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This study focuses on optimizing biodiesel production from a refined blend of
palm and cottonseed oils, utilizing the MCM-41 nanocatalyst. Palm oil bio-
diesel is noted for its excellent oxidative stability, but demonstrates poor
low-temperature flow properties due to its high-saturated fatty acid content.
In contrast, cottonseed oil biodiesel offers enhanced flow properties at low
temperatures, but exhibits lower oxidative stability. By blending these two
oils, this study aims to maximize biodiesel yield and achieve improved overall
fuel properties. The esterification process is optimized using a traditional
experimental approach, varying two parameters simultaneously, while main-
taining the others constant. The critical variables studied include the molar
ratio of alcohol-to-oil, catalyst amount, reaction temperature, and reaction
time. The MCM-41 nanocatalyst, a mesoporous silica material with nanoscale
features, is selected due to its high surface area, uniform pore distribution,
and superior catalytic performance. This methodical approach simplifies the
optimization process, reduces experimental complexity, and provides a prac-
tical framework for identifying optimal reaction conditions in resource-
limited environments.

ITe mochimkeHHsA 30cepelsKeHO Ha ONTHMIisallii BUpoOOHUIITBA Oiogusesnsd 3
OUMIIEHOl CyMiIlli maJsbMOBOiI Ta 6GaBOBHSAHOI OJIifi 3 BUKOPHUCTAHHSIM HAHO-
karaiaizatropa MCM-41. Biogusenb 3 maabMoOBOI 0J1ii BimoMuii cBO€O UyHO-
BOI0O OKHCHIOBAJILHOIO CTa0iJIbHiCTIO, ajie MeMOHCTPYE IIOTaHi HU3bKOTEMIIe-
paTypHi BJIacTUBOCTI IMJIMHHOCTU Yepe3 BMCOKUIH BMiCT HACUUYEHUX KUPHUX
Kucyor. HaBnaku, Giogmsesns 3 6aBOBHAHOI 0Jil mPOIIOHYe MOJIimIIeHi Biac-
TUBOCTI MJIMHHOCTU 3a HUBBKUX TEeMIIEPATyp, ajieé JeMOHCTPYE HUKUY OKHUC-
HIOBAJbHY CcTa0iabHicTh. 3Mimmyroun i ABi oJii, mocaigyKeHHs Mae Ha MeTi
MaKcHUMidyBaTH BUXijJ Oiogmsesis Ta MOCAITH IIOJIIIIEHWX 3arajJbHUX BJIAC-
tuBocTteil manusa. IIponec erepudikaiiii 6yB onTuMisoBaHUI 3a JOMIOMOTOIO
TPAAUIITHOTO eKCIIePUMEHTANHLHOr0 MiAXO0AYy 3 OJZHOYACHUM 3MiHIOBAHHAM
IBOX IapaMeTpiB, a iHmmi sanumianucsa mocritHumu. HocaigsxyBaHi Kputu-
YHi 3MiHHI BKJIIOUAJX MOJIAPHE CIIiBBiHOINEHHA CHIUPTY OO OJIii, KiJIbKicTb
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KarajisaTopa, TeMmOepaTypy peakmii Ta uyac peaxiii. HanokaramaisaTop
MCM-41, T06TO Me30IMOPUCTUL KPEMHE3EMHUN MaTepisaa 3 HAHOPO3MipHUMU
XapaxkTepucTuKaMu, 6yB oOpaHmuil 3aBAAKM CBOiil BeJUKill IJIOINi MOBEPXHI,
piBHOMipHOMY pOBHOAiNy IIOp i uWyZoBi¥i KaTajdiTWYHI IPOLYKTUBHOCTI.
Ileit MmeToAMYHUI TigXiA CIpPOIye IpoIlec ONMTUMisalii, 3MeHIIye eKCHepu-
MEeHTAaJIbHY CKJAIHICTh i 3abeslmeuye IPAKTUUYHY OCHOBY [IJd BU3HAUEHHS
ONTUMAJIbHIUX YMOB pPeakKIlii B yMoBax o0OMe:KeHUX pecypcis.
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1. INTRODUCTION

The global energy demand is met through a diverse mix of energy
sources. Statistics indicate that oil accounts for 35% of the global
energy supply, followed by coal at 29% and natural gas at 24%.
Hydropower contributes 6%, while nuclear energy provides 5%,
and the remaining 1% comes from alternative energy sources. De-
spite the dominance of fossil fuels as the primary energy source,
they are finite and non-renewable. At current consumption rates,
the estimated reserves of oil, natural gas, and coal are expected to
last approximately 45, 60, and 120 years, respectively [1].

