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Abstract. Biodiesel is a cleaner and renewable combustion fuel that globally serves as an effective alternative to fossil diesel. The current application 
of this biofuel is still restricted to specific concentration due to its poor cold flow properties (CFPs) and low oxidation stability (OS). Later, isomerization 
process was offered to improve cold flow properties as well as oxidation stability. In this study, palm-biodiesel isomerization was carried out 
atmospherically using SO4/SnO2 catalyst, prepared via wet nitration method, in the stirred batch reactor at temperature of 200oC, catalyst loading of 
10 wt%, stirring speed of 900 rpm, and under N2 flow. The performance of catalyst and the effect of fatty ester isomerization on CFPs and OS were 
investigated. For comparative study, the effect of bio-additive (turpentine oil and α-terpineol) introduction, at concentrations of 1−10 vol%, on CFPs 
and OS was also evaluated. The isomerization results demonstrated a conversion ratio of 12.54±0.60%, an isomerization selectivity of 75.92±5.79%, 
and an overall turnover frequency of 1.75×10−1±8.5×10−3 h−1. This reaction had a small reduction in pour point (ΔPP = ‒1oC), a minor elevation in 
cloud point (ΔCP = 0.50±0.15oC), and a slight improving effect in OS (ΔOS = 1.36 h). Furthermore, the optimum insertion of bio-additive was α-
terpineol at concentration of 5 vol%, demonstrating a more significant enhancement in CFP parameters (ΔPP = ‒1oC; ΔCP = ‒1.75±0.15oC). 
Nevertheless, it significantly reduced OS level (ΔOS = ‒11 h), although the absolute value (OS = 10.36 h) remains compliant with international 
standards. 
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1. Introduction 

Humans fundamentally require energy to accomplish various 
tasks. Interestingly, the demand for energy persistently 
escalates each year, both in type and quantity, reflecting 
ongoing diversification and growth in consumption patterns 
(Pan et al., 2022). Energy diversification is primarily influenced 
by the rapid shifts in lifestyle, environmental concerns, and 
advancements in technology (Dey et al., 2021). Then, the 
massive elevation in energy quantity is driven by the 
accelerating increase in human population (Leng et al., 2020). 
However, the expansion of energy demand is needed to 
encourage regional economic growth, with a strong positive 
correlation (László, 2023). The more energy supply supports the 
enhancement in production, consumption, and transportation 
activities (Pradana et al., 2018; Prasakti et al., 2020). 

Nonetheless, current energy sources are insufficient to meet 
this rising request (Yuarrina et al., 2018). The availability of 
fossil-based fuels as principal energy is diminishing annually, 
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leading to energy shortages and elevated costs (Riyadi et al., 
2023). Additionally, the excessive use of fossil fuels should be 
avoided to minimize environmental and health risks associated 
with emissions (Pradana et al., 2021; Wahyono et al., 2020). To 
address those challenges, all stakeholders are actively working 
to produce renewable and cleaner energy sources. Among these 
options, biodiesel is considered a viable preference (Lugito et 
al., 2025). 

Biodiesel, a sustainable substitute for fossil diesel, is 
generally manufactured through chemical reactions involving 
fatty acids and alcohols with the involvement of catalyst, 
yielding fatty esters (Pradana et al., 2025a). Sources of fatty 
acids can be obtained from commercial edible oils (such as 
palm, soybean, and repeseed oils) and non-edible feedstocks 
(including Jatropha, rubber-seed, karanja, and waste oils) (L. 
Wang et al., 2023). Non-edible feedstocks are promoted to 
support or substitute edible oils as raw materials at a more 
affordable cost (Pradana et al., 2020). Moreover, the utilization 
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of non-edible feedstocks also offers multiple benefits, such as 
diversification of raw material sources, mitigation of conflicts 
with the food industry, and contributions toward waste 
reduction (Jhoni & Pradana, 2025; Suzihaque et al., 2022; 
Thushari et al., 2019). Subsequently, the alcohols usually used as 
reactants are methanol and ethanol. However, alcohols with 
carbon chains of up to eight atoms, whether straight or 
branched, can also be utilized as reactants for certain purposes 
(Sierra-Cantor & Guerrero-Fajardo, 2017). 

Over the past five years, global biodiesel production has 
shown consistent growth in volume. Based on data released by 
Organisation for Economic Co-operation and Development 
(OECD) in collaboration with Food and Agriculture 
Organization (FAO), in the period of 2020‒2024, total 
production expanded from 49.9 billion liters to more than 60 
billion liters (OECD & FAO, 2024b). This production volume is 
spread accross various countries and regions in the world, as 
depicted in Fig. 1. The most superior country or region for 
biodiesel manufacturing is European Union with total volume of 
17.3 billion liters in 2024. The next three leading countries in 
biodiesel production are United States (13.5 billion liters), 
Indonesia (11 billion liters), and Brazil (7.1 billion liters). These 
countries have seen significant expansion in biodiesel 
production in the last five years to encourage their energy 
transition efforts. The combined production of these four 
dominant countries or regions is 48.9 billion liters or over 80% 
of world production. Of this amount, vegetable oils-based 
biodiesel was still the mainstay with a dominance of 70% (OECD 
& FAO, 2024a). Most recently, used cooking oils have also 
attracted the attention of several producers as plentiful and cost-
effective feedstocks (OECD & FAO, 2024b). 

Although biodiesel demonstrates promising potential, its 
implementation in regular diesel engines faces several 
challenges. The elevated proportion of saturated fatty esters 
adversely affects cold fluidity (Amran et al., 2022; Santos et al., 
2023). Poor cold fluidity allows for clogging of fuel flow lane at 
low ambient temperature (Sia et al., 2020). Nevertheless, 
improving this property by increasing unsaturation in the fatty 
ester chains, as presented in Fig. 2, worsens oxidation stability. 
It technically diminishes fuel calory, corrodes engine parts 
faster, and releases higher emission (Anwar & Garforth, 2016; 

Lanjekar & Deshmukh, 2016). Then, isomerization process is 
proposed to refine cold flow properties and oxidation stability. 

