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ABSTRACT

Addressing the challenge of clean energy and waste management for sustainable development goals, ZSM-5 were
synthesized from high-abundance volcano mud (VM) precursor and then utilized as catalyst in biodiesel production. Unlike
conventional alkali treatment, we used the reflux method to extract the silica-alumina from the VM. K,CO, alkali salt
was utilized as the extractor, activator, and structure-directing agent. The synthesis was also performed using NaOH as a
comparison. Various analytical techniques were employed including XRD, FTIR, SEM-EDX, TEM, N, physisorption, and
GC-MS to identify the effect of alkali types on the crystallization rate, morphology, and catalytic activity. Highly crystalline,
pure ZSM-5 was successfully synthesized. It is found that K CO, facilitates a slow crystallization rate, requiring a minimum
of 5 h of hydrothermal treatment to produce ZSM-5. Interestingly, slow crystallization led to homogeneous ZSM-5 particles
with a narrow size distribution and a high mesoporous structure. In contrast, NaOH promoted a faster crystallization rate,
producing inhomogeneous ZSM-5 particles size with a dominant microporosity. Two different feedstock qualities i.e.,
waste cooking oil (WCO) and oleic acid (OA) were used to assess the catalyst’s versatility. Among all zeolites synthesized
using K,CO,, ZK6 exhibited the highest activity, with an 85.9% yield and 30% selectivity for FAME in WCO feedstock.
In high-quality OA feedstock, ZK6 achieved significantly higher activity of 97.1% yield with 87.6% selectivity for FAME.
ZNa6, the comparable sample synthesized with NaOH, achieved a 78.2% yield with 60.4% FAME selectivity in WCO
feedstock. A higher catalytic activity of 97.5% yield with 100% selectivity towards FAME was achieved using high-purity
OA feedstock.
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ABSTRAK

Menangani cabaran tenaga bersih dan pengurusan sisa untuk matlamat pembangunan mampan, ZSM-5 telah disintesis
daripada prekursor lumpur gunung berapi (VM) yang memiliki kelimpahan tinggi dan kemudian digunakan sebagai
pemangkin dalam pengeluaran biodiesel. Berbeza daripada proses rawatan alkali konvensional, kami menggunakan kaedah
refluks untuk mengekstrak alumina silika dalam VM. Garam alkali K,CO, digunakan sebagai pengekstrak, pengaktif,
serta agen pengarah struktur. Sintesis juga dilakukan menggunakan NaOH sebagai perbandingan. Pelbagai teknik analisis
digunakan contohnya, XRD, FTIR, SEM-EDX, TEM, N, fisisorpsi dan GC-MS untuk mengenal pasti kesan jenis alkali
ke atas kadar penghabluran, morfologi dan aktiviti pemangkin. ZSM-5 tulen yang sangat kristal telah berjaya disintesis.
Didapati bahawa K,CO, memudahkan kadar penghabluran yang perlahan, memerlukan sekurang-kurangnya 5 jam masa
hidroterma untuk menghasilkan ZSM-5. Menariknya, penghabluran perlahan membawa kepada zarah ZSM-5 homogen
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dengan taburan saiz sempit dan struktur mesoporus yang lebih tinggi berbanding ZSM-5 yang disintesis dengan NaOH.
Sebaliknya, NaOH memudahkan kadar penghabluran yang lebih tinggi, menghasilkan saiz zarah ZSM-5 yang tidak
homogen dengan struktur mikroporous yang dominan. Dua kualiti bahan mentah yang berbeza iaitu sisa minyak masak
(WCO) dan asid oleik (OA) digunakan untuk mengenal pasti kepelbagaian pemangkin. Didapati bahawa antara semua
pemangkin yang disintesis dengan K,CO,, ZK6 menunjukkan prestasi tertinggi dengan hasil 85.9% dan selektiviti 30%
kepada FAME dalam bahan suapan WCO. Manakala dalam bahan suapan OA, ZK6 menunjukkan 97.1% hasil dengan
87.6% selektiviti kepada FAME. ZNa6, sampel setandingnya mencapai hasil 78.2% dengan selektiviti FAME 60.4% dalam
bahan suapan WCO. Aktiviti pemangkin yang lebih tinggi sebanyak 97.5% hasil dengan selektiviti 100% terhadap FAME

dicapai menggunakan bahan suapan OA ketulenan tinggi.
Kata kunci: Biodiesel; K,CO,; sisa minyak masak; ZSM-5

