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Synthesis and Characterization of Aluminosilicate Catalysts from Volcano Mud
for Biofuel Production with Different Feedstocks
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The catalytic activity of the synthesized catalysts was evaluated in two different qualities
of feedstock, i.e., oleic acid (OA) and waste cooking oil (WCO). 1t is found that A5 which
is synthesized with longer hydrothermal of 5 h has desirable properties, a high mesoporous
surface area of 159 m*/g, and a high acidity of 0.263 mmol/g. Catalyst A5 is proven to
have similarly high catalytic activity in both WCO and OA feedstock, achieving a liquid
yield of 93% with FAME selectivity of 95% for WCO and 95% liquid yield and FAME
selectivity of 99% for OA feedstock. These results suggest that A5 is a versatile catalyst in
biofuel production from either high or low-quality feedstocks.
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m INTRODUCTION (SDGs) of affordable and clean energy, climate action,
and protecting life on land and below water.

Intensive exploration of fossil fuels has potentially ] )
Various renewable energies, such as solar panels,

led to the energy crisis. Moreover, fossil fuel combustion :od turbines. hvd o " |
o . nd turbines, r turbines, rm r,
has caused a constant rise in CO, emissions. A study wind turbines, hydropower turbines, geothermal powe
reported that 48% of the emitted anthropogenic CO,

remains in the atmosphere, 26% is absorbed by the ocean,

and biofuel [4], are intensively developed. Among them,
biofuel is one versatile renewable energy because it has

. . . . similar essential properties to fossil fuel, has cleaner
while the remaining 26% is absorbed by terrestrial prop

. , combustion, is biodegradable, and can be used directly
ecosystems such as plants [1]. High concentration of CO, ] ) oo
) , as the replacement for fossil fuel without significant
in the atmosphere potentially creates a greenhouse effect, D ]
] ) ) modification in the engine or system [5]. Moreover,
which further leads to global warming, climate change, , ) )
, , biofuel can be produced from various feedstocks, i.e.,

land weathering, etc. [2]. Moreover, the absorption of CO, ) i ) "
o biomass, waste materials, and genetically modified

by the surface of seawater leads to ocean acidification, ) ; _ o ,
organisms [6]. Accordingly, biofuel is widely adopted in

both developing and industrialized countries. The
remarkable development of biofuel technology is widely

which further triggers the calcification of reef organisms
[3]. Therefore, the development of renewable energies is

crucial to achieving the sustainable development goals ) _
reported in terms of types: from bioethanol to green
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diesel, in terms of phase, from liquid biofuel to gas and
solid biofuel, and so forth [7]. Yet, biofuel development is
continuing to date to satisfy the goal of affordable and
accessible clean renewable energy.

In biofuel production, the type and quality of the
feedstock are the main factors that strongly affect
production efficiency. Generally, biofuel is produced
from fatty acid esterification with short-chain alcohol like
methanol [8]. Fatty acid feedstock can be obtained from
chemical reagents but they lead to high production costs,
especially in large-scale production. Another alternative is
using oil as a fatty acid source in biofuel production, for
example, palm oil [9] and castor oil [10]. The utilization
of edible palm oil as feedstock in biofuel production
creates competition with food sectors. In contrast, the use
of non-edible castor presents the challenge of a time-
consuming and expensive oil extraction process. One
promising solution is using residue or waste products
such as waste cooking oil. The use of waste products as
feedstock in biofuel production implements the circular
economic principle in addressing the SDGs of responsible
consumption and production.

Aside from the feedstock, the type of catalyst also
significantly affects the biofuel production efficiency.
Catalysts facilitate a high reaction rate by decreasing the
activation energy, leading to a high reaction yield [11]. In
conventional industrial-scale biofuel production, basic
homogeneous catalysts such as NaOH or KOH are widely
used since they are low-cost and have high activity.
However, the performance of basic catalysts is known to
be severely decreased in low-quality feedstock with high
FFA and water content due to saponification [12].
Additionally, homogeneous catalysts led to the tedious
separation and neutralization process, producing toxic
waste. On the contrary, heterogeneous acid catalysts have
advantageous properties of being insensitive to
saponification, easy separation, reusable, environmentally
high [13].
Aluminosilicate is a potential heterogeneous catalyst with

friendly, activity, and  selectivity
the unique characteristic of Bronsted and Lewis acidic
sites: it has adjustable acidity, particle size, porosity, and
high surface area [14].

