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Abstract— This study reports the synthesis and characterization of SnO and SnO, catalysts for biodiesel production from crude
palm oil (CPO) via interesterification. SnO was synthesized using the hydrothermal method, while SnO, was prepared through
the sol—gel route. The catalysts were applied in the interesterification of refined bleached palm oil with methyl acetate at an oil :
methyl acetate molar ratio of 1:9, catalyst loading of 0.25 wt%, reaction temperature of 65 °C, and reaction time of 3 h. X-ray
diffraction (XRD) analysis confirmed the formation of tetragonal SnO and rutile tetragonal SnO, phases. Biodiesel quality was
evaluated according to SNI 7182:2015 parameters. Biodiesel produced using SnO showed density of 861 kg/m?, viscosity of 3.09
cSt, water content of 0.25%, free fatty acid (FFA) of 0.66%, and iodine value of 44.04. Meanwhile, SnO,-catalyzed biodiesel
exhibited density of 886 kg/m?, viscosity of 3.12 cSt, water content of 0.22%, FFA of 0.56%, and iodine value of 36.03. GC-MS
analysis identified methyl oleate as the dominant compound in SnO-catalyzed biodiesel, while methyl palmitate was dominant in
Sn0O,-catalyzed biodiesel. These results indicate that both catalysts have potential as alternative heterogeneous catalysts for
biodiesel production from palm oil via interesterification.
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1. INTRODUCTION

The continuous increase in global energy demand is where its application in transportation and tactical
driven by economic growth, industrialization, and equipment may reduce reliance on imported fossil fuels
population expansion. In Indonesia, fossil fuel and strengthen national energy resilience.
consumption has grown by an average of 1.3% annually The production of biodiesel generally involves
from 2011 to 2022 [1]. This dependence on fossil fuels transesterification and interesterification reactions, both
poses significant challenges, particularly for developing of which require catalysts to enhance reaction efficiency.
countries, since fossil energy sources are finite and non- Heterogeneous catalysts are of particular interest due to
renewable. Therefore, energy diversification has their ease of separation and reusability [5]. Various
become an essential long-term strategy to ensure heterogeneous catalysts have been reported for
sustainable energy security by expanding the use of biodiesel production, including MgO-CaO/SiO, [6],
renewable energy sources [2]. Among various ZnO/CaO [7], and AI(HSO,); [8]. Compared to
alternatives, biodiesel has emerged as a promising conventional heterogeneous catalysts such as CaO,
renewable and environmentally friendly energy source. MgO-CaO, and ZnO/CaO, tin-based catalysts offer

Biodiesel, a long-chain fatty acid methyl ester distinct advantages, including higher structural stability
(FAME), is typically produced from renewable and improved resistance to leaching during reaction. In
feedstocks such as vegetable oils, animal fats, and addition, SnO and SnO, exhibit surface acidity that can
algae. It offers several advantages over petroleum- facilitate ester formation through Lewis acid
based diesel, including lower emissions of carbon mechanisms. These properties make Sn-based
monoxide, carbon dioxide, hydrocarbons, and catalysts promising alternatives for biodiesel production,
particulate matter [3]. Indonesia is one of the world’s particularly in interesterification systems where catalyst
largest producers of crude palm oil (CPO), providing stability and acid functionality are crucial.
significant potential for biodiesel production. Palm oil Although heterogeneous catalysts such as CaO,
contains up to 45-50% oil in its fruit mesocarp, with MgO-CaO, and ZnO/CaO have been widely studied,
national production reaching 48.4 million tons in 2019 [4]. their application is often limited by issues such as
In addition to reducing greenhouse gas emissions, catalyst leaching and reduced stability during reaction.
biodiesel has strategic importance in the defense sector, In contrast, the use of tin-based oxides in crude palm oil
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interesterification remains relatively unexplored in the
context of biodiesel production. Therefore, investigating
the comparative catalytic performance of SnO and SnO,
provides a new perspective for developing more stable
and effective catalysts for biodiesel production.

SnO and SnO, can be synthesized via different
methods, such as hydrothermal and sol-gel techniques,
respectively. Hydrothermal synthesis promotes crystal
growth under high temperature and pressure conditions
[9], while the sol-gel route enables the formation of
inorganic compounds at relatively low temperatures
through colloid-to-gel phase transformation [10]. These
synthesis methods yield catalysts with distinct particle
sizes, surface areas, and catalytic properties, which in
turn affect biodiesel production efficiency and FAME
quality [11].