INTRODUCTION

Clean energy sources and waste management are two
of the enormous challenges in achieving sustainable
development goals. The continuous exploration of fossil
fuels raises several concerns, such as depleted reserve
and large emissions of greenhouse gasses, which could
potentially lead to an energy crisis and global warming.
Consequently, researchers are actively developing new,
reliable alternative energy sources (Lamnatou, Cristofari &
Chemisana 2024; Van Poecke, Tabari & Hellinckx 2024).
Biodiesel is deemed a potential substitute for conventional
fossil fuels. It is composed of fatty acid alkyl ester (FAAE)
and has similar essential fuel properties but with cleaner
combustion compared to conventional fossil fuels.

The distinct advantage of biodiesel is that it can be
produced from waste materials, employing the circular
economy principle to produce renewable energy (Praveena
et al. 2024; Sathish Kumar, Sasikumar & Dhilipkumar
2024). Waste cooking oil (WCO) is a potential low-cost
feedstock for biodiesel production. Globally, about 18
million tons of waste cooking oil is produced each year
(Wan Nur Aifa et al. 2016). Converting WCO to biodiesel
not only creates an environmentally friendly renewable
fuel but also promotes waste management and sustainable
economic growth. However, a key challenge in utilizing
WCO for biodiesel production is its high moisture and free
fatty acid (FFA) content (Dang, Pham & Dang 2019). Water
moisture can lead to the hydrolysis of triglycerides and
FAAE, while FFA can trigger saponification when reacting
with alkaline catalysts, consequently reducing the biodiesel
yield (Chanakaewsomboon et al. 2020).

Acidic catalysts have been proven to be insensitive to
saponification of FFA, giving access to biodiesel production
from low-quality feedstock via both esterification and
transesterification (Guo et al. 2023; Ribeiro et al. 2024;
Wu et al. 2024). Despite the high catalytic activity of
conventional homogeneous catalysts such as hydrochloric
acid, liquid catalysts possess major drawbacks of
corrosivity and the need for tedious neutralization,
separation, and purification steps (Guldhe et al. 2017; Su

2013). Heterogeneous acid catalysts have been widely
adopted as substitutes for homogeneous catalysts due to
their advantageous properties, including ease of recovery,
high reusability, and environmentaly friendliness (Ye et
al. 2024; Zhang et al. 2019). Furthermore, their unique
structural and textural properties remarkably promote its
catalytic activity, selectivity, and stability (Weckhuysen &
Wachs 2001).

Numerous types of solid acid catalysts such as zeolites
(Kowalska-Ku$ et al. 2024), metal-organic framework
(MOF) (Yang et al. 2023), alumina (Ponce et al. 2024), and
sulfonated carbon (Hadeer et al. 2023) have been employed
in biodiesel production. Zeolites offer unique properties
of tunable Bronsted and Lewis acidity, which can lead
to favorable synergistic effects in biodiesel production
(Aragjo Silva et al. 2020; Mao et al. 2023). ZSM-5 is
classified as highly acidic zeolite, attributed to its high Si/
Al ratio (Gomes, Zalazar & Arroyo 2022). Previous studies
have reported the superior performance of ZSM-5 catalysts
in biodiesel production. Sulfonated hierarchical ZSM-5
(SO,H-H-ZSM-5) has shown a 92.45% yield of methyl ester
in the esterification of oleic acid (Nermein et al. 2021).
Through a different reaction pathway, a comparative study
showed that H-ZSM-5 exhibited the highest liquid yield of
biofuel compared to HY and Al O, catalysts (Rajasree et
al. 2024).

Although commercially available, zeolites are still
widely synthesized on a laboratory scale to incorporate
specific and desirable properties for high catalytic
activities. Generally, ZSM-5 is synthesized from chemical
reagents such as sodium aluminate and silica colloidal as
aluminum and silicon sources (Rezayan & Taghizadeh
2018). The increasing environmental concerns have raised
the urge to develop greener pathways in zeolite synthesis
by utilizing highly abundant natural materials such as
clay and mud (Hartati et al. 2020; Novita et al. 2022).
Volcano mud is a type of mud produced from subsurface
geothermal activity, where fractures or fault zones trigger
its eruption onto the Earth’s surface (Schulze-Makuch et
al. 2020). Volcano mud located in Sidoarjo, Indonesia, is
reported to have high silica and moderate alumina content



