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Abstract: Waste cooking oil (WCO) biodiesel has some disadvantages, such as poor cold flow proper-
ties, low oxidation stability, and flash point during storage. These poor physicochemical properties
can be improved by different ways, such as the addition of non-edible oil. The aim of this study to
analyse physicochemical properties of the biodiesel made by between WCO and Schieichera oleosa (SO).
The biodiesel produced with 70:30% of WCO and SO respectively as crude oil, further introducing of
different KOH-based catalyst into this oil to obtained the methyl ester. The optimum yield transes-
terification process are 94% with 60 min. of the reaction time, 1 wt.% KOH, and 12:1 molar ratio the
methanol to oil. On the other hand, the Schleichera oleosa blend shows oxidation stability at 6.8 h and
3.3 h for Waste cooking oil methyl ester (WCME). The reduction of cold flow and, on the contrary,
the flash point increase were obtained with a 70:30% ratio of WCO and SO. The cold flow properties
and flash point of the fuel. Thus, mixed WCO and Schleichera oleosa oil improve the physiochemical
properties such as oxidation stability, flash point, and cold flow of biodiesel without the need for
synthetic antioxidants.

Keywords: biodiesel; cold flow; oxidation stability; waste cooking oil

1. Introduction

The increase in energy consumption is driven by the rapid growth of the manufac-
turing and transportation industries [1]. However, this increased consumption has also
raised concerns about the depletion of non-renewable energy sources, such as coal, oil,
and gas, and the sustainability of current energy practices [2]. To address these challenges,
there is a need for a concerted effort toward transitioning to renewable energy sources
and improving energy efficiency. The post-COVID-19 era is expected to see a rise in in-
dustrial fuel consumption [1], with the transportation sector accounting for about 25%
of global energy consumption [3]. Diesel engines are widely used in various industries,
including transportation, agriculture, manufacturing, and construction, due to their high
performance and reliability [4]. However, diesel engines also emit harmful gases that cause
environmental pollution [5]. The high consumption of fossil fuels not only contributes to
the depletion of fuel reserves but also causes environmental problems such as acid rain, air
pollution, climate change, and worsened drought conditions [6]. Therefore, diesel engines
should adopt environmentally friendly fuels to address the oil crisis and environmental
pollution [4]. Biodiesel, a non-petroleum-based alternative fuel, is one such source of re-
newable energy [7]. It produces less carbon monoxide, hydrocarbons, and certain materials
but produces higher nitrogen oxide (NOx) emissions [8]. Biodiesel also has a higher flash
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point and lubricity than diesel [9]. Due to the high cylinder temperature in diesel engines,
fast combustion can lead to higher NOx production [10].

Biodiesel can be produced from a wide range of oils, including both edible and non-
edible varieties, as well as waste oils and animal fats [11]. Biodiesel can be classified
into three generations: the first generation, which is derived from edible vegetable oils
such as palm oil [12], coconut oil [13,14], sunflower oil [15], and soybean oil [16,17]; as
well as non-edible oils such as Calophyllum inophyllum [18,19], jatropha curcas oil [19],
Reutealis trisperma [20], Ceiba pentandra [21], mustard oil [22], beauty leaf oil [23], rub-
ber seed oil [24], and mahua oil, in addition to animal fats [25]. The second generation
includes biodiesel from waste cooking oil [7,26]. Nowadays, various studies worldwide
are investigating biodiesel production from microalgae, which is considered the third
generation [27,28].

Biodiesel can be produced from waste cooking oil (WCO) through a transesterification
process that uses an alkali, acid, or enzyme catalyst [29]. Generally, the transesterification
process uses homogeneous catalysts [30]. This type of catalyst has the advantages of a
short reaction time (1 h) and high availability [31]. Several studies conducted on synthetic
biodiesel used heterogeneous [32] and enzymatic catalysts [33—-35]. However, the high free
fatty acid content (FFA) in WCO causes saponification [36]. In addition to developing many
new catalysts in biodiesel production, production techniques such as using infrared [37],
microwave [7,38], ultrasound [33], electromagnetic [34], and solar parabolic [39] in the
synthesis of WCO biodiesel were also developed.

The quality of fuel significantly impacts the oxidation stability level during the storage
of biodiesel produced from WCO [40]. However, biodiesel derived from WCO has disad-
vantages, such as poor oxidation stability and cold flow properties [23]. The water content
of WCO is higher than that of fresh oil due to the frying operation. As a result, this can
lead to an increase in free fatty acids, which can cause saponification, ultimately resulting
in a reduction in the yield of biodiesel [38].

The type of catalyst used in the transesterification process can impact the resulting
biodiesel’s cold flow properties and oxidation stability. For instance, the use of heteroge-
neous catalyst CaO-Al,O3 has resulted in lower cold flow properties than when KOH is
used. However, CaO-Al,O3 was found to produce biodiesel with higher oxidation stability
compared to those produced using potassium hydroxide (KOH) [30]. Furthermore, Wang.
et al. [41] reported that biodiesel viscosity and low-temperature flow properties increased
with polymethyl acrylate (PMA).

Biodiesel tends to deteriorate in quality over time due to its susceptibility to oxida-
tion [42]. An oxidation stability test is used to predict the shelf life of biodiesel [30]. During
the process of deterioration, secondary complex reactions occur, leading to the formation
of hydrogen peroxide and an increase in the acid value [43]. This process also causes the
formation of compounds and undesirable changes in properties [40]. Additionally, oxida-
tion can negatively impact the chemical and physical properties of the fuel, resulting in the
formation of insoluble gums that can clog fuel filters [44]. As a result, biodiesel that has
undergone oxidation is unsuitable for use [42]. Oxidised biodiesel can also pose problems
in cold climates [45]. Unfortunately, biodiesel’s poor cold flow properties and oxidation
stability are its primary quality determinants. Factors such as light and temperature can
affect biodiesel oxidation stability [40]. The degradation time of the fuel is significantly
influenced by contaminants, storage container characteristics, fatty acid profile, and the ab-
sence of antioxidants [46]. Despite its poor oxidation stability, biodiesel has the advantage
of high lubricity, which can increase brake power and reduce friction losses. Furthermore,
biodiesel has a high cetane and oxygen content but produces low sulfur emissions [9].

