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ABSTRACT

The development of innovative and sustainable processes for biodiesel
production, as one of the most important renewable biofuels, plays a crucial
role in reducing dependence on fossil fuels and mitigating environmental
pollution. Considering the high costs of conventional processes and challenges
in designing stable catalysts, the utilization of waste-derived materials for
synthesizing heterogeneous catalysts represents a valuable and innovative
approach. In this study, an iron-silica catalyst was synthesized using waste
iron, and its performance was evaluated in the transesterification reaction for
biodiesel production. The results demonstrated that the synthesized catalyst
exhibited high activity, stability, and reusability, facilitating biodiesel production
with significant yield. Furthermore, FTIR and XRD analyses confirmed the
presence of methyl ester groups in the biodiesel and the structural features
of the catalyst, highlighting the effectiveness of the proposed synthesis route.
These findings suggest that using waste iron for the synthesis not only reduces
production costs but also contributes to advancing green and sustainable
technologies. Ultimately, this approach may provide a foundation for future
research focused on industrial-scale applications and further optimization of
operating parameters in sustainable biodiesel production.
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1. INTRODUCTION

Over the last few decades, biodiesel has at-
tracted considerable attention as a renewable and
environmentally friendly alternative to conven-
tional fossil fuels. Biodiesel produced from vegeta-
ble oils and animal fats offers advantages such as

* Corresponding Author:ramin@modares.ac.ir;

biodegradability, renewability, and reduced green-
house-gas emissions, which makes it a promis-
ing option for the sustainable transportation and
energy systems [1].Nevertheless, conventional
biodiesel production processes still face several
challenges, including high production costs, limit-
ed catalyst stability, difficulties in catalyst recovery,
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and suboptimal conversion efficiency under prac-
tical operating conditions [2].

Simultaneously, large volumes of industrial
iron-containing wastes—particularly slags and
machining residues from steel and mining indus-
tries—pose a significant environmental and eco-
nomic burden because they are often disposed of
without valorization ([3],[4]). These wastes, how-
ever, frequently possess physicochemical proper-
ties that can be harnessed for value-added appli-
cations. Converting iron-rich waste into functional
materials is therefore an attractive route that ad-
dresses both waste management and resource ef-
ficiency.

Iron oxides, and hematite (a-Fe,0s) in partic-
ular, have desirable attributes for heterogeneous
catalysis, including good thermal and chemical
stability, low cost, and suitable surface properties
for the active site dispersion ([5],[6]). A variety of
synthetic routes for a-Fe,Os; nanoparticles have
been reported—chemical precipitation, co-precip-
itation, sol—gel, hydrothermal, sonochemical, and
spray pyrolysis—with chemical precipitation being
notable for its simplicity, low cost, and controllable
particle morphology [7]. Standard characteriza-
tion techniques such as X-ray diffraction (XRD) and
Fourier-transform infrared spectroscopy (FTIR) are
routinely used to confirm phase purity and iden-
tify Fe—O bonding and functional groups in both
catalysts and reaction products [8]. In biodies-
el synthesis, process parameters—including the
methanol-to-oil molar ratio, catalyst loading, and
reaction temperature—critically influence conver-
sion and selectivity and therefore require careful
optimization ([9],[10],[11]). Silica supports (SiO,)
are widely used to stabilize and disperse active
iron species because of their high surface area,
thermal stability, and chemical inertness [12].