(Qurrota et al. 2023), making it a potential source of
silica alumina for zeolite synthesis. However, the diverse
impurities present in volcano mud make it challenging
to extract high-puritiy silica and alumina compounds. A
previous study reported the successful synthesis of Y zeolite
from volcano mud through an acid leaching- alkali smelting
pretreatment process using HCI and NaOH, respectively
(Novita et al. 2022). Sodium hydroxide (NaOH) is widely
used in zeolite synthesis. The hydroxide ions act as a
mineralizing agent, enhancing the solubility of silica and
alumina species (Grand, Awala & Mintova 2016). Another
potential reagent is potassium carbonate (K,CO,), a mild
base that has not been intensively explored compared to
NaOH in zeolite synthesis. A previous study demonstrated
the effective silica-alumina extraction from leached illite
through an alkali fusion process process using K,CO, (Li et
al. 2021), suggesting its promising use in zeolite synthesis.

In this paper, a greener approach to the synthesis
of ZSM-5 catalysts was employed by utilizing high-
abundance volcano mud as the precursor. It is worth noting
that for the first time, the conventional alkaline treatment
was done through the reflux methodwith K ,CO, as the
extractor and activator. The synthesis was then carried out
through hydrothermal method with different reaction times
of 3, 5, and 6 h. The synthesized catalysts were used for
biodiesel production from WCO and OA. As comparison
samples, three ZSM-5 catalysts were prepared tusing
the same method, but utilizing NaOH for the alkaline
treatment process. Further investigations were conducted
to study the effect of K,CO, on the ZSM-5 crystal growth,
morphology, and catalytic activity in biodiesel production.
X-ray diffraction (XRD) was employed to study the phase
transformation and crystal growth. The chemical bonds
of the catalysts and catalysts acidity were analyzed using
Fourier transform infrared (FTIR). The effect of the alkali
type and synthesis condition on the morphology and textural
properties of the synthesized catalysts was identified through
scanning electron microscope- energy dispersive X-rays
(SEM-EDX), transmission electron microscopy (TEM), and
nitrogen isotherm physisorption. The biodiesel content in
the products of the catalytic reaction was analyzed using
gas chromatography-mass spectroscopy (GC-MS).

MATERIALS AND METHODS

REAGENTS

The volcano mud (VM) sample was taken from Sidoarjo,
Indonesia. Waste cooking oil was collected from household
waste in Surabaya. Potassium carbonate (K,CO,, >99%,
Merck), hydrochloric acid (HCI, 37%, Merck), sodium
hydroxide (NaOH, 99%, Merck), tetrapropylammonium
hydroxide (TPAOH, 40 wt%, Merck), silica colloidal

(LUDOX®, 40 wt%, Aldrich), ammonium acetate
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(CH,COONH,, 98%, Merck), methanol (anhydrous, 99.8%,
Aldrich), oleic acid (CH,(CH,),CH=CH(CH,),COOH,
65-88%, Fluka), were used as received. In-lab-produced
deionized (DI) water was used for the experiment.

PRE-TREATMENT OF VOLCANO MUD

VM was grounded, washed, and dried in the oven at 100
°C for 24 h. The powder was sieved using 140-mesh sieves
before being mixed with HCl 1M (1:5 weight to volume).
The mixture was heated at 60 °C and continuously stirred for
2 h, referred to as the acid-leaching process. The successful
removal of t metal oxides can be seen in the resulting brown-
yellowish filtrate, indicating the dissolution of Fe,0,(s) by
HCI forming FeCl,(aq). The solid was collected, washed
with DI water until the pH was neutral, then dried at 100 °C
for 24 h. It was subsequently calcined at 680 °C for 1 h and
labeled as leached VM (LVM). The silica and alumina in
the LVM were then extracted and activated through alkaline
treatment. LVM was mixed with alkali (K,CO, or NaOH)
2 M in a 1:10 weight-to-volume ratio and refluxed at 90
°C for 1 h. The filtrate was collected and used directly as a
precursor in ZSM-5 synthesis. To identify the composition
of the filtrate, it was transformed into xerogel by mixing
with 1 M HCI until the pH reached 8. The resulting xerogel
was aged overnight and then oven-dried at 80 °C for 18 h.
The composition of the dried xerogel was then analyzed
using an X-ray fluorescence (XRF) spectrometer.

