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Biodiesel derived from waste cooking oil (WCO) represents a promising strategy for meeting energy demands,
mitigating environmental impact, and supporting carbon neutrality goals in countries such as Japan and India.
However, conventional alkaline transesterification faces challenges, including soap formation from free fatty
acids (FFAs) in WCO and poor miscibility of oil and alcohol phases, both of which limit efficiency. Although one-
step acidic esterification and traditional organic cosolvents have been explored to overcome these drawbacks,
such approaches raise economic and environmental concerns. Thus, this study investigated a two-step acid-base
catalysis process employing the low-toxicity cyclopentyl methyl ether (CPME) cosolvent for the production of
biodiesel from WCO, which was collected from local restaurants in Tokyo, Japan. The process was carried out
through initial acidic esterification to convert FFAs to esters, followed by alkaline transesterification optimized at
a 1:6 oil-to-cosolvent molar ratio. CPME, characterized by its low toxicity, intermediate polarity and excellent
miscibility, facilitated a high biodiesel yield of 97.5 %, outperforming n-hexane (96 %) and reactions conducted
without a cosolvent (89 %). Gas chromatography-mass spectrometry (GC-MS) analysis confirmed that the syn-
thesized biodiesel met the EN 14214 European quality standard (>96.5 % FAME content). The process operated
at a mild temperature of 40°C, enhancing yield with lower energy input. Overall, the CPME-assisted two-step
process offers an efficient and viable route for biodiesel production from waste feedstocks.

1. Introduction

Global energy consumption is projected to increase by 15 % from
2021 levels, reaching 660 quadrillion Btu by 2050 (ExxonMobil.
ExxonMobil, 2024). Japan's energy consumption for 2050 is anticipated
to reach 20 quadrillion Btu, driven by population dynamics, techno-
logical advancements, and economic growth (Ministry of Economy,
2015). Moreover, Japan's heavy reliance on fossil fuels raises significant
concerns about emissions, underscoring the urgent need for a
carbon-neutral energy solution (Ambat et al., 2020). To address these
concerns, during the 26th Conference of the Parties (COP26), Japan
pledged to achieve net-zero emissions by 2050, aiming to reduce emis-
sions by 46 % by 2030 compared with 2013 levels (Ministry of Economy,
2015; The National Bureau of Asian Research. The National Bureau of
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Asian Research, 2023). Similarly, India, the third-largest emitter of
carbon dioxide (CO,), experienced a 6 % increase in emissions in 2022
and plans to decrease emission intensity by 45% by 2030 while
attaining net-zero emissions by 2070 (Midha and Tomar, 2023).
Achieving these objectives requires a rapid transition to clean and
renewable energy sources, reducing dependence on nonrenewable en-
ergy (Bai et al.,, 2022). In this context, renewable energy sources,
including solar, wind, hydro, and biodiesel, offer viable alternatives for
minimizing environmental impact and advancing toward a decarbon-
ized society (Singh et al., 2017). Among these options, biodiesel stands
out as a promising alternative due to its biodegradability, nontoxicity,
renewability, and reduced sulfur and CO emissions compared to con-
ventional diesel (Khan et al., 2020; Najaf-Abadi et al., 2024; Paryanto
et al., 2019; Thushari and Babel, 2018; Baskar et al., 2018; Liu et al.,
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2024). Additionally, studies indicate that blending up to 20 % biodiesel
with diesel is compatible with most engines (Bhatia et al., 2021).
Furthermore, transesterification remains an economical and efficient
process for biodiesel synthesis, generating biodiesel as the main product
and glycerol as a valuable byproduct (Chilakamarry et al., 2021; Moklis
et al., 2024, 2023). The two-step acid-base catalysis provides additional
advantages, such as enhanced yield, reduced corrosion, shorter reaction
times, and minimal soap production (Ali and Fadhil, 2013; Maddikeri
et al., 2012; Grosmann et al., 2022).

Moreover, the primary challenge in biodiesel production is the high
cost of raw materials, which account for nearly 80 % of total production
costs. While edible oils (vegetable, animal oils, and fats) are commonly
used (Altikriti et al., 2015), non-edible oils (e.g., castor oil) (Fadhil et al.,
2020; Hassan and Fadhil, 2025), waste oils (Girish et al., 2013; Gouran
et al., 2021; Mohadesi et al., 2022), and microalgae offer promising
alternatives to edible oils. Nonetheless, their cost competitiveness is
limited and often reliant on government subsidies (Bart et al., 2010).
The insufficient self-sufficiency of oils and fats in Japan and India ren-
ders biodiesel production from edible oil unfeasible (Cai et al., 2015;
Statista Inc, 2023, 2023; Parija, 2022). By contrast, waste cooking oil
(WCO) represents a financially viable option, as Japan disposes of 400,
000 tons and India 3 million tons annually. WCO supports a circular
economy, mitigates edible oil supply issues, and is fundamentally
cost-free, adhering to biodiesel feedstock criteria while substantially
lowering feedstock expenses (Cai et al., 2015; The Asahi Shimbun
Company, 2024; India’s WCO, 2023). Thus, this research regarded WCO
as a suitable biodiesel feedstock.

Despite these benefits, the characteristics of WCO, including the acid
value (AV) and moisture content, influence biodiesel production yields
(Mohadesi et al., 2022). The elevated free fatty acid (FFA) concentration
in WCO hinders one-step alkaline transesterification, resulting in soap
production and decreased yields due to inadequate reactant miscibility
(Salleh et al., 2023; Micic et al., 2019). To optimize the alkaline trans-
esterification process, a trial-and-error experimental approach was
employed. However, few studies have focused on enhancing the
deacidification of FFAs during the preliminary esterification phase.
Furthermore, mass transfer between oil and methanol phases also
significantly influences the reaction rate in the alkaline trans-
esterification process. Although elevated temperatures increase solubi-
lity, they increase energy consumption, with biodiesel output rising by
only 2-3 wt% for every 10°C increment (Ma et al., 1998).

