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1. Introduction

ABSTRACT

Rice husk ash (RHA) has been used as a catalyst precursor but there are lack of studies on the application of the
resulting catalyst. This study allows researchers to have an insight on using RHA-sourced catalysts in pyrolysis
and be encouraged to utilize waste materials in the future. The goal of this study is to examine the effect of
catalysts derived from rice husk ash (RHA) using the solvent-free method, labelled as RHA-T, on the catalytic co-
pyrolysis of empty fruit bunch (EFB) and high-density polyethylene (HDPE) via thermogravimetric analyser
(TGA). Comparisons were then made with co-pyrolysis and catalytic co-pyrolysis over raw RHA and Hydrogen-
exchanged Zeolite Socony Mobil-5 (HZSM-5). Thermogravimetric analysis was conducted (EFB-to-HDPE mass
ratio of 1:1, catalyst-to-feedstock mass ratio of 1:1) in a nitrogen atmosphere, where samples were heated from
30 OC until 700 OC (heating rate 20 OC/min). The order of runs with highest mass loss in the second phase is as
follows, with the term ‘BP’ indicating the biomass-plastic feedstock: BP-RHA-T (98.17 wt%), BP-RHA (96.25 wt
%), BP (86.82 wt%) and BP-HZSM-5 (70.59 wt%). Kinetic analysis using Coats-Redfern method and comparing
between different diffusional reaction models showed that using BP-RHA-T follows a one-dimensional diffusion
reaction, similar to the non-catalytic run. Using RHA-T resulted in higher activation energy (83.03 kJ/mol to
84.91 kJ/mol) compared to the non-catalytic run (62.39 kJ/mol to 68.97 kJ/mol). Thermodynamic analysis
showed the pyrolysis runs were endothermic and non-spontaneous. Using RHA-T resulted in a higher change of
enthalpy, a lower change of Gibbs free energy and a less negative change of entropy. It can be concluded that
applying catalysts synthesized using low-cost materials like RHA can improve the degradation of EFB and HDPE
via pyrolysis, compared to commercial HZSM-5 catalysts.

especially agricultural residues, is a low-cost renewable resource that is
widely available and has the potential to be an alternative to fossil fuels.

The challenges with fossil fuels have led to the increase in explora-
tion of renewables, including biomass as a source of energy. Despite
fossil fuels having high energy density and cheap availability, its
extensive usage as transportation fuel has led to several consequences.
Fossil fuels have been reported to be limited, implying that it will run out
in the future (British Petroleum, 2020). Apart from that, fossil fuel is a
major contributor of greenhouse gases (GHGs) emissions, especially
carbon dioxide, around the world (Hannah Ritchie, 2017). Biomass,
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In the Southeast Asian region, one of the top agricultural industries is
the palm oil industry and around 30% of the recovered agricultural
waste consists of empty fruit bunch (EFB) (Hosseini and Wahid, 2014).
To convert biomass into valuable compounds, pyrolysis process is used
to thermally degrade biomass at temperature range of 300-700 OC under
inert atmosphere (Bhoi et al., 2020). From pyrolysis, biomass undergoes
thermochemical conversion and produces bio-oil from condensed va-
pours, char and gas. Bio-oil is often desired due to its potential to be an
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alternative to transportation fuel, boiler fuel and can act as a gasoline
enhancer (Kim et al., 2017). Depending on the lignocellulosic compo-
sition of the biomass, the bio-oil contains various chemical components
including alcohols, ketones, acids, aldehydes and hydrocarbons (Chang,
2018). This is obtained from the degradation and further chemical re-
actions, such as depolymerization, decarbonylation, ring opening and
closing and fragmentation, of the cellulose, hemicellulose, lignin com-
ponents and their intermediates (Ansari et al., 2019). However, bio-oil
derived from biomass is often obtained in low yield and mostly con-
tains oxygenated compounds, making it unsuitable for commercial use,
due to its low heating value of around 20 MJ/kg compared to com-
mercial fuel (45.2 MJ/kg for diesel and 47.7 MJ/kg for gasoline)
(Hossain et al., 2019). Thus, ongoing research including this study fo-
cuses on improving the qualities for bio-oil derived from biomass.