Isomerization is a chemical process that alters the 
arrangement of atoms within a compound without changing its 
overall chemical formula (Pradana et al., 2024). Isomerization 
can be divided into five categories, but this study focuses on 
skeletal (branching) and geometric (cis-trans) isomerization. The 
first mentioned category directly promotes better biodiesel 
fluidity at low temperature, while the second improves stability 
against oxidation (Anwar & Garforth, 2016). Basically, cis-trans 
isomerization reaction necessitates an acid catalyst to lessen the 
activation energy, facilitating the process (Liu et al., 2019; Misra 
et al., 2023). Among several types of acid catalysts, solid 
superacid catalysts have emerged as prominent isomerization 
catalysts due to their excellence in acidity and solid form 
(Sierra-Cantor & Guerrero-Fajardo, 2017; Varala et al., 2016). 
According to Arata et al. (2003), sulfated tin(IV) oxide 
(SO4/SnO2) was recognized as the most acidic metal oxide. 
Because of this characteristic, SO4/SnO2 material is expected to 
exhibit notable catalytic activity in isomerization reaction. 

Thereafter, this research was conducted to examine the 
characteristics and activity of SO4/SnO2 catalyst in the biodiesel 
isomerization. This catalyst was synthesized via wet nitration 
method, in which tin metal was reacted with nitric acid to 
generate meta-stannic acid. Subsequently, the meta-stannic 
acid was modified using sulfate anions. This technique differs 
from the hydrolysis approach previously studied (Pradana et al., 
2025b). According to Hino et al. (2007), SO4/SnO2 catalysts 
derived from meta-stannic acid exhibited superior catalytic 
activity compared to those prepared via hydrolysis of tin salts. 
This reaction was investigated with respect to its impact on 
biodiesel cold flow behavior and oxidation stability.  

In addition, this research also examined the insertion of 
terpentine oil and α-terpineol as biodiesel cold flow modifiers. 
Turpentine oil has been reported to enhance the cold fluidity of 
B40 (Achmad et al., 2025) and blended B100 (Ballesteros et al., 
2020). Meanwhile, the influence of α-terpineol on biodiesel cold 
flow properties has not been extensively studied. Then, this 
investigation was conducted to observe their influence on 
biodiesel low-temperature operability and oxidative resistance, 

 
Fig. 1. Country or region-based biodiesel production in the recent five years. These data were collected from OECD & FAO (2024a). 
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comparing the results with those obtained through 
isomerization. 

2. Materials and Methods 

2.1 Materials 

This investigation utilized several essential materials for catalyst 
production, including tin powder ≥99.5% (Sigma Aldrich, USA), 
HNO3 solution ≥65% (Merck, Germany), H2SO4 solution 95‒
97% (Merck, Germany), and diphenylamine (Sigma Aldrich, 
USA). For catalyst acidity test, sodium hydroxide (NaOH) 
pellets ≥99% and halite (NaCl) ≥99.5% were purchased from 
Merck, Germany. For reaction, palm biodiesel consisting of fatty 
acid methyl esters was provided by PT Sinarmas Bio Energy 
(Indonesia) in two delivery batches. Subsequently, n-hexane 
≥99%, supplied by Merck (Germany), was utilized as solvent for 
sample preparation of biodiesel feedstock and isomerization 
product. Meanwhile, turpentine oil and α-terpineol (≥97%) as 
bio-additives were obtained from Perhutani Pine Chemical 
Industry (Pemalang, Indonesia). 

2.2 Catalyst Preparation 

In this study, STO catalyst was manufactured via two-step 
technique: (1) tin (IV) oxide (TO) synthesis through wet nitration 
process (Wenxiang et al., 2005); and (2) sulfate promotion on TO 
materials. In the first step, TO was prepared by reacting high 
purity tin metal with concentrated nitric acid at Sn‒HNO3 
weight ratio of 1:8 and temperature range of 85–90oC. The 
sediment was then rinsed with distilled water to ensure 
complete removal of nitrates. The absence of nitrate ion 
footprints was determined by introducing diphenylamine 
reagent, which was dissolved in sulfuric acid, into the washing 
wastewater till the solution ceased to exhibit a blue color. 
Subsequently, the nitrate-free TO solids were oven-dried 
overnight at 105oC. For second step, the dry TO solids were 
sulfated with excess 3M sulfuric acid for 1 h and the sulfated TO 
was oven-dried at 105oC for 2 h. Later, the pristine and sulfate-
modified TO materials were calcined at 500oC for 3 h. 

2.3 Catalyst Characterization 

The produced STO catalyst underwent examination to 
determine its thermal stability properties at temperature span of 

30‒1000oC, atmospheric pressure, and heating rate of 
10oC/min. This characterization was carried out using 
Simultaneous Thermal Analysis Instrument (Model PT-1600) 
manufactured by Linseis Inc. Then, the crystalline structures of 
calcined TO and STO materials were characterized using X-ray 
Powder Diffraction Analyzer (Type D2 Phaser) fabricated by 
Bruker Corporation. The X-ray, operated in this diffractometer, 
was generated from Cu-Kα radiation at wavelength of 1.5406 Å. 
Additionally, the diffraction angles (2θ) used for crystal scanning 
were in the range of 10‒80 degrees. 

The functional groups of calcined TO and STO solids were 
identified using Fourier Transform Infra-red (FT-IR) spectra 
provided by Bruker Alpha Infra-Red Spectrometer equipped 
with Platinum-Attenuated Total Reflectance. In this study, the 
infra-red transmittance was observed at wavelength between 
500-2000 cm-1. Next, the composition of elements and chemical 
compounds for calcined TO and STO materials was evaluated 
using X-ray Fluorescence Spectrometer (Type NEX-CG) 
engineered by Rigaku Holdings Corporation. For nitrogen-
sorption, BET analysis was isothermally conducted at 195.8oC 
using Tristar II Plus Analyzer fabricated by Micromeritics 
Instrument Corporation. 