Fatty acid methyl ester fuel, when stored for extended periods, can form carbon
deposits. This, in turn, can cause operational issues within the fuel system and blockages
in diesel engine fuel filters [32,47]. According to Bezergianni et al. [48], after 12 months of
storage, water content, viscosity, total acid number, and density increased in WCO biodiesel.
The resulting polymer is insoluble in diesel fuel, limiting fuel injection and pumping [40].
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Furthermore, this polymer can cause corrosion within the fuel injection system and increase
wear due to aldehydes and short-chain acids forming in biodiesel [40].

Recently, many studies have been conducted to improve the low-temperature operation
of biodiesel, including adding additives [49], antioxidants [50], modifying structures [51],
and biodiesel-diesel blending [52]. Blending different feedstocks can enhance biodiesel
properties. Several studies have also been conducted on WCO biodiesel and other oil
blends. Milano et al. [7] reported that a mixture of biodiesel WCO and Calophyllum inopylum
(70:30) reduced the wear scar diameter (WSD) in lubricated ball bearings. In another study,
Milano et al. [23] explored different oils, including beauty leaf oil, Calophyllum inophyllum,
Jatropha curcas, and WCO (30:70), to increase the oxidation stability of WCO biodiesel. They
concluded that applying WCO biodiesel and Calophyllum inophyllum (70:30) effectively
enhanced the oxidation stability. Furthermore, the biodiesel blends Calophyllum inophyllum-
Ceiba pentandra (60:40) fulfill ASTM D6751 [53]. Dharma et al. [54] found that the biodiesel
blend of Jatropha curcas-Ceiba Pentandra (J50C50) reduced smoke opacity and carbon dioxide
emissions. Biodiesel B10 showed engine performance similar to diesel fuel in brake power,
thermal brake efficiency, and engine torque. Moreover, Milano et al. [23] obtained that
WCO biodiesel has high oxidation stability within 22 h. Blending Canola o0il with WCO and
mixed biodiesel improved cold flow properties, besides oxidation stability and fire point
upon extended storage [55].

Furthermore, the physicochemical and cold flow properties of WCO biodiesel can
improve with added natural and synthetic antioxidants. A study by Zhang et al. [56] demon-
strated that adding polymethacrylate (PMA) to soybean biodiesel led to a 17 h increase
in oxidation stability with only 2000 ppm. However, the use of Tert-Butyl-Hydroquinone
(TBHQ) as a synthetic antioxidant was found to be the most effective, with an induction
period (IP) of 10.19 h, although it did result in increased exhaust emissions (CO, NOx, and
HC) [47]. Jain and Sharma [57] discovered that the addition of pyrogallol (PY) was more
efficient in metal-contaminated Jatropha curcas biodiesel as compared to other additives,
such as TBHQ, butylated hydroxytoluene (BHT), propyl gallate (PG), and butylated hy-
droxyanisole (BHA). Meanwhile, there was a slight increase in the acid value, viscosity, and
moisture content of the stored sample, whereas there was a slight decrease in the iodine
number. However, it is important to note that the storage of WCO biodiesel for over a year
exceeds the appropriate standard [40].

Adding antioxidant doping to biodiesel enhances its oxidation stability when exposed
to air, light, and metals [8]. The presence of metal ions, such as Copper (Cu), Iron (Fe),
Manganese (Mn), and Carbon Monoxide (CO) in biodiesel can increase the oxidation
rate even at low concentrations [46]. Biodiesel with a high content of oleic and palmitic
acids tends to have greater oxidation stability [58]. According to Barti and Singh [42],
the addition of 1000 ppm (Camellia assamica) extract as an antioxidant increased the WCO
biodiesel induction period by 146% (from 2.88 h to 4.11 h) [42]. Serquera et al. [59] stated
that additional antioxidants such as curcumin, propyl gallate, butyl-hydroxyanisole, and
tert-butyl hydroquinone slow down biodiesel degradation and corrosion rate on metals
(carbon steel and copper). Cold flow properties are also crucial in biodiesel, particularly in
areas with cold weather [30]. The operation of biodiesel at low temperatures causes the
crystallisation of saturated fatty acid esters, which can block the fuel filter [52]. Different
natural and synthetic antioxidants used to improve the cold flow and oxidation stability of
WCO biodiesel are shown in Table 1.

Numerous studies have investigated biodiesel production from WCO, examining the
impact of using different feedstocks on the resulting methyl ester yield and properties.
Despite several articles on WCO biodiesel production being available in the literature, only
a few focus on producing WCO biodiesel blended with other feedstocks. Additionally,
there is no study on biodiesel production using a mixture of WCO and Schleichera oleosa.
This study aimed to improve the pour point, flash point, and oxidation properties of
biodiesel produced from WCO by mixing it with Schleichera oleosa oil. It will examine the
potential raw materials for blending biodiesel from WCO and Schleichera oleosa, characterise
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the physicochemical properties of the biodiesel produced, and evaluate the influence of
the catalyst amount on kinematic viscosity and density. Finally, the production time and
the impact of the oil molar ratio on the methyl ester yield will also be discussed. By
blending Schleichera oleosa oil into WCO, biodiesel physiochemical properties are expected
to improve.

Table 1. Literature of the added natural and synthetic antioxidants for improvement of cold flow and
oxidation stability of WCO Methyl ester.