CATALYSTS SYNTHESIS

ZSM-5 was synthesized by mixing VM filtrate as the
silica-alumina source, TPAOH as the structure-directing
agent, LUDOX® as an additional silica source, and DI
water with a mol ratio of 1 SiO,: 0.0065 Al,O,: 0.06111
TPAOH:38 H,O. The mixture formed a colloidal gel, which
was then aged in continuous stirring for 24 h. The aged
mixture was transferred to a Teflon-lined autoclave and
heated in an oven at 190 °C for 3, 5, and 6 h of reaction
time. After cooling to room temperature, the mixture was
washed with DI water until neutral pH. The collected solid
was then dried in an oven at 100 °C for 24 h, followed
by calcination at 550 °C for 6 h. Catalysts prepared from
K,CO,-treated VM are annotated as ZKx, whereas catalysts
prepared from NaOH-treated VM are annotated as ZNax,
here x denotes the duration of the hydrothermal reaction.
For example, ZNa3 is prepared from NaOH-extracted VM
with a 3 h hydrothermal reaction. The as-prepared catalysts
were activated through a cation exchange process before
the catalytic reactions. Weighed 1 g of catalyst was mixed
with 50 mL ammonium acetate solution 0.5 M and refluxed
at 60 °C for 3 h. The mixture was then washed with DI
water,dried at 100 °C for 24 h, and calcined at 550 °C for
Sh
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CHARACTERIZATION OF CATALYSTS

The phase transformation and crystal growth of the sample
were analyzed using an X-ray diffractometer (XRD) Philips
X-pert MPD-1. Further analysis was done by calculating
the crystallite size of the samples according to the Scherrer
equation:

_K
(BeosH)

where Dc is crystallite size; K is the Scherrer constant; A
is the wavelength of the Cu X-ray source; £ is full width
at half maximum (FWHM, in radians); and & is diffraction
angle (Md Sahabat et al. 2023).

The composition of the sample was identified using
X-ray fluorescence (XRF) spectrometer Philips Panalytical
Minipal 4. The chemical bonds were characterized with a
Fourier transform infrared (FTIR) spectrometer Shimadzu
IR Tracer-100. The morphology of the samples was
observed using a scanning electron microscope (SEM), and
energy dispersive X-rays (EDX) elemental mapping was
performed using a Hitachi FlexSEM 100 II. The textural
properties of the sample were analyzed by N, physisorption
using an Autosorb iQ Station 1. Transmission electron
microscopy (TEM) analysis was conducted using a Tecnai
G2 208 transmission electron microscope.

BIOFUEL PRODUCTION

The catalytic activity of ZSM-5 was evaluated for biofuel
production from WCO and OA. The cation-exchanged
catalyst was heated in an oven at 100 °C for 24 prior to
the reaction. Then, 0.25 g of the catalyst was mixed with
5 mL of waste cooking oil and 20 mL of methanol in a
round-bottom flask. The mixture was refluxed at 65 °C
with continuous stirring at 500 rpm for 2 h (Devaraj
Naik & Udayakumar 2019). Afterward, the mixture was
filtrated through the filter paper. The collected filtrate was
mixed with 10 mL of n-hexane in a separation funnel to
extract the reaction product. The upper layer contains the
extracted product in the n-hexane phase. The product was
then isolated by evaporating the n-hexane. To further study
the effect of feedstock quality on the reaction pathway and
product in biofuel production, a similar reaction was done
using oleic acid as the feedstock according to the reported
literature (Modather et al. 2021).

FREE FATTY ACID (FFA) TEST

The effectiveness of the esterification process is determined
by the conversion of FFA. The FFA content in the waste
cooking oil feedstock was measured using the titration
method (Medeiros Vicentini-Polette et al. 2021). Weighed
2.82 g of waste cooking oil was dissolved in 5 mL ethanol,

then mixed with 3 drops of 2% phenolphthalein indicator.
The mixture was titrated with 0.013 N NaOH until the color
changed from yellowish to pinkish. The free fatty acid
content was then calculated using the following equation:

FFA (%) =

'N.A
u x 100%
m

where V is the volume of NaOH used in the titration; N is
the normality of NaOH solution; A is the molecular weight
of the FFA; and m is the weight of the sample (Medeiros
Vicentini-Polette et al. 2021).