Afterwards, Bronsted acidity test for calcined TO and STO 
solids was performed via potentiometric titration technique. In 
this method, a certain weight of NaOH pellets was inserted into 
4% NaCl solution to provide 0.05M sodium hydroxide solution 
as a titrant. Later, this titrant was gradually dripped onto the 
catalyst suspension (1.0 g STO in 100 ml 4% NaCl solution). The 
pH of the catalyst suspension was measured for every 0.5 ml 
drop of titrant, until it reached 10. Then, the acid concentration 
was specifically quantified based on the titration data (Yu et al., 
2016). 

2.4 Catalyst Activity Test 

The isomerization experiment was carried out over STO 
catalyst, with two replications, in the stirred batch reactor. The 
feed was palm biodiesel from the first delivery batch. The 
operating conditions were set at ambient pressure, catalyst 
percentage of 10 wt%, mixing speed of 900 rpm, and residence 
period of 12 h. The reaction temperature was also optimized at 
200oC to minimize potential carbon-chain cracking at higher 
temperatures and prevent a decrease in catalyst activity at 
lower temperatures. Once the reaction was complete, the 

 
Fig. 2. Effect of unsaturation process on melting point and oxidation stability of C-18 fatty esters. These data were collected from Anwar & 

Garforth (2016), Moser (2009), and Knothe & Dunn (2009). 
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biodiesel product was filtered to segregate it from the spent 
catalyst. 

Hereinafter, the components and composition of biodiesel 
(feedstock and product) were scanned utilizing gas 
chromatography-mass spectrometry (GC-MS). This equipment 
set, consisting of Claurus 600 Gas Chromatograph and Claurus 
600T Mass Spectrometer, was fabricated by PerkinElmer, Inc. 
The GC packed column used for biodiesel sample was Perkin 
Elmer Elite-5ms Column with an inside diameter of 0.25 mm 
and a length of 30 m. In this investigation, helium, used as the 
inert gas, was employed at a split value of 90:1. The initial and 
final temperatures were assigned at 180 and 260oC, 
respectively, with a ramp of 5oC/min. The GC-MS results were 
then utilized to calculate overall conversion ratio (CR), product 
yield (Y), and selectivity (S) using Eq. (1) – (3). In these 
equations, mi,B and mi,A referred to the weight of reactant 
component “i” before and after reaction, respectively. 
Meanwhile, mj,z,A and mj,z,B denoted the weight of product 
component “j”, related to process “z”, following and preceding 
the reaction, respectively. 

𝐶𝑅 (%) =
∑(𝑚𝑖,𝐵−𝑚𝑖,𝐴)

∑ 𝑚𝑖,𝐵
𝑥 100% (1) 

𝑌𝑧  (%) =
∑(𝑚𝑗,𝑧,𝐴−𝑚𝑗,𝑧,𝐵)

∑ 𝑚𝑖,𝐵
𝑥 100% (2) 

𝑆𝑧  (%) =
∑(𝑚𝑗,𝑧,𝐴−𝑚𝑗,𝑧,𝐵)

∑(𝑚𝑖,𝐵−𝑚𝑖,𝐴)
𝑥 100% (3) 

Additionally, the catalytic activity associated with Bronsted 
acid sites was quantified using turnover frequency (TOF) 
parameter. The TOF calculation was conducted using formula 
presented in Eq. (4). Ni,B and Ni,A symbolized the mole of 
reactant component “i” before and after reaction, respectively. 
Next, mcat and treact pointed the mass of catalyst and the reaction 
time. Meanwhile, ABronsted was Bronsted acidity measured using 
potentiometric titration method. 

𝑇𝑂𝐹 (ℎ−1) =
∑(𝑁𝑖,𝐵−𝑁𝑖,𝐴)

𝑚𝑐𝑎𝑡 × 𝐴𝐵𝑟𝑜𝑛𝑠𝑡𝑒𝑑 × 𝑡𝑟𝑒𝑎𝑐𝑡
 (4) 

2.5 Bio-additive introduction 

For sample preparation, a bio-additive at certain percentages 
(1−10 vol%) was introduced into 20 ml biodiesel. At this stage, 
the biodiesel feedstock used in the experiments was obtained 
from the second delivery batch (Me-myristate = 0.3 wt%; Me-
palmitate = 47.9 wt%; Me-stearate = 3.2 wt%; Me-oleate = 43.2 
wt%; Me-linoleate = 5.4 wt%;). Each mixture was then stirred 
for 10 min to ensure homogeneity. After mixing, it was ready for 
cold flow properties and oxidation stability analysis. 

2.6 Analysis of Cold Flow Properties and Oxidation Stability 

The pour point (PP) and cloud point (CP) of biodiesel feedstocks 
and products were investigated using PCA-70Xi Analyzer 
provided by Phase Technology Company. This instrument was 
operated with the standards of ASTM D5949 and D5773 for PP 
and CP observation, respectively. Finally, the best isomerization 
sample in each variable was observed for oxidation stability 
using ASTM D6751 method. This analysis was run on the 
Metrohm 873 Rancimat Analyzer (Metrohm Co., Switzerland) at 
a constant temperature of 110oC. 

3. Results and Discussion 

3.1 Catalyst Characteristics 

3.1.1 Thermogravimetry-Differential Thermal Analysis 

The stability analysis of STO catalyst against thermal is 
demonstrated through thermogravimetric-differential thermal 
analysis (TG-DTA) curves shown in Fig. 3. The curves displayed 
three endothermic peak points spread across three heating test 
areas: (1) 30‒200oC with peak point of 78oC; (2) 200‒450oC with 
peak point of 264oC; and (3) >450oC with peak point of 604oC. 
Totally, this thermal exposure reduced STO weight by 10.0%. 
The first area denoted the removal of physical and chemical 
water content with mass loss percentage of 2.7 wt%. Initially, 
the TGA curve exhibited the negative mass loss, indicating an 
increase in solid weight. This phenomenon was primary driven 
by the adsorption of ambient moisture onto STO solids (Alaya 
& Rabah, 2017; Pradana et al., 2025b). 

