodecanol C;5H,0 0.30 0.11
2-Benzyl-p-cresol c,H0 - 0.38
Valeric acid, 2,7-dimethyl oct-7-en-5-yn-4-yl ester CsH,,0, 124 -
2-Ethyl-2-methyl-tri decanol C,6H3,0 053 -
5,9,13-Trimethyl-4,8,12-tetradecatrien-1-ol C,,H;,0 0.69 0.32
Methyl palmitate C,;H;,0, .50 0 e
6,9-Octadecadiynoic acid, methyl ester C,oH;3,0, 0.23 0.12
3-Tridecanoyl cyclo hexen-4-ol-1-one C,oH5,05 o1 -
11,14-Eicosadienoic acid, methyl ester C,,H;40, 058 -
Methyl 13,16-docosadienoate C,;H,,0, 050 0 -

1,3-Propanediol, docosyl ethyl ether C,;H;,0, 087 -
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semi-solid residues like wax, leads to a decrease in the wax
content. These results also suggest that Hal clay acts as a
catalyst, enhancing the conversion of bakelite into lighter,
more volatile hydrocarbon molecules that remain in the oil
phase, thereby producing a higher yield of pure oil and a
lower yield of wax.

CONCLUSION

This study explores the catalytic pyrolysis of bakelite
with varying concentrations of Halloysite clay, demonstrat-
ing its significant impact on enhancing pyrolysis kinetics,
thermodynamic parameters, product yields, and selectiv-
ity toward valuable chemical compounds. The maximum
weight loss (62.57%) of bakelite takes place due to the addi-
tion of 5 wt/wt % halloysite clay. The degradation process
of bakelite using 5 wt/wt % halloysite clay is characterized
by a 1.5th order mechanism, with an activation energy of
77.883 kJ/mol and an Arrhenius factor of 2.08x10'* min™".
The change in entropy, change in enthalpy, and change in
energy values for 1.5" order based thermal degradation of
blended bakelite with halloysite clay (5%) are -0.057kJK"
'mol*,73.210k]J/mol, and 105.095 kJ/mol, respectively. In
the halloysite clay (5%) catalyzed pyrolysis of bakelite, the
yields of condensable products (oil + wax), gas, and resi-
due are 41.25%, 29.51%, and 29.24%, respectively. Fourier
transform infrared spectroscopy and gas chromatogra-
phy-mass spectrometry analysis confirmed that the pyroly-
sis oil from bakelite with a 5% halloysite clay blend contains
alkanes, cycloalkanes, alkenes, alcohols, ethers, phenols,
and aromatic chemicals. These results signify the impact
of Halloysite clay during the catalytic pyrolysis of Bakelite
on reducing activation energy and enhancing yields and
quality of valuable products. This study shows that using
Halloysite clay in the catalytic pyrolysis of Bakelite improves
the kinetics, product yields, and chemical composition for
sustainable and scalable industrial applications.
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