The 21-st century has introduced significant challenges, includ-
ing the urgent need for sustainable energy sources, increasing envi-
ronmental degradation, and rising fossil fuel costs [2]. A notable
surge in fuel consumption in recent years [3] has amplified global
warming, largely due to the emission of pollutants [4]. This envi-
ronmental pollution has profound health effects, with air pollution
accounting for around 4.2 million deaths each year from chronic
illnesses such as cardiovascular disease, strokes, and lung cancer.
Furthermore, it is troubling that almost 91% of the world’s popula-
tion lives in areas, where air quality does not match the World
Health Organization’s criteria [5]. To reduce reliance on petroleum,
mitigate its impact on climate change, and lower economic burdens,
biofuels have emerged as a promising alternative in the transporta-
tion sector [6].

Biofuels are any fuel formed from organic materials, known as
biomass, whether plant-based or animal-based, which can be burned
to generate energy. They are considered as sustainable and envi-
ronmentally friendly substitutes to fossil fuels like oil, coal, and
natural gas [7]. Like fossil fuels, biofuels exist in different forms:
gaseous biofuels such as methane derived from the decomposition of
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organic matter, liquid biofuels like biodiesel extracted from vegeta-
ble oils, recycled wax, or animal fats, and bioethanol, an alcohol
produced from fermenting sugars and starchy crops like corn [8].
Among these options, biodiesel stands out as the most viable choice,
accounting for approximately 82% of total biofuel production [9].
Biodiesel plays a crucial role in addressing energy needs across var-
ious environments, from industrial zones to residential areas, urban
centres to rural regions, and small to large-scale applications, all
while achieving an impressive balance in net energy output [10].

Diesel is a liquid fuel composed of hydrocarbons, produced from
petroleum through fractional distillation at temperatures ranging
from 200 to 350°C. A single barrel (42 gallons) of crude oil can
yield approximately 10 gallons of diesel. Diesel and gasoline are not
interchangeable as fuels due to differences in engine requirements.
Diesel boasts a higher energy content (38.3 MJ-L™') compared to
gasoline (84.7 MJ-L™"). It is a primary fuel for diesel engines and
plays a significant role in heating homes, particularly in developed
countries. Diesel engines power most heavy machinery and equip-
ment, including tractors, trucks, construction machines, mining
equipment, and military vehicles, reflecting differences in combus-
tion mechanisms [1].

Biodiesel, on the other hand, is a yellow combustible liquid that
closely resembles fossil diesel but is derived from renewable biologi-
cal sources such as plant oils and animal fats [11]. Table 1 provides
a comparison of the specifications for fossil diesel and biodiesel
based on the standards set by the American Society for Testing and
Materials (ASTM) [12, 13].

Biodiesel is a biodegradable fuel, which promotes natural break-
down and reduces harmful environmental effects [15]. Biodiesel also

TABLE 1. Comparison between fossil diesel and biodiesel according to
ASTM standards.

Property Biodiesel | Fossil Diesel
Composition FAME (C12-C22) Hydrocarbon (C10-C21)
Flash point, K 373-443 333-353
Specific gravity, g/mL 0.88 0.85
Cloud point, K 270-285 258-278
Pour point, K 258-289 243-258
Carbon content, wt.% 77 87
Cetane number 48-60 40-55
Sulphur content, wt.% 0.05 0.05
Hydrogen content, wt.% 12 13
Kinematic viscosity (40°C), ¢St 4.0-6.0 1.3-4.1
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exhibits lower toxicity, leading to decreased emissions of harmful
compounds [16]. Unlike fossil diesel, biodiesel contains only trace
amounts of aromatic and sulphur compounds and has an oxygen
content ranging from 10% to 11% by weight. This oxygen presence
allows for complete combustion, resulting in a significant reduction
in emissions of hydrocarbons, carbon monoxide, and particulate
matter [17]. Due to its renewable nature, biodiesel can provide a de-
pendable energy supply. Additionally, the high flash point of bio-
diesel makes it non-flammable and less likely to ignite or explode,
improving safety during storage and transportation compared to
fossil diesel, which has a lower flash point [18—20]. Biodiesel also
offers excellent lubricating properties, outperforming fossil diesel
by up to 66%, thanks to the presence of methyl or ethyl esters,
which act as natural lubricants. These compounds help reduce fric-
tion and wear between moving parts in the engine. As a result, bio-
diesel can decrease engine wear from extended use, leading to long-
er lifespans and reduced maintenance costs [14].