WATER CONTENT ANALYSIS

The water content of the waste cooking oil was analyzed
using the gravimetry method. Weighed 2 g of waste
cooking oil (m,) was put in the container with a known
mass andheated in the oven at 110 °C for 24 h. The dried
sample and the container was then weighed (m,). The
heating-weighing process was repeated a until a constant
m, value was obtained. The water content was calculated
using the following equation (Bilskie 2001):

Water content (%) = ——~

m,

x 100

GC-MS ANALYSIS

Liquid products from the catalytic reaction were analyzed
using a gas chromatography-mass spectrometer (GC-MS)
Agilent 7890 B with an HP-5MS column. The analysis
was performed with under following conditions: An initial
temperature of 60 °C, a first heating rate of 10 °C/min to
150 °C, and a second heating rate of 5 °C/min to 250 °C.
The peak area from the GC spectrum was used to calculate
the yield of products, whereas the MS spectrum was used
to identify chemical compounds in the liquid products.
The percentage of liquid yield was determined using the
following equation (Yadav, Yadav & Ahmaruzzaman
2023):

(weight of liquid product)

Yield (%) =
a0 (weight of feedstock)

x 100 %

The selectivity of the product was calculated using the
following equation (Trisunaryanti et al. 2020):

(peak area of desired
product)

(peak area of total
product)

Product selectivity (%) = x 100 %



RESULTS AND DISCUSSION

EFFECT OF K,CO, ALKALI SALT TREATMENT ON THE
GROWTH AND SIZE OF ZSM-5 CRYSTAL

High silica extraction from the VM was confirmed from
the XRF analysis of the resulting xerogel, as summarized
in Table 1. The xerogel contains 71.5% and 86.3% SiO,
for K,CO, and NaOH treatment, respectively. Moreover,
the low content of alumina (2-10%) in both xerogel is
preferable for the synthesis of silica-rich ZSM-5. Figure
1. A. shows the diffractogram of the VM precursor and
treated VM. The diffractogram of VM shows a highly
crystalline quartz (SiO,) peak at 20 of 26.55°, with low-
intensity alumina at 26 around 30-40° (JCPDS no 00-006-
0221 and 86-1410). After the alkali treatment process, the
diffractogram showed a hump broad peak around 20-25°,
indicating the amorphous phase of the xerogels (Zhang,
Li & Zhang 2019). Two small peaks at ~29° and ~40°
are observed from XK, indicating traces of crystalline
impurities phase in xerogel, presumably due to the slower
dissolution reaction by K,CO, compared to NaOH.
Upon the alkali treatment process, the crystalline silica-
alumina in the VM was transformed into a highly active
amorphous silica-alumina phase. This result demonstrates
the successful extraction and activation of VM.

Figure 1(B) shows the diffractogram of the synthesized
catalysts. After 3 h of hydrothermal reaction, ZK3 exhibits
a broadened peak around 20-25° with small intensity
peaks around 7.8°, 9.4°, and 24.3°, showing an amorphous
aluminosilicate phase with the initial growth of ZSM-5. In
contrast, ZNa3 exhibits the characteristic peaks of ZSM-
5 at 7.8°, 9.4°, 12.8°, 20.8°, 23.1°, 23.6°, 24.3°, 25.6°,
26.6°, and 28.6° (JCPDS no 44-003). This result suggests a
slower crystallization rate for the synthesis with the K,CO,-
extracted precursor. There are several factors affecting the
alkali treatment process, including basicity, gel viscosity,
affinity to H O, and cation size (Prodinger et al. 2023).
XRF analysis showed a total of 18.5% impurities present
in K,CO,-treated xerogel. These impurities might hinder
the polycondensation process, leading to a longer ZSM-
5 crystallization time. In contrast, higher purity of silica-
alumina obtained from NaOH-treated xerogel led to higher
encounters between precursors, acceleraing the nucleation
and polycondensation, and facilitating faster crystallization.

Prolonged hydrothermal reaction of 5 and 6 h shows
a diffractogram pattern of ZSM-5 with increased intensity.
Samples ZK5, ZK6, ZNa5, and ZNa6 showed similar
diffraction patterns with indications of highly crystalline
and pure ZSM-5. Further analysis of the diffractogram was
done by calculating the crystallite size based on the Scherrer
equation. ZKS and ZK6 which prepared through K CO,
treatment have slightly larger crystallite size of 90.7 nm
and 93.9 nm, respectively. ZNa3, ZNa5, and ZNa6 which
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prepared through NaOH treatment have slightly smaler
crystallite size of 84.4 nm, 27 nm, and 41 nm, respectively.
This phenomenon is attributed to the slower crystallization
facilitated by potassium cation which led to the formation
of large crystals, contrary, the fast crystallization process
facilitated by sodium cation led to the formation of small
crystals (Jonscher et al. 2022; Liu et al. 2014).