Generally, aluminosilicate catalysts are synthesized
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from chemical precursors such as sodium aluminate,
sodium silicate, and tetraethyl orthosilicate [15]. Natural
materials like kaolin clays are also widely reported to be
used as silica-alumina precursors in the synthesis of
aluminosilicate catalysts [16]. However, kaolin clay
mining has led to environmental problems such as water
contamination, air pollution, and waste generation [17].
One potential material that can be used as a silica-
alumina precursor is volcano mud (VM), which is
obtained from mud eruption points, generally formed by
geological activity below the Earth’s surface. However,
VM can also be triggered by drilling processes such as
the one located in Sidoarjo, Indonesia, which is known
as the Lapindo mud disaster. VM from Sidoarjo is
reported to have high silica and sufficient alumina
content [18]. In a previous study, zeolite Y was
successfully synthesized from Lapindo mud [19].
Another study reported the utilization of Lapindo mud
in the synthesis of zeolite and its application as an
adsorbent [20]. The utilization of Lapindo mud as Ni
catalyst support modified with amine group in
hydrocracking of waste palm cooking oil was reported to
yield 80 wt.% biofuel [21].

To date, the utilization of VM as a precursor in the
synthesis of aluminosilicate catalysts and its application
in biofuel production has not yet been reported. In this
study, VM was used as a precursor for the synthesis of
aluminosilicate catalysts for biofuel production. The use
of VM as a silica-alumina precursor in the synthesis of
catalyst
environmentally favorable synthesis, also addressing the

aluminosilicate offers a cost-effective,
SDGs of responsible consumption and production and
protecting life on land. The challenge arising from the
utilization of natural material precursors is the high
impurities content and low reactivity of the precursor
[22]. Therefore, certain pre-treatment step is needed to
remove impurities, extract, also activate the silica-
alumina precursor. Herein, aluminosilicate catalysts
were synthesized from VM extracted through a series of
washing- acid leaching- and alkali treatment processes
Further
investigation was carried out to identify the relationship
between the synthesis conditions i.e., TPAOH addition

followed by a hydrothermal reaction.
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and hydrothermal time, characteristic of the catalysts, and
catalyst activity. The catalytic activity of aluminosilicate
catalysts was evaluated in the biofuel production. Two
different feedstocks were used, i.e. oleic acid and waste
cooking oil as high- and low-quality feedstocks for
biodiesel production, to investigate the effect of the
quality of the feedstock on the catalysts’ activity.

m EXPERIMENTAL SECTION
Materials

VM (Lapindo mud) sample was taken from
Sidoarjo, Indonesia. NaOH (99%, Merck), TPAOH
(40 wt.%, Merck), silica colloidal (LUDOX 40 wt.%,
Aldrich), ammonium acetate (CH;COONH, 98%,
Merck), hydrochloric acid (HCl 37%, Merck), methanol
(anhydrous, 99.8%, Aldrich), n-hexane (CsHu, ACS
Reag., Merck), oleic acid (CisH3:0,, 65-88%, fluka), and
deionized (DI) water were used as received. Waste cooking
oil was obtained from household.

Instrumentation

The composition of the VM precursor was identified
with an XRF spectrometer Philips Panalytical Minipal 4.
XRD spectrometer Philips X-pert MPD-1 was used to
identify the phase of the synthesized catalysts in the range
20 of 5-50°. Chemical bonds and acidity tests of the
catalysts were characterized with FTIR spectrometer
Shimadzu IR Tracer-100 in the wavenumber range of
4000-400 cm™'. The acidity test was carried out using
pyridine as adsorbate. The morphology of the samples
was observed using SEM (Carl Zeiss Evo EMA 10), and
EDX was used to create map distribution and
quantification of Si, O, and Al atoms. The porosity of the
samples was analyzed by N, physisorption using Autosorb
iQ Station 1 and evaluated by Brunauer-Emmet-Teller
(BET) and Barrett-Joyner-Halenda (BJH) theories.