A promising solution to these challenges is the cosolvent approach,
which enhances the solubility of oil and methanol at reduced tempera-
tures, thereby lowering energy consumption and enabling solvent re-
covery and reuse (Jin et al., 2020). Early studies have investigated
various cosolvents, including acetone (Encinar et al., 2016; Okitsu et al.,
2013; Kanna, 2018; Julianto and Nurlestari, 2018), diethyl ether (DEE),
dibutyl ether (diBE), tert-butyl methyl ether (tBME), diisopropyl ether
(diIPE), tetrahydrofuran (THF) (Encinar et al., 2016), and hexane
(Muppaneni et al., 2015), to address the immiscibility challenges in
biodiesel production from WCO. Among these, n-hexane is favored due
to its hydrophobic nature and low boiling point (Bai et al., 2022), which
facilitates biodiesel production at lower operating temperatures (Jin
et al., 2020; de Gonzalo et al., 2019; Simonelli et al., 2020; Lamatinulu,
2022). However, the volatility and toxicity of these solvents in high-FFA
feedstocks like WCO (>2 % FFA) pose environmental and safety risks,
highlighting the need for safer alternatives (Ceron Ferrusca et al., 2023).
The high volatility of organic solvents improves separation efficiency,
but also increases flammability, toxicity, and health hazards, requiring
costly safety and recovery measures (Taher and Al-Zuhair, 2017). In
response to these limitations, cyclopentyl methyl ether (CPME) has been
identified as an environmentally benign cosolvent with significant ad-
vantages over other solvents, such as 2-methyltetrahydrofuran
(2-MeTHF) and 1,8-diazabicycloundec-7-ene (DBU). While, 2-MeTHF
is a common alternative, it is prone to hygroscopicity (absorbing mois-
ture) and presents a potential for peroxide formation (Pace et al., 2012).
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Similarly, deep eutectic solvents (DES) are often explored as potential
alternatives but frequently exhibit high viscosity, which constrains mass
transfer and typically results in lower biodiesel yield (Smith et al.,
2014). In contrast, CPME’s low peroxide formation, low flammability,
reduced toxicity, and safe recovery make it a promising alternative (de
Gonzalo et al., 2019; Taher and Al-Zuhair, 2017). Moreover, CPME is
classified as a green solvent due to its low toxicity, high chemical sta-
bility, safety (low peroxide formation and higher flash point), environ-
mental benefits (high reusability, low wastewater generation), and
process efficiency. Additionally, the main difference between bio-based
and synthetic CPME lines is in their source: synthetic CPME is
petrochemical-based, while bio-based CPME is derived from renewable
biomass, making it more viable with a lower carbon footprint (de
Gonzalo et al., 2019; Taher and Al-Zuhair, 2017; Sakamoto, 2013;
Watanabe, 2013). Furthermore, with a dielectric constant of 4.76, dipole
moment of 1.27, and polarity index of 2.8, CPME effectively reduces
immiscibility in high-FFA WCO feedstocks. Despite these promising
properties, its application in biodiesel synthesis from WCO remains
underexplored (Joorasty et al., 2022) (De Jesus et al., 2020).

This study aims to fill this gap by developing a cost-effective and
efficient method for biodiesel production from high FFA feedstocks,
specifically WCO. We applied a two-step acid-base catalytic process,
including acidic esterification to convert FFAs, followed by optimized
alkaline transesterification (Process-I), as illustrated in Fig. 1. This
approach leads to a reduction of soap formation and increases biodiesel
yield. Importantly, the study introduces CPME as a novel, low-toxicity
cosolvent to enhance miscibility and mitigate mass transfer resistance
during the transesterification reaction. Crucially, we employed a hier-
archical approach: after optimizing the baseline alkaline trans-
esterification process (Process-I), we applied these optimal conventional
conditions to the cosolvent systems (Process-II with n-hexane and
Process-III with CPME) to specifically quantify the direct performance
enhancement attributable to the cosolvent. The comparative analysis of
fatty acid methyl ester (FAME) profiles highlights CPME’s superiority as
an environmentally friendly alternative and a reaction intensifier.
Therefore, the findings of this study could have a substantial impact on
the future of biodiesel production, particularly in regions where WCO is
abundant, offering a scalable solution to global energy and environ-
mental challenges.

2. Materials and methods
2.1. Materials

The WCO sample used in this study was collected from local res-
taurants as the primary feedstock in Ookayama, Meguro-ku, Tokyo,
Japan, which was initially sourced from BBQ edible oil, manufactured
by Youngmi Co., Ltd. in Korea. The nutritional profile of the fresh oil
included 14 g of total fat (22 % daily value (DV)), 2 g of saturated fat
(10 % DV), 6 g of polyunsaturated fat, and 5.5 g of monounsaturated fat,
with no detectable cholesterol, sodium, carbohydrate, or protein.
Notably, due to repeated use in high-temperature frying, the collected
WCO contained visible solid impurities.

2.2. Chemicals

All chemicals and reagents used in this study were of analytical grade
and were procured from Fujifilm Wako Pure Chemical Industries, Osaka,
Japan. The reagents included methanol (MeOH, 99.8 %), sulfuric acid
(H2S04, 95 %), potassium hydroxide (KOH, 85 %). The cosolvents
evaluated were n-hexane (Wako 1st grade), and CPME (99 %). In
contrast to the WCO feedstock, the cosolvents n-hexane and CPME were
utilized as supplied chemical reagents. Notably, no further purification
was conducted before their use.
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Fig. 1. Schematic workflow of biodiesel production from WCO via a two-step acid-base catalytic process. The methodology involves pre-treatment of acidic
esterification to reduce FFA content, followed by alkaline transesterification under optimized conditions without a cosolvent (Process-I), with n-hexane (Process-II)

and CPME (Process-III) cosolvents at a 1:6 oil: cosolvent ratio.

2.3. Preparation of the WCO sample

The WCO sample contained residual food particles and moisture
(H20) resulting from the frying process, which were carefully removed
before the esterification and transesterification reactions. Initially, the
collected WCO was allowed to settle at room temperature for 4-6 days
(Degfie et al., 2019). Subsequently, the oil underwent a sequential
four-step filtration procedure, starting with gravity filtration using
110 mm filter paper, followed by Linicon LV-125A vacuum filtration
(Nitto Kohki Co., Ltd., Japan) through a 10 pm membrane and finally
through 0.8 ym and 0.5 pm filter papers. This sequential filtration
effectively eliminated food residues, additives, and various impurities.
Detailed schematics of the filtration protocol are provided in Fig. S1.

2.3.1. Pretreatment of WCO

Prior to the esterification reaction, the filtered WCO sample was
pretreated by heating at 100-110°C for 1 h to reduce the moisture
content effectively (Emmanouilidou et al., 2024). To prevent hydrolysis
and prevent any increase in FFA levels, the oil was stirred continuously
using a magnetic stirrer at 100-150 rpm. This stirring not only mini-
mized hydrolysis but also facilitated the evaporation of Hy0, thereby
accelerating the pretreatment process. An illustration of this pretreat-
ment procedure is provided in Fig. S2.

2.3.2. Derivatization of WCO for FFA profile determination

The frying process induces significant chemical and physical changes
in the oil, including hydrolysis, polymerization, and oxidation, which
lead to the formation of FFAs and H,0. To characterize the FFA profile in
the WCO, a derivatization method was employed. Specifically, 20 mg of
oil was combined with 1 mL of a MeOH-H2SOs+ mixture (2.5 % v/
v-97.5 % v/v) in a beaker. The mixture was homogenized and then
reacted at 80°C for 90 min. Following the reaction, 1.5 mL of an aqueous
sodium chloride (NaCl) solution (0.9 %) was added to reduce the solu-
bility of methyl esters in the oil phase. The sample was thoroughly
stirred, and the FAMEs were subsequently extracted with 1.5 mL of
analytical-grade n-hexane. Finally, the derivatized sample was analyzed
via GC—MS to confirm the FFA profiles of the WCO sample (Guo et al.,
2021).
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2.4. Biodiesel synthesis

2.4.1. First step: experimental procedure for acidic esterification of WCO

The acidic esterification reaction was carried out in a 250-mL
Erlenmeyer flask (Simax, Czech Republic) equipped with a magnetic
stirrer and a cooking thermometer placed on a hot plate (As One, China).
Throughout the reaction (Fig. 2(a)), the following parameters were
maintained: 10 g of WCO, an oil to MeOH molar ratio of 1:10, an HaSO4
concentration of 5 wt% (de Gonzalo et al., 2019), a reaction time of
120 min, and a temperature of 60°C. Upon completion, the reaction
mixture was transferred to a separating funnel and allowed to settle
overnight. This resulted in two distinct phases: an esterified oil phase on
top and an aqueous H,0 phase at the bottom containing residual MeOH,
HyS04, and Hp0 (Fig. 2 (b)). To eliminate any residual MeOH and
moisture from the esterified layer, drying was performed on a heating
plate at 110°C for 15-20 min (Miyuranga et al., 2023). The conversion
of FFAs to FAMEs was subsequently confirmed by GC—MS analysis and
the esterified oil was stored for use in the subsequent alkali-catalyzed
transesterification step.