Cold Flow

Type of . Oxid?t.ion
Biodiesel Improver Loading CP €O PP €O) CFPP Stability Ref.
(@) (h)
WCO Polymethyl acrylate (PMA) 0.04% -9 -17 -11 - Wang [41]
WCO WCO-Calophyllum 70:30 4 3 4 18.14 Milano [7]
inophyllum
WCO Green tea 1000 ppm - - - 2.88 Bharti [42]
Mixed oil
WCO Canola (65:35) 9 1.7 - 9.25 Kassem [55]
WCO Pyrogallol (PY) 750 ppm 9 11 3 - Uguz [60]
WCO TBHQ 1000 ppm - - - 51.2 Zhou [55]
WCO Thuja oreantalis L. 100 ppm - - - 6.79 Devi [61]
WCO ethylene-vinyl acetate (EVA) 0.1% 5 10 11 25.56 Sun [62]
2. Materials and Methods
2.1. Materials
Waste cooking oil (WCO) was collected from cafes in Medan City, North Sumatra,
and crude Schleichera oleosa (SO) oil was obtained from Probolinggo, East Java, Indonesia.
The experiment employed several chemicals, including 99.9% pure methanol (ACS reagent
grade), >98.9% pure HpSO,4, H3POy, filter paper (110 mm in diameter), and 99% pure
KOH pellets. Table 2 lists the physiochemical properties of Schleichera oleosa oil, WCO, and
WCOK3O0 crude oil. Physiochemical properties include density at 40 °C, dynamic viscosity
at 40 °C, kinematic viscosity at 40 °C, calorific value, oxidation stability, and acid value.
Table 2. Properties of crude oil WCO, SO, and WCOK?30.
Crude Oils Crude Oil Mixtures
Property Unit WCO Kusum WC70JC30
a b c
WCO [23] SO [63] WCOK30 [23]
Kinematic viscosity at 40 °C mm?/s 41.65 49.05 40.48 40.36 41.21 47.09
Dynamic viscosity at40 °C~ mPas 37.65 44.27 36.36 - 37.05 42.52
Density at 40 °C kg/m3 916 902.70 915 860 916 902.90
Acid value mg KOH/g 3.92 2.19 18 - 10 13.26
Higher heating value M]/kg 39.561 38.59 39.462 38.5 39.676 38.03
Oxidation stability 110 °C H 3.5 3.6 9.3 - 7 1.38

abc Result; WCME = waste cooking methyl ester; UCME = used cooking oil methyl ester; KOME = Schleichera
oleosa methyl ester; KSME = Kusum oil methyl ester; WSME = waste cooking and Schleichera oleosa methyl ester
and mixed (70:30); W70CI30 = waste cooking oil and Calophyllum inopyllum (70:30).

2.2. Equipment Set Up

The degumming and ester/transesterification processes were conducted by using the
equipment setup shown in Figure 1. These processes were carried out in a 1 L double
jacket reactor fitted with an overhead stirrer (model IKA RW 20). The reactor was also
equipped with a circulating water bath heater (DSC 1000 model) with a timer and a 2 L
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temperature capacity. The glass condenser was connected to a water cooling bath with a
pump circulating 0.05 L/s of water.

Figure 1. Experimental setup for ester and transesterification.

2.3. Biodiesel Production

The WCO was first filtered to eliminate any impurities and then heated to remove
any remaining water content., The WCO was subsequently mixed with Schleichera oleosa
oil at a volume ratio of 70:30 to create a blend known as WCOK30. However, upon
analysis, it was found that the free fatty acid (FFA) content in the waste cooking oil and
Calophyllum inopyllum (70:30) (WCOK30) crude oil exceeded the acceptable limit of 3.92%
(2%). Furthermore, the degumming process must be carried out to reduce FFA and gum in
WCOKB3O0 crude oil by heating in a double jacket reactor with a 1 L capacity set at 60 °C. A
20% concentration of H3POy (at a volume of 2%) was added to the blend and continuously
agitated for 30 min at a rotation speed of 800 rpm, as depicted in Figure 1.

After the degumming process, esterification was carried out by blending the degummed
oil with methanol in a molar ratio of 10:1, along with 2% (v/v) sulfuric acid (H,SO4). The
esterification reaction occurred in a 1 L double-jacketed reactor set at a temperature of
60 °C, with a stirring speed of 1000 rpm for 1-2 h. Following the completion of the reaction,
the oil and methanol were separated using a separatory funnel. Upon observation, it was
noted that the contents of the separatory funnel separated into two distinct layers, with the
esterified oil settling in the bottom layer and the methanol in the top layer. The esterified
oil was then collected for further processing through transesterification. The Flow chart of
esterification and transesterification from WCO, SO and WCOK30 are shown in Figure 2.

‘ wco ‘ | S. Oleosa ‘

WCO70%+ .
Crude oil mixture
S. Oleosa 30% vol
Degumming process -
(stirring speed 800 rpm + heating 60 °C H:POs concentration
Time 0.5 h (20%) 2% vol

1%t stage— Acid catalyzed Esterification
Molar ratio Methanol vs oil »
process 0,
(08:1; 10:1; 12:1) H2504 2% vol

(stirring speed 1.000 rpm + heating 60 °C, 1 h

2% stage— Acid catalyzed trans-esterification
Molar ratio Methanol vs oil process

(08:1; 10:1; 12:1) (stirring speed 1.000 rpm + heating 60 C, KOH (0.5—2%) wt fraction
time (1—2 h)

Separating funnel and washing water
destilated 50 °C

WCO — S.Oleosa
Methyl ester

Figure 2. Flowchart esterification and transesterification process of WCME, KOME and WSME.
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Transesterification was conducted to esterify the oil by adding a volume percentage
of sodium hydroxide (KOH) (0.5-2%) which was dissolved in methanol in molar ratios
of 8:1, 10:1, and 12:1. The mixture was stirred at 1000 rpm for 1-2 h at a temperature of
60 °C. The resulting mixture was separated into two layers, with crude biodiesel on top
and methanol on the bottom, by using a separatory funnel. The biodiesel was further
washed with distilled water at 50 °C to remove methanol and glycerol. The residual water
and methanol were eliminated by heating the WCOK30 biodiesel in a rotary evaporator at
90 °C, followed by filtration with filter paper.

2.4. Analysis of Crude Oil and Biodiesel

The physical and chemical properties of crude oil and biodiesel were analysed, in-
cluding high heating value, acid value, kinematic viscosity at 40 °C, density at 15 °C, and
oxidation stability at 110 °C. Additionally, pour point, flash point, cloud point, copper strip
corrosion, sulfur content concentration, and carbon residue were also characterised. The
equipment used to analyse the physicochemical properties of both crude oil and biodiesel
is listed in Table 3.

Table 3. Equipment and Test Methods for physicochemical properties.