A way to improve bio-oil yield and quality is by introducing plastic to
the biomass feedstock. Plastic has a relatively high hydrogen content
compared to oxygen content and this assists the decomposition of
biomass (Uzoejinwa et al., 2018). For example, Hassan et al. (2020)
conducted a study on the addition of waste high-density polyethylene
(HDPE) to sugarcane bagasse and found an increment in bio-oil yield
(41.0-63.2 wt%) and also the hydrocarbon content (8.4-37.9 wt%)
(Hassan et al., 2020). HDPE is one of the most common plastic types
used and found as waste in countries such as Malaysia (World Wildlife
Fund, 2020). Thus, utilizing plastic waste is not only beneficial for en-
ergy recovery but it can also redirect waste from the landfills.

Another way to improve bio-oil quality is with the addition of cat-
alysts to the pyrolysis process. Since biomass-derived bio-oil contains a
lot of oxygenated compounds, catalysts lower the oxygen content by
promoting deoxygenation reactions, such as decarboxylation and
decarbonylation of the pyrolysis vapours (Ro et al., 2018).
Hydrogen-exchanged Zeolite Socony Mobil-5 (HZSM-5) has often been
reported as an optimal catalyst for pyrolysis due its strong acidity and
unique pore size (Muneer et al., 2019). HZSM-5 synthesis requires an
alumina source, an organic template and an alkali component. However,
the conventional materials used for the synthesis such as tetraethylor-
thosilicate (TEOS), can be dangerous when exposed to (Adam et al.,
2012). Thus, studies are focusing on finding alternatives for a safer,
low-cost materials for catalyst synthesis.

In conjunction with the utilization of waste for clean energy, rice
husks, which is a form of waste from the rice industry, has attracted
researchers due to its high silica content of approximately 96.2 wt%
when converted to rice husk ash (RHA). This high silica content, makes
this green material suitable to be used as a silica source for catalyst
synthesis (Moayedi et al., 2019). There have been several studies that
explored the methods of HZSM-5 synthesis using RHA as the silica
source such as the solvent-free method, conducted by Zhang et al.
(2019), and an organic template-free method, conducted by Dey et al.
(2013). However, the application of the synthesized catalyst using RHA
has not been extensively explored, especially in the application of py-
rolysis. Other wastes like chicken eggshells and natural limestone from
industry have been applied as catalysts to the pyrolysis process which
shows the appeal of utilizing these materials in pyrolysis (Gan et al.,
2018).

In addition, kinetic analysis is important to understand the behaviour
of the pyrolysis process. The kinetic parameters include the activation
energy (Ea) and the pre-exponential factor (A). Thermodynamic analysis
also helps in the potential large-scale application of pyrolysis by deter-
mining parameters such as the change of enthalpy, AH, the change of
Gibbs free energy, AG, and the change of entropy, AS. Thermogravi-
metric analysis (TGA) allows the observation of how material degrades
in a controlled environment for pyrolysis and the data from TGA can be
used to determine the kinetic and thermodynamic parameters.

This study applied the solvent-free synthesis method HZSM-5 cata-
lyst using local RHA and used the synthesized catalyst for the catalytic
co-pyrolysis of EFB and HDPE via TGA. These catalysts were compared
with the co-pyrolysis and catalytic co-pyrolysis runs over raw RHA and
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HZSM-5 catalysts respectively. In addition, the results from TGA were
used to conduct kinetic and thermodynamic analyses to further under-
stand the reaction mechanism of the co-pyrolysis process.

2. Materials and methods

2.1. Feedstock preparation

Empty fruit bunch (EFB) and recycled high-density polyethylene
(HDPE) was used as biomass and plastic waste feedstock respectively.
The preparation of each feedstock was reported in our previous work
(Shahdan et al., 2021), where the EFB and HDPE samples were prepared
at a particle size of 0.5 mm.

2.2. Catalystpreparation and characterization

Rice husks were obtained from a local market in Malaysia. The
preparation of rice husk ash was reported in our previous work (Shah-
dan et al., 2021) and labelled as ‘RHA’ for the purpose of this study.