This study investigates the catalytic performance of
SnO and SnO; in the interesterification of crude palm oil
for biodiesel production. The objectives are to
synthesize and characterize SnO and SnO, catalysts
prepared through hydrothermal and sol-gel methods and
to evaluate their catalytic activity in producing fatty acid
methyl esters (FAME) via interesterification. The
outcomes are expected to provide valuable insights into
catalyst design for biodiesel applications and contribute
to the development of sustainable renewable energy
strategies that support national defense energy security.

2. EXPERIMENTAL SECTION
2.1. Materials

The materials used include SnCl,-2H,0O precursor
(98% purity, Aldrich) NaOH (99% purity, Merck), NH,OH
(Merck), ethanol pro analysis (96% purity, Aldrich),
distiled water, Crude Palm Oil (CPO) (from PT.SM),
methyl acetate, phosphoric acid, and bleaching earth.

2.2. Instrumentations

The instruments used for characterization were XRD
Shimadzu MAXima_X XRD-7000 and GC-MS Agilent
7890.

2.3. Synthesis of SnO Catalyst

The tin oxide catalyst was prepared by the
hydrothermal methode. Precursor SnCl,-2H,0 was
dissolved in pro analysis ethanol and stirred for 3 hours
at 25°C. The SnO catalyst was then synthesized by
adding the 0.4 M NaOH solution dropwise into the 0.1 M
SnCl,-2H,0 solution under continuous stirring. The pH
was adjusted to an optimal value of 12. The resulting
mixture was subjected to hydrothermal treatment at
180°C for 2 hours using a hydrothermal reactor. The
resulting precipitate was dried in an oven at 105°C for 4
hours. After drying, a pale yellow tin oxide powder was
obtained.

2.4. Synthesis of SnO; Catalyst

The synthesis of SnO, began by dissolving
SnCl,-2H,0 in ethanol p.a. The mixture was stirred
using a magnetic stirrer for 60 minutes in a beaker until
a colorless solution was obtained. Ammonia solution
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(NH,OH) was added dropwise untii a colloidal
suspension formed and the pH reached 8. The colloid
was separated by centrifugation, and the resulting
precipitate was filtered using filter paper and washed
twice with a small amount of deionized water. The
washed precipitate was dried at 90°C for 3 hours,
followed by calcination at 600°C for 2 hours to remove
residual solvents and obtain a dry SnO, material. The
final SnO, catalyst was stored in a sealed container to
prevent contamination.

2.5. Purification Crude Palm Oil

By degumming proces, the purification of Crude Palm
Qil (CPO) using phosphoric acid (H;PO,) (0,1% v/w) as
a chemical agent. At 80°C for approximately 2 hours
stirred with magnetic stirrer. The mixture is then
centrifuged at 3,000 rpm for 15 minutes, resulting in
degummed CPO. Next, the bleaching process was
performed to remove the color from the degummed CPO
using bleaching earth. Bleaching earth (BE) is added at
1.5% of the weight of the degummed CPO. The mixture
was stirred with a magnetic stirrer for approximately 1
hour at 80°C. After the bleaching process, the mixture
was centrifuged at 3,000 rpm for 30 minutes result the
Refinery Bleached Palm QOil (RBPO) or purified CPO.

2.6. Interesterification Reaction

The first stage of the interesterification process
involves several preliminary calculations to determine
the ratio between RBPO and methyl acetate, set at 1:9.
The catalyst used in the interesterification process
amounted to 0.25% of the total weight of the combined
methyl acetate and RBPO. RBPO was first added into
the interesterification reactor, followed by the catalyst
(SnO or Sn0O,), and finally the methyl acetate. The
reaction mixture was stirred for 3 hours at a constant
temperature of 65°C. After the interesterification process
was completed, the resulting biodiesel was centrifuged
for 30 minutes at a speed of 3,000 rpm. The supernatant
from the centrifugation process was separated and
collected as FAME (Fatty Acid Methyl Esters).