Procedure

Pre-treatment of VM

Prior to being used as a silica-alumina precursor in
the aluminosilicate catalyst, VM was pre-treated through
the washing, leaching, and extracting process. Initially,
VM was washed with DI water, oven-dried at 100 °C
overnight, and then sieved through 140 mesh sieves. The
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leaching process was performed by mixing pre-treated
VM with HCI 1 M (1:5 w/v) and stirring for 2 h [23]. The
mixture was then washed with DI water until pH neutral
and the collected solid was oven-dried at 100 °C for 24 h,
followed by calcination at 680 °C for 1 h. Afterward, the
extraction of silica-alumina was done using the reflux
method [24]. Calcined VM was mixed with NaOH 2 M
(1:10) and then refluxed at 90 °C for 1 h. The silica-
alumina content in the VM is extracted in the liquid
phase [18].

Synthesis of catalysts
The aluminosilicate catalysts were synthesized by
mixing 5.5 mL VM filtrate as a silica-alumina source,
11.0 mL LUDOX® as an additional silica source, and
60.0 mL DI water. The mixture was stirred continuously
for 24 h for the aging process. A successful aging process
was shown by the formation of colloidal gel [25]. The
colloidal gel was then transferred to a Teflon-lined
autoclave and heated in the oven at 190 °C for varied
times (3h and 5h). After cooling down to room
temperature, the mixture was then washed with DI water
until pH neutral. The collected solid was then dried in
the oven at 100 °C for 24 h. The catalyst synthesized
through hydrothermal reaction for 3 h is annotated as
A3 and A5 for the catalyst synthesized through 5h
hydrothermal reaction.
hydrothermal, the
formed

During aluminosilicate

framework is through polycondensation
between silica and alumina precursors. Conditions such
as temperature and time play crucial roles in facilitating
polycondensation [26]. Higher temperatures or longer
hydrothermal time potentially led to the transformation
of the amorphous aluminosilicate phase into a stable
crystalline phase [27]. In this study, the investigation is
focused on the effect of hydrothermal time on the
characteristics of the synthesized catalyst. Therefore, the
hydrothermal time is varied for 3 h and 5 h. The third
sample was prepared using the same method as A3 but
with the addition of 3 mL TPAOH, annotated as A3T.
TPAOH is one crucial reagent that is widely used in the
synthesizing zeolite with a high Si/Al mol ratio [28]. The
quaternary ammonium ion of TPAOH helps maintain
the stability of the aluminosilicate primary units that
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have low alumina content [29]. In this study, TPAOH is
used in the synthesis process to investigate how TPAOH
affects the characteristics of the synthesized amorphous
aluminosilicate.

Acidity test
The synthesized catalyst was oven-dried at 150 °C
for 1 h to eliminate water and then molded and pressed
into a pellet. The resulting pellet was placed in a nitrogen
gas chamber, and then two drops of pyridine were
dropped into the pellet and left for 1 h for the pyridine
adsorption process. The pyridine desorption process was
done by heat treatment in the furnace at 150 °C for 3 h.
Afterward, the FTIR spectra were recorded. The peak
areas at a wavelength of ~1540 and 1450 cm™" were used
to determine Lewis (L) and Bronsted (B) acid sites,
respectively, according to the Eq. (1) [30]:
BxI1
Kxw
where B is the peak area of B or L, w is sample mass (g), |

X107 (1)

Acidity(mmol / g) =

is the area of the sample disk (cm?) and k is the coefficient
of acidity (L = 1.73 cm/umol, B = 1.23 cm/ pmol, and B+L
= 1.46 cm/umol) [31].

Catalytic activity test

Since the catalysts were synthesized in the basic
condition (NaOH), Na* is present in the aluminosilicate
extra framework [32]. Before the evaluation of the
catalytic performance, these Na* ions need to be cation
exchanged with H* to form active acidic sites in the
catalyst [33]. A mixture of 1g catalyst and 25mL
ammonijum acetate 0.5 M was refluxed at 60 °C for 3 h.
Then, the mixture was filtered, and the collected catalyst
was washed until it had a neutral pH. Afterwards, the
catalyst was oven-dried at 100 °C for 24 h, followed by
calcination at 550 °C for 6 h. During the process, Na* will
be substituted with NH,*, producing sodium acetate,
which will be removed during the washing process,
whereas the ammonium will be removed during the
calcination process, leaving an aluminosilicate catalyst
with H* ions in the framework.