Recent literature shows significant progress
in Fe-based and Fe/SiO,-derived catalysts for bio-
diesel production. For example, Hanif et al., (2024)
synthesized nano-magnetic CaO/Fe,0s/feldspar
catalysts and reported high biodiesel yields from
waste oils [13]. Rahimi et al., (2021) developed

MgO/Fe,03-Si0, core—shell magnetic nanocata-
lysts and employed response surface methodolo-
gy (RSM-CCD) to optimize reaction conditions and
achieving enhanced conversion efficiencies [14].
Ziyadi et al., (2020) prepared Fe,0:;@Si0,—SOsH
nanofibers that exhibited strong acidic activity
and high catalytic performance in esterification/
transesterification reactions [15]. Teo et al., (2022)
reported CaSO4/Fe,03—Si0, core—shell nanoparti-
cles that improved transesterification kinetics and
product quality [16]. Ursachi et al., (2019) synthe-
sized magnetic a-Fe,03/MCM-41 nanocomposites
and demonstrated improved structural properties
and catalytic activity in model reactions [17]. While
these studies confirm the potential of iron-based
nanostructures for biodiesel applications, many
rely on carefully prepared synthetic precursors or
costly reagents, and few systematically explore the
direct valorization of industrial iron waste as a pre-
cursor for the catalytic materials.

Accordingly, a clear knowledge gap remains:
despite advances in iron-based catalysts, the di-
rect use of industrial iron waste as a low-cost,
sustainable precursor for synthesizing a-Fe,0s3/
Si0, heterogeneous catalysts—combined with
comprehensive optimization and recyclability as-
sessment under relevant transesterification con-
ditions—has not been sufficiently investigated.
Addressing this gap can simultaneously reduce
feedstock costs, improve process sustainability,
and provide an effective pathway for the industrial
waste valorization.

The present study aims to fill this gap by (i) syn-
thesizing an a-Fe,0s/Si0, nanocomposite catalyst
using industrial iron waste as the iron source, (ii)
characterizing the catalyst by XRD, FTIR, and other
physico-chemical techniques, (iii) evaluating the
catalyst’s activity, selectivity, and reusability in the
transesterification of refined edible oil to biodies-
el, and (iv) optimizing key operational parameters
to maximize biodiesel yield and process robust-
ness. The resulting data are intended to clarify the
feasibility of converting iron waste into effective
heterogeneous catalysts and to inform further
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Table 1. Specifications and sources of materials used

Material Formula Grade Source
Sulfuric acid H,S0, 98% Merck, Germany
Distilled water H,0 - Laboratory supply
Iron flakes Fe Industrial
Silica Si0, -
Hydrogen peroxide H,0, 30% w/w Mojallali Chemical Co.
Sunflower oil Edible grade Ladan brand
Methanol CH,;0H Industrial Kimia Exir, Iran
Zeolite A4 Industrial Sigma-Aldrich

scale-up and techno-economic assessment.

2. Experimental section Material and Method
2.1. Materials

All chemicals and reagents used in this study
were of commercial/industrial grade and were
used without further purification. The specifica-
tions and sources of materials are provided in Ta-
ble 1.

2.2. Method

2.2.1. Synthesis of Catalyst Process (a-Fe,0s/
Si0,)

2.2.1.1. Synthesis of Iron(ll) Sulfate Precursor

The first step of the catalyst synthesis was the

preparation of an iron(ll) sulfate (FeSO4-nH,0) pre-
cursor through the reaction between sulfuric acid
and iron waste. A weighed amount of iron flakes (1
g) was added to 40% sulfuric acid in a glass reactor
under constant stirring. The reaction was conduct-
ed at three temperatures (60 °C, 70 °C, and 80 °C)
and for varied time periods (8, 9, 10, and 11 hours)
to determine the optimum dissolution conditions.

The suspension was filtered after reaction to
eliminate unreacted solids and insoluble impuri-
ties. The iron sulfate yield was determined based
on the mass of iron dissolved compared to the ini-
tial amount using the following equation:

. Initial mass of Fe-Final residual massinitial mass
Vield (%) = ! X100 (1)

Initial mass of Fe

The parameter ranges used in the study are
summarized in Table 2.

Table 2. Experimental parameters for Iron dissolution in sulfuric acid

Parameter Range/Amount
Sulfuric acid concentration 40%
Amount of iron scrap 1g

Temperature 60°C,70°C,80°C

Reaction time 8h,9h,10 h,11h
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2.2.1.2. Deposition of Iron Species onto Silica

Silica (1g) was mixed with the iron(ll) sulfate
solution from the first step. The slurry was then
stirred at room temperature for 1 hour to achieve
a homogeneous distribution of the iron species on
the silica surface.