In this study, RHA catalyst was synthesized using the solvent-free
method applied from Zhang et al. (2019). This was done firstly mixing
RHA, sodium aluminate, tetrapropylammonium bromide (TPABr) and
sodium carbonate decahydrate in a beaker with a molar composition of
30 SiO2: Al203:3.75 TPABr:9 Na2C03-10H20. The preparation method
was applied following a previous study, with the final calcination
modified to 750 °C for 4 h with a heating rate of 5 °C/min. The syn-
thesized catalyst was labelled as ‘RHA-T'. As a benchmark, HZSM-5
catalyst was also prepared. Commercial ZSM-5 in ammonium form
was purchased from Alfa Aesar and calcined at 750 °C for 4 h at
5 °C/min to obtain HZSM-5.

For catalyst characterization, X-ray diffraction (XRD) was used to
analyse the phase of the synthesized catalysts (PANalytical Empyrean X-
ray diffractometer, United Kingdom). CuKal radiation with a wave-
length (X) of 0.15405 nm was used to irradiate the catalyst samples at a
tube voltage of 40 kV and tube current of 30 mA. The sample scanning
was carried out over a 20 range from 3° to 60° with a scanning rate of
5 °C/min. Field emission scanning electron microscopy (FESEM) anal-
ysis (JEOL JSM-7800 F PRIME, Japan) was used to characterize the
surface morphology of the synthesized catalysts. The catalyst sample
was placed on the carbon stub and coated with platinum/palladium (Pt/
Pd). An accelerating voltage of 5 kV was set in a vacuum condition. The
magnification of FESEM image of catalysts was set to 10,000. Catalyst
characterization for the Brunauer Emmett Teller (BET) specific surface
area and porosity texture was also conducted. This was determined by
nitrogen (N2 physisorption at - 196 °C using an automatic gas
adsorption analyser (ThermoScientific, Waltham, MA, USA). Fourier
transform infrared spectroscopy (FTIR, Shimadzu IRTracer-100, Japan)
analysis was conducted to characterize the vibration bands of the four
catalysts. The spectra were collected between the range of 400-4000
cm~1with a resolution of 4 cm~1

2.3. Experimental setup

The thermal degradation behaviour of empty fruit bunch (EFB) and
high-density polyethylene (HDPE) feedstock over co-pyrolysis and cat-
alytic co-pyrolysis conditions using HZSM-5, RHA, and RHA-T catalysts
were performed via thermogravimetric analyser (TGA/SDTA851,
METTLER TOLEDO, USA). Around 5 mg of samples were prepared with
the EFB-to-HDPE ratio set to 1:1 and for the catalytic samples, the
catalyst-to-feedstock ratio set to 1:1. The feedstock and catalyst was
mixed together using a mortar and pestle for 5 min to ensure uniform
mixing. Nitrogen was used to create an inert atmosphere for the pyrol-
ysis runs with a flow rate of 150 mL/min. The samples were heated from
30 °C at a heating rate of 20 °C/min until 700 °C. The pyrolysis runs
conducted were co-pyrolysis of EFB and HDPE, labelled as ‘BP’, and
catalytic runs over the three catalysts respectively, labelled as ‘BP-
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HZSM-5’, ‘BP-RHA’, and ‘BP-RHA-T’. Thermogravimetric (TG) and de-
rivative thermogravimetric (DTG) curves were collected from the TGA
to observe the degradation pattern of the feedstock with and without the
presence of the catalysts and used for kinetic and thermodynamic
analysis.

2.4. Kinetic analysis

The Kkinetic parameters of the pyrolysis processes, the activation
energy, Ea and the pre-exponential factor, A, were determined using the
Coats-Redfern (CR) method. The derivation of the CR method can be
referred to in our previous work (Balasundram et al., 2017). Three re-
action models that have been referred to in literature regarding solid
state reactions were applied for the pyrolysis processes as shown below
in Egns. (1)-(3), labelled as ‘Model 1’, ‘Model 2’ and ‘Model 3’ respec-
tively (Yu et al., 2013),

gi(a) = a2 1)
g2(a) = a+ (1—a)In(1—a) (2)
g3(a) =- 3aj - (1- a)2s (3)

where a is the fractional conversion of the sample, and g(a) is the re-
action model. Model 1 is the one-dimensional diffusion of reactants;
Model 2 is related to two-dimensional diffusion of reactants and Model 3
is related to three-dimensional diffusion reaction (Zhang et al., 2020).
Egns. (1)-(3) was applied to the linearized CR expression show below,

In gn(a) - In ‘AR ( 2RT\ Er. (4)

re \fiEa\ ~ ~E,~) RT

where n is the reaction model number (1, 2 or 3), T is the temperature in
Kelvin, R is the universal gas constant (8.3144 J/mol-K), and p is the
heating rate (K/min). From the linearized expression of Egn. (4), the
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data computed was used to generate an xy-plot to determine the values

of Eaand A.