The scope of this study focusing on MCM-41, a mesoporous silica
catalyst known for its high surface area and catalytic efficiency, was
used to optimize the transesterification process. By adjusting two var-
iables at a time while keeping the others constant, this research aims to
identify the optimal conditions for biodiesel production, offering a
cost-effective and practical method for producing high-quality bio-
diesel from refined oil blends. The results of this study contribute to
advancing biodiesel production technology and support its adoption as
a viable and sustainable alternative energy source.

2. EXPERIMENTAL
2.1. Materials

Sodium metasilicate (Na,SiO,;-5H,0), with 97% purity, sourced from
BDH, was used as the silica precursor, while cetyltrimethylammo-
nium bromide (CTAB) (C,(H,,BrN), with 99% purity, also from
BDH, served as the templating agent. Sulphuric acid (H,SO,), with
97% purity from BDH, was employed as a pH-modifying additive,
and deionized water was used as the solvent. For the biodiesel pro-
duction, refined palm oil and refined cottonseed oil were utilized as
feedstocks, and methanol (CH,OH), with 99% purity from BDH,
was used as the alcohol in the esterification process.

2.2. Preparation of the Catalyst

The MCM-41 catalyst was prepared by first dissolving 2.5 grams of
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sodium metasilicate (Na,SiO;-5H,0) in diluted water and slowly add-
ing it to a 10% cetyltrimethylammonium bromide (CTAB) solution
in deionized water, while stirring vigorously for 2 hours. The pH
was adjusted to 11 using a 1 N sulphuric acid solution, and mixing
continued for another 2 hours. The mixture was transferred to a
Teflon-lined stainless-steel autoclave, heated to 120°C, and main-
tained for 48 hours under hydrothermal pressure. After cooling, the
precipitate was separated, washed with deionized water, and dried
at 80°C for 24 hours. The organic template was then removed by
calcination in a furnace, heating at 2°C per minute to 550°C and
maintaining this temperature for 6 hours.

2.3. Preparation of the Refined Oil

Palm oil and cottonseed oil were mixed in a 50v/50v ratio. To ob-
tain a homogeneous blend, the mixture was stirred using a magnetic
stirrer for two hours, while being heated to 100°C to remove any
water content, as shown in Fig. 1.

2.4. Esterification of Fatty Acids in the Oil Blend

The direct esterification reaction was carried out using a 250 mL
round-bottom flask with two openings. One opening was connected
to a reflux condenser to minimize the loss of evaporated methanol,
while the other opening was left open for the addition of chemicals
and withdrawal of samples. The flask, containing only the oil, was
placed in a water bath, and the oil was heated to the required tem-
perature. Once the desired temperature was reached, the methanol-
catalyst was introduced into the system.

Fig. 1. Preparation method of the refined blend of cottonseed and palm
oils.
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Given the poor miscibility between methanol and oil, magnetic
stirring was maintained at a constant speed of 600 rpm throughout
the reaction to ensure optimal mixing [21]. At regular intervals, 2
mL aliquots were extracted until the reaction reached 120 minutes.
Each sample was immediately washed with water to halt the reac-
tion and facilitate phase separation. To enhance the separation pro-
cess, the aliquots were allowed to settle for 30 minutes. A small
sample was collected from the upper (oil) layer. For titration, the
sample was diluted by adding it to a mixture of ethanol and ether.
Phenolphthalein was used as the indicator. The acid value (4,) was
determined by titrating the sample with a 0.02 N KOH solution, in
accordance with standard procedures (AOCS Ca 5a-40). The volume
of KOH required to produce a pink colour in the sample was record-
ed. Conversion efficiency was then calculated using the following
equation:

X,[%]=((4y, - A,)/ A, )-100%;

here, A, is the acid value at the initial time (before the reaction),

0

Ay is the acid value at the reaction time ¢, X, is the conversion rate.

3. RESULTS AND DISCUSSION
3.1. SEM Analysis for MCM-41

Scanning electron microscopy (SEM) uses a focused beam of high-
energy electrons to scan a sample’s surface, producing detailed im-
ages by analysing the interaction of the electrons with the atoms in
the sample. The beam is scanned in a point-by-point pattern, with
the intensity of the detected signal creating the image. As shown in
Figure 2, the SEM image of the catalyst indicates that most parti-
cles are small, ranging from 30-50 nm, spherical, and highly ho-
mogeneous.