Then, 30 g of 10% hydrogen peroxide (H,0,)
solution was slowly dropwise added as an oxidiz-
ing agent to catalyze Fe?* to Fe3* oxidation and fa-
cilitate the creation of iron oxide. The suspension
was further stirred for another 2 hours at room
temperature, prior to aging for 12 hours under no
disturbance. Following aging, the resultant solid
product was filtered and washed several times
with deionized water to eliminate residual salts
and unreacted species [5].

2.2.1.3. The drying of catalyst and its thermal
activation

The solid was dried in an oven at 100 °C for 6
hours to remove water by evaporation ([18],[19]).
This was followed by calcination in a muffle fur-
nace at 700 °C for 2 hours for the crystallization of
the hematite (a-Fe,0s) phase and to firmly anchor
it onto the silica matrix [20]. The obtained cata-
lyst was stored in a desiccator to prevent moisture
absorption prior to characterization and catalytic
testing.

Techniques such as FTIR and XRD were em-
ployed to establish the chemical structure and
crystalline phase of the a-Fe,0s/SiO, catalyst pro-
duced [8]. The conditions used in this step are pre-
sented in Table 3.

2.2.2. Procedure for Biodiesel Production

To prepare the biodiesel, 14 g of sunflower

refined oil dried in an oven at 110 °C for 6 hours
in advance was mixed with anhydrous methanol.
Methanol was pre-dried in advance using zeolite
A4 for 12 hours to eliminate trace water and to
prevent hydrolysis reaction [21].

The a-Fe,03/SiO, prepared catalyst was add-
ed to the reaction mixture, and the transesterifi-
cation reaction was carried out under controlled
heating using a magnetic stirrer. The reaction was
carried out for a fixed time of 6 hours for varied
experimental conditions to determine optimum
performance parameters .

The variables studied were:

Methanol-to-oil molar ratio: 8:1, 10:1, 12:1,
and 14:1

Catalyst loading (wt% of oil): 0.05 wt%, 0.07
wt%, and 0.10 wt%

Reaction temperature: 50 °C, 60 °C, and 70 °C

Following each reaction, the reaction mixture
was centrifuged to enable phase separation. The
resulting product was then placed in a decanter.
Due to the differences in density, two different lay-
ers were produced: an upper clearer, lighter layer
consisting of biodiesel, and a darker, denser lower
layer consisting of glycerol.

The biodiesel layer was decanted, and it was
washed 2-3 times with distilled water until the
aqueous layer became clear. The biodiesel was
dried in an oven at 60 °C for 6 hours to remove
methanol and water.

Biodiesel yield was calculated using the formu-
la:

Mass of purified biodiesel

Biodiesel Yield (%) = x100 (2
(A]) Mass of oil used ( )
Table 3. Catalyst composition and thermal treatment parameters
Silica H,0, Concentration H,0, Amount Agl.ng Oven time Oven temp Furnace ful:nace
@ %) @ (h) Time (h) °C) Temp time
0 0
(°C) (h)
1 10 30 12 6 100 700 2
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To measure the physical properties of the bio-
diesel formed, the density and kinematic viscos-
ity of the biodiesel were measured. The product
biodiesel was 0.73 g/cm® density and 4.3 mm?s
viscosity, which meet the biodiesel fuel acceptable
limit.

Further product quality analysis and catalyst
activity were analyzed using FTIR in which proxi-
mate chemical composition and molecular struc-
ture analysis were performed. The biodiesel pro-
duction test parameters are summarized in Table
4,

3. Results and Discussion
3.1. Synthesis of a-Fe,0s/Si0, Catalyst

The a-Fe,05/Si0; catalyst was successfully syn-
thesized through a multi-step procedure involving
the dissolution of iron waste in sulfuric acid, depo-
sition onto a silica support, and subsequent ther-
mal treatment. The optimization of synthesis con-
ditions, including reaction temperature and time,
was essential to achieve maximum iron dissolution
efficiency and catalytic activity.