2.5. Thermodynamic analysis

For the determination of the thermodynamic parameters, the change
of enthalpy, AH, the change of Gibbs free energy, AG, and the change of
entropy, AS, the Eaand A was applied to the following equations,

AH = Ea- RT (5)
AG = Ea+ RTIn 6
a hA (6)

AH - AG
AS = - N (7)

where KB is the Boltzman constant (1.381 x 10~ J/K), his Planck’s
constant (6.626 x 10~34 Js) and Tmis the temperature corresponding to
the highest peak in the DTG curve (K) (Chen et al., 2021). Fig. 1 shows
the research flow that was conducted for this study.

3. Results and discussion

3.1. Phase analysis

Fig. 2(a) and (b) shows the XRD pattern of raw rice husk ash (RHA)
and HZSM-5 respectively as a benchmark for the synthesized catalysts.
XRD pattern was plotted from 3° to 60° as no peaks were observed past
60°. In Fig. 2(a), the peaks seen are not intense and are broad indicating
low crystallinity of the sample. In Fig. 2(b), the peaks seen in HZSM-5
are intense, indicating high crystallinity with characteristic peaks in
the 20 ranges of 7°-9°, 12°-16° and 23°-25°. Similar observations of the
XRD pattern of HZSM-5 were also seen by Du et al. (2020), which
confirms the structure of the HZSM-5 catalyst that was used for this

Fig. 1. Research flow for the thermogravimetric, kinetic and thermodynamic analysis of the co-pyrolysis of EFB and HDPE.
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Fig. 2. XRD pattern for (a) raw RHA, (b) HZSM-5, and (c) RHA-T.

study. Fig. 2(c) of RHA-T, shows a similar XRD pattern to Fig. 2(b),
indicating that the method of catalyst synthesis using RHA as a silica
source, as conducted by Zhang et al. (2019), can be successfully
repeated. Thus, it can be concluded that using RHA as green material
rich in silica source and applying it in the solvent-free method for
catalyst synthesis, a HZSM-5 structure can be obtained.

3.2. Surface morphology analysis

The surface morphology of raw RHA, HZSM-5, and RHA-T catalysts
is shown in Fig. 3(a), 3(b), and 3(c) respectively. In Fig. 3(a), the raw
RHA appeared to have a non-crystalline porous structure, with pores
smaller than 1 |im This low crystalline structure agrees with the XRD in
Fig. 2(a). In Fig. 3(b), commercial HZSM-5 had irregular cubic-like
structures which is homogenously distributed. The crystalline struc-
ture agrees with the XRD result in Fig. 2(b) where the intense peaks in
the XRD pattern indicated high crystallinity. Widayat and Annisa (2017)
also observed similar results where the high crystallinity of the HZSM-5
catalyst appeared to have distinct separated particles in the SEM anal-
ysis. Thus, this confirms the high crystallinity of the HZSM-5 catalyst.
For RHA-T in Fig. 3(c), irregular rectangular shaped particles were seen
on the catalyst sample. This implied that in addition to the HZSM-5
structure that was observed via XRD, the surface morphology of the
RHA-T catalyst also appeared to be crystalline, and the irregular rect-
angular shaped particles observed was in an agreement to the results
obtained by Zhang et al. (2019). This structure was managed to be
achieved due to the presence of the organic template, TPABr, which
helped to direct the silica from RHA and alumina from sodium aluminate
into the HZSM-5 structure. Thus, the FESEM images confirmed the
surface morphology of RHA-T is that of high crystallinity, similar to the
HZSM-5 catalyst.