Before use, the cation-exchanged catalyst was
thermally activated in the oven at 100 °C for 24 h. Then,
5 wt.% of the catalyst was mixed with 5 g of waste cooking
oil and 20 mL methanol in the round bottom flask. The
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mixture refluxed at 65 °C with continuous stirring at
500 rpm for 2h. After cooling down to room
temperature, the mixture was then filtrated through filter
paper, and the solid was collected as the spent catalyst.
Then, the mixture was washed with n-hexane and oven-
dried. The filtrate was mixed with 10 mL n-hexane in a
separation funnel to extract the reaction product. To
further identify the effect of feedstock quality, a catalytic
activity test was carried out using oleic acid using a
similar method referencing the reported study [34]. The
liquid yield was calculated using the Eq. (2) [35].

weight of liquid product

Liquid yield (%)=[ ]XIOO% (2)

weight of feedstock

Analysis of liquid product from esterification

The GC-MS analysis was carried out using the
Agilent 7890B instrument with parameters as follows:
The temperature of the inlet was set to 200 °C, the
injected sample was set to 1 uL with a split ratio of 10, a
gradual increase of temperature was set to 60 °C initially,
increased 10 °C/min to 150 °C, then increased further
5 °C/min to 250 °C. The column type used was HP-5MS
with a 1 mL/min flow rate. The selectivity of the product
was calculated using the Eq. (3) [36].

peak area of desired product

Selectivity(%) 2[ jxlOO% (3)

peak area of total product

m RESULTS AND DISCUSSION

Effect of TPAOH and Hydrothermal Time on the
Catalysts’ Crystallinity

The diffractograms shown in Fig. 1(a) indicate that
through the proposed synthesis method, the high
crystalline peak of quartz (26.4°) content in the raw VM
successfully transformed into amorphous aluminosilicate
[22]. Broaden peak with a hump around 20-30° shown
in sample A3 confirmed that the product is pure
amorphous aluminosilicate. In comparison, sample A3T
showed the initial growth of ZSM-5, indicated by the
small peaks at 7.8°,9.4°, and 25.6° (JCPDS No 43-0321).
This result is consistent with a previous study which
reported that utilization of TPAOH in aluminosilicate
synthesis led to the formation of ZSM-5 [37]. TPA*
induces the growth of MFI zeolite crystal through the
formation of a clathrate structure between TPA* and
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Fig 1. (a) X-ray diffractogram and (b) FTIR spectra of the VM precursor and the synthesized catalysts

water molecules in solution, which then isomorphously
substituted by silicate and aluminate [38]. On the other
hand, without the addition of TPAOH, sample A5 also
showed a small characteristic peak of ZSM-5, which was
induced by a prolonged reaction time of 5h [39]. The
calculated degree of crystallinity of samples A3T and A5
are 16.34 and 11.67%, respectively.

FTIR spectra of the synthesized catalyst are shown
in Fig. 1(b). The VM showed adsorption bands at 1005,
798, and 518 cm ™, which are attributed to the asymmetric
stretching Si-O-Al, symmetric stretching Si-O-Al, and
bending vibration of Si-O and Al-O, respectively [40].
The synthesized catalysts showed similar spectra with
strong absorption bands at ~1065 cm ™' and small bands at
~797 cm™, ascribed to asymmetric and symmetric
stretching of Si-O-Al, respectively [41]. Whereas small
absorption at ~451 cm™ is attributed to the bending
vibration of Si-O and Al-O. Sample A3T and A5 showed

160~ [l Tocimegn ITS 15,00V X5 M SE TR

Fig 2. SEM images of the synthesized catalysts

distinct absorption bands of MFI structure at ~539 cm™
and bending vibration of Si-OH at ~970 cm™ [42].