Property Equipment Standard Method
Kinematic viscosity at 40 °C SVM 3000 viscometer cold properties (Anton Paar, Austria) ASTM D455
Density at 15 °C SVM 3000 viscometer cold properties (Anton Paar, Austria) ASTM D455
Cloud and pour point LAB 1300 ST Linetronic technologies, Switzerland ASTM D2500
Heating value Automatic calorimeter, IKA C2000, China ASTM D4809
Acid number and iodine value =~ ECH 7000 Titrator Type TAN/TBN Titrator (ECH Germany) ASTM D664
Flash point PMA 5 Pensky Martens flash point tester (Anton Paar, Austria) ASTM D93
Copper strip corrosion KOEHLER k25339 Copper strip corrosion test tube bath ASTM D130
Sulfur content Sulfur Meter X-Ray Tanaka Scientific RX 360SH ASTM D4294
Carbon residue Koehler K80030 Condradson Carbon residue test ASTM D189
Oxidation stability at 110 °C rapidOxy 100 fuel (oxidation stability tester (Anton Paar, Germany ASTM 7525
FAME content Gas Chromatography system EN 14103
DSC DSC 214 Polyma NETZSCH ASTM D3418
GC-MS Shimadzu Type QP2010 Plus ASTM6751
FTIR Bruker ALFA II ASTM E2412

2.5. DSC Measurement of WCME and WSME

The DSC type 214 (Polyma, NETZSCH) was used to measure the crystallisation
initiation temperature and enthalpy of freezing during the phase transformation of waste
cooking methyl ester (WCME) and waste cooking and Schleichera oleosa methyl ester and
mixed (70:30) (WSME). A sample of 8 mL was placed into a mini aluminum pan, and
the heat flow from the sample was compared to the reference temperature. The sample
was heated and cooled over a temperature range of 20 °C to —80 °C, with a flow rate of
10 °C/min, under a Nitrogen (N,) atmosphere. The equipment and test methods used for
the physicochemical properties of crude oil and biodiesel are shown in Table 3.

3. Results and Discussion
3.1. Characterisation Properties of Crude Oil WCO, SO, and WCOK30

Table 2 contains information on the physical and chemical properties, such as kinematic
and dynamic viscosities, acid and higher heating values, density, and oxidation stability.

The present study found that the kinematic viscosity and density of WCO were slightly
lower as compared to the values reported by Milano et al. [23]. Specifically, the kinematic
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viscosity is 41.65 mm? /s, while the density is 916 kg/m?, whereas Milano et al. reported
values of 49.05 mm? /s and 902.70 kg/m?3, respectively. On the other hand, the kinematic
viscosity of Schleichera oleosa is slightly higher than that reported by Sharkar et al. [63],
with a value of 40.48 mm? /s as compared to 40.36 mm? /s. Regarding the higher heating
value, the study found that Schieichera oleosa had a slightly higher value (39.462 MJ /kg)
than Sharkar et al. [63]. (38.5 M]J/kg).

In relation to Schleichera oleosa oil, the present study compared its physical properties
with those reported in preliminary studies. The kinematic viscosity and density were
40.36 mm? /s and 915 kg/m?3, respectively. The kinematic viscosity of Schleichera oleosa was
similar to that reported by Sarkar et al. [63] (40.36 mm? /s), but the viscosity was higher than
what was reported. On the other hand, the high heating values of WCO, Schleichera oleosa,
and WCOK30 were similar to the results reported in preliminary studies. The high heating
value of crude oil Schieichera oleosa was observed to be higher (39.462 M] /kg) as compared
to the value reported by Sarkar et al. [63], at 38.5 M]J/kg.

In comparison to the results reported by other studies, the kinematic viscosity of
WCOK30 was lower (41.21 mm?/s) as compared to the value reported by Milano et al. [23]
(47.09 mm?/s). The density of WCOK30 was slightly higher at 916 kg/m3 compared
to 902 kg/m3, as reported by Milano et al. [23], Consequently, the higher heating value
and oxidation stability of WCOKB30 differed from other mixed oil, as reported by Milano
et al. [23], with values of 39.676 M] /kg and 38.03 MJ/kg, respectively. The research found
a significant difference in the oxidation stability of WCOK30 crude oil compared to the
results reported in other studies. The oxidation stability of WCOKS30 crude oil was higher
at 7 h as compared to 1.38 h of WC70CI30 crude oil reported by Milano et al. [23].

3.2. Density and Kinematic Viscosity of WCME, KOME, and WSME

The density of biodiesel, as measured following the ASTM D1298 standard [9], is a
critical factor that impacts the fuel injection process and combustion efficiency in diesel
engines. The density of biodiesel plays a crucial role in fuel injection and atomisation,
directly affecting the engine’s thermal efficiency [64]. Typically, biodiesel density is higher
than diesel fuel, leading to increased in injection time and spraying penetration [65]. In
order to evaluate the physicochemical properties of WCO, SO, and WSME, the study
measured several parameters, as shown in Table 4. The present study observed that the
density of the WCME (875 kg/m?>) was marginally lower than Schleichera oleosa methyl
ester (KOME) (879 kg/ m3). On the other hand, the density of WSME (857 kg/ m?3) was
higher than KOME and WCME.

It was found that at 40 °C, WSME had a kinematic viscosity of 4459 mm? /s, slightly
lower than WCME (4.498 mm?/s) and KOME (4.472 mm?/s). The kinematic viscosity
of biodiesel WCME, KOME, and WSME at 40 °C was slightly higher than that of diesel
fuel (2986 mm?/s). The high kinematic viscosity of biodiesel can greatly impact the
spray atomisation process, causing a reduction in the intake stroke and ignition delay
in the mixing of fuel and air in the combustion chamber [9]. Biodiesel has a greater
viscosity, which is 10 to 15 times higher than diesel because it has a larger atomic mass,
and this tends to reduce thermal efficiency [64]. Higher kinematic viscosity can cause
engine chamber deposits, while lower viscosity reduces engine lubrication [23]. The
kinematic viscosity correlates with the acid value. Generally, fuel quality is assessed based
on the measured increase in kinematic viscosity and acid values of samples because these
parameters correlate with acid formation as oxidation progresses [8]. Despite a reduction
in kinematic viscosity and density by 0.867% and 2.057%, respectively, the cloud points of
WCME, KOME, and WSME tend to fulfill ASTM Dé6751 and EN 14214 standards.

3.3. Acid Value, the Concentration of Sulfur Residue, and Carbon Residue

The acid values of WCME, KOME, and WSME were 0.132 mg KOH/g, 0.308 mg
KOH/g, and 0.28 mg KOH/g, respectively. The increase in acid value from 0.132 mg
KOH/g to 0.308 mg KOH/g satisfies the range required by ASTM 6751 standard. The
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addition of Schleichera oleosa into WCO led to a slight reduction in the sulfur residue of
WSME from 0.092 (w/w)% to 0.0079 (w/w)%. Moreover, the carbon residues of WSME and
KOME wereslightly higher than that of WCME, at 0.00015% and 0.00034%, respectively.
The carbon residue of WSME was lower than the result reported by Milano et al. [23],
at 0.03%.