3.3. Framework vibration analysis

Fourier transform infrared spectroscopy (FTIR) was used to charac-
terize the vibration bands of the catalysts as shown in Fig. 4. Fig. 4(a)
until 4(c) shows the FTIR spectra for RHA, HZSM-5, and RHA-T
respectively. It can be observed that all the FTIR spectra for the three
catalysts shows strong absorption at around 1060 cm~1, indicating the

Wavenumber (cm+))

Fig. 4. FTIR spectra for (a) RHA, (b) HZSM-5 and (c) RHA-T.

vibration of the asymmetric Si-O-Si stretch, confirming the presence of
silica in all the catalysts (Zhang et al., 2019). HZSM-5 catalyst contains a
silica and alumina framework and thus, an Si-O-Si or Al-O-Al vibration
band should be observed in the spectra. In Fig. 4(b), vibration bands
were seen around 540 and 1220 cm~1 showing the presence of the
characteristic double 5-rings of HZSM-5, which was previously reported
by Dey et al. (2013). The spectrum of the raw RHA, on the other hand,
does not show these vibration bands, as seen in Fig. 4(a). For RHA-T, the
peaks around 540 and 1220 cm~1 can be observed (refer Fig. 4(c)),
indicating that the double 5-rings of HZSM-5 were formed in RHA-T,
although the absorption bands for RHA-T was not as intense as that
for HZSM-5. The FTIR results align with the XRD and FESEM results and
further confirmed the HZSM-5 structure that was obtained in the syn-
thesized RHA-T catalyst.

3.4. Surface area and pore size analysis

Table 1 shows the textural and porosity properties of RHA, HZSM-5
and the synthesized RHA-T catalyst. Raw RHA was seen to have a small
surface area with a large total pore volume and a large pore diameter.
The large pores of the RHA are consistent with the FESEM results ob-
tained where the pores are visible in Fig. 2(a). HZSM-5 was used as a
benchmark to compare with RHA-T. After the synthesis of RHA-T, it was
seen that the BET surface area increased from 4.0391 m2/g to 205.16
m2/g but it was not as large as the BET surface area of HZSM-5. This
could be confirmed using the FESEM image in Fig. 2(c), where on

Fig. 3. FESEM images for (a) raw RHA, (b) HZSM-5 and (c) RHA-T.
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Table 1
Textural properties for RHA, HZSM-5 and RHA-T.

Catalysts BET Surface Areaa Total Pore Volumeb Pore DiameterO
(m2/g) (cm¥g) (nm)

RHA 4.0391 0.2279 44.39

HZSM-5 365.81 0.0483 3.87

RHA-T 205.16 0.1206 4.06

a The BET surface area was obtained by the BET method.

b The total pore volume was determined from the absorbed amount of P/Po =
0.99.

¢ The pore diameter was obtained from the adsorption branches of the iso-
therms by the BJH method.

average, the particles of RHA-T appeared to be larger than that of HZSM-
5 in Fig. 2(b). RHA-T also had larger total pore volume and pore
diameter. As mentioned by Zhang et al. (2019), which also obtained
similar results for catalysts synthesized using RHA, this could be due to
the impurities that exist in RHA that could limit the formation of the
catalyst framework as RHA does not contain 100% silica.

RHA contains approximately 96.2% silica, 1.62% potassium oxide,
0.36% magnesium oxide, and trace amounts of calcium oxide, sodium
oxide, iron (Ill) oxide, aluminium oxide and phosphorus pentoxide
(Moayedi et al., 2019). Since the characterization results thus far have
shown that the synthesized RHA-T catalyst has a similar structure and
textural properties to the HZSM-5 catalyst, it could be implied that the
impurities in RHA does not significantly affect the final synthesized
catalyst. However, to further confirm this, the synthesized catalyst
should be applied in a chemical reaction to determine if the impurities
would affect the catalytic activity, which is also explored in this study, in
terms of the catalysing the degradation of the feedstock.

3.5. Co-pyrolysis of EFB and HDPE

3.5.1. Thermogravimetric analysis

Fig. 4 shows the TG curves of the co-pyrolysis and catalytic co-
pyrolysis of EFB and HDPE over HZSM-5, RHA, and RHA-T. For TG
analysis, catalyst mass was subtracted prior to calculations to clearly
display the degradation pattern of the feedstock. As temperature pro-
gresses, hydrolysis, followed by fragmentation and depolymerization
occurs on the feedstock and in Fig. 5, the degradation of EFB and HDPE
was divided into three phases (Aysu and Durak, 2015). In phase I, slow
mass loss was observed between room temperature and 200 OC, where
moisture from the feedstock was removed. In phase Il, rapid mass loss
was observed between 200 °C and 540 °C, where lignocellulose from
biomass and the HDPE polymer feedstock was degraded, fragmented
and devolatilized. In phase Ill, degradation started to plateau between
540 °C and 700 °C. It can be seen in Fig. 4 that the degradation was
significant in phase Il due the degradation temperatures of EFB and
HDPE being within the phase Il range, where the lignocellulosic
composition of EFB degrades anywhere around 240 0C-500 °C while
HDPE starts to degrade around 430 °C (Wang et al., 2021). The presence
of catalysts lowered the final degradation in phase Il from 490 OC for all
cases of the catalytic processes, with BP-RHA-T having the lowest final
degradation temperature at 456 OC.