To determine the best operating conditions,

Table 4. Biodiesel production test parameters

Parameter Design Operational
Temperature (°C) 51.5 59.47
Pressure (kPa) 7171 7584

Flow rate (kg/hr) 450300 360070

the iron dissolution in 40% sulfuric acid was ex-
amined under three levels of temperature (60 °C,
70 °C, and 80 °C) and four time periods (8, 9, 10,
and 11 hours). The result of the parametric study
is given in Table 5.

As shown in Table 5, both temperature and re-
action time significantly influenced the iron disso-
lution rate. At 60 °C, increasing the reaction time
from 8 h to 11 h raised the efficiency from 74% to
89%. Higher temperatures further enhanced the
dissolution, reaching 92% at 80 °C for 11 h.

Table 5. Effect of reaction time and temperature on dissolution efficiency

Absorber column Simulation Operational Error %
temperature (°C) temperature (°C)

Tray No. 5 62.7 62.12 +0.009

Tray No. 10 67.63 65.22 -0.031

Tray No. 15 74.93 73.78 +1.56

Tray No. 20 82.16 80.50 +2.06

These observations are consistent with previ-
ous studies reporting that elevated temperatures
(71-110 °C) increase the solubility of iron in sulfu-
ric acid [7]. However, very high temperatures may
accelerate energy consumption and promote side
reactions or structural degradation of the catalyst.
Therefore, selecting 80 °C and 11 h represents a
practical compromise, achieving high conversion
without compromising catalyst integrity.

From an industrial perspective, maintaining a
moderate reaction temperature also reduces en-
ergy requirements and improves process feasibil-
ity.

3.2. Catalyst activation
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The silica content was kept constantat 1 gin all
experiments. The silica was added to the solution
and stirred at room temperature for 1 h. Then,
30 g of 10% hydrogen peroxide was added drop-
wise, and the system underwent an aging process
for 12 h [22]. The resulting solid was washed with
deionized water, dried at 100 °C for 6 h, and finally
calcined at 700 °C for 2 h [23]. FTIR and XRD anal-
yses confirmed the successful formation of the he-
matite phase (a-Fe,03) well dispersed on the silica
support.
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3.2.1. X-ray Diffraction (XRD) Analysis

X-ray diffraction (XRD) analysis was em-
ployed as one of the principal methods to study
the crystalline structure of the prepared iron-
based catalyst. The XRD analysis revealed the
presence of the hematite phase (a-Fe,03) with a
well-ordered structure and excellent crystallini-
ty in the sample. Well-defined diffraction peaks
were observed at 20 positions of approximate-
ly 24.1°, 33.1°, 35.6°, 40.8°, 49.4°, 54.0°, 57.5°,
and 62.4°, which show excellent consistency
with the standard reference pattern of hematite
(JCPDS Card No. 33-0664) [10]. These peaks cor-
respond to the (012), (104), (110), (113), (024),
(116), (018), and (214)crystal planes, respectively.
The narrowness and high intensity of the peaks
confirm the formation of a high-purity a-Fe,0;
phase with relatively large crystal sizes. The ab-
sence of notable peak broadening also confirms

Courts | | | |

the well-developed, highly ordered crystalline na-
ture of the sample. These characteristics are cru-
cial for catalytic applications since phase purity and
ordered structure of the hematite are essential for
both redox reactions and overall catalytic activity.
Additionally, the high peak intensity of hema-
tite indicates satisfactory interaction between
iron species and silica support, which enhances
the dispersion of the active phase in the catalyst
and improves structural stability. The highly crys-
talline nature and purity of the structure con-
tribute to a high density of surface active sites,
increased contact with reactants, and reduction
in the activation energy of the catalytic process.
Overall, the XRD analysis demonstrates that the
synthesized catalyst possesses a well-defined crys-
tal structure and a single hematite phase, making
it a highly suitable candidate for catalytic applica-
tions, particularly in biodiesel synthesis.