Effect of TPAOH and Hydrothermal Time on the
Si/Al Mole Ratio of the Catalysts

As depicted in Fig. 2, the morphology of the samples
observed through SEM showed irregular particle chunks,
which indicate the amorphous phase of the synthesized
aluminosilicate. Fig. 3 shows the EDX mapping of the
the Higher
hydrothermal time slightly increases the Si/Al mole ratio
from 11 (A3) to 12.2 (A5), whereas the addition of
TPAOH as
significantly increases the Si/Al mole ratio from 11 (A3)
to 27 (A3T). A previous study reported that a high Si/Al
mole ratio could be caused by the presence of TPA*, which

element in synthesized catalysts.

structure  structure-directing agent

led to the formation of proximal framework Al atoms
[38], resulting in the high Si content in the framework.

10.0pm TokrdtMosn (TS 158k V » 500
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Fig 3. EDX elemental mapping of the synthesized catalysts. The white bar in the left corner of each picture represents

the scale of 2 um

Table 1. Textural properties of the synthesized catalysts

Code SU/AT SA e’ SA micro® Vpore dpore Acidity (mmol/g)
(m?/g) (m%/g) (ccl/g) (nm) B L B+L
A3 11 114.000 85.800 1.080 31.400 0.052 0.022 0.074
A3T 27 147.400 128.000 1.270 31.200 0.002 0.106 0.108
A5 12 159.500 113.500 1.340 31.200 0.002 0.261 0.263

*=EDX;"=BJH; <= BET

A5
A3T
A3

Absorbance (a.u.)

T T T T T T T T T T T T T T 1
1540 1520 1500 1480 1460 1440 1420 1400
Wavenumber (cm™)

Fig 4. Pyridine FTIR spectra of synthesized catalysts

Acidity of the Catalysts

FTIR pyridine spectra of the synthesized catalysts are

depicted in Fig. 4. High absorbance peak ~1440 cm™
showed by sample A5 and A3T is attributed to the C-C
stretching vibration of the pyridine that interacts with
Lewis acidic sites [43]. Whereas the absorbance peak at
~1540 cm™ shown by A3 is attributed to the C-C
stretching vibration of pyridinium ions present in the
Bronsted acid sites. As summarized in Table 1, sample
A5 has the highest Lewis acidity of 0.261 mmol/g,
whereas sample A3 has the highest Bronsted acidity
configuration with a limited percentage of 0.052 mmol/g.

Effect of TPAOH and Hydrothermal Time on the
Catalysts’ Textural Properties

Nitrogen physisorption analysis was done to
identify the porosity of the synthesized catalysts. The
isotherm curves are depicted in Fig. 5(a). All samples
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Fig 5. Isotherm graph of the (a) synthesized catalysts and (b) pore distribution of the synthesized catalysts determined

from isotherm data

showed insignificant steep at low partial pressure (p/po
<0.01), indicating the minority of micropores. The
plateau with hysteresis was observed as the partial
pressure increased to p/p, ~0.9, suggesting the formation
of multilayer and capillary condensation in mesoporous
and macroporous structures [44]. A significant increase
in adsorption volume at p/p, close to 1 is characteristic of
macropores between aluminosilicate catalysts aggregates
[45]. The pore distribution graph of all catalysts in Fig.
5(b) confirms the presence of mesopores in the range of
15-32 nm and macropores in the range of 150-160 nm.
Further analysis using BJH and BET methods is
summarized in Table 1. All samples have similar average
pore diameters of ~31 nm. Interestingly, it is found that
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Fig 6. Yield and selectivity of FAME from WCO and OA feedstock with different catalysts

A3T A5

100

Yield (%)

the introduction of TPAOH significantly enhanced both
microporous surface area from 85.8 (A3) to 128 m?/g
(A3T) and mesoporous surface area from ~114 (A3) to
147 m*/g (A3T). However, sample A5 which was
synthesized with a longer time, showed a slightly higher
mesoporous area of ~159 m*/g than sample A3T.