The second endothermic peak, appearing between 200 and 

450oC, corresponded to the decipherment of leftover H2SO4 
solution and the loss of volatile matter content on the STO 
surface (Hino et al., 2007; Pradana et al., 2025b). Due to these 
occurrences, the weight of STO solids was slightly reduced by 
0.7 wt%. In this temperature range, the absence of exothermic 
peak signified that sulfate anions were uniformly dispersed over 
the solid exterior, potentially inhibiting the dehydroxylation of 
tin hydroxide gel into tin oxide (Alaya & Rabah, 2017; Khalaf et 
al., 2011). Later, the last heating area (>450oC) elucidated the 
decomposition of surface-bonded sulfate at peak point of 604oC. 
This step contributed to the largest mass loss with a percentage 
of 6.6%. Typically, sulfate ion decomposes into a non-acidic 
form, which is subsequently released from the TO solid at 
elevated temperatures (Pradana et al., 2025b). Thus, the 
reaction requiring STO catalyst with optimum acidity properties 
is recommended to be conducted at temperatures below 450oC. 

3.1.2 X-ray Crystallography 

The crystalline construction of calcined TO and STO materials 
is depicted in Fig. 4A. The Bragg peaks of pristine TO were 
detected at 26.6o, 33.8o, 37.9o, 38.9o, 51.8o, 54.6o, 61.8o, 64.7o, 
65.8o, 71.2o, and 78.6o. These diffraction angles were 
corresponded to the planes of (110), (101), (200), (111), (211), 
(220), (002), (310), (112), (301), (202), and (321), respectively. 
According to standard No. 41-1445, the observed planes 
represented tetragonal-shape cassiterite tin oxide. The 
appearance of these peaks and planes was also identified in the 

 
Fig. 3. TG-DTA curves of STO catalyst. 
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pure tin oxide prepared by Pradana et al. (2025b), Alaya & 
Rabah (2017), and Liu et al. (2019). 

For STO material, the primary planes recognized in the 
diffractogram were (110), (101), (200), (211), and (112). The 
absence of sulfate peaks was due to the almost even spread of 
sulfate on the TO surface (Khalaf et al., 2011). More details in 
Fig. 4B, sulfate modification also did not significantly shift the 
major tin oxide peaks (110) and (101). These results particularly 
indicated the similarity of tetragonal-lattice between TO and 
STO. Furthermore, the wider peaks in STO diffraction curve 
were due to the lower crystallinity index and smaller crystal 
dimension. It was proven by the lower crystallinity index of STO 
solid (59.3%) than TO material (72.8%). These results confirmed 
the hinderance of tin oxide crystal formation by sulfate anions 
(Alaya & Rabah, 2017). 

3.1.3 Infra-red Vibrational Spectroscopy 

In this analysis, TO and STO solids showed infra-red spectra as 
illustrated in Fig. 5. The vibration of Sn‒O and O‒Sn‒O 
specifically appeared in the wavelength span of 500‒700 cm-1. 
These infra-red vibrations presented strong infra-red 
absorbances, asserting the prominent functional groups for both 
materials. The same situation was also presented in other results 
of TO-based materials (Alaya & Rabah, 2017; Liu et al., 2019; 
Pradana et al., 2025b). 

Later, sulfate modification promoted the vibrations of Sn‒
OH, symmetrical S‒O/S=O, asymmetrical S‒O/S=O, and 
water component. These additional vibrations were 
respectively identified at wavelengths of 976, 1038, 1142, and 
1636 cm‒1. The first mentioned vibration represented one of 
Bronsted acid groups contained in the STO solid (Akkera et al., 

2023). The second transmittance peak particularly indicated the 
existence of sulfate-based Bronsted acid on the solid exterior. 
Then, the asymmetrical S‒O/S=O vibration denoted a non-
acidic sulfate components in the form of bidentate sulfate 
complexes (Khalaf et al., 2011). Lastly, the spectrum of 1636 cm‒

1 exhibited the existence of residual water in the prepared STO 
(Akkera et al., 2023; Liu et al., 2019). 

3.1.4 X-ray Fluorescence 

The results of X-ray fluorescence for TO and STO materials are 
displayed in Table 1. Both materials were confirmed to 
predominantly contain tin metal in the form of tin(IV) oxide. The 
distinction was found in the absolute tin metal composition 
influenced by sulfation treatment. The promotion of sulfate 
anions into TO solids obviously elevated S and SO3 content 
while declining Sn and SnO2 levels. These compositions proved 
that sulfate anions were incorporated into TO solids. The similar 
effects of sulfate addition on SnO2 and SO3 content also 
occurred in previous study by Pradana et al., 2025b. 

3.1.5 Nitrogen Physisorption 

 
Fig. 4. (A) X-ray diffractograms and (B) peak shift analysis of TO 

and STO materials. 

 

 
Fig. 5. FTIR spectra of TO and STO materials. 

 

Table 1  
XRF-based chemical composition of TO and STO materials. 

Component/element 
Composition (wt%) 

TO STO 

Oxide components: 

SnO2 94.47 87.7 

SO3 0.06 7.77 

CaO 2.84 2.12 

Al2O3 0.28 0.19 

K2O 1.59 1.39 

Elements: 

Sn 74.41 69.08 

S 0.03 3.11 

O 21.68 24.55 

Ca 2.03 1.52 

Al 0.15 0.10 

K 1.32 1.15 
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The results of nitrogen physical sorption and pore size 
distribution for TO and STO materials are demonstrated in Fig. 
6. Based on Fig. 6A, TO isotherm curve was categorized as Type 
IV hysteresis curve with Type H2 loop, indicating a mesoporous 
texture (Thommes et al., 2015). This investigation was 
supported by the pore size distribution curve (Fig. 6B), showing 
a peak level at a pore diameter of 13.03 nm. Then, according to 
Table 2, this material presented an average pore diameter of 
14.5 nm with a total surface area of 43.5 m2.g‒1. Additionally, 
total pore volume was observed at 0.16 cm3.g‒1. 