2.4.2. Second step: experimental procedure for the transesterification of
esterified WCO

The second step involved the transesterification of the esterified
WCO using MeOH as a reactant and KOH as the catalyst (Fig. 2 (c)). This
reaction was conducted in a 250 mL Erlenmeyer flask equipped with a
magnetic stirrer and a cooking thermometer to facilitate biodiesel pro-
duction. A series of experiments was performed to optimize four key
process parameters: catalyst concentration (1-5wt% KOH), oil-to-
MeOH molar ratio (1:3-1:8), reaction temperature (35-60°C, in 5°C
increments), and reaction time (15-90 min, at 15-min intervals). The
optimal conditions were identified as: a 2 wt% KOH catalyst concen-
tration, an oil-to-MeOH molar ratio of 1:6, a reaction temperature of
40°C, and a reaction time of 60 min. These optimized conditions, which
resulted in the highest biodiesel yield and FAME content, were desig-
nated as Process-I. Throughout this optimization, the quantity of ester-
ified WCO and the agitation rate (600 rpm) were kept constant.

Additionally, to enhance oil-to-solvent miscibility and mitigate mass
transfer resistance, either n-hexane (Process-II) or CPME (Process-III)
was introduced. For these cosolvent-assisted systems, all optimized
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First Step-Acidic Esterification of WCO

ol

Second Step-Alkaline Transesterification of Esterified WCO

gt |

Purified Biodiesel

Fig. 2. Comprehensive workflow for biodiesel production from WCO via a two-step acid and base catalysis process with cosolvents. The first step is (a) acidic
esterification of WCO, resulting in(b) esterified oil (top layer) and an aqueous phase (bottom layer). The second step is (c) alkaline transesterification of the esterified
WCO under three distinct conditions: (d) Process-I (baseline without cosolvent), (e) Process-II (with an n-hexane) and (f) Process-III (with CPME cosolvent). In this
step, the top layer represents biodiesel (FAME), and the bottom layer represents glycerol. Final purification includes (g) rotary evaporation and multiple cycles of
aqueous washing:(h) first cycle and (i) sixth cycle, ultimately leading to (j) The purified biodiesel as the final product.

conditions established in Process-I (2 wt% KOH, 1:6 oil: MeOH, 40°C,
and 60 min) were maintained, while the oil-to-cosolvent molar ratio was
independently optimized for each solvent. Upon completion, the reac-
tion mixture was transferred to a separating funnel and allowed to
separate into two distinct phases (Fig. 2(d) for Process-I, Fig. 2(e) for
Process-1I, and Fig. 2(f) for Process-III). The upper layer consisted of
biodiesel (FAME), whereas the lower layer comprised glycerol, catalyst
residues, and unreacted MeOH (Emmanouilidou et al., 2024; Haq et al.,
2021; Abidin et al., 2012). It is important to note that all trans-
esterification experiments, including parameter optimization and
cosolvent evaluations, were conducted in duplicate, with measurements
at optimal conditions verified in triplicate to ensure reproducibility.
Reported yields represent mean values with standard deviations. Table 1
provides a summary of the experimental conditions applied during this
stage.

2.5. Post-treatment

Following the transesterification reaction, the mixture was trans-
ferred to a separating funnel and allowed to settle. The homogenous
KOH catalyst, being soluble in the polar glycerol-methanol phase, was
primarily removed during the initial separation of the bottom glycerol
layer. Residual MeOH and n-hexane in the biodiesel sample were
removed via rotary evaporation using a rotary evaporator oil bath (As

Table 1
Summary of the second-step alkaline transesterification conditions for esterified
WCO.

Parameters Process-I Process-II Process-III (with
(without (with n-hexane CPME cosolvent)
cosolvent) cosolvent)

Catalyst (2 wt%) KOH KOH KOH

Temperature (°C) 40 40 40

Oil to MeOH mole 1:6 1:6 1:6

ratio
Reaction time 60 60 60
(min)

Oil to cosolvent None 1:6 1:6

mole ratio

Agitation (rpm) 600 600 600
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One, Japan), whereas CPME was allowed to evaporate directly under the
fume hood for the purification step. The biodiesel was then washed
several times with distilled water, with the aqueous phase separated at
each stage. Any residual catalyst remaining in the biodiesel phase was
removed through these multiple cycles of aqueous washing, as shown in
Fig. 2 (g)- 2(j). Finally, the resulting biodiesel phase was dried at
100-110°C for 15-20 min to remove any remaining HyO before GC—MS
analysis.

2.6. Analytical methods

2.6.1. Moisture content in WCO
After heating at 100-110°C, the HoO content of the WCO sample was
determined using Eq. (1) (Alias et al., 2018):

Initial weight — Final weight

1
Initial weight x 100

@

H20 content =

2.6.2. Determination of the FFA content in WCO

To quantify the FFA content in the WCO, 0.5 g of the sample was
dissolved in 10 mL of ethanol, and 1-2 drops of phenolphthalein were
added as indicators. The resulting mixture was titrated with 0.1 N NaOH
until a persistent pink color appeared, indicating the titration endpoint
(Sadaf et al., 2018). The FFA% of the esterified oil was determined using
the same procedure, and the FFA % content was calculated using Eq. (2).

28.2
FFA%:VXNXSWXNO )

Here, V (mL) denotes the volume of standard NaOH solution used to
reach the titration endpoint, N represents the normality of the standard
NaOH solution (0.1 N), and W (g) represents the weight of the WCO
sample (0.5 g).

2.6.3. Determination of the acid value (AV) of esterified oil

Two grams of the esterified oil sample (2.4.2) were placed in a
conical flask, to which 50 mL of a neutral alcohol-ether mixed solution
was added for the determination of the AV of the esterified oil. The
mixture was heated in a H,0 bath until the sample dissolved completely.
After cooling to room temperature, 2-3 drops of phenolphthalein indi-
cator were added. The solution was then titrated with 0.1 N KOH



Md. Rubel et al. Chemical Engineering Research and Design 226 (2026) 282-295

standard solution until a persistent faint pink color was observed, lasting 2.6.7. Biodiesel yield analysis
at least 30 s, indicating the titration endpoint (Guo et al., 2021). The AV Based on the GC—MS analysis results, the biodiesel yield (%) content
was calculated using Eq. (3): was calculated using Eq. (6) (Prajapati et al., 2024).
56.1
AV=V xCx— 3)
m

Total biodiesel produced(gm) * (%FAME from GC — MS)

Biodiesel yield(%) =
iodiesel yield(%) Total oil used in reaction(gm)

x100... (6)

where V (mL) is the volume of the standard KOH solution used to reach 3. Results and discussion

the titration endpoint.