FTIR STUDY

The FTIR spectra of the synthesized samples are depicted
in Figure 2. All samples exhibit similar absorption bands
at ~1000 cm™ attributed to the asymmetric stretching of
Si-O-Si or Si-O-Al bonds, while absorption bands at ~1200
cm and ~800 cm™! are due to symmetric stretching of Si-O-
Al bonds (Lenstad Bleken et al. 2013). The characteristic
bands of the five-membered ring in ZSM-5 appear at ~550
cm’! for all samples except ZK3 (Amalia et al. 2017). This
result is consistent with the XRD analysis which showed
that ZK3 is amorphous aluminosilicate. The absorption
band at a lower wavenumber of ~450 cm! is attributed to
the bending vibrations of Si-O and Al-O bonds.

EFFECT OF K,CO, ALKALI SALT TREATMENT IN ZSM-
5 CRYSTALS MORPHOLOGY AND PARTICLE SIZE
DISTRIBUTION

Zeolite morphology affects its catalytic activity, selectivity,
and stability. The morphology of the synthesized samples,
observed from SEM images, is depicted in Figure 3.
Consistent with the XRD analysis, the SEM image of
ZK3 showed non-uniform particle chunks, suggesting the
amorphous phase of the sample. In contrast, ZNa3 exhibits
oval prism crystals of ZSM5. The effect of alkali type in
the ZSM-5 crystal morphology is clearly shown by samples
synthesized in prolonged hydrothermal time of 5 and 6
h. Sample ZKS and ZK6 which synthesized with K CO,
showed hexagonal prism morphology with dull edges
due to the convex sides. In contrast, both ZNa5 and ZNa6
exhibit highly crystalline hexagonal prism crystals with
well-defined edges and slightly longer c-axis lengths. The
longer c-axis length in this sample implies the preferential
facet growth along the c-axis, resulting in a longer diffusion
path for the sinusoidal channels inside the ZSM-5 crystals
(Dai et al. 2021).

Samples synthesized with NaOH treatment show
homogeneous particle size at the 3-hour reaction time
(ZNa3). However, a broader particle size distribution is
observed withprolonged 5 and 6 of hydrothermal time. SEM
images of ZNa5 and ZNa6 shows significantly larger ZSM-
5 particles. Interestingly, ZK5 and ZK6 average particle
size increase from 1.72 to 2.43 um, but the homogeneity
remains unchanged with the increase of reaction time.
A trend of increasing particle size with synthesis time is
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TABLE 1. Chemical composition of VM and xerogel

Compound (%) VM K,CO, xerogel NaOH xerogel
SiO, 48.1 71.5 86.3
ALO, 12.0 2# 10.0
Fe O, 25.1 0.4 0.3
CaO 6.3 5.1 0.7
K.,0 2.7 1.8 0.7
TiO, 1.9 - -
SO, 1.9 0.6 -
Others* 2.1 10.6 2.1

*Other compounds (CuO, MnO, ZnO, and ZrO,) in trace amount

*Obtained from EDX
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FIGURE 1. XRD analysis of raw volcano mud (VM), acid-leached VM (LVM), xerogel extracted from
NaOH (XNa), and xerogel extracted using K,CO, (XK)(A), and the synthesized catalysts (B)

attributed to the aluminium zoning in the crystal (Li et al.
2020). The fast crystallization rate facilitated by NaOH
might led to premature crystallization, producing ZSM-5
particles with significant size variations. The result suggest
that the slower crystallization rate facilitated by K,CO, is
preferable for producing crystals with a narrower particle
size distribution.