3.4. Heating Value

The heating value is a crucial property of diesel engines used in heavy vehicles as it
impacts fuel consumption and efficiency [66]. Table 4 shows the heating values of crude oil
WCO, Schleichera oleosa, and WCOK30. The heating value of diesel oil is higher as compared
to biodiesel. The calorific value of conventional diesel exhibits a high heating value of
46 MJ/kg, as shown in Table 4. In the current study, the high heating value of biodiesel de-
rived from WCME, KOME, and WSME was 40.047 M]J/kg, 39.889 M]/kg, and
39.952 M] / kg, respectively. However, the high heating value of all biodiesel was slightly
lower than that of WCO biodiesel [38]. As a result, the high heating value of biodiesel is
usually lower than that of conventional diesel, leading to a slight reduction in engine power
and torque of 7% and 8%, respectively [27]. The current results of biodiesel which has a
high heating value (HHV) correspond with previous studies. Specifically, the HHV of the
WSME (49.953 MJ /kg) was slightly lower in comparison with mixed WCO-Calophyllum
inophyllum biodiesel at 40.82 MJ/kg, which was reported by Milano et al. [23]. Fur-
thermore, the high oxygen content of biodiesel causes lower calorie values than diesel
fuel (46.200 MJ /kg).

3.5. Temperature

Flash point (FP), pour point (PP), and cloud point (CP) are important parameters to
consider when evaluating biodiesel. A high flash point is necessary to prevent fires during
storage, handling, and transportation [67]. The volatility of the fuel is inversely related to
its flash point, and the presence of solvents and residual alcohol in biodiesel can lower its
flash point [9]. Low pour and cloud points are desirable for biodiesel to perform well in
cold climates [38]. Table 4 shows the flash, pour, and cloud points of WCME, KOME, and
WSME. However, WSME had the highest flash point, followed by KOME and WCME. The
flash point of WSME was 172 °C, followed by KOME at 154 °C, and the lowest was WCME
at 98 °C. This exceeds the limit of the ASTM D6751 standard. A high quantity of saturated
(SFA) compounds can produce high pour and cloud points [46].

The current study demonstrated that blending WCO and Schleichera oleosa mixed oils
can enhance certain characteristics of biodiesel, including its cold flow properties. A critical
property affecting low-temperature operation is the pour point, which is lowered as the
value decreases. In the present study, the WSME pour point decreased from 12 °C to 9 °C.
As the fuel temperature drops, it can cause the formation of wax crystals, leading to the
solidification of the oil and clogging of the injectors and fuel filters. The cloud point is the
temperature at which the first visible wax crystals are observed in the fuel [9,66]. Table 4
shows the CPof WCME, KOME, and WSME. The addition of Schleichera oleosa to WCO at a
ratio of 70:30 improved the CP of the biodiesel by 19%, with a decrease from 25 °C to 21 °C.

The PP and CP values of WCME, KOME, and WSME were higher as compared to
those reported in previous studies, as shown in Table 4. The results obtained indicated that
the PP values for WCME, KOME, and WSME were 12 °C, 9 °C, and 9 °C, respectively.
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Table 4. Comparison of physicochemical properties of the WCME, KOME, and WSME produced.

Biodiesel Waste
Properties Unit ASTM Diesel WCaME Cooking Kq’ME Kusum Oil WSME W70CI30 Improve
D6751 [68] [69] f 7]
Kinematic 5
viscosity atd0°C  mm/s  1.9-60 2.986 4.498 3.2 4472 471 4.459 5.12 —0.867
Density at40 °C  kg/m3 880 823 875 876 879 875.6 857 878 —2.057
. mg _ B _ o,
.Ac1d Valur'e KOH/g 0.5 (maks) 0.132 0.308 0.28 0.57 112.12%
nghjglﬂejtmg MJ/kg - 46200  40.047 38.431 39.889 - 39.952 40.82 —0.237%
Oxidation stability o, 3 (min) - 3.3 - 9.03 32 6.8 18.14 106%
Flash Point °C 100-170 68.5 98 133 154 173 172 163.5 75.51%
Pour Point °C —~15-16 6 12 3 9 4 9 4 —25%
Cloud point °C —3-12 17 25 3 24 5 21 3 —19.04%
Copper strip - 3 (max) la la . la la la la -
COI‘I‘OSlOI’}
S&‘;ﬁiﬁr;ggg (w/w)% - 0.0760  0.0092 - 0.0093 32 0.0079 0.03 —14.13%
Canradsons (w/w)% - 0.00002 0.00015 - 0.00034 - 0.00034 - 844.44%

Carbon residue

abc Result; WCME = waste cooking methyl ester; UCME = used cooking oil methyl ester; KOME = Schleichera
oleosa methyl ester; KSME = Kusum oil methyl ester; WSME = waste cooking and Schleichera oleosa methyl ester
and mixed (70:30); W70CI30 = waste cooking oil and Calophyllum inopyllum (70:30).

3.6. Analysis Low-Temperature Properties of Methyl Ester

Figure 3 shows the differential scanning calorimetry (DSC) analysis results on the
low-temperature properties of the WCME and WSME biodiesel.

Exo

'

-433°C

Heat Flow (mW/mg)

— WCME
— WSME

-493°C

T T T T T T T T
-80 -60 -40 -20 0 20
Temperature (°C)

Figure 3. DSC curve of WCME and WSME.

Table 5 shows the results of data analysis for the DSC curves of WCME and WSME.
The temperature at which wax crystals start to form is called Tonset. The slope of the peaks
in DSC curves for WCME and WSME indicates the amount of wax deposition. AH refers
to the energy change from the liquid to the solid phase of a substance [70]. The specific
heat capacity (Cp) of a substance refers to the amount of heat energy required to raise the
temperature of 1 kg by 1 °C for both WCME and WSME. Table 4 and Figure 3 show that
WCME and WSME were 8.0 °C and 7.7 °C, respectively. These also show that adding SO oil
to WCO oil affects the temperature at which wax crystals start to form, slightly restricting
the formation of wax crystals. The DSC curves indicated that the T peaks of WCME and
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WSME were 6.7 °C and 5.8 °C, respectively, with no significant differences in temperature
peak and onset. Furthermore, the absolute AH of WCME (—7.1] g~ ') was slightly lower
than that of WSME, at —7.3] g~ 1.