C (mol/L) is the molar concentration of the KOH standard solution,
56.1 (g/mol) is the molecular weight of KOH, and m (g) is the weight of
the test sample.

Additionally, detailed procedures for the analytical methods used in
this study, including blank titration, FFA determination of WCO, and
acid value calculation of the esterified oil, are provided in Fig. S3.

3.1. WCO characterization

The fatty acid profile of the WCO was analyzed via GC—MS (Fig. S4)
and showed values consistent with published literature (A Zayed et al.,
2016; Kumar et al., 2020; Di Pietro et al., 2020). The moisture content
was determined to be 0.09 % based on Eq. (1), which aligns with pre-
viously published data (Taher and Al-Zuhair, 2017) (Al-Saadi et al.,
2020). Furthermore, the GC—MS analysis results, presented in Fig. 3
and Table S1, revealed five major fatty acids by relative area: palmi-
toleic (1 %), palmitic (15.95 %), linoleic (33.35 %), oleic (41.69 %), and
stearic acid (6.40 %), with molecular weights ranging from 268.4 to

2.6.4. Determination of the FFA content in the esterified oil
Eq. (4) was used to calculate the FFA content of the esterified oil
(Miyuranga et al., 2023).

FFAY — Acid value(mg %) @ 298.51 g/mol. WCO generally has a similar fatty acid profile to fresh
- 2 vegetable oil, but contains significantly higher levels of FFAs, moisture,

food additives, and degradation byproducts due to repeated heating,

2.6.5. Determination of FFA conversion oxidation, hydrolysis, polymerization, and exposure to air during the
The FFA conversion rate was calculated using Eq. (5) (Rahma and deep frying process, which is commonly practiced in local restaurants.
Hidayat, 2023). This observation is consistent with previous studies (Abrante-Pascual

' Initial FFA — Final FFA et al., 2024; Mariana et al., 2020; Manzoor et al., 2022).
FFA Conversion = — x 100 (5)
Initial FFA

3.2. Esterification of WCO
The initial and final FFA values are expressed as percentages (%),

and the titration was performed via a burette, a titration flask, the The acid esterification of WCO was comprehensively assessed using
sample to be titrated, and a ring stand. the FFA conversion rate (a relative measure), the AV (an absolute
measurement), and GC—MS analysis. The process achieved a 91.68 %

2.6.6. Gas chromatography—mass spectrometry (GC—MS) conversion of FFAs, and reduced the FFA contents from an initial 10.7 %
characterization technique to 0.89 % under optimal conditions (5 wt% H2SOs, 60°C (de Gonzalo
GC—MS analysis was conducted to characterize the FFAs in the et al., 2019), an oil-to-methanol molar ratio of 1:10, agitation at

WCO’ as V‘feﬂ as the FAME compositions of both the .esteriﬁed oil and the 700 rpm, and a reaction time of 120 min), highlights the effectiveness of
ﬁr%a.I blOdleS.el samples. The.QPj201O GQ‘MS (Shimadzu, J ap'an) was this process as a pretreatment step. The reduction of the initial FFA
utilized, equipped with an Rxi-5Sil MS capillary column measuring 30 m content to below 1 % (0.89 %) validates the suitability of the sample for

inlength x 0.25 mm in internal diameter and 0.25 pm in film thickness. subsequent alkali-catalyzed transesterification (Step-2). The measured
GC—MS was utilized for both qualitative and quantitative analysis of AV of 1.78 mg KOH/g after esterification further supports successful
liquid and gaseous molecules by integrating two complementary tech- deacidification. Additionally, the effect of MeOH on the esterification
niques: GC, which separates sample components, and MS, which detects reaction was confirmed by the GC—MS chromatograms presented in
and identifies molecules based on their mass-to-charge — (m/z) ratios Fig. S5 and Fig. S6, which demonstrated the conversion of FFAs to
and fragmentation patterns. An autosampler facilitated the injection of a FAMEs. The GC—MS analysis results of esterification reaction, shown in
1 pL sample. The injector temperature was maintained at 200°C to Fig. 4 and Table S2, detail the FAME composition: methyl elaidate
ensure rapid vaporization of the analytes, while helium (He) served as (trans) (65.76 %) and methyl linoleate (19.91 %) were the predominant
the carrier gas at a flow rate of 1.5 mL/min. The oven temperature components, followed by methyl palmitate (6.56 %), methyl oleate (cis)
program comprised three stages tailored for different analyses: an initial (4.41 %), and methyl stearate (3.36 %). Mechanistically, the reaction
hold at 80°C for 5 min, followed by an increase to 280°C at 5 °C/min for mechanism follows classical acid-catalyzed esterification theory,
FAME analysis, then an increase to 320°C at 2.5 °C/min, and finally an whereby HzSO. acts as a proton donor, activating the FFA’s carbonyl
increase to 350°C at 1 °C/min for triglyceride analysis. group to increase its electrophilicity and facilitate nucleophilic attack by

The identification of chemical compounds were achieved by methanol. This reversible reaction equilibrium was successfully shifted
comparing the acquired mass spectra against reference spectra in the to favor FAME formation.

National Institute of Standards and Technology (NIST) library. This
matching process involved evaluating both m/z — values and the
characteristic fragmentation pattern to accurately determine the
chemical composition of the sample.

3.3. Impact of transesterification reaction parameters on biodiesel yield %
To evaluate the impact of the process parameters, specifically, the
KOH catalyst loading, oil-to-MeOH molar ratio, reaction temperature,

and reaction time, on the biodiesel yield, a systematic univariate study
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was performed under controlled experimental conditions. Each param-
eter varied independently while keeping the remaining variables con-
stant to ensure valid comparisons. The detailed impact of these
parameter on the biodiesel yield are described in the following sections.

3.3.1. KOH catalyst loading

To evaluate the impact of catalyst concentration on biodiesel yield
(Fig. 5(a)), a baseline reaction without a catalyst was conducted at 40°C
for 60 min with an oil-to-MeOH molar ratio of 1:6, resulting in a 25 %
yield. Subsequently, catalyst loadings ranging from 1 to 5 wt% KOH
were tested under the same conditions. The biodiesel yield increased
from 84 % to 89 % as the catalyst concentration was raised from 1 wt%
to 2 wt%. However, further increases in catalyst loading to 3-4 wt%
caused a decrease in yield, attributed to saponification due to excess
KOH, which led to soap, glycerol formation, and complicated down-
stream purification (Degfie et al., 2019). Notably, at 5 wt% KOH, the
reaction mixture became viscous rather than separating into biodiesel
and glycerol phases (Fig. S17 in the supplementary file). Consequently,
the upper limit for catalyst loading was set at 4 wt%, and catalyst con-
centrations beyond this point were not investigated. GC—MS chro-
matograms and the corresponding analyses at the optimal catalyst
loading 2 wt% (Fig. S7 andTable S3) revealed the principal FAME
components and their relative abundances. Following the determination
of the optimal catalyst loading, the impact of the oil-to-methanol molar
ratio on the biodiesel yield was examined.