Temperature (°C)
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Fig. 6 shows the DTG curves of the co-pyrolysis and catalytic co-
pyrolysis to further observe the rate of mass loss of the co-pyrolysis
process and to determine the temperature where degradation is most
rapid. The DTG curve was divided into the three different phases as
mentioned previously. Three sets of peaks can be observed in Fig. 6,
where the first set of peaks (between 30 OC and 120 OC) represent the
mass loss of moisture, the second set of peaks (between 200 OC and
390 OC) represent the degradation of hemicellulose and cellulose in EFB,
and the third set of peaks (between 390 OC and 520 OC) represent the
degradation of HDPE polymer and lignin (EFB). It was seen that for all
the runs, except for BP-HZSM-5, rate of mass loss is the highest within
the 400 0C-500 OC range.

The percentage of volatilized matter (phase I, I, and Ill) and solid
residual for the co-pyrolysis and catalytic co-pyrolysis samples is shown
in Fig. 7. Overall, mass loss of volatilized matter is the highest in phase I
for all the runs since degradation of EFB and HDPE occurs in phase Il.
The amount of volatilized matter for BP-HZSM-5 (70.59 wt%) in phase Il
was less than that of BP (86.82 wt%). This occurrence was also observed
in a previous study of catalytic co-pyrolysis of polystyrene and sugar-
cane bagasse mixtures over HZSM-5 that generated lower bio-oil yield
with higher yield of hydrocarbons in bio-oil (Iftikhar et al., 2019). Since
TGA does not provide analysis on the composition of the volatilized
matter, further research should be conducted on the composition of the
volatilized matter to determine how catalysts affect the chemical
composition of pyrolysis products. Using HZSM-5 did lead to increase in
solid residual, as seen in Fig. 6, with 10.98 wt% compared to that of BP
(4.31 wt%). This is related to the coking that occurred on the catalyst
surface which is a drawback when using HZSM-5 catalysts (Kan et al.,
2020).

For BP-RHA and BP-RHA-T, both of the runs have significantly
higher amounts of mass loss in phase I, with the highest volatilized
matter occurred BP-RHA-T at 98.17 wt%. In addition, it was seen that
using RHA-T led to minimal solid residual (0.10 wt%). This could
indicate that the catalytic activity of RHA-T is more effective in the
degradation of EFB and HDPE than HZSM-5 and coking is less occurring
on the catalyst.

From the TG results, overall, it appeared that using RHA-T in the co-
pyrolysis run can increase the amount of volatilized matter with less
solid residual produced compared to conventional HZSM-5. Again,
further analysis should be conducted to investigate how using catalysts
with RHA as a silica source affect the chemical composition of the
volatilized matter.

3.5.2. Activation energy and pre-exponential factor

The Kkinetic parameters of the co-pyrolysis and catalytic co-pyrolysis
of EFB and HDPE over HZSM-5, RHA and RHA-T calculated from TGA
data and the application of Coats-Redfern (CR) method is shown in
Table 2. From the linear regression of the CR method, R2were obtained
to observe how closely the pyrolysis reaction is related to the reaction
models applied. From Table 2, the R2value for all of the runs were above
0.90. Thus, it can be concluded that the pyrolysis reaction closely fol-
lows the diffusional models. Specifically, BP and BP-RHA-T closely
follow Model 1, while BP-HZSM-5 and BP-RHA closely follow Model 3,
as indicated by the bolded rows in Table 3. The runs that closely follow

Fig. 5. TG curves of co-pyrolysis and catalytic co-pyrolysis of EFB and HDPE.
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Fig. 6. DTG curves of co-pyrolysis and catalytic co-pyrolysis of EFB and HDPE.
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Fig. 7. TG volatile matter mass loss of EFB and HDPE feedstock.