Hereafter, sulfate promotion transformed TO solids into 
microporous structure (Type I hysteresis curve) (Thommes et 
al., 2015). It was due to the inhibition of crystallization as well 
as the coverage of pore surface by sulfate anions. From Fig. 6B, 
the pore size of STO material was concentrated at micropore 
and narrow mesopore diameters with a peak of 1.89 nm. The 
average pore size of STO solids, as indicated in Table 2, was 
measured at 3.2 nm. Technically, this pore size was eligible for 
the passage of fatty ester molecules. The largest size of fatty 
ester molecules was close to that of the stearic acid molecule at 
2.45 x 0.25 nm (Anwar & Garforth, 2016). This point was crucial 

for facilitating the mass transfer of reacting molecules within the 
catalyst pores. The smaller pore size led to the higher surface 

area. Total surface and micropore areas were reported at 137.1 
and 37.6 m2.g‒1, respectively. Moreover, total pore volume 
decreased significantly, halving to 0.06 cm3.g‒1. 

Furthermore, the quantitative results of solid surface 
analysis using BET method are tabulated in Table 2. The mean 
pore size of SnO2 (14.6 nm) has been demonstrated to be larger 
than that of Ni/SO4/SnO2 (3.3 nm). In this situation, the smaller 
pore size of Ni/SO4/SnO2 solid is mainly due to the imperfect 
crystallization of tin(IV) hydroxide influenced by sulfate 
hindrance (Pradana et al., 2025b). This pore size parameter 
proportionally correlates with the total pore volume, but 
inversely with the surface area. As evidence, the BET surface 
area of SnO2 and Ni/SO4/SnO2 solids is 43.5 and 134.2 m2/g, 
respectively. Meanwhile, the total pore volume of SnO2 and 
Ni/SO4/SnO2 solids has been measured at 0.16 and 0.11 cm3/g, 
respectively. This observation was consistent with the findings 
investigated by Khalaf et al. (2011), Alaya & Rabah (2017), and 
Pradana et al. (2025b). 

3.1.6 Bronsted Acidity 

The results of Bronsted acidity test for TO and STO materials are 
summarized in Table 3. Initially, the acidity of TO solids were 
observed at 0.20 mmol.g‒1. In this condition, the number of acid 
sites was quantified at 4.1 × 10‒3 mmol.m‒2. These values were 
comparable to other prior studies. Khalaf et al. (2011) reported 
the acid amount of tin oxide (Tcalcine = 600oC) at 0.11 mmol.g‒1. 
Khder et al. (2008) measured the acid sites number of tin oxide 
(Tcalcine = 550oC) at 0.35 mmol.g‒1. Moreover, tin oxide 
synthesized by Pradana et al. (2025b) through a hydrolysis 
method (Tcalcine = 500oC) showed a Bronsted acid amount of 0.19 
mmol.g‒1. 

Subsequently, sulfate modification provided an impressive 
addition of acid amount attached on the solid exterior. The total 
acidity of STO solids was detected at 2.03 mmol.g‒1. In other 
words, the acid amount in STO solids increased tenfold in 
comparison to TO solids. These findings emphasized that the 
elevation of SO3 content in the STO, as XRF analysis results in 
Table 1, led to higher acid concentration. This acidity value was 
more excellent than other previous studies. Khder et al. (2008) 
and Khalaf et al. (2011) prepared STO catalysts with acid sites 
number of 1.30 and 0.40 mmol.g‒1, respectively. Pradana et al. 
(2025b) manufactured STO catalyst with hydrolysis tin(IV) 
chloride salt with acidity value of 1.15 mmol.g‒1. Alaya & Rabah 
(2017) outlined the acidity amount of sulfated-tungstated tin 
oxide (Tcalcine = 400oC) at 0.97 mmol.g‒1. 

3.2 Evaluation of Isomerization Reaction 

3.2.1 Biodiesel Component Observation 

The results of GC-MS analysis for biodiesel feedstock and STO-
catalyzed isomerization product are visualized in Fig. 7. 
According to these graphs, STO catalyst was established to 
catalyze skeletal and geometric isomerization. For skeletal 
isomerization, methyl iso-palmitate (Fig. 7c) and iso-stearate 
(Fig. 7e) as isomerized fatty esters were slightly detected in the 

 
Fig. 6. (A) Nitrogen-sorption isotherm curves and (B) pore 

diameter distribution of TO and STO materials. 

 

Table 2  
Solid textural properties of TO and STO materials. 

Parameter TO STO 

Total surface area (m2.g‒1) 43.5 137.1 

Micropore area (m2.g‒1) ‒ 37.6 

Total pore volume (cm3.g‒1) 0.16 0.08 

Average pore diameter (nm) 14.5 3.2 

 

Table 3  
Bronsted acidity of TO and STO materials. 

Parameter TO STO 

Bronsted acidity (mmol.g‒1) 0.20 2.03 

Number of Bronsted acid 
sites (mmol.m‒2) 

4.6 × 10-3 1.5 × 10-2 
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reaction product. The composition of both components denoted 
values of 0.03±0.001 and 0.003±0.0002 wt%, respectively. 
Meanwhile, geometric or cis-trans isomerization was identified 
from the appearance of methyl elaidate (Fig. 7g) with a 
composition of 9.48±1.22 wt% in the biodiesel product. As 
mentioned in Fig. 2, methyl elaidate (trans structure) is a 
geometric isomer of methyl oleate (cis structure). 