3.3. XRD Analysis

Figure 3 shows the pattern XRD of the prepared and calcinated
MCM-41 sample at 550°C for 6 hours, within the 26 range of 1-10°,
revealing a prominent and robust peak (d100) at 20 =1.1°.

Calculations were performed to determine the dimensions of the
resulting crystals using Scherrer equation [22]:

K\

By €0S(0)
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Fig. 2. The SEM image of the MCM-41 material with nanoscale dimensions.
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Fig. 3. X-ray diffraction pattern of calcinated MCM-41 catalyst.

where K is a constant with a value of (0.94); A is x-ray wavelength
used in XRD and its value is of 0.1540 nm for the copper element;
Brwray is the peak width at half maximum is measured in radians,
and D represents the crystal dimensions in nanometres; 0 is x-ray
diffraction angle.

The calculated and measured values in Table 2 confirm the
achievement of nanoscale dimensions. By examining the values D,
we find that the prepared catalyst MCM-41 has nanoscale dimen-
sions, with particle size in the order of 38.9397 nm. This is con-
sistent with the results obtained from the scanning electron micro-
scope. This will enhance its catalytic effectiveness in various chemi-
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TABLE 2. Results of XRD data for MCM-41 catalyst.

20 | ©,rad | FWHM | B rw s D, nm
1.1 0.009599 0.2131 0.003719 38.9397

cal and industrial applications.

3.4. Effect of Various Factors on the Esterification of Free Fatty Acids

The effect of various factors on the direct acid esterification reac-
tion was investigated, including the methanol-to-oil molar ratio
(M), catalyst amount (A), reaction temperature (T), and reaction
time (D). The study focused on analysing the influence of two fac-
tors simultaneously, while the values of the other two factors were
kept constant at their optimal conversion conditions. This approach
allowed a comprehensive understanding of how each variable affects
the esterification process.

3.4.1. Effect of Reaction Time (D) and Temperature (T)

The effects of reaction time (D) and temperature (T') on the esterifi-
cation of pure and used oil blends were investigated, with the molar
ratio (M) and catalyst amount (4) maintained at their optimal val-
ues. The molar ratio (M) was set at 1:6, and the catalyst amount
was 0.05 g. As depicted in Fig. 4, increasing the temperature from
50°C to 60°C significantly enhanced conversion, particularly after
40 minutes of reaction time. Higher temperatures and extended re-
action times promote conversion by improving the mixing of reac-
tants and enhancing molecular mobility. However, it is important to
ensure that the temperature does not approach methanol boiling
point, as evaporation at higher temperatures can reduce conversion
efficiency.

3.4.2. Effect of the Methanol-to-Oil Ratio (M) and Catalyst
Amount (A)

The effects of the methanol-to-oil ratio (M) and catalyst amount (A)
on esterification of refined oil blend was studied, keeping the tem-
perature (T) at 60°C and reaction time (D) at 50 minutes, increasing
the methanol-to-oil ratio 1:3, 1:4, 1:5, 1:6 with 0.05 g of catalyst-
improved conversion, peaking at 40.5% at the 1:6 ratio. However,
using 0.1 g of catalyst further increased conversion, and the meth-
anol ratio continued to influence positively esterification. These re-
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Fig. 4. Effect of reaction time and temperature on the conversion rate of
the refined blend.
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Fig. 5. Effect of methanol-to-oil ratio (M) and catalyst amount (A) on the
conversion of the refined blend.

sults suggest that increasing both methanol and catalyst amounts
enhances conversion as shown in Fig. 5.

3.4.3. Effect of the Methanol-to-Oil Ratio (M) and Temperature (T)

Figure 6 illustrates that increasing the methanol-to-oil ratio (M)
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from 1:3 to 1:6 improves the conversion rate, especially when com-
bined with higher temperatures.

At a 1:3 ratio and 60°C, the esterification yield for blend reached
31%, which is considered adequate given the low free fatty acid
content, as the methanol was sufficient to convert most of the acids
into ester. Further increases in the methanol ratio to 1:4 resulted in

a rise in conversion, reaching the highest conversion at a 1:6 ratio
and 60°C.

0.1 g (MCM-41), Fixed Time (50 min)

45, W50°C = 55°C © 60°C
40
35
30
25
20
15
10
5
1/6

1/3 1/4 1/5
O/Me

Conversion, X5, %

Fig. 6. Effect of methanol-to-oil ratio (M) and temperature (T) on the con-
version of the refined blend.