3.3.2. Oil-to-MeOH molar ratio

The effect of the oil-to-MeOH molar ratio on the biodiesel yield was
investigated over the range of 1:3-1:8, while maintaining a KOH-
catalyst loading of 2 wt%, a reaction temperature of 40°C, and a
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reaction time of 60 min (Fig. 5(b)). A stoichiometric molar ratio of 1:3
was selected as the baseline. The biodiesel yield increased with
increasing oil-to-MeOH ratio, reaching a maximum of 89 % at a 1:6
ratio. This enhancement is attributed to the improved formation of
methoxy species on the catalyst surface, which drives the chemical
equilibrium in favor of biodiesel production. However, the yield
decreased at ratios exceeding 1:6, as excess MeOH negatively impacts
biodiesel properties by reducing viscosity, density, and the flash point
(Cai et al., 2015; Muhammad et al., 2017). Additionally, glycerol, the
reaction byproduct, becomes more soluble in excess MeOH. This
increased solubility complicates glycerol separation and shifts the
equilibrium back toward the reactants, thereby decreasing the overall
yield. GC—MS chromatograms and the corresponding compositional
analysis at the optimal 1:6 molar ratio (Fig. S8 and Table S4) confirmed
the FAME profile of the biodiesel produced.

3.3.3. Reaction temperature

Under fixed conditions of 2 wt% KOH catalyst, a 1:6 oil-to-MeOH
molar ratio, and a 60-min reaction time, the temperature was varied
from 35°C to 60°C in 5°C intervals (Fig. 5(c)). The biodiesel yield
reached a maximum of 89 % at 40°C but declined significantly to 71 %
at 60°C. While, sufficient thermal energy is necessary to overcome mass
transfer resistance in a reaction mixture comprising oil, alcohol, and a
catalyst, temperatures approaching or exceeding the boiling point of
MeOH lead to rapid vaporization and bubble formation, which adversely
affect the reaction kinetics. Furthermore, elevated temperatures in-
crease the activation energy for the reverse reaction, thereby hindering
biodiesel formation and reducing the final yield (Kawentar and Budi-
man, 2013). GC—MS chromatograms and the corresponding analysis at
40°C (Fig. S9 and Table S5) confirmed the FAME compositions of the
biodiesel produced.

3.3.4. Reaction time

Reaction times of 15, 30, 45, 60, 75, and 90 min were evaluated at
15-min intervals, while maintaining a constant KOH catalyst loading
(2 wt%), the oil-to-MeOH molar ratio (1:6), and temperature (40°C)
(Fig. 5(d)). The biodiesel yield exhibited a rapid initial increase as the
system approached toward equilibrium, however, the yield gradually
decreased with further increases in reaction time due to the reverse
reaction (Kawentar and Budiman, 2013). The optimal reaction time was
identified as 60 min, resulting in a maximum yield of 89 %. GC—MS
chromatograms and the corresponding analysis at the 60 min (Fig. S10
and Table S6) confirmed the FAME compositions of the biodiesel
produced.

3.3.5. Optimization results of the transesterification reaction and 3D plot
The transesterification reaction was conducted to evaluate the
feasibility of biodiesel production across several key process parameters:
KOH catalyst loading (wt%), the oil-to-MeOH molar ratio, the reaction
time (t), and the reaction temperature (T). To determine the optimal



Md. Rubel et al.

Chemical Engineering Research and Design 226 (2026) 282-295

9 (a) 8 == Catalyst 90 (b) w
80 80
8 7
9 9 ]
K70 K70
3 o
2 9
= =
v 60 v 60
n w
9 2
T el
0 2
“ s0 “ 50
40 40
30 30
1wt % 2 wt. % 3wt % 4 wt. % 1:3 1:4 1:5 1:6 1:7 1:8
Catalyst Loading (wt.%) Oil to Methanol Molar Ratio
9 () == Temperature 90
80 7 80
L 70 L 70
o o
2 Q
> =
T 60 v 60
" w
2 <
© ©
.0 =]
“ 50 )
40 40
30 30
35°C 40°C 45°C 50°C 55°C 60°C 15 mins 30 mins 45 mins 60 mins 75 mins 90 mins

Temperature (°C)

Reaction Time (minutes)

Fig. 5. (a) Impact of catalyst loading (KOH, wt%) on biodiesel yield (%), (b) impact of the oil—to—MeOH molar ratio on biodiesel yield (%), (c) impact of reaction
temperature (°C) on biodiesel yield (%), and (d) impact of reaction time (minutes) on biodiesel yield (%). Error bars represent the standard deviation from duplicate

experiments, with optimal conditions verification in triplicate.

conditions for each parameter, the experiments were conducted by
independently varying the catalyst concentrations (1, 2, 3, 4 and 5 wt
%), oil-to-MeOH molar ratios (1:3, 1:4, 1:5, 1:6, 1:7, and 1:8), reaction
times (15, 30, 45, 60, 75, and 90 min), and reaction temperatures (35°C,
40°C, 45°C, 50°C, 55°C, and 60°C), while remaining parameters were
held constant. All the measurements were conducted in duplicate, with
the optimal conditions verified in triplicate to minimize experimental
errors. Fig. 6 presents six three-dimensional (3D) surface plots illus-
trating the effects of dual-parameter interactions on the final biodiesel
yield.

The optimal conditions for maximizing the biodiesel yield were
consistently identified as a reaction temperature of 40°C, a reaction time
of 60 min, a KOH catalyst concentration of 2 wt%, and an oil-to-MeOH
molar ratio of 1:6. The response surfaces exhibit parabolic trends, with
biodiesel yields peaking within defined parameter ranges and declining
beyond these ranges. Specifically, the dual-parameter interactions are
illustrated as follows: Fig. 6(a) shows temperature against time; Fig. 6(b)
presents temperature versus catalyst concentration; Fig. 6(c) depicts
temperature versus the oil-to-MeOH molar ratio; Fig. 6(d) illustrates
time and catalyst concentration; Fig. 6(e) shows time against oil-to-
MeOH molar ratio; and Fig. 6(f) displays the interaction between cata-
lyst concentration and the oil-to-MeOH molar ratio. Notably, significant
interactions were observed between temperature and both the catalyst
concentration and the oil-to-MeOH ratio, emphasizing the critical
importance of balancing these variables to optimize the reaction
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efficiency. These findings highlight the necessity of precise parameter
optimization to maximize biodiesel yield in transesterification pro-
cesses. Following the optimization phase, the study subsequently eval-
uated and compared the performance of the processes, as described in
the sections below.