FM-1GR
400

200 “ l |
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100 ol
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Figure 1. The XRD pattern of a-Fe,03/SiO; catalyst
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3.2.2. Fourier-Transform Infrared Spectrosco-
py (FTIR) Analysis

FTIR spectroscopy was employed to investigate
the chemical functionalities and the structural fea-
tures of the powder catalyst synthesized prior to
its application in the transesterification reaction.
The analysis was designed to confirm the forma-
tion and interaction of iron oxide species with
the silica support. The strongest seen absorption
bands were taken at 535 cm™ and 436 cm™, cor-
responding to bending vibrations of Fe—O bonds
characteristic for hematite (a-Fe,0s) structures
and confirm the presence of iron oxide species in
the matrix of the catalyst.

A significant peak at 1122 cm™ was assigned
to asymmetric stretching of Si—0O-Si, indicating
the silica structure [8]. This band also falls in the
fingerprint region usually associated with ester

1034

LY N N o

95
904
85+
80H
751
704
65+
604
551
501
45

3306.09cm-1
3736.94cm-1

%T

groups, so it can indicate the possibility of resid-
ual organosilicon compounds or adsorbed esters
resulting from the synthesis reaction. The band at
1594 cm™, which is related to C=C stretching vi-
brations, may be due to aromatic frameworks or
weakly adsorbed intermediate organic residues on
the catalyst surface.

Broad absorptions at 3736 cm™ and 3306
cm™ were attributed to O—H stretching vibrations,
pointing toward the presence of surface hydroxyl
groups as well as adsorbed water typical features
in porous silica materials that can enhance sur-
face reactivity. Overall, the FTIR findings confirm
the effective preparation of a silica-supported iron
oxide catalyst with relevant surface functionalities
expected to be accountable for its catalytic perfor-
mance in the synthesis of biodiesel.

1594.01em-1 | |
1122.72em-1 |

"an.osc m-1
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Figure 2. The FTIR spectrum of the produced catalyst
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3.3. Biodiesel production

The catalytic performance of the synthesized
a-Fe,03/Si0, evaluated
through a series of transesterification reactions

nanocomposite was

using purified sunflower oil and methanol. The
effects of three key variables—methanol-to-oil
molar ratio, catalyst loading, and reaction tem-
perature—were systematically investigated to de-
termine the optimum conditions for the maximum
biodiesel yield.

3.3.1. Effect of Methanol-to-Oil Molar Ratio

The methanol-to-oil molar ratio has the great-
est impact among all the parameters in shifting
the transesterification reaction equilibrium to-
wards the products. Four molar ratios of 8:1, 10:1,
12:1, and 14:1 were tested, and the outcomes are
presented in Table 6.

As can be seen from Table 5 and Figure 6, in-
creasing the molar ratio of methanol to oil from
8:1 to 12:1 significantly increased the yield of bio-
diesel, reflecting the excess methanol forward re-
action kinetics. However, increasing the ratio fur-
ther to 14:1 led to a reduction in yield. This is likely
due to the reactant dilution and also the greater

Table 6. Effect of the methanol-to-oil molar ratio on biodiesel yield

= ° Selected
2 8 Mo!ecular Molecular oil =3 Methanol/oil Methanol &~ Yield /
e E LB weight of oil (g) 9E molar ratio (mol) £ (%) W)
2 methanol = s
32 0/016
1 876 14 8 0/1278 4 %37
32 0/016
2 876 14 10 0/1598 5 %43
32 0/016
3 876 14 / 12 0/1918 6 %53 v
32 0/016
4 876 14 14 0/2237 7 %49

Effect of loading methanol to oil molar ratio on

yield

60

43
40 37

Yield
(%)
w
o

8 10

53
49

12 14

Methanol/oil molar ratio

Figure 6. Effect of methanol to oil molar ratio on efficiency at 60°C and catalyst to oil ratio of 0.07 wt%

88 Journal of Oil, Gas and Petrochemical Technology 2025(12): 81-96, Summer and Autumn 2025

@)er |



Mosalmanzadeh E. et al. / Sustainable Biodiesel Production from Edible Oil through Transesterification with Waste Iron-Based

complexity in separating glycerol from the bio-
diesel phase due to high methanol concentrations
([18],[24]).