1:6 O/Me, Fixed Time (50 mins)

45 0.05¢g 01g
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50 55 60

Temperature, °C

Fig. 7. Effect of catalyst amount (A) and temperature (T') on the conver-
sion of the refined blend.
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3.4.4. Effect of Catalyst Amount (A) and Temperature (T)

The effect of catalyst amount (A) and reaction temperature (T) on
the conversion of free fatty acids (FFAs) to esters was investigated
at a constant reaction time of 50 minutes and a methanol-to-oil ra-
tio (M) of 1:6 for the blend. Figure 7 demonstrates that increasing
the amount of MCM-41 catalyst from 0.05 g to 0.1 g enhances sig-
nificantly the conversion, especially at higher temperatures. This
improvement is due to the unique mesoporous structure of MCM-41,
which provides a large surface area and numerous active sites, fa-
cilitating more effective interaction between the reactants. The high
thermal stability of MCM-41 ensures efficient catalytic performance
even at elevated temperatures, further boosting the conversion rate.

3.4.5. Effect of Methanol-to-Oil Ratio (M) and Reaction Time (D)

The impact of the methanol-to-oil ratio (M) and reaction time (D)
on the conversion of free fatty acids (FFA) to esters was evaluated,
maintaining a reaction temperature of 60°C and catalyst concentra-
tions of 0.1 g for the refined blend. As shown in Fig. 8, the pure
blend exhibited a notable increase in FFA conversion over time,
reaching its maximum after 40 minutes and then stabilizing, indi-
cating that equilibrium had been achieved. Increasing the methanol-
to-oil ratio from 1:3 to 1:6 further enhanced conversion, consistent
with Le Chatelier’s principle, where higher reactant concentrations
drive the reaction towards ester formation.

The MCM-41 catalyst plays a crucial role in enhancing the esteri-
fication reaction due to its mesoporous structure and high surface
area, which provides a greater number of active sites for the reac-
tion. The uniform pore structure facilitates improved interaction
between the reactants and catalyst, enhancing the diffusion of reac-
tants and products, and ultimately increasing the reaction efficien-
cy and conversion rate without the need for excessive catalyst
amounts.

3.4.6. Effect of Catalyst Amount (A) and Reaction Time (D)

The effect of MCM-41 catalyst amount (A) and reaction time (D) on
free fatty acid conversion to esters was studied at 60°C with a molar
ratio (M) of 1:6. Using 0.1 g of MCM-41 showed superior conver-
sion efficiency, particularly during the first 30 minutes, compared
to 0.05 g. This is attributed to the higher availability of active sites
in 0.1 g, enhancing catalytic performance. After 40 minutes, con-
version rates plateaued for both amounts, suggesting 0.1 g is opti-
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Fig. 8. Effect of the methanol-to-oil ratio (M) and reaction time (D) on the
conversion of the refined blend (0.1 g of catalyst).
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Fig. 9. Effect of catalyst amount (A) and reaction time (D) on the conver-
sion of the refined blend.

mal for efficient esterification within a shorter reaction time, as
shown in Fig. 9.

4. CONCLUSIONS

This study successfully prepared and characterized MCM-41, a mes-
oporous silica-based nanoparticle catalyst, achieving nanoscale di-
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mensions 30—50 nm with a highly uniform structure. The catalyst
superior properties, such as a large surface area and high thermal
stability, significantly enhanced the esterification of free fatty ac-
ids in a refined blend of palm and cottonseed oils. Optimal biodiesel
production was achieved under the following conditions: a metha-
nol-to-oil molar ratio of 1:6, a catalyst amount of 0.1 g, a reaction
temperature of 60°C, and a reaction time of 40 minutes. These find-
ings highlight the potential of MCM-41 as a cost-effective and effi-
cient catalyst for biodiesel production, contributing to the develop-
ment of sustainable energy solutions.

5. HIGHLIGHTS

Successfully prepared MCM-41 with nanoscale dimensions (30—-50
nm), confirmed by SEM and XRD analysis.

MCM-41 demonstrated superior catalytic performance, achieving
high conversion rates in biodiesel production.

Identified optimal methanol-to-oil ratio (1:6), catalyst amount
(0.1 g), and reaction time (40 minutes).

Highlighted MCM-41 potential for efficient, eco-friendly biodiesel
production from refined oil blends.

Improved biodiesel properties by blending palm and cottonseed
oils, enhancing both low-temperature flow and oxidative stability.
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