3.4. Process-I: transesterification of esterified oil under optimal conditions
without cosolvent

Following the identification of optimal transesterification reaction
conditions from the impact assessment and optimization graph (Fig. 5
and Fig. 6), the transesterification of esterified WCO was carried out
under optimal conditions—2 wt% KOH catalyst loading, a 1:6 oil-to-
methanol molar ratio, 600 rpm agitation, a 60-min reaction time, and
a reaction temperature of 40°C without cosolvent. Fig. S11 shows the
GC—MS chromatogram of biodiesel synthesized under these optimized
conditions. The corresponding GC—MS analysis Table 2 (A) and
Table S7 revealed the FAME compositions of synthesis biodiesel are as
follows: hexadecanoic acid methyl ester (8.47 %, at 36.54 min retention
time), 11,14-octadecadienoic acid methyl ester (23.08 %, at 39.84 min),
9-octadecenoic acid (Z) methyl ester (54.37 %, at 40.08 min), methyl
stearate (5.16 %, at 40.45 min), and cis-13-eicosenoic acid methyl ester
(2.47 %, at 43.47 min). These results align with the published literature
on biodiesel from WCO.
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3.5. Process-II: transesterification of esterified oil under optimal
conditions and 1:6 oil: n-hexane cosolvent

To evaluate the impact of n-hexane on the biodiesel yield, a series of
reactions was conducted using oil-to-hexane molar ratios ranging from
1:1-1:6. As shown in Fig. S12, the highest biodiesel yield was achieved
at an oil-to-n-hexane cosolvent molar ratio of 1:6. Following this opti-
mization, GC—MS analysis was carried out to confirm the FAME com-
positions at the optimal ratio. Specifically, Fig. S13 highlights the
GC—MS chromatogram and the resulting FAME profile under these
transesterification conditions. Furthermore, the corresponding GC—MS
data, presented in Table 2 (B) and Table S8, provide a detailed
composition of the FAME constituents present in the synthesized bio-
diesel at the optimal oil-to-n-hexane — ratio. For each constituent, the
table lists the area percentage in the chromatogram.

Notably, the major FAME components included hexadecanoic acid,
methyl ester (9.12 %, at a retention time of 36.54 min), 9-octadecenoic
acid (Z)-methyl ester (50.12 %, at 40.07 min), and methyl stearate
(5.62 %, at 40.45 min). Collectively, this information offers valuable
insights into the composition of biodiesel produced under specific
cosolvent conditions. The bar chart in Fig. 7 illustrates the impact of the
oil-to-n-hexane cosolvent ratio on the biodiesel yield. As the ratio
increased from 1:1-1:6, the biodiesel yields significantly improved,
reaching a peak value of 96.0 % at a 1:6 ratio. This trend suggests that a
higher n-hexane content enhances the efficiency of biodiesel production
by improving the miscibility of the oil and methanol phases (Bai et al.,
2022). Furthermore, this 1:6 ratio was identified as optimal based on
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GC—MS analysis, which revealed that a higher percentage of FAMEs
corresponded to increased biodiesel yield. Moreover, beyond this ratio,
no significant further improvement in yield was observed, reinforcing
the use of 1:6 as the ideal cosolvent proportion for maximizing biodiesel
output.

3.6. Process-III: transesterification of esterified oil under optimal
conditions and 1:6 oil: CPME cosolvent

To evaluate the impact of CPME cosolvent on biodiesel yield, a series
of reactions was conducted using oil-to-CPME molar ratios ranging from
1:1-1:7. As shown in Fig. S14, the optimal biodiesel yield was achieved
at a 1:6 ratio. Subsequently, GC—MS analysis was performed to verify
the FAME compositions at this optimal oil—to—CPME molar ratio.
Specifically, Fig. S15 illustrates the FAME profile under the specified
transesterification conditions.

Furthermore, the GC—MS data detailed in Table 2 (C) and Table S9
provide a comprehensive composition of the FAMEs in the synthesized
biodiesel at a 1:6 ratio. Notably, the FAME constituents included hex-
adecanoic acid, methyl ester (15.57 %, at a retention time of 36.54 min),
11,14-octadecadienoic acid, methyl ester (32.91 %, at 39.87 min), and
9-octadecenoic acid (Z)-methyl ester (37.98 %, at 40.04 min).

The bar chart (Fig. 8) illustrates the effect of varying the oil-to-CPME
cosolvent ratio on the biodiesel yield. As the ratio increased from
1:1-1:6, the biodiesel yield improved markedly, reaching a maximum of
97.5 % ata 1:6 ratio. This enhancement is attributed to the alleviation of
mass transfer resistance between the oil and methanol phases,
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Table 2

Comparison of the FAME compositions of synthesized biodiesel (A) without cosolvent, (B) with n-hexane cosolvent, and (C) with CPME cosolvent.
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FAME Compositions Chemical Group Process-I Process-II Process-IIT
Without cosolvent (Area%) With With
(A) n-hexane CPME
(Area%) (Area%)
(B) ©
Methyl tetradecanoate Saturated FAME 0.09 0.12 0.23
Methyl hexadeca-9-enoate Palmitoleic acid (C16:1) 0.77 0.91 0.13
Hexadecanoic acid, methyl ester Palmitic acid (C16:0) 8.47 9.12 15.57
Cis-10-Heptadecenoic acid, methyl ester Monounsaturated FAME - 0.07 0.12
Heptadecanoic acid, methyl ester Saturated FAME 0.07 0.08 0.20
9-Octadecenoic acid (Z)-methyl ester Oleic acid (C18:1) 54.37 50.12 37.98
9,12,15-Octadecatrienoic acid, methyl ester Linolenic acid (C18:3) - 1.59 0.21
Methyl stearate Stearic acid (C18:0) 5.16 5.62 7.62
Methyl 10-trans, 12-cis-Octadecadienoate Polyunsaturated FAME - 0.17 0.20
Methyl (11 R,12 R,13S)-(2)-12,13-epoxy-11-methoxy-9-octadece Epoxy FAME - 0.13 0.12
Methyl 18-methylnonadecanoate Branched-chain FAME 1.62 1.42 0.90
Tetracosanoic acid, methyl ester Saturated FAME 0.37 0.31 0.26
Methyl 9-cis,11 trans-octadecadienoate Polyunsaturated FAME 0.35 - -
Octadec-9-enoic acid Oleic acid (C18:1) 0.49 - -
11,14- Octadecadienoic acid, methyl ester Linoleic acid (C18:2) 23.08 - 32.91
Docosanoic acid, methyl ester Saturated FAME - - 0.78
Cis-11-Eicosenoic acid, methyl ester Monounsaturated FAME - - 0.72
9-Hexadeccenoic acid, methyl ester Palmitoleic acid (C16:1) - - 1.60
17- Octadecynoic acid, methyl ester Unsaturated FAME - - 0.08
7- Octadecenoic acid, methyl ester Monounsaturated FAME - - 0.14
Methyl 9, cis,11,trans.t.13,trans.-octadecatrienoate Polyunsaturated FAME - - 0.23
Cyclopropaneoctanic acid, 2-octyl-, methyl ester, cis- Cyclopropane FAME 0.17 0.07 -
Cis-11,14-Ecosadienoic acid, methyl ester Polyunsaturated FAME 0.13 0.12 -
Cis-13-Eicosenoic acid, methyl ester Monounsaturated FAME 2.47 2.29 -
Methyl 20-methyl-heneicosanoate Branched-chain FAME 0.79 0.74 -
15-Tetracosenoic acid, methyl ester, (2)- Monounsaturated FAME 0.19 0.15 -
9,12, Octadecadienoic acid (ZZ), methyl ester Linoleic acid (C18:2) - 22.02 -
9-octadecenoic acid, methyl ester (E) Oleic acid (C18:1) - 5.17 -
6-octadecenoic acid, methy ester (Z) Monounsaturated FAME - 0.14 -
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Fig. 7. Impact of the n-hexane cosolvent molar ratio on the biodiesel yield (%). Error bars represent the standard deviation from duplicate experiments, with optimal

conditions verification in triplicate.