3. RESULT AND DISCUSSION
3.1. Hydrothermal Synthesis of SnO Catalyst

The SnO catalyst was successfully synthesized by
hydrothermal method. The precursor SnCl,-2H,O was
reacted with NaOH in ethanol, followed by hydrothermal
treatment and drying. During the initial stage, the
dropwise addition of NaOH into the SnCl,-2H,0 solution
led to the formation of a white precipitate, identified as
Sn(OH),, through a reversible precipitation reaction in
Eq. (1). Maintaining the solution pH at ~12 was crucial to
drive the equilibrium toward Sn(OH), formation and to
stabilize the intermediate phase before hydrothermal
conversion [12].

SnCl, - 2H,0(aq) + 2NaOH(aq) 2 Sn(OH),(s) + ZNaCl(aq) + 2H,0(1) (1)

Under hydrothermal conditions, Sn(OH), underwent
a dehydration process to form crystalline SnO in Eq. (2).
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The closed autoclave system provided high temperature
and pressure, promoting particle nucleation, crystal
growth, and phase stabilization. This condition allowed
amorphous Sn(OH), to reorganize into a more ordered
SnO structure with improved crystallinity, consistent with
previous reports on hydrothermal tin oxide synthesis
[13].

Sn(OH); (s) 5> Sn0 (s) + Ha0 () (2)

Morphological transformation during the
hydrothermal process is illustrated in Fig. 1, where
Sn(OH), particles gradually converted into SnO nuclei,
followed by continuous crystal growth and aggregation
into well-organized structures. This sequential growth
mechanism explains the improved particle uniformity
and enhanced crystallinity observed in hydrothermal-
synthesized SnO compared to conventional precipitation
or sol-gel methods [14]. The role of SnO as a catalyst
lies in its semiconductor properties, providing active
sites that facilitate redox reactions by lowering the
activation energy of the interesterification process. This
is crucial for enhancing both the activity and selectivity in
the conversion of RBPO into methyl esters. In this
synthesis, NaOH not only acted as a precipitating agent
but also functioned as a pH stabilizer, ensuring the
controlled formation of Sn(OH), and its subsequent
transformation into SnO.
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Fig. 1 Schematic of hydrothermal process in SnO synthesis

3.2. Sol-Gel Synthesis of SnO, Catalyst

SnO, catalyst was successfully synthesized using
the sol-gel method with SnCl,-2H,0 as the precursor
dissolved in ethanol. Ethanol acted as a solvent that
controlled the reaction rate and ensured homogeneous
mixing [15]. Controlled addition of ammonia raised the
pH, inducing hydrolysis of Sn?* to Sn(OH), in Eq. (3).
The process yielded a white colloidal sol, which
gradually underwent condensation reactions, forming
oligomers and subsequently a three-dimensional gel
network [16].
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SnCl, - 2H,0(aq) + 2NH,OH(I) = Sn(0OH),(s) + 2NH,CI(D) + 2H,0(1) (3)

NH,OH
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Fig.2 Schematic diagram of sol-gel process in SnO:
synthesis

As the hydrolysis progressed, condensation reactions
occurred simultaneously, where hydroxyl groups bonded
to each other, producing oligomers and eventually
forming an interconnected three-dimensional gel
network. This transformation from sol to gel is a crucial
stage in the sol-gel method, where small clusters of
hydroxides aggregate into a porous structure [16]. The
process is visualized in Fig. 2, where dispersed particles
in the sol gradually interconnect, leading to gelation. The
resulting gel exhibited a rigid matrix structure but still
contained a large fraction of trapped solvent.

The drying step at 90 °C for 3 h allowed the removal
of residual ethanol and water, accompanied by the
dehydration of Sn(OH), to SnO in Eq. (4). At this stage,
the dried product appeared as a pale yellowish powder,
indicating partial oxidation of Sn species. The structural
transformation during drying also resulted in the collapse
of some gel pores, while preserving the overall three-
dimensional network.