Hence, a molar ratio of 12:1 was chosen as the
optimum value, optimizing yield and separation
efficiency.

3.3.2. Effect of Reaction Temperature

The reaction temperature has a direct influ-
ence on the rate and equilibrium of the transester-
ification reaction. Experiments were performed at

50 °C, 60 °C, and 70 °C at the optimum molar ratio
of 12:1. The findings are summarized in Table 7.

As seen in Table 6 and Figure 7, biodiesel yield
was maximized at 60 °C, as anticipated based
on the established optimum ranges for metha-
nol-based transesterification. While increased
reaction kinetics are the product of increased
temperature, temperatures higher than 6065 °C
cause methanol evaporation due to its low boil-
ing point of methanol, decreasing the effective
reactant concentration and reaction efficacy
([25],[26]). 60 °C was thus adopted as the best re-
action temperature for the process.

Table 7. Effect of reaction temperature on biodiesel yield

Test oil Methanol/oil molar Methanol Temperature Yield Selected
number (g) ratio (°C) (%) )
1 14 12 50 %45
2 14 12 60 %53 y
3 14 12 70 %47
Effect of temperature on Yield
54 53
52
50
o 48 47
0 X
s = 46 45
44
42
40
50 60 70
Temperature
(°C)

Figure 3. Effect of the temperature on yield with a methanol to oil molar ratio of 12:1 and a catalyst to oil ratio of 0.07 wt%
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3.3.3. Catalyst Concentration Effect

The impact of catalyst loading was studied by
varying the weight percentage of a-Fe,05/SiO; rel-
ative to oil (0.05 wt%, 0.07 wt%, and 0.10 wt%).
Results are reported in Table 8.

Figure 8 and Table 7 show that the optimum
amount of catalyst loading was 0.07 wt%. Amounts

lower than this failed to provide sufficient active
sites for complete conversion, while higher con-
centrations resulted in particle agglomeration,
diffusion limitations and reduced catalytic activity
[27].

Thus, 1 g of catalyst (0.07 wt%) was deter-
mined as the optimum amount for achieving high
biodiesel yield without wasteful material usage.

Table 8. Effect of catalyst loading on biodiesel yield

= 8 et
Test oil oil Methanol/oil S5 3% Catalyst Yield
number (g) (mol) molar rat/io g g égn % g (g)y (%) Selected
¢ =3 v)
1 14 0/016 12 0/05 0/7 %38
2 14 0/016 12 0/07 1 %53 v
3 14 0/016 12 0/01 1/4 %47

Effect of Catalyst Loading on Yield

60 53

50

40 =

30

Yield %

20

10

0.05 0.07

47

0.01

Catalyst wt%

Figure 4. Effect of catalyst to oil weight percentage on yield at 60°C and methanol to oil molar ratio of 12:1

3.3.4. Fourier-Transform Infrared (FTIR) Anal-
ysis of Produced Biodiesel

FTIR spectroscopy was employed to confirm
the chemical makeup of the biodiesel obtained
from the a-Fe,03/SiO, catalyst. The resulting spec-
trum showed typical peaks of fatty acid methyl
esters (FAMEs), the main constituents of biodiesel
indicating effective transesterification.

The notable absorption bands observed in the
FTIR spectrum were:

1747 cm™: Strong peak for C=0 stretching vi-
bration of ester carbonyl groups, a clear indication
of the presence of methyl esters.

2923 cm™ and 2855 cm™: Refer to the asym-
metric and symmetric stretching vibrations of —
CH>— groups which are characterisitic of the long
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hydrocarbon chains.