Table 5. Analysis of the DSC graph WCME and WSME.

T T AH C Peak Area
S 1 T °C peak-1 peak-2 p
ample onset O Q) Q) (J gfl) (J/g °Q) J/g
WCME 8.0 6.7 —43.3 -7.1 —0.03 —47.97
WSME 7.7 5.8 —49.3 —-7.3 2.83 —63.73

3.7. GaschromatographyMass Spectrometry (GC-MS) Analysis of Biodiesel

There are two types of fatty acids, namely, saturated and unsaturated [71]. Unsat-
urated fatty acids are classified into two types, monounsaturated and polyunsaturated.
Saturated fatty acids include stearic (18:1), palmitic (C16:0), and myristic acids (14:0) [45].
Furthermore, unsaturated fatty acids include oleic acid (C18:1), palmitoleic acid (C16:1),
and gadoleic acid (C20:1) for containing a single, double bond along the carbon chain.
Monounsaturated fatty acids, such as oleic acid (C18:1), palmitoleic acid (C16:1), and
gadoleic acid (C20:1), have a double bond along the carbon chain. Polyunsaturated fatty
acids, namely, linoleic acid (C18:2) and linolenic acid (C18:3), have at least two double
bonds along the carbon chain [72]. Table 5 shows the methyl ester content derived from the
esterification or transesterification process using a base catalyst KOH for WCO, SO, and
WCOKS30.

The results of the GC-MS test of WCME, KOME, and WSME are shown in Table 6. The
palmitic acid content of WSME (51.08%) was higher than that of WCME and KOME (49.54%
and 37.18%), respectively. On the other hand, the oleic acid content of WSME (36.25%)
was slightly lower than that of WCME and KOME (38.16% and 45.56%), respectively.
Biodiesel with high palmitic and oleic acid contents generally exhibits increased oxidation
stability [58].

Table 6. Composition of FAME WCME, KOME, and WSME.

FAME (w/w) Carbon WCME Kusum

a b c

% Chain WCME [73] KOME [63] WSME W70CI30 [7]
Caprylic C8:0 - 25 - - - -
Lauric C12:0 - 3.2 - - - -
Myristic C14:0 - 1.73 0.46 0.01 0.60 0.64
Palmitic C16:0 49.54 21.13 37.18 5-8 51.08 28.97
Arachidic C20:0 - - - - - -
Heneicosanoic C21:0 - 1.79 - - - -
Stearic C18:0 5.55 343 - 2-6 4.90 7.40
Palmitoleic Cl16:1 - 0.91 - - -
Heptadecanoic C171 ) 8.01 ) } ) .
acid ’ ’
Eicosanoic C20:1 - 2 -
Oleic C18:1 38.16 21.01 45.56 2-3 36.25 44.15
Linoleic C18:2 11.77 7.54 5.56 - 14.11
Linolenic C18:3 6.75 - - 43-50 7.18 0.58

abe Result; WCME = waste cooking methyl ester; UCME = used cooking oil methyl ester; KOME = Schleichera
oleosa methyl ester; KSME = Kusum oil methyl ester; WSME = waste cooking and Schleichera oleosa methyl ester
and mixed (70:30); W70CI30 = waste cooking oil and Calophyllum inopyllum (70:30).

WCME methyl ester lacks linolenic acid, whereas WSME and KOME have similar
linolenic acid content. Moreover, WCME has a linoleic acid content of 6.75%, which is
absent in WSME and KOME. Kumar et al. [58], propose that the high content of linolenic
and linoleic acids in biodiesel encourages the susceptibility of oxidation. It was reported
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that the WCME and KOME have a significant amount of linolenic acid, namely 7.18%
and 7.54%, respectively. These amounts cause reduced oxidation stability. Lau et al. [8].
suggested that the oleic acid (18:1) and linoleic (18:2) are more stable than linolenic acid
(C18:3) due to the presence of triple double bonds in its long 18-carbon chain.

The fatty acid composition of WCME, KOME, and WCME exhibits distinct differences
in the proportion of saturated and unsaturated fatty acids. The total saturated fatty acid
content of WCME (55.09%) was higher than that reported by Katre et al. [73], at 26.29%.
The unsaturated fatty acid content of WCME was slightly higher (44.91%) as compared to
those reported by Katre et al. [73], at 32.78%. In KOME, the saturated fatty acid content
was 37.64%, which was higher than one reported by Sarkar et al. [63], approximately 14%,
while the unsaturated fatty acid content was 53.1% and was higher than the value obtained
by Sarkar et al. [63] at 51.56%. The mixed feedstock of WCO-Schleichera oleosa in a 70:30
ratio (WCOK?30) showed a saturated fatty acid content of 51.58% and a total unsaturated
fatty acid content of 66.28%. Despite this, the content of mono and polyunsaturated fatty
acids was lower than that of saturated fatty acids. The content of polyunsaturated (43.43%)
was higher than the monounsaturated type (7.18%).

3.8. Oxidation Stability (OS) of Biodiesel

Table 4 compares the physicochemical properties of this study’s WCME, KOME, and
WSME biodiesel. In the experiment, the oxidation stability of WCME, KOME, and WSME
was measured and shown in Table 4. The oxidation stability of WCME was obtained at
3.3 h, which was consistent with the findings of Yesilyurt et al. [71]. On the other hand,
KOME (9.03 h) showed higher oxidation stability than WCME (3.3 h), which was attributed
to the high linolenic acid content of approximately 7.4% in KOME. The oxidation stability
of WSME increased by 104% from 3.3 h to 6.8 h under the optimum conditions. These
results correspond to Devi et al. [61], who reported that the addition of Thuja extract and
TBHQ with a low concentration (100-250) ppm improved oxidation stability of the WCO
biodiesel from 4.6 h to 6.79 h.