Sn(0H),(s) — SnO(s) + H,0 (g) (4)

The final stage was calcination, which played a dual
role: eliminating volatile compounds and promoting
phase transformation from amorphous tin oxide to
crystalline SnO,. During heating, SnO was oxidized to
SnO, as represented in Eq. (5). This process not only
increased crystallinity but also stabilized the oxide
structure, producing a white crystalline powder with
enhanced structural definition [17]. The calcination step
is therefore essential in tailoring the physicochemical
properties of SnO,, particularly its crystallinity and

thermal stability, which strongly influence catalytic
performance.
$n0(s) + %Oz(g) - Sn0, (s) (5)

3.3. Sol-Gel Synthesis of SnO; Catalyst

The degumming process successfully removed
impurities (gum) consisting of phosphatides, proteins,
hydrocarbons, carbohydrates, water, heavy metals, free
fatty acids (FFA), tocopherols, pigments, and other
minor components from crude palm oil (CPO) [18]. The
method applied was acid degumming, where 0.1%
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phosphoric acid was added to CPO followed by heating.
The addition of phosphoric acid plays a crucial role in
converting non-hydratable phosphatides into hydratable
forms, thereby enabling more efficient separation in the
subsequent step. Separation of gum, oil, and water was
then enhanced through centrifugation at 3,000 rpm for
15 minutes.
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Fig. 3 Interphase diagram (a) and illustration of degumming

mechanism (b)

The mechanism of mass transfer in acid degumming
can be explained by interphase theory (Fig. 3). Gum
initially dissolved in the oil phase (liquid phase 1)
migrates toward the interface and subsequently moves
into the phosphoric acid phase (liquid phase Il). The
interaction between these two phases triggers a
chemical reaction that converts non-hydratable
phosphatides into hydratable ones, thus facilitating their
removal from the oil [19]. This indicates that the
efficiency of degumming strongly depends on the
degree of contact between the phases.

The next stage is bleaching, a process of
decolorization using bleaching earth (BE). BE has the

chemical composition Al,03'4SiO,-nH,O with silicon (Si),

aluminum (Al), and iron (Fe) as its main components.
This process aims to reduce undesirable pigments and
adsorb other contaminants, thereby improving the
overall quality of the oil [20]. Furthermore, the porous
structure of BE enhances its ability to trap large
molecules, including pigments and other impurities [21].

3.4. Characterization of SnO and SnO; Catalysts

The X-ray diffraction (XRD) testing was conducted to
identify the crystalline properties of the synthesized SnO
catalyst prepared by hydrotermal method and SnO,

4000
Catalyst SnO,

3500

(110)

3000

2500 +

2000 4

Intensity (a.u)

2 Theta (Degree)

catalyst prepared y sol-gel method. Through this testing,
the crystal structure, crystalline phase formed, and purity
of each compound could be determined using X-ray
radiation [22]. Both samples exhibited diffraction
patterns consistent with reference JCPDS data,
confirming the successful synthesis of tetragonal SnO
(JCPDS 06-0395) and rutile tetragonal SnO, (JCPDS
41-1445) (Fig. 4).

For SnO, the main characteristic peaks were
observed at 206 = 26.42° (hkl 101), 33.20° (200), and
51.52° (211). The diffractogram indicated broadened
peaks, suggesting relatively small crystallite sizes. The
crystallinity degree of SnO was calculated as 42%,
indicating a partially crystalline structure with remaining
amorphous content. Using the Scherrer equation, the
crystallite size of SnO was determined in the range of
30.91-176.2 nm, depending on the reflection plane.

In contrast, SnO, exhibited sharper and more intense
peaks at 26 = 26.67° (110), 33.95° (101), and 51.85°
(211), with additional minor peaks at 37.99°, 54.82°, and
57.92°. This indicates a higher ordering of the crystal
lattice. The crystallinity degree of SnO, reached 67%,
significantly higher than that of SnO (Table 1).
Crystallite sizes estimated via Scherrer equation were in
the range of 181.5-201.55 nm, which reflects larger and
more ordered crystal growth compared to SnO.

The difference in crystallinity and crystallite size can
be attributed to the synthesis methods: hydrothermal
treatment for SnO tends to produce smaller crystallites
with lower crystallinity due to incomplete crystal growth,
while the sol-gel method followed by calcination for
SnO, facilitates nucleation and growth of larger and
more ordered crystals.