It is worth noting that aside from the typical ZSM-5
crystals, intergrowth crystals of ZSM-5 are present in the
ZK5, ZK6, ZNa3, ZNa5, and ZNa6. These intergrowth
crystals, known as mortise-tenon ZSM-5 or twinning ZSM-
5, form when ZSM-5 crystals make contact on the (010)
surface. Further interactions between crystals connect
the straight and sinusoidal channels, leading to the 90°
intergrown structure (Wang et al. 2022). TEM images of
ZKS depicted in Figure 4. showed the hexagonal crystal of

ZSM-5 with lighter intensity around the edges, indicating
the presence of a mesoporous structure (Diaz & Mayoral
2011). The darker intensity observed in the center of the
crystal is attributed to the intergrowth crystal structure,
as observed in the SEM image. The lattice spacing was
determined to be ~1 nm, consistent with the reported values
(Bloom & Van Reenen 2013; Kulkarni et al. 1982).

TEXTURAL PROPERTIES OF THE SYNTHESIZED CATALYSTS

The isotherm curves of the synthesized catalysts are
depicted in Figure 5(A). All isotherm curves showed a
hysteresis loop, which is attributed to the condensation
process inside the capillaries of the mesoporous structure
(Thommes 2010). Due to its amorphous phase, ZK3 has the
lowest porosity compared to other catalysts. As summarized



in Table 2, ZK3 exhibits a total micro-mesoporous surface
area of 22.9 m?g and a total pore volume of 0.02 cc/g.
The isotherm curve of ZK6 shows an adsorption range of
65 —105 cc/g, with two inflection points in the desorption
curve at P/P; 0.15 and 0.5, corresponding to hysteresis
types H1 and H2.

A noticeable difference is observed in the isotherm
curve of ZKS, which has an adsorption volume four
times higher than the other samples. A closer look at the
adsorption curve shows a distinct increase of ~50-60 cc/g
at P/P ~0.15 and a significant increase of ~100-400 cc/g at
P/P,~0.9-1.0. The desorption curve also showed inflection
points at P/P; ~1.0, 0.5, and 0.15. According to the shape of
the hysteresis, the curve showed the combination of several
hysteresis types: H3 at P/P;0.09-0.12, H4 at P/P 0.2-0.45,
H2 at P/P; 0.45-0.9, and H1 at P/P ~1.0. According to the
IUPAC classification, HI corresponds to cylindrical pores,
H2 to bottleneck-shaped pores, H3 toparallel plate-shaped
pores, and H4 to slit-wedge-shaped pores (Wang et al.
2020; Xu et al. 2020).

Samples ZNa3, ZNa5, and ZNa6 exhibit similar
isotherm curve types VI, indicating that adsorption
happened in two steps. These samples showed similar
inflection points and hysteresis types as ZK6 but different
adsorption ranges. Both ZNa3 and ZNa6 showed similar
adsorption volume ranges of ~70-115 cc/g, whereas
ZNa5 shows slightly higher adsorption up to ~140 cc/g.
Moreover, ZNa$5 has a distinct smaller H2 loops compared
to ZNa3, ZNa6, and ZK6.

The multistep isotherm curve observed in all samples
indicates that the samples have a multimodal mesoporous
structure (Reber & Brithwiler 2015). Further analysis using
density functional theory (DFT) calculations, depicted in
Figure 5(B), confirms the multimodal mesopore structures.
All samples show multiple peaks, primarily within the 2—5
nm pore diameter range. In contrast, a distinct broad peak at
a higher pore diameter range of 10-50 nm shown in sample
ZKS5.

The textural properties of the catalysts, summarized in
Table 2, showed that ZSM-5 synthesized with K.CO, has a
high mesoporous surface area of 86.1 and 45.8 m?/g for ZK5
and ZK6, respectively. Interestingly, ZSM-5 synthesized
with NaOH has a lower mesoporous surface area of 37.2,
35.5,and 28.1 m?/g for ZNa3, ZNa35, and ZNa6, respectively.
Despite its moderate total pore surface area, ZK5 has the
highest total pore volume of 117 cc/g, which is ~10 times
higher than the other samples. The high mesopore volume
is attributed to the larger mesopore diameter, as shown in
Figure 5(B). The high micropore volume is presumably
due to the pore shape and connectivity, as indicated by the
hysteresis shape in its isotherm curve (Figure 5(A)).
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EFFECT OF FEEDSTOCK TYPE ON THE REACTION PATHWAY

The catalytic activity of the catalysts was evaluated in the
transformation of WCO into biodiesel. Figure 6(A) shows
that among K,CO,-treated samples, the highest yield of
85.9% with 30% FAME selectivity was shown by ZKo6.
ZNa6 as the comparable sample showed lower yield of
78.2% with 60.4% FAME selectivity. Other than FAME as
the main product of the esterification, FAAE is also present
as the main product in ZK3, ZKS5, and ZNa3 catalyzed
reactions. This result indicates that both esterification and
transesterification happened simultaneously during the
reaction. GCMS analysis of WCO showed that the FFA
contents in WCO are around ~70%, whereas the ~30% is
the mixture of glycidyl palmitate (FAME) and squalene.
Triglycerides and FAME in the WCO feedstock undergoes
transesterification during biofuel production (Mosharof et
al. 2021).