In addition to facilitating isomerization, STO catalyst also 
encouraged hydrogenation, hydrolysis, and cracking reactions. 
Hydrogenation reaction was primary indicated by the reduction 
of methyl linoleate (Fig. 7h) and the increase of methyl stearate 
(Fig. 7d). Additionally, the elevation in methyl oleate 
composition (Fig. 7f), after being reduced by cis-trans 
isomerization, provided compelling evidence for the occurrence 
of hydrogenation reaction. Later, hydrolysis was designated by 
the presence of palmitic acid (Fig. 7i) in the biodiesel product. It 
was generated from the reaction between methyl palmitate and 
residual water. 

Lastly, cracking reaction was associated with an alleviation 
in the composition of methyl myristate (Fig. 7a) and palmitate 
(Fig. 7b). The decrease of methyl palmitate was attributed to this 
reaction because it was higher than the isomerized one. This 
reaction potentially produced shorter chain esters and gaseous-
state hydrocarbons (Indarto et al., 2006; Indarto, 2012). Based 
on this phenomenon, hydrogen was most likely derived from 
these hydrocarbons for fatty ester hydrogenation, promoting 
double- or triple-bond hydrocarbons. 

3.2.2 Catalyst Activity Evaluation 

Furthermore, the GC–MS analysis results were used as the basis 
for evaluating the reactivity of STO catalyst in the biodiesel 
isomerization. The calculation results of STO catalyst activity 
are tabulated in Table 4. Conversion ratio of overall reaction 
was quantified at 12.54±0.60%. In this condition, yields of 
skeletal and geometric isomerization were reported at 
0.03±0.001 and 9.48±1.21%, respectively. The selectivity values 

for both isomerization schemes were counted at 0.26±0.02 and 
75.66±5.77%. Totally, STO catalyst directed isomerization 
reaction with a selectivity of 75.92±5.79%. Hereafter, the side 
reactions of hydrogenation, hydrolysis, and cracking were 
documented with yields of 2.12±0.65, 0.37±0.01, and 

 
Fig. 7. Composition of biodiesel feedstock and STO-catalyzed isomerization product: (a) methyl myristate (C14:0); (b) methyl palmitate 

(C16:0); (c) methyl iso-palmitate (C16:0-iso); (d) methyl stearate (C18:0); (e) methyl iso-stearate (C18:0-iso); (f) methyl oleate (C18:1-cis); (g) 
methyl elaidate (C18:1-trans); (h) methyl linoleate (C18:2); and (i) palmitic acid. 

 

Table 4  
Conversion ratio, product yield, selectivity, and turnover frequency 
of STO-catalyzed reaction. 

Parameter Value 

Conversion ratio (%) 12.54±0.60 

Yield (%): 

Skeletal (branching) isomerization 0.03±0.001 

Geometric (cis-trans) isomerization 9.48±1.21 

Hydrogenation 2.12±0.65 

Hydrolysis 0.37±0.01 

Cracking 0.53±0.05 

Selectivity (%): 

Skeletal (branching) isomerization 0.26±0.02 

Geometric (cis-trans) isomerization 75.66±5.77 

Hydrogenation 16.93±6.29 

Hydrolysis 2.99±0.25 

Cracking 4.20±0.16 

Turnover frequency (h−1):  

Overall 1.75×10−1±8.5×10−3 

Skeletal (branching) isomerization 5.02×10−4±1.8×10−5 

Geometric (cis-trans) isomerization 1.31×10−1±1.7×10−2 

Hydrogenation 2.95×10−2±8.9×10−3 

Hydrolysis 6.00×10−3±1.9×10−4 

Cracking 7.73×10−3±7.5×10−4 
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0.53±0.05%, respectively. These undesirable reactions 
interfered the selectivity of STO catalyst by 24.13±6.71%. 

Previous isomerization research using acid-based catalysts 
demonstrated various catalytic activities. Busto et al. (2012) 
isomerized n-hexadecane using Pt/WO3/ZrO2 and 
Pt/SO4/ZrO2 with isomer product yields of 4.1 and 0.2%, 
respectively. The work by Zhang et al. (2001) revealed the 
branching-reaction results of straight-chain cetane over nickel-
doped WO3/ZrO2, achieving a maximum yield of 31.7%. Zhang 
et al. (2003) investigated sulfated zirconia catalyst for methyl 
oleate isomerization with a yield of 36%. Pradana et al. (2025b) 
presented catalytic performance of Fe/SO4/SnO2 catalyst for 
palm biodiesel isomerization with a selectivity of 90.8%. Liu et 
al. (2019) conducted isomerization of high oleic FAME using p-
toluenesulfinic acid catalyst with the highest isomer selectivity 
of 79.8%. 

In comparison with earlier studies, the catalyst performance 
in this work was still relatively low, despite the catalyst 
exhibiting high acidity and a large specific surface area. The 
most probable explanation is the presence of mass transfer 
limitations, which hinder the diffusion of reactant molecules 
from the bulk liquid to the acid sites on the catalyst pore surface. 
Then, this resistance is likely triggered by the relatively small 
pore size, which restricts the continuous diffusion of reactant 
and product molecules. The average pore diameter of the 
catalyst was measured to be 3.2 nm. In comparison, the size of 
a representative fatty ester molecule in palm biodiesel (methyl 
stearate) is approximately 2.45 nm (Anwar & Garforth, 2016). 
Based on these data, the reactant and product molecules are 
able to access and diffuse through the catalyst pores. However, 
the pore size does not allow the simultaneous transport of two 
or more molecules, thereby giving rise to the resistance of 
internal pore mass transfer. 