facilitating a more homogenous reaction environment. Beyond this
optimal ratio, the yield plateaued, with no statistically significant
improvement observed. GC—MS analysis conducted at a 1:7 ratio in
Fig. S16 and Table S10 confirmed that the FAME content remained
comparable to the 1:6 ratio, indicating no further increase in biodiesel
yield. However, increasing the cosolvent ratio beyond 1:7 introduces
difficulties in separating biodiesel and glycerol phases, which is attrib-
uted to the dilution effects caused by excessive cosolvent addition. A
similar trend was observed for n-hexane, where the biodiesel yield did
not improve beyond the optimal cosolvent ratio. This phenomenon is
consistent with findings from studies involving other cosolvents (Ambat
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et al., 2020; Bai et al., 2022; Miyuranga et al., 2022; Felicia, 2014).
Consequently, the 1:6 oil-to-CPME molar ratio was identified as optimal,
which is supported by the GC—MS results showing the highest FAME
percentage at this point. Notably, it is noteworthy that despite thorough
purification, the biodiesel synthesized using both n-hexane and CPME
cosolvents retained residual odors characteristic of the respective
cosolvents.

3.7. Impact of cosolvents on FAME compositions

The data in Table 2 reveal significant differences in the area
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percentages of specific FAMEs, particularly 9-octadecenoic acid (Z)-
methyl ester and hexadecenoic acid methyl ester, illustrating how
cosolvents can distinctly influence the composition of biodiesel. The
effectiveness of a cosolvent in transesterification reaction depends on its
dielectric constant, dipole moment, polarity, polarity index, and its ca-
pacity to dissolve reactants. CPME and n-hexane differ markedly in
terms of their physical and chemical properties. Specifically, the CPME
results in higher values for the dielectric constant (4.76), dipole moment
(1.27), and polarity index (2.8), alongside a higher boiling point
(106°C), flash point (-12°C), and density (0.86 g/cm?), than those of n-
hexane in Table S11.

Notably, CPME possesses intermediate polarity, whereas n-hexane is
nonpolar. These differences in polarity and physicochemical properties
enable CPME cosolvents to alter the reaction environment and poten-
tially stabilize intermediates or transition states in various ways. This
can lead to variations in the reaction rate and the conversion efficiency.
The fundamental rationale for CPME’s enhanced performance lies in its
intermediate polarity, which creates a homogenous phase between the
polar methanol and the nonpolar oil, effectively eliminating mass
transfer barriers. This is quantified by its dielectric constant (4.76) and
polarity index (2.8), positioning it between methanol (32.6) and tri-
glyceride oil (~3), which enables the effective solubilization of both
reactants. In contrast, the nonpolar nature of n-hexane (¢ = 1.9) makes it
a less effective cosolvent for solubilizing the polar methanol, resulting in
slightly lower miscibility and consequently, a lower yield. Furthermore,
CPME’s higher boiling point (106°C) offers a safer operational window
compared to the highly volatile n-hexane (BP 69°C).

Additionally, the superior performance of CPME is supported by a
range of experimental evidence: the postreaction mixture with CPME
(Fig. 2f) showed a substantially smaller glycerol phase than the no-
cosolvent (Fig. 2d) or n-hexane (Fig. 2e) systems, indicating more
complete conversion. This visual evidence correlates with distinct FAME
composition changes in CPME-derived biodiesel (Table 2), notably a
significant increase in methyl palmitate (15.57 %) and a pronounced
shift toward 11,14- Octadecadienoic acid, methyl ester (32.91 %). These
compositional differences suggest CPME’s intermediate polarity creates
a unique reaction environment that influences FAME distribution.
Collectively, the reduced glycerol volume, altered FAME profile, and
highest achieved yield (97.5 % provide consistent evidence that CPME
enhances reactant miscibility during transesterification, thereby
reducing mass transfer limitation and improving overall conversion
efficiency.

Furthermore, the data show that the percentage area of 9-
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octadecenoic acid (Z)-methyl ester (oleic acid methyl ester) decreases
markedly in the presence of CPME relative to both the no-cosolvent and
n-hexane conditions. These findings suggest that CPME may specifically
interact with oleic acid methyl ester, promoting its enhanced conversion
into other FAMEs. Conversely, the area percentages of hexadecanoic
acid and methyl ester (palmitic acid methyl ester) increased significantly
with CPME compared with both n-hexane and no-cosolvent, indicating
that CPME more effectively facilitates the formation or stabilization of
this specific ester. These findings highlight that different cosolvents can
influence the selectivity of the transesterification reaction toward
particular FAMEs. However, compared with n-hexane, and without
cosolvent, CPME favors the production of hexadecanoic acid, methyl
ester, 11,14-octadecadienoic acid, and methyl ester. CPME, with its
moderate polarity, likely creates a more favorable reaction medium for
the synthesis and stabilization of certain FAMEs, thereby improving
overall yields and altering product distribution. In contrast, the
nonpolar nature of n-hexane may limit its ability to solubilize key in-
termediates effectively, resulting in slightly lower yields and different
FAME profiles than those of CPME.

Moreover, the highest percentage of 9-octadecenoic acid (Z)-methyl
ester observed without cosolvent decreased significantly with the
addition of either n-hexane or CPME. This behavior could be attributed
to differences in solubility or possible stabilization effects on in-
termediates within the reaction system. These observations regarding
the effects of cosolvent on biodiesel composition are consistent with
reports in the literature (Singh et al., 2017; Encinar et al., 2016; Okitsu
et al., 2013; Mohadesi et al., 2020; Diaz et al., 2023).

3.8. Comparative biodiesel yield (%) analysis

The bar chart in Fig. 9 compares the biodiesel yield percentages
under three different conditions: without a cosolvent, with an n-hexane
cosolvent, and with a CPME cosolvent. The biodiesel yield without a
cosolvent reached 89 %, which increased to 96 % with n-hexane and
further to 97.5 % with CPME at the optimal 1:6 oil-to-cosolvent molar
ratio. While the 1.5 % absolute yield increase with CPME is valuable, its
practical significance must be assessed against the process economics of
solvent recovery. A simplified comparative energy analysis, based on the
latent heat of vaporization, was performed to contextualize this yield
gain. The energy required to recover CPME (BP 106°C) was estimated to
be approximately 15.6 % higher per mole than n-hexane (BP 68.7°C)
(Appendix- XIII). Thus, the marginal yield benefit of CPME must be
balanced against the higher operational energy costs for its recovery in
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an industrial setting.

Despite this energy trade-off, CPME offers significant advantages in
terms of process safety, as it has a higher flash point (-1°C) and lower
toxicity compared to n-hexane (flash point = —22°C), which is a widely
available petrochemical solvent. Furthermore, CPME’s potential for bio-
based production provides a more viable sourcing pathway compared to
petroleum-derived n-hexane.