Table 2
Kinetic parameters for co-pyrolysis and catalytic co-pyrolysis of EFB and HDPE.
Run Model E (kJ/mol) A (min“1) R2
BP 1 62.39 2064.51 0.964
2 67.02 3130.08 0.955
3 68.97 1103.36 0.951
BP-HZSM-5 1 38.06 47.56 0.948
2 43.00 86.16 0.958
3 45.06 32.45 0.961
BP-RHA 1 58.62 2797.11 0.932
2 68.57 15223.35 0.936
3 70.04 4890.98 0.938
BP-RHA-T 1 84.91 9.66 £ 107 0.954
2 83.03 5.84 x 104 0.937
3 84.33 1.77 x 104 0.931
Table 3

Thermodynamic parameters for co-pyrolysis and catalytic co-pyrolysis of EFB
and HDPE.

Run Model AH (kJ/mol) AG (kJ/mol) AS (kJ/mol-K)
BP 1 56.18 203.65 0.20
2 60.81 205.70 - 0.19
3 62.76 214.12 -0.20
BP-HZSM-5 1 32.04 197.75 -0.23
2 36.97 199.10 - 0.22
3 39.03 207.05 - 0.23
BP-RHA 1 52.63 192.79 - 0.19
2 62.58 192.60 - 0.18
3 64.05 200.87 - 0.19
BP-RHA-T 1 79.02 155.17 - 011
2 77.14 196.92 -0.17
3 78.45 205.24 - 0.18

Model 1 is most likely due to the flat structure of the particles resulting
in one-dimensional diffusion since the EFB feedstock is fibrous, the
HDPE feedstock was in the form of thin flakes and the RHA-T structure is
flat as seen in Fig. 2(c). Meanwhile, BP-HZSM-5 and BP-RHA closely
follows Model 3 due to the irregular cubic-like structure of HZSM-5 and
the porous structure of RHA.

Regarding the kinetic parameters, the activation energy (Ea) is
defined by the amount energy needed to break the bond for reaction to
occur while the pre-exponential factor (A) indicates how fast the

reaction rate is (Zhang et al.,, 2020). BP-HZSM-5 had an Ea range of
38.06-45.06 kJd/mol, which was lower than that for the co-pyrolysis, BP,
indicating that the use of HZSM-5 lowers the energy barrier of the
co-pyrolysis process. However, the A values for BP-HZSM-5 were
significantly lower than that of BP, seen in Table 2, and this implies that
although HZSM-5 can reduce the energy barrier, there is slower reaction
rate of the pyrolysis vapour on the catalyst pores. This might also be the
reason why there is an increase in solid residual when HZSM-5 is used, as
seen in Fig. 6, because the slow reaction rate led to secondary reaction
on the catalyst surface, further resulting in coking. For BP-RHA, the Ea
values had a range between 58.62 and 70.04 kJ/mol which was neither
higher nor lower that the Ea values for BP. However, the A values were
higher than that of BP and BP-HZSM-5, indicating faster reaction rates,
leading to more volatilized matter despite the values of the Ea. Finally,
for BP-RHA-T, the Ea values were the largest, ranging from 83.03 to
84.91 kJ/mol but the A values were also the largest with four to seven
times the order of magnitude (1.77 x 104 to 9.66 x 107 min~1)
compared to the other runs. This could imply that although the energy
barrier when using RHA-T was high, the reaction rate was very fast and
this allowed the energy barrier to be overcome, leading to the high
amount of volatilized matter seen in Fig. 6.

From the kinetic analysis, the addition of HZSM-5 catalyst led to a
decrease in activation energy compared to the non-catalytic run, while
the addition of the RHA and RHA-T catalyst led to the increase of acti-
vation energy. However, the pre-exponential factors of BP-RHA and BP-
RHA-T were significantly higher than that of BP-HZSM-5, which
increased the degradation of the feedstock due to very rapid reaction
rates.