This observation was further supported by the analysis of 
the acid site activity using turnover frequency (TOF) parameter. 
The TOF of overall reaction was calculated to be 
1.75×10−1±8.5×10−3 h−1. The highest acid site activity was 
observed for the cis–trans isomerization reaction, with a TOF of 
1.31×10−1±1.7×10−2 h−1. In other words, approximately 75% of 
the acid site activity was associated with promoting the 
formation of methyl elaidate from methyl oleate. This value is 
relatively low compared with that of Ni/ZSM-22 catalysts (TOF 
= 9.4–14.2 h⁻1) for the hydroisomerization of long-chain fatty 
acids (Yan et al., 2025), as well as SAPO-11 (TOF = 8.3 h⁻1) and 
ZSM-35 (TOF = 14.8 h⁻1) for n-hexadecene isomerization 
(Bruno & Dooley, 2015). Subsequently, a number of related 
catalysts demonstrate comparable TOF values to that 
investigated in this work, including Pt/β-zeolite (TOF < 0.5 h⁻¹) 
for n-hexane isomerization (Wang et al., 2024), and Ru/Al2O3 
(TOF = 0.22–0.77 h⁻¹) for linoleic acid isomerization (Bernas et 
al., 2004). Meanwhile, several other catalysts have lower TOF 
values than those of this examined catalyst, such as Pd-Mg/SiO2 
(TOF = 1.1 × 10⁻² h⁻¹) for the hydroisomerization of soybean 
biodiesel (Thunyaratchatanon et al., 2016) and SO4/SnO2 (TOF 
= 1.76 × 10⁻² h⁻¹) prepared via hydrolysis method (Pradana et 
al., 2025). 

3.2.3 Cold Flow Properties Measurement 

A summary of the experimental results and reference standards 
of biodiesel cold flow properties is provided in Table 5. 
According to the measurements, the isomerized biodiesel was 
found to have a PP of 11oC and a CP of 16.1±0.05oC. This PP 
value was slightly lower than that of the feedstock (ΔPP = ‒1oC). 
This value fails to comply with the PP standard defined in 
ASTM-D6751. However, institutions that implement European 

standard for biodiesel, along with additional requirement 
fulfilment, will find it to be a manageable challenge. 

Thereafter, CP value of the isomerized biodiesel revealed an 
increase of 0.50±0.15oC from the feedstock (ΔCP = 
0.50±0.15oC). It implied that geometric isomerization, as a 
dominant reaction, slightly deteriorated biodiesel cold flow 
properties. These findings aligned with the fundamental theory 
explained by Anwar & Garforth (2016), indicating that trans-
structured fatty esters worsened biodiesel cold fluidity. The 
reduction in cold flow properties was also attributed to the 
elevation of biodiesel saturation degree, as visualized in Fig. 2. 
This observation was reflected by an alleviation in methyl 
linoleate (poly-double-bond fatty ester) accompanied by an 
escalation in the total content of mono-unsaturated fatty esters 
(methyl oleate and methyl elaidate). In addition, the slight 
escalation in CP was also contributed by the higher level of 
methyl stearate in the biodiesel product.  

Then, for skeletal isomer products, they exerted a negligible 
improvement effect on the biodiesel cold flow properties due to 
their very low concentrations. Moreover, their other 
physicochemical properties, including density, kinematic 
viscosity, cetane number, and oxidation stability, differ only 
marginally from those of their corresponding straight-chain fatty 
esters (Pradana et al., 2024; Sierra-Cantor & Guerrero-Fajardo, 
2017). According to the absolute values of PP (11oC) and CP 
(16.10±0.05oC), the isomerized biodiesel does not comply with 
ASTM standard (D6751). Nonetheless, this biodiesel product 
can be applied in areas that adhere to European standards, with 
the responsibility of reporting cold flow properties. 

3.2.4 Oxidation Stability Investigation 

The investigation results and standards of biodiesel oxidation 
stability are tabulated in Table 6. This oxidation analysis 
indicated that the induction period for biodiesel product was 
19.38 h. This value was higher than the feedstock (18.02 h). The 
findings implied that geometric isomerization demonstrated the 
enhancement of biodiesel oxidation stability. As discussed by 
Anwar & Garforth (2016), methyl elaidate (OS = 7.7 h) exhibits 
significantly higher oxidation stability than methyl oleate (OS = 
2.5 h). Moreover, these results were also attributed to the 
reduced composition of poly-unsaturated methyl linoleate and 
the increased fraction of mono-unsaturated fatty esters, as 
illustrated in Fig. 2. This condition led to a higher degree of 
saturation in the biodiesel product, translating into enhanced 
oxidation stability. Meanwhile, skeletal isomer products derived 
from saturated fatty esters exhibit oxidation stability 
comparable to that of their parent components, since the degree 
of saturation is not modified. Additionally, due to their relatively 
minor composition, the effect of these components was 
negligible in this study. 

According to several standards issued by ASTM, European 
Committee for Standardization, and Indonesian Government, 

Table 5  
Cold flow properties of biodiesel feedstock, product, and 
standards. 

Biodiesel PP (oC) CP (oC) 

Feedstock 12 15.60±0.10 

Isomerization product 11 16.10±0.05 

ASTM Standard (D-
6751)*) 

min. ‒15 

max. 10 

min. ‒3 

max. 12 

EU Standard (EN-14214)*)  ‒ ‒ 

Source: *) Pradana et al., 2024  
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the stability of biodiesel product against oxidation satisfies with 
these established regulations. The observation by Liu et al. 
(2019) elucidated that geometric isomerization affected the 
oxidative resistance of biodiesel. The improvement of oxidation 
stability for camelia seed, safflower seed, and sunflower FAMEs 
was pointed at 3.3, 0.2, and 5.6 h, respectively. Meanwhile, the 
other STO-catalyzed isomerization, conducted by Pradana et al. 
(2025b), presented the improvement of biodiesel oxidation 
stability at 1.6 h. 

3.3 Investigation of Bio-additives Insertion 

3.3.1 Effect on Cold Flow Properties 

The measurement data of cold flow properties for biodiesel with 
bio-additive insertion are presented in Table 7. The first 
evaluated bio-additives was turpentine oil. The insertion of 1 
vol% turpentine oil in biodiesel did not have any effect on the 
pour point alteration. Then, the addition of this bio-additive at 
percentages of 3 and 5 vol% slightly diminished the PP by 1oC 
(ΔPP = ‒1oC). While, the mixing of biodiesel and 10 vol% 
turpentine oil led to a decrease in the pour point by 2°C. Later, 
the inclusion of turpentine oil at concentrations of 1−10 vol% 
progressively reduced the mean pour point from 0.40±0.10 to 
1.90±0.20oC. 