To identify the performance of the synthesized catalysts
with different quality feedstocks, high-purity OA was used.
According to the product specification sheet, OA contains
up to 88% oleic acid, with the rest 12% being a mixture
of other fatty acids such as palmitic acid, and stearic acid.
As shown in Figure 6(B), the product yield and selectivity
significantly enhanced when high-quality feedstock was
used. Liquid yield of 87-97.5% were obtained from the
conversion of OA with all catalysts, with ZNa6 achieving
the highest conversion of 97.5%, followed by ZK6 with
97.1%. Moreover, high FAME selectivity of 87.6-100%
was obtained from all catalysts.

The possible reaction pathways in both WCO and OA
is shown in Figure 6(C). The low yield of FAME obtained
using WCO feedstock can be attributed to the triglyceride
content, which undergoes transesterification, producing
glycerol byproduct (Pirzadi & Meshkani 2022). Further
analysis showed that low-quality feedstock of WCO exhibits
undesirable properties of 1.09% FFA and 0.49% water
content. Considering the acidic nature of the synthesized
catalyst, high FFA content would not lead to saponification.
However, the presence of water in oil feedstock can lead to
side reactions, such as hydrolysis of glycidyl palmitate to
produce dihydroxy alkyl ester (Dorado, Herrerias & Fraile
2023).

Considering the catalytic performance in both WCO
and OA feedstock, ZK6 exhibits the highest performance
among samples synthesized with K,CO,. Despite the low-
quality feedstock and possible side reaction pathways, ZK6
achieved a high product yield of 85.9% but a low selectivity
of 30% towards FAME. Its comparable sample, ZNa6,
which was synthesized with NaOH, achieved a slightly
lower yield of 78.2% with a higher FAME selectivity of
60.4%. In high-purity OA feedstock, ZK6 achieved a high
product yield of 97.1% with 87.6% FAME selectivity. ZNa6
exhibits slightly higher performance with 97.5% product
yield and 100% selectivity towards FAME.
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FIGURE 4. TEM images of ZK5 sample
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TABLE 2. Properties of the synthesized catalyst

Code Si/Al*  Mesopore surface  Micropore surface area® Mesopore volume®  Micropore Mesopore
area® (m%/g) (m?/g) (cc/g) volume © size® (nm)
7K3 12 2.53 20.39 0.01 0.02 3.81
ZK5 38 86.11 198.37 0.56 0.61 3.81
ZK6 37 45.83 269.31 0.05 0.16 3.82
7ZNa3 33 37.15 357.43 0.04 0.17 3.81
7ZNa5 27 35.46 357.43 0.05 0.21 3.82
ZNa6 41 28.12 293.80 0.03 0.16 3.82
a. EDX b. BJH c. BET
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CONCLUSION

A greener approach in biodiesel production was performed
by utilizing abundant natural resources as catalyst
precursors and waste feedstock. Volcano mud was
hydrothermally transformed into a ZSM-5 catalyst through
a modified conventional alkali treatment process. The use
ofalkaline salt K,CO, in the pretreatment process facilitated
a slow crystallization rate, resulting in a desirable narrow
particle size distribution and higher mesoporous structure.
In contrast, NaOH facilitated fast crystallization, produces
wide particle size distribution and dominant microporous
structure. Among catalysts synthesized with K,CO,,
catalyst ZK6 exhibits the highest performance with 85.9%
yield and 30% selectivity to FAME in low-quality WCO
feedstock. In high-purity OA feedstock, ZK6 exhibits
97.1% yield with 87.6% selectivity to FAME. Its NaOH-
synthesized counterpart, ZNa6, exhibited a lower 78.2%
yield in WCO feedstock but higher higher FAME selectivity
of 60.4%. In OA feedstock, ZNa6 exhibited a 97.5% yield
with 100% selectivity towards FAME.
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