This improvement was attributed to the high content of palmitic acid in WSME as
compared to WCME [58], as well as the presence of stearic and myristic fatty acids in
WSME, which contributed to a better oxidation stability than WCME [67]. However, the
high composition of saturated fatty acids in WSME can have a negative impact on the
pour and cloud points but increases the oxidation stability [72]. It is worth noting that
the samples’ unsaturated ester composition was lower than methyl oleate and linoleic
acids [45]. Furthermore, Uguz et al. [60] stated that differential scanning calorimetry (DSC)
is an effective, rapid, and cost-efficient method for determining the oxidation stability
of biodiesel. The process involves using DSC to characterise the initial temperature of
the biodiesel sample crystallisation [74]. The cold flow properties of the fuel are then
measured and compared to a temperature reference in an inert environment (nitrogen) as a
function of temperature. DSC allows for observing various chemical processes related to
changes in temperature, including oxidation, dissociation, dehydration, and decomposition,
in biodiesel [60,74].

3.9. Effect of Catalyst Concentration

Figure 4 shows the influence of the concentration of KOH catalyst on the density and
kinematic viscosity of WSME.
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Figure 4. Effect catalyst concentrations for kinematic viscosity and density WSME.

The concentration of the catalyst varied from 0.5 wt.% to 2 wt.%, while all the other
factors were kept constant. This change in catalyst concentration was observed to impact
the kinematic viscosity and density of WCME. Interestingly, it was observed that increasing
the catalyst concentration did not lead to any significant effect on the kinematic viscosity
and density. At the optimal KOH catalyst concentration of 0.75%, the kinematic viscosity
and density were measured to be 4.35 mm? /s and 0.857 kg/m?3, respectively.

It is worth noting that elevated catalyst concentrations (1.75 wt.% and 2 wt.%) led to a
decreased kinematic viscosity and density. However, an excessive amount of catalysts not
only causes the low conversion of methyl esters but also results in emulsions and increased
viscosity [75]. The kinematic viscosity of WSME was lower than that of WCME and KOME.
The kinematic viscosity values for WCME, KOME, and WSME complied with the ASTM
6751 standards. It was observed that prolonged frying time, high temperature, and salt
content can progressively decrease the density, calorific value, viscosity, cloud, and pour
points of WCO biodiesel [67].

3.10. Effect of Reaction Times and Catalyst Concentration on Methyl Ester Yield

The study examined the impact of varying reaction times of 30 min between 60 min to
120 min and increasing the concentration of KOH catalyst on WCOK30 methyl ester from
0.5% vol to 2% vol. Meanwhile, other factors were kept constant, including a methanol/oil
ratio of 10:1, a reaction temperature of 60 °C, and an agitation speed of 1000 rpm, as shown
in Figure 5.

The high catalytic activity of KOH makes it the preferred choice as a homogeneous
catalyst in producing methyl esters. The optimal yield of methyl ester (92.4%) was obtained
using a catalyst concentration of 0.5 wt.% and a reaction time of 90 min. However, a catalyst
concentration of 0.75 wt.% and a reaction time of 120 min also resulted in a high methyl
ester yield (90%). According to Silitonga et al. [76], a reaction time of less than 90 min was
found to be optimal for achieving high yield, while a reaction time of 60 min produced a
yield of 83%.

When the processing time is prolonged, a reversible transesterification reaction may
occur, leading to soap formation and reduced biodiesel production. High temperatures
during extended reaction times tend to hydrolyse the biodiesel [65]. Generally, a processing
time of up to 2 h does not significantly increase biodiesel yield. Based on Figure 4, the
optimum processing time for producing biodiesel is 60 min for almost all the various
amounts of catalyst.

In general, raising the catalyst concentrations (1 wt.% and 2 wt.%) and prolonging
the reaction time does not significantly affect the yield of methyl ester. On the other hand,
utilising a higher KOH catalyst concentration during the transesterification process results
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in excess soap formation, thereby reducing methyl ester yield [75]. Adding a catalyst
of more than 1% by weight does not enhance biodiesel conversion and may increase
production costs. An excessive amount of KOH catalyst concentration causes the formation
of emulsions and gel [77].
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Figure 5. Effect of reaction time and catalyst concentration on WSME yield with molar ratio to
oil (10:1).

3.11. Effect of Methanol to Oil Molar Ratio on Methyl Ester Yield

The methyl ester yield for WCOK30 was compared based on parameters, such as
methanol to oil molar ratio and reaction time, as shown in Figures 6 and 7. The methanol
to oil molar ratio was examined at three levels (8:1, 10:1, and 12:1), while the concentration
of the KOH catalyst varied from 0.5 wt.% to 2 wt.%. Other factors were kept constant, as
shown in Figure 6.

B 078 reaction time 60 minute

80 4

Yield (%)

3
Y

40 4 %5 AN %
8:1 10:1 12:1
molar ratio
Figure 6. Effect of catalyst concentration and methanol to oil ratio on WSME yield at reaction time

60 min.

The study utilised a reaction temperature, time, and stirring or agitation speeds of
60 °C, 60 min, and 1000 rpm, respectively. The reaction temperature was maintained at
60 °C, below the methanol’s boiling point (64.7 °C). Raising the temperature of transes-
terification to 70 °C may lead to a reduced oil conversion and increased saponification
reaction [77]. The effect of the methanol to oil molar ratio on the yield of WSME is shown in
Figure 7. The optimum condition was found to be a KOH catalyst of 1 vol% and a methanol
to oil molar ratio of 10:1, resulting in the highest yield of 94%. The highest yield for the
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lowest methanol to oil molar ratio (8:1) was 89%, more than the yield of 83% obtained for
the ratio of 10:1. The varying amount of KOH catalyst and methanol to oil molar ratio (8:1,
10:1, and 12:1) at a reaction time of 90 min was compared to the optimum yield of methyl
ester of WSME as shown in Figure 7.
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Figure 7. Effect of catalyst concentration and methanol to oil ratio on WSME yield at reaction time
90 min.

Based on the data presented in Figure 7, it can be inferred that the most effective
methanol to oil molar ratio for producing WCOK30 was 10:1. This ratio resulted in the
highest yield of 92.4% when using a 0.5 wt.% concentration of catalyst and reaction time
of 90 min. The results suggested that the molar ratios 12:1 and 8:1 followed behind in
effectiveness. Mohadesi et al. [78] also found similar results, with an optimal methanol to
oil ratio of 9.4:1. However, excess methanol can lead to some issues, such as increase in the
solubility of glycerol in esters, which can result in foam formation. The excess methanol
increases precipitation time, as some glycerides may not react during transesterification [77].
Asl et al. [29] stated that excess methanol can decrease the product yield, as it causes
biodiesel to become a water phase during washing. Surplus methanol can also lead to a
significant solubility of glycerol in alcohol, making it more difficult to separate.