3.5.3. Enthalpy, Gibbs energy and entropy

The thermodynamic parameters calculated using the activation en-
ergy, Ea, and the pre-exponential factor, A, is shown in Table 3, with
bolded values indicating model in which the run is closely related to.
The change of enthalpy, AH, represents heat absorbed, if positive, or
heat released, if negative, during the reaction. In general, it was seen in
Table 3 that all runs, both with and without catalysts had positive AH
values. This implies that the pyrolysis process absorbs heat from the
surrounding, which is also known as an endothermic process. Referring
to the model which closely relates to the run, BP-RHA-T absorbed the
most amount of heat (79.02 kJ/mol) while BP-HZSM-5 absorbed the
least amount of heat (39.03 kJ/mol). This high amount of heat absorbed
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allowed BP-RHA-T to have the most matter volatilized compared to BP-
HZSM-5.

The change of Gibbs free energy, AG, indicates the spontaneity of a
reaction, where the more negative the value, the more spontaneous the
reaction is while the more positive the value, the more non-spontaneous
the reaction is. In Table 3, all of the runs had a positive AG, implying
that the pyrolysis reaction is non-spontaneous, since heat is applied to
the reaction. Referring to the model which closely relates to the run, it
can be seen that BP-RHA (200.87 kJ/mol) and BP-RHA-T (155.17) had
smaller AG values compared to the non-catalytic run, suggesting that the
presence of catalysts facilitates the pyrolysis reaction.

The change of entropy, AS, represents the degree of disorder in the
system. The AS values for all the runs were found to be negative, indi-
cating that the system becomes less disordered, due to reaching a ther-
mal equilibrium (Majid et al., 2021). Comparing the AS for BP with the
other runs, the presence of HZSM-5 decreased the AS to —0.23
kJ/mol-K, while the presence of RHA and RHA-T increased the AS to
—0.19 kJ/mol-K and —0.11 kJ/mol-K respectively. The closer the AS
value is to becoming positive, the more the system becomes more
reactive and disordered, resulting in more volatilization of matter (Loy
et al., 2019). The AS values agree with what was observed in the phase
breakdown in Fig. 6, where BP-HZSM-5 produced less volatilized matter,
compared to the other runs.

From the thermodynamic analysis, it was determined that the py-
rolysis process is an endothermic, non-spontaneous process. The addi-
tion of catalysts, specifically the RHA-T catalysts, helped increase the
reactivity of the system, according to the AH, AG and AS, by absorbing
more heat into the system, enabling the volatilization of feedstock.

4. Conclusions

Rice husk ash (RHA) was used as a silica source for the synthesis of
HZSM-5 catalyst, labelled as RHA-T, and compared with raw RHA and
conventional HZSM-5. The co-pyrolysis and catalytic co-pyrolysis of
empty fruit bunch (EFB) and high-density polyethylene (HDPE) over
raw RHA, HZSM-5, and RHA-T was successfully conducted using a
thermogravimetric analyser. Among the different catalysts, using RHA-T
in co-pyrolysis led to the highest volatilization of matter in phase Il
(between 200 °C and 540 °C) of 98.17 wt% compared to using HZSM-5
(70.59 wt%).

From kinetic analysis, the co-pyrolysis process over RHA-T catalyst
(BP-RHA-T) closely followed the one-dimensional diffusion reaction
with a high activation energy of 84.91 kJ/mol. However, the pre-
exponential factor for BP-RHA-T was significantly higher than that of
other runs, allowing the energy barrier to be overcome. From the ther-
modynamic analysis, using RHA-T resulted in the most heat absorbed
during the reaction (79.02 kJ/mol), which aligned with BP-RHA-T
having the most volatilized matter. Using RHA-T lowered the change
of Gibbs free energy of the reaction, increasing the spontaneity of the
reaction and increased the change of entropy of the reaction, indicating
higher reactivity for the co-pyrolysis process.

From this study, it can be seen that RHA, a silica-rich green material,
is suitable to be used for catalyst synthesis and the synthesized catalyst
can be applied in pyrolysis. From the determined kinetic and thermo-
dynamic parameters, using RHA-based catalysts in the co-pyrolysis
process was shown to increase the reactivity of the process, increasing
the amount of volatilized matter. Thus, this encourages the utilization of
waste as a low-cost energy feedstock and the utilization of green mate-
rial for catalyst synthesis. Further analysis on the impact of using RHA-T
catalysts on the chemical composition of the volatilized matter using gas
chromatography-mass spectrometry (GC-MS) as well as determining the
reaction mechanism are recommended.
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