Table 1. Comparison of XRD results for SnO and SnO,

Catalyst 26 hkl Crystallinity Crystallite Size
Peaks (°) Planes (%) (nm, Scherrer)
SnO 26.42 (101) 42 30.91-176.2
33.20 (200)
51.52 (211)
SnO, 26.67 (110) 67 181.5-201.55
33.95 (101)
37.99 (200)
51.85 (211)
54.82 (220)
57.92 (310)
900 -
SnO
800 -
700 -
El (101)
& 600
2 (200)
5 500 - (211)
c
4004 * .
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20 4'0 6’0 8‘0
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Fig. 4 XRD diffractograms of SnOz2 (left) and XRD diffractograms of SnO (right)
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Based on the data in Table 1 and Fig. 4, it can be
explained that the XRD results indicate both SnO and
SnO, were successfully synthesized with crystalline
phases corresponding to their standard references.
However, SnO, showed superior crystallinity and larger
crystallite sizes compared to SnO. Higher crystallinity of
SnO, implies better lattice ordering, which is favorable
for catalytic activity due to enhanced surface stability
and well-defined active sites. On the other hand, the
smaller crystallite size of SnO may provide a higher
surface area but at the expense of lower crystallinity.
These structural differences suggest that SnO, is more
suitable for reactions requiring stable and well-ordered
catalytic sites, while SnO may contribute through higher
dispersion of active sites due to its smaller crystallites.

3.5. Interesterification of Biodiesel

Interesterification is an alternative to
transesterification for biodiesel production, with the
advantage of producing triacetin instead of glycerol as a
by-product [23]. The formation of triacetin instead of
glycerol  represents an  advantage of the
interesterification route due to its potential value as a
fuel additive. Fig. 5 illustrates the reaction between

OHyC——CR+
OHC—CR, + OHiC——C——CHs
OH,C——CR3
Triglyceride Methyl Acetate
OHyC——CHz
OHC—CR, T OHyC——C——CH,
OHyC—CR3

Monoacetindiglyceride

Methyl Acetate

Stud., 2026, 5(1), 54—61

triglycerides and methyl acetate proceeds through three
reversible steps, forming monoacetin, diacetin, and
ultimately triacetin, while releasing methyl esters. In this
study, SnO and SnO, served as catalysts, which are
essential for enhancing reaction efficiency under milder
conditions by activating the carbonyl groups of
triglycerides and methyl acetate. SnO promotes ester
formation through surface —OH interactions, while SnO,
utilizes Sn** Lewis acid sites to increase electrophilicity,
facilitating acyl exchange and yielding renewable esters
suitable as biodiesel [24].

The oils produced using SnO and SnO, catalysts
showed several observable physical characteristics such
as color, odor, viscosity, clarity, and freezing point. The
oil from the SnO catalyst appeared dark yellow, while
the one from SnO, was lighter yellow. Both samples had
a distinctive methyl acetate odor and showed no
significant differences in viscosity and clarity—both were
thinner and clearer than the original RBPO. Based on
freezing point observations, the oil derived using SnO
tended to solidify more easily at room temperature
compared to the SnO,-derived oil.

|O
OH,C—CH,

Catalyst
——— = OHC—CR;

ij
+ OH,C—CR,
O|

OH,C——CR3

Monoacetindiglyceride
(MADG)

FAME

OH2C——CH3

Catalyst
——— = OHC—CH4

T |O
+ OH:C—CR;
O|

OH,C——CR4

Diacetinmonoglyceride FAME

(MADG) (DAMG)
o 0
OH,C——CH, 0H2<:—|CH3
0 0 0
I Catalyst I |
OHC—CH;  + OHl—C—CH; = (QHC—CH, + OH;C—CR;
0
OH,C—CRy OHQC—(|3H3
Diacetinmonoglyceride
(DAMG) Methyl Acetate Triacetin FAME

Fig. 5 Mechanism of interesterification reaction
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3.6. Analysis GC-MS of Biodiesel

Gas Chromatography—Mass Spectrometry (GC-MS)
is an analytical technique that combines gas
chromatography (GC) and mass spectrometry (MS) to
identify and analyze volatile compounds in complex
samples. In biodiesel characterization, GC-MS is
applied to identify and classify fatty acid methyl esters
(FAME) based on their fragmentation patterns [26]. In
this study, the analysis was performed using a GC-MS
Agilent 7890 instrument.