The Catalytic Activity of the Catalysts in Different
Feedstock

Fig. 6 shows the liquid yield and product selectivity
determined from GC-MS analysis. Using WCO
feedstock, catalysts A3 and A3T obtained 67 and 81%
liquid yields with FAME selectivity of 85 and 95%,
respectively. Using the same catalysts in OA feedstock, a

B v
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T
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Table 2. Biofuel production from different catalysts and feedstocks

Feedstock type/ alcohol Catalyst type Temp (°C) Time (h) Yield (%) Ref
WCO/MeOH (1/40) Aluminosilicate (5.0 wt.%) 65 2.00 93.00 this work
Soybean 0il/MeOH (1/30)  Aluminosilicate (14.0 wt.%) 130 12.00 41.00 [46]
OA/MeOH (1/40) Aluminosilicate (5.0 wt.%) 65 2.00 95.00 this work
OA/MeOH (1/30) Al-SBA-15 (10.0 wt.%) 150 2.00 75.00 [47]
Lauric acid/ MeOH (1/50) Al-SBA-15 (5.0 wt.%) 65 2.00 79.00 [48]
WCO/MeOH (1/15) Al-SBA-15 (1.0 wt.%) 200 0.50 71.96 [49]
WCO/MeOH (1/10) Zeolite A (2.5 wt.%) 70 4.00 74.27 (50]

higher liquid yield of 85 and 90% was obtained for A3 and
A3T, with FAME selectivity of 99 and 97%, respectively.
Interestingly, catalyst A5 showed similarly high catalytic
activity in both WCO and OA feedstock. Catalyst A5
obtained a high liquid yield of 93% with FAME selectivity
of 95% when WCO was used as feedstock. In another
study, a similar amorphous aluminosilicate catalyst was
synthesized using aluminum acetylacetonate as the
alumina source. The catalyst was reported to have 41%
yield using soybean oil feedstock, 5 wt.% catalyst, under a
significantly higher reaction temperature of 130 °C for
12 h [46]. Utilizing OA feedstock, catalyst A5 also showed
a high performance of 95% liquid yield with FAME
selectivity of 99%. Under a significantly higher reaction
temperature of 150 °C for 2 h in OA feedstock, 10 wt.% of
Al-SBA-15 catalyst showed a yield of 75% [47]. Under a
similarly mild reaction condition of 65 °C for 2 h, using
lauric acid feedstock with a slightly higher amount of
methanol, 5 wt.% of catalyst Al-SBA-15 showed a yield of
79% [48]. The high catalytic activity of A5 in both WCO
and OA feedstock is presumably due to the high
mesoporous surface area and high acidity.

Table 2 shows the catalytic performance of different
aluminosilicate-based catalysts in biofuel production. At
a significantly higher reaction temperature of 200 °C for
30 min, 1 wt.% catalyst AI-SBA-15 has a yield of 71.96%
for WCO feedstock [49]. Another study reported that
using WCO feedstock, 2.5 wt.% zeolite A catalyst has a
74.27% yield at 70 °C for 4 h [50]. In our study, 5 wt.% of
catalyst A5 showed a significantly higher yield of 93%
under a relatively mild reaction temperature of 65 °C for
2 h with WCO feedstock. Table 2 shows that catalyst A5
is a promising and versatile catalyst for biodiesel

production. The catalyst A5 showed high performance
in low-quality WCO feedstock indicating its versatility.

m CONCLUSION

Aluminosilicate  catalysts were  successfully
synthesized from the extract of Lapindo mud. The
variation of hydrothermal reaction time showed that a
pure aluminosilicate catalyst was produced at a reaction
time of 3 h (A3). Continuing the reaction to 5 h indicates
the initial growth of the crystalline product (A5). It is
found that the addition of TPAOH as a structure
structure-directing agent in the optimum synthesis
method of A3 promotes the growth of crystalline
product (A3T) and increases the Si/Al ratio to 27.
Desirable catalyst properties of a high mesoporous
surface area of 159m?*/g and high acidity of
0.263 mmol/g are shown by catalyst A5. Catalyst A5,
which has the best catalyst properties, showed
advantageous results of similarly high catalytic activity
in both esterification of OA and WCO. In WCO
feedstock, catalyst A5 obtained a high liquid yield of 93%
with FAME selectivity of 95% was obtained. Meanwhile,
in OA feedstock, catalyst A5 obtained a high liquid yield
of 95% with FAME selectivity of 99%. A future study can
be carried out by modification of the catalyst using metal
as the dopant. Further investigation of the catalyst’s
activity and reusability is highly recommended to

provide a more comprehensive future study.
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