3.12. FTIR Fourier-Transform Infrared (FI-IR) Spectroscopy Analysis

Analysing the adsorption layer created by its process can be effectively carried out
by using FTIR (Fourier Transform Infrared) spectroscopy. In this context, FT-IR spec-
tra were utilised to compare WCOKS30 crude oil with WSME biodiesel. Figure 8 shows
the FTIR spectra for crude oil WCOK30 and WSME biodiesel, enabling a comparison
between the two.

In Table 7, details related to the wave number, absorption intensity, vibration type, and
group attribute of WCO crude oil and WSME are presented for reference. The comparison
of WCOK30 crude oil and WSME by using the FTIR spectrum is shown in Figure 8, with
the blue and red lines representing the spectra of crude oil and biodiesel, respectively.
The absorption peaks observed in the spectra indicated the presence of a methyl group at
2921.60 cm~! and 2852.59 cm~!. Milano et al. [23] found results similar to those in this
study (2923 cm '), which described strong CH stretching. Figure 8 shows the stretching
peak observed at 1741 cm~! in the crude oil spectrum, corresponding to the functional
ester group (C=0) present in WSME [49]. The results found in this study related to the
stretching of the CO double bonds are similar to the results reported by Milano et al.
(1742 cm~1) [23].
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Figure 8. FTIR spectra of the crude o0il WCOK30 and WCME.
Table 7. Spectra FTIR of crude oil WCOK30 and WSME.
Wavenumber R . . . .
(cm-1) Group Attribution Vibration Type Absorption Intensity
2922 —C-H Asymm?trlc §tretch1ng Strong
vibration
2853 _CH, Symme.trlc s.tretchmg Strong
vibration
1741 -C=0 Stretching Strong
1459 -CH, Shear type vibration Weak
1439 -CH3 Shear type vibration Middling
1244 -CHj; Bending vibration Weak
Anti-symmetric o
1196 CO-C stretching vibration Middling
Anti-symmetric s
1168 CO-C stretching vibration Middling
721 -CH, Plane rocking vibration Weak

Distinctive peaks at different wave numbers can be observed in the FTIR spectra of
refined oil and biodiesel. The peak at 1439 cm ! and 1196 cm ! in the biodiesel spectrum
corresponds to the asymmetric stretching of CH3 which is not present in the refined oil
spectrum [23,79]. This is a typical methyl ester peak, as reported by previous studies by
Asla et al. [29]. Milano et al. [23] reported a similar new absorption peak at 1436 cm ! and
1195 cm™~!. On the other hand, the peak observed at 1377 cm ! in the refined oil spectrum
corresponded to the glycerol group O-CH, (mono-, di-, and triglycerides), which is absent
in the FAME (Fatty Acid Methyl Ester) spectrum [79]. Similar results were also found by
Tan et al. [80], wherein the peak was observed at 1377 cm™! Additionally, the absorbance at
1196 cm ™! indicated the stretching of —-C-O, a characteristic feature of biodiesel [79]. In line
with the findings of Bai et al. [81], the stretching vibration peak in the 1196 cm~! band is a
characteristic feature of biodiesel.

Figure 8 shows the presence of ester (C-O) at a wavelength ranging between 1300 cm !
and 1000 cm !, as observed in the FTIR spectra. The similarity in the chemical properties
of methyl esters and triglycerides is reflected in the similar FTIR spectra of crude oil and
WSME biodiesel, as shown in Figure 8.

The differences between WCOK30 and WSME can be observed in their FTIR spec-
tra. There was a shift in the peak position at 1743.69 em~ 1, 1376.98 cm™ 1, 1159.66 cm ™1,
1116.52 cm ™!, 721.56 cm ™! to 1741.63 cm ™!, 1368.52 cm ™!, 1168.52 cm ™!, 1017.11 cm™?,
721.87 cm~! in each sample. The emergence of new peaks at 1439.54 cm~! and
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1196.25 cm ! as well as the disappearance of peaks at 1463.79 cm ! and 1116.52 cm ™! in
the WCOKB30 spectrum indicated the formation of fatty acid methyl esters O-CHj3. The peak
at 1439 cm ! in the spectrum indicated the asymmetric deformation of O-CH; methoxide,
which confirmed the formation of methyl esters [81].

4. Conclusions

This study aimed to improve the flash, cloud points, and oxidation stability of biodiesel
by mixing Schleichera oleosa oil with WCO in a ratio of 70:30. Its focus was to determine the
optimal methanol-to-oil molar ratio and reaction time for the highest methyl ester yield
of the mixed cooking oils and to investigate the effect of catalyst concentration on the
physicochemical properties. The results showed that the highest methyl ester yield of 94%
was achieved with a catalyst concentration of 1 wt.%, a molar ratio of 12:1, and a reaction
time of 60 min. By utilising a catalyst concentration of 0.75 wt.% and a total esterification
and transesterification time of 120 min, the density and kinematic viscosity of the biodiesel
were found to be 0.857 kg/m?, and 4.35 mm?/s, respectively. The initial temperature of
biodiesel crystallisation as measured by DSC was found to be similar to the pour point.
After the transesterification process, the oxidation stability of WSME increased by 103%,
while the flash point and the pour point increased by 75.51% and 25%, respectively. In
conclusion, the physiochemical properties of WSME (density, viscosity, pour point, flash
point) met the ASTM D6751 standards. Future study should investigate the optimal balance
of saturated and unsaturated fats to improve biodiesel’s oxidation stability and cold flow
properties with respect to varying mixtures of different crude oils.
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Abbreviations

ASTM American Society for Testing and Materials
CcP Cloud Point

DsC Differential Scanning Calorimetry
EN European standard

FAME Fatty acid Methyl Ester

FP Flash Point

KOME Schleichera oleosa methyl ester

oS Oxidation Stability

PP Pour Point

SO Crude oil Schleichera oleosa oil
WCME Waste cooking methyl ester

WCO Crude Waste Cooking Oil

WCOK30 Crude Waste Cooking Oil and Schleichera oleosa oil mixed
WSME Waste Cooking Oil and Schleichera oleosa oil and mixed methyl ester
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