For the SnO catalyst, the main identified compound
was 9-octadecenoic acid methyl ester (methyl oleate),
detected at a retention time of 20.883 minutes with a
similarity index of 93% and peak area contribution of
0.32%. Methyl oleate is a monounsaturated fatty acid
ester, which is commonly present in biodiesel and
contributes to good ignition quality and lubricity.For the
SnO, catalyst, several compounds were detected,
including hexadecanoic acid methyl ester (methyl
palmitate) with a retention time of 19.227 minutes,
similarity index of 97%, and peak area of 1.29% (Table
2). Other minor compounds such as propanoic acid
methyl ester and didehydro-9-ketoabietic acid were also
observed. The dominance of saturated FAME such as
methyl palmitate indicates that SnO, catalyzed reactions
favor the formation of more stable biodiesel components
with higher oxidative resistance.

Table 2. Comparison of GC-MS identified compounds in
biodiesel from SnO and SnO, catalyst

represent relative compound abundance and were not
used to determine biodiesel yield.

3.7. Biodiesel Fuel Properties

The physicochemical properties of biodiesel
produced using SnO and SnO, catalysts were evaluated
based on SNI 7182:2015 standards (Table 3). Biodiesel
obtained using SnO showed density of 861 kg/m3,
viscosity of 3.09 cSt, water content of 0.25%, and free
fatty acid (FFA) content of 0.66%. Meanwhile, biodiesel
produced using SnO, exhibited density of 886 kg/m?3,
viscosity of 3.12 cSt, water content of 0.22%, and FFA
content of 0.56%. Both products showed acceptable
density and viscosity values, while SnO, demonstrated
slightly better fuel quality due to lower water and FFA
contents. Although the FFA value of SnO, slightly
exceeds the SNI limit, it remains close to the acceptable
range and indicates partial conversion of free fatty acids.
Overall, SnO, exhibited slightly better fuel properties
than SnO.

Table 3. Biodiesel physicochemical properties from SnO and
SnO, catalyst

Catalyst Retention Compound % % Remarks
Time Name Area  Qual
(min)

SnO 20.883 9- 032 93 Unsaturated
Octadecenoic FAME,
acid methyl improves
ester (Methyl lubricity
oleate)

SnO, 19.227 Hexadecanoic  1.29 97 Saturated
acid methyl FAME,
ester (Methyl improves
palmitate) oxidative

stability

Based on the data GC-MS results show that both
SnO and SnO, catalysts successfully facilitated the
formation of fatty acid methyl esters from RBPO.
However, the product distribution varied significantly.
SnO predominantly yielded unsaturated FAME such as
methyl oleate, while SnO, favored the formation of
saturated FAME such as methyl palmitate, with higher
peak intensity. This difference reflects the catalytic
nature of each oxide: SnO, with Sn?* active sites,
promotes reactions involving unsaturated fatty acids,
while SnO,, with stronger Lewis acidic Sn** sites,
provides a more efficient pathway for acyl exchange,
suggesting improved catalytic activity and stability of
products. Consequently, SnO, tends to generate
biodiesel with improved oxidative stability, whereas
SnO-derived biodiesel is enriched in unsaturated esters
that enhance lubricity. The GC-MS peak area values
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Properties SnO Sn0O, SNI 7182:2015
Density (kg/m?®) 861 886 850-890
Viscosity (cSt) 3.09 3.12 2.3-6.0
Water (%) 0.25 0.22 <0.6
FFA (%) 0.66 0.56 <0.5
Although quantitative biodiesel vyield was not

determined in this study, catalyst performance could be

comparatively evaluated through fuel property
measurements and GC-MS analysis. The detection of
methyl ester compounds confirms  successful

interesterification, while lower water and FFA values for
SnO, indicate better product quality.

4. CONCLUSION

SnO and SnO, catalysts were successfully
synthesized and applied in crude palm olil
interesterification. Both catalysts produced biodiesel with
acceptable physicochemical properties. SnO, showed
better product quality in terms of lower water content
and free fatty acid values, while GC-MS confirmed
methyl ester formation for both catalysts. Further
characterization using techniques such as FTIR, BET,
and SEM/TEM is recommended to provide more
comprehensive insights into catalyst properties. Overall,
tin oxide catalysts demonstrate potential as alternative
heterogeneous catalysts for biodiesel production.
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