Table 2 presents the detailed FAME composition of the synthesized
biodiesel under three different conditions. A progressive increase in
biodiesel yield was observed across oil-to-cosolvent ratios from 1:4-1:6
for both n-hexane and CPME, as illustrated in Fig. 7 & Fig. 8. Conversely,
at lower cosolvent ratios (1:1-1:3), the addition of cosolvents has a
noticeably negative effect on the biodiesel yield compared to the base-
line (89 % biodiesel yield), as shown in Fig. 9.

Two potential factors may explain this reduced yield at suboptimal
cosolvent ratios. First, the transesterification process, which consists of
three consecutive and reversible reactions converting triglycerides to
diglycerides, then monoglycerides, and finally glycerol and FAME-, may
not have been effectively facilitated by the cosolvents at these lower
ratios. Insufficient cosolvent levels likely lead to incomplete homoge-
nization of the methanol and oil phases, limiting the formation rates of
mono and diglyceride intermediates, thereby reducing reaction effi-
ciency. Second, the polarity and relatively low kinematic viscosity of the
cosolvents at these ratios may have contributed to the reduced catalytic
activity. These explanations are consistent with observations reported in
the literature (ngn et al., 2009; Putra et al., 2015; Sahani et al., 2018).

Collectively, these findings indicate that the addition of a cosolvent
enhances the transesterification process only when it was employed in

optimal quantities by improving the miscibility between the oil and
MeOH phases. Consequently, cosolvent usage below the optimal ratio
adversely affects biodiesel yield, whereas excessive cosolvent addition
complicates phase separation and purification. The significant
enhancement in yield from the optimized baseline (89 %) to the
cosolvent-assisted processes (96 % and 97.5 %) clearly validates the
cosolvent’s role as an effective reaction intensifier under optimal con-
ventional conditions, confirming a successful mitigation of mass transfer
limitations. Therefore, determining the optimal oil-to-cosolvent ratio
specific to each reaction system is critical for maximizing performance.
Furthermore, a comparative analysis between n-hexane and CPME re-
veals that CPME consistently yields higher biodiesel outputs across all
tested ratios. For example, at a 1:6 ratio, CPME achieves a yield of
97.5 %, surpassing the 96 % yield obtained with n-hexane. This superior
performance can be attributed to the favorable chemical properties of
CPME, including enhanced polarity, lower volatility, and potentially
reduced tendency to form byproducts during transesterification.
Moreover, the core biodiesel quality parameter, the FAME content
was determined to be 99.87 % for n-hexane and 99.88 % for the CPME,
both of which exceed the minimum requirement of 96.5 % established
by the European Union EN 14214 biodiesel quality standard. This
demonstrates full compliance with the EN 14214 specification.
Furthermore, the FAME compositions of the synthesized biodiesel were
found to be consistent with those reported in the literature (Xia et al.,
2024; Mohammad et al.,, 2013). Additionally, Table 3 presents a
comparative analysis of this study alongside other investigations on
biodiesel production from WCO, encompassing various cosolvents, cat-
alysts, reactor types, and reaction conditions. This table highlights the

Table 3
Comparison of this study with other cosolvent studies.
Cosolvent Catalyst ~ Reactor type Feedstock  Reaction conditions Yield Ref.
Oil: Cosolvent Catalyst Oil: MeOH/ Time T Stir (wtdh)
ratio/amount amount (wt molar ratio (min) (C) (rpm)
%)
n-hexane KOH Three- neck WCO 1:8 2 1:6 20 40 - 98.5 (Bai et al.,
(Ultrasound- batch 2022)
assisted)
n-hexane CaO Micro reactor WCO 58 vol% 8.17 51.3 vol% 10 62 - 97.02 (Aghel
et al.,
2018)
n-hexane KOH Erlenmeyer WCO 1:6 2 1:6 60 40 600 96 This study
flask
CPME KOH Erlenmeyer WCO 1:6 2 1:6 60 40 600 97.5
flask
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biodiesel yield percentages achieved under each set of conditions,
thereby illustrating the relative efficiency of different methodologies in
converting WCO to biodiesel.

3.9. Possible limitations of this study

It is critical to note that the environmental benefits of using CPME
are contingent upon its efficient recovery and reuse, which was not
implemented in the laboratory-scale study. Venting solvents to the at-
mosphere is not a sustainable practice; therefore, the future scalability
and true ‘green’ credentials of this process depend on integrating a
solvent recovery unit, such as vacuum distillation, and demonstrating its
effective recycling over multiple batches. Additionally, the cosolvent
comparison, using a pragmatic, hierarchical approach, clearly measured
the performance boost under optimized baseline conditions. However,
full, independent optimization of all four process variables was not
conducted to find the absolute maximum yield for each system.

4. Conclusions and future outlooks

This research investigated a two-step process for biodiesel produc-
tion from WCO via acidic esterification followed by homogeneous base-
catalyzed transesterification. Using an experimental trial-and-error
optimization approach, the optimal esterification conditions- 5 wt%
HSO4 catalyst, a 1:10 oil-to-methanol molar ratio, 60°C temperature,
and a 120-min reaction time- effectively reduced the FFA content in
WCO from 10.7 % to 0.89 %, enabling efficient base-catalyzed trans-
esterification. The optimal baseline transesterification conditions - 2 wt
% KOH catalyst, a 1:6 oil-to-MeOH molar ratio, 40°C reaction temper-
ature, and a 60-min reaction time- yielded 89 % biodiesel yield without
a cosolvent. Further investigation and GC—MS analysis confirmed that
incorporating a cosolvent, specifically either low-toxicity CPME or n-
hexane (at an optimal 1:6 oil-to-cosolvent molar ratio), to the alkaline
transesterification process significantly enhanced the performance of
the optimized baseline process. The yield increased from 89 % to 97.5 %
with CPME and 96 % with n-hexane, both meeting the European Union
EN 14214 biodiesel quality standard (>96.5 % FAME). CPME out-
performed n-hexane by improving miscibility between the oil and
methanol phases, thereby enhancing mass transfer and reducing inter-
facial resistance. Furthermore, compared with other alternative solvent
systems, such as supercritical CO; (86.33 %) and deep eutectic solvents
(=~ 44 %), CPME demonstrated superior conversion efficiency and more
favorable handling properties. Additionally, the use of cosolvent facili-
tated operation at reduced process temperature, potentially contributing
to lower energy requirements.

In this study, unreacted MeOH and n-hexane were removed via ro-
tary evaporation, while CPME was evaporated under a fume hood. It is
important to note that venting solvents represents a limitation for pro-
cess sustainability, so future work must integrate closed-loop recovery
systems. Subsequently research should focus on kinetic viscosity studies
at varying CPME ratios, mechanistic elucidation via nuclear magnetic
resonance (NMR), and density functional theory (DFT) simulations, and
the optimization of the oil-to-cosolvent ratio for diverse WCO qualities
to ensure the process’s broad applicability and reliability across varying
feedstocks. These approaches will provide deeper insights into reaction
effectiveness and feedstock versatility. Finally, comprehensive tech-
noeconomic analyses are also recommended to evaluate energy de-
mands and cost-effectiveness, particularly concerning solvent recovery
under vacuum distillation, to support the transition of this process to-
ward industrial-scale biodiesel production.
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