Thereafter, the second observed bio-additive was α-
terpineol. The effect of α-terpineol addition on biodiesel PP was 
similar to turpentine oil. However, the introduction of this bio-
additive provided greater leverage on alleviating biodiesel CP 
than turpentine oil. The reduction in the average biodiesel CP 
at α-terpineol percentages of 1, 3, 5, and 10 vol% was recorded 
at 0.40±0.20, 1.05±0.15, 1.75±0.15, and 2.50±0.20oC, 
respectively. These findings signify that α-terpineol has 
potential as a cold flow properties improver for biodiesel, in 

addition to being an octane booster for gasoline (Vallinayagam 
et al., 2017). Nevertheless, it requires further study to ensure the 
compliance of biodiesel products with international standards 
(Table 5). 

For comparison, Achmad et al. (2025) investigated the effect 
of 5 and 10 vol% turpentine oil on the CP of B40 fuel with a 
decline of ±0.45 and ±0.90oC, respectively. Zhang et al. (2022) 
proposed the grafted copolymer poly-tetradecyl methacrylate-
styrene-citric anhydride (PTM-St-CA), at concentrations up to 2 
wt%, to improve low-temperature operability of diesel-FAMEs 
blending fuel with the best depressive impacts on PP and CP of 
±12.5oC and ±3.7oC, respectively. In the research conducted by 
Senra et al. (2019), introducing additives from glycerol 
derivatives at 15 wt% into FAMEs yielded the highest CP 
reduction of 3.6oC. 

3.3.2 Effect on Oxidation Stability 

Table 8 presents the oxidation stability results of biodiesel 
containing bio-additives. Generally, the incorporation of 
turpentine oil and α-terpineol negatively affected the OS of 
biodiesel. For the first bio-derived additives, the insertion of 
turpentine oil to biodiesel at levels of 1, 3, 5, and 10 vol% 
alleviated the OS by 2.89, 7.56, 21.31, and 21.32 h, respectively. 
It revealed that the utilization of turpentine oil as a biodiesel 
additive should remain below 5 vol% to avoid significant 
reduction in OS and comply this property with international 
standards (Table 6). 

Meanwhile, the inclusion of α-terpineol, at the same 
percentages, exhibited a lower reduction in OS properties than 
that of turpentine oil. The application of α-terpineol at a 
percentage of 5 vol% or below is still permitted, as its oxidation 
stability exceeds the threshold of international standards. 
Nonetheless, this biodiesel product cannot be implemented in 
several countries or regions that require higher OS, including 
Indonesia (OS ≥ 11 h) and Brazil (OS ≥ 13 h). 

Compared to prior studies, Nambiraj & Kumar (2024) 
inserted the natural extract from Citrus Aurantifolia L to extend 
biodiesel storage time from 2.64 to 11.2 h. Zhang et al. (2022) 
incorporated copolymer PTM-St-CA to refine oxidation stability 
of soybean-biodiesel blending fuel from 1.6 to 8.7 h. Later, in the 
study by Achmad et al. (2025), the addition of turpentine oil 
adversely influenced the oxidation stability of B40 blending fuel. 
The introduction of 5 vol% turpentine oil diminished biodiesel 
stability against oxidation from 311 to 250 min. 

Table 6  
Oxidation stability of biodiesel isomerization samples and 
international standards. 

Biodiesel OS (h) 

Feedstock 18.02 

Isomerization product 19.38 

ASTM Standard (D-6751)*) min. 3 

EU Standard (EN-14214)*) min. 8 

Source: *) Pradana et al., 2024  

 

Table 7  
Cold flow properties of biodiesel feedstock and products with bio-
additive introduction. 

Biodiesel PP (oC) CP (oC) 

Feedstock 9 14.00±0.10 

Products with: 

A. turpentine oil introduction 

(1) 1 vol% 9 13.60±0.00 

(2) 3 vol% 8 13.40±0.10 

(3) 5 vol% 8 13.20±0.10 

(4) 10 vol% 7 12.10±0.10 

B. α-terpineol introduction 

(1) 1 vol% 9 13.60±0.10 

(2) 3 vol% 8 12.95±0.05 

(3) 5 vol% 8 12.25±0.05 

(4) 10 vol% 7 11.50±0.10 

 

Table 8  
Oxidation stability of biodiesel feedstock and products with bio-
additives introduction. 

Biodiesel OS (h) 

Feedstock 21.36 

Products with: 

A. turpentine oil introduction 

(1) 1 vol% 18.47 

(2) 3 vol% 13.80 

(3) 5 vol% 0.05 

(4) 10 vol% 0.04 

B. α-terpineol introduction 

(1) 1 vol% 23.02 

(2) 3 vol% 16.51 

(3) 5 vol% 10.36 

(4) 10 vol% 3.71 
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4. Conclusion 

The process of isomerizing palm biodiesel was proven to 
perform with STO catalyst, although the reaction conversion 
was still relatively low at 12.54±0.60%. In this condition, the 
TOF of overall reaction and the selectivity of isomerization were 
quantified at 1.75×10−1±8.5×10−3 h−1 and 75.92±5.79%, 
respectively. The most obtrusive process was geometric (cis-
trans) isomerization, transforming methyl oleate into methyl 
elaidate. This reaction contributed to the decline in PP (ΔPP = 
‒1oC), the slight elevation in CP (ΔCP = 0.50±0.15oC), and the 
prolongation of OS (ΔOS = 1.36 h). For bio-additive insertion, 
the optimum result was the addition of α-terpineol at 
concentration of 5 vol%. This condition provided better cold 
flow properties (ΔPP = ‒1oC and ΔCP = ‒1.75±0.15oC) than the 
isomerization process. Nevertheless, it significantly alleviated 
the OS of biodiesel (ΔOS = ‒11 h), although the absolute value 
(OS = 10.36 h) still complies with the international standards 
ASTM D6751 and EN 14214.  
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