1463 cm™ and 1378 cm™: Mark the bending
vibrations of —CH, and —CH; groups of saturated
aliphatic compounds.

1238 cm™ and 1163 cm™: Relevant to C-O
stretching vibrations in ester functional groups.

3009 cm™: Small but characteristic peak due to
=C—H stretching, which indicates the presence of
some of the fatty acid chains as being unsaturated
[28].

581 cm™ and 460 cm™: Low-frequency peaks
attributed to bending or lattice vibrations of the
silica and iron oxide phases present in the catalyst
matrix [29].

These results confirm the effective triglyceride
to methyl ester conversion and reveal the catalytic
activity of the a-Fe,03/Si0; system. The indication
of both unsaturated and saturated ester groups on
the IR spectrum establishes a diverse FAME com-
position, as expected for biodiesel from sunflower
oil.

9%
T Ty
goqﬁvmﬁ\ //7 \ A A ,
Y \ 2053.03cm-1 ‘I'\J ‘. fﬁ\‘\ [
80f f £

3696.0\1 em-1 |
70H \

\ /‘\\ nil‘l

1656 Yoo \ '1f|

6 sncm\

[
141 270rh1-13|94‘|:m -1

| ; | 1454.75cm-1 666.97cm-1
_ 60 \ ; . |¥
° \ 8#5Q5¢m-1 ‘
504 ‘ ?43 41cm-1 | ‘
F
2981,28cm-1 |
401 \\/ 292 .20cm-1 |r]
2948.84cm-1
304 1053[76cm-1
3391 45cm-1
20 1032 85cm-1
14 10%9.81cm-1
4000 3500 3000 2500 2000 1500 1000 500400
cm-1

Figure 5. FTIR spectrum of produced biodiesel

3.3.5. Comparison of Catalysts and Yield As-
sessment

However, the highest biodiesel yield achieved
in this study (53%) is slightly lower than those re-
ported by some researchers with homogeneous
catalysts as NaOH, KOH and nanostructured ones
as Ca0O@Fe,0; and HPA@ZrO,. This performance
discrepancy can be primarily attributed to serveral
technical and scientific factors. In case of the het-
erogeneous catalyst a-Fe,0s/SiO,, the interface
between oil and methanol, interfacial contact, is
limited, and therefore mass transfer and reaction
kinetics are slower. Furthermore, partial evapora-
tion of methanol at high temperature would lower
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the actual molar ratio of methanol to oil, shifting
the transesterification equilibrium bacwards. Oth-
er issues, such as particle agglomerization, sinter-
ing, and surface clogging with organic intermedi-
ates can also reduce the total number of active
catalytically sites.

In comparison, the solubility of NaOH or KOH
in the reaction phase allows for better stoichio-
metric access is often better using homogeneous
catalysts than that with solid bases, and results
in higher yields under laboratory conditions. How-
ever, those catalysts typically need a long process
to be neutralized, washed, and recovered which
increases the post-reaction purification cost.

The a-Fe,03/SiO, catalyst has important in-
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dustrial and environmentally friendly implications
despite its moderate yield. It is prepared from in-
expensive starting materials (industrial iron waste
and synthetic silica), is thermally stable, non-toxic,
and reusable. Unlike homogeneous system, it can
be easily separated from the reaction solution and
produces non-toxic waste. Their structural char-
acteristics from hematite and silica phases are ki-
netically robust for chemical cycling reactions and
show high promise for scalable industrial applica-
tions.

In conclusion, while the product yield in this
study did not achieve the maximum reported
yield, the economic, environmental, and opera-
tional advantages of a-Fe,03/SiO, make a-Fe,0s/
SiO; an attractive material for the sustainable de-
velopment of biofuel production.

3.3.6. Catalyst Reusability and Structural Sta-
bility

A recycle test under the optimal reaction con-
ditions was used to study the structural integrity
and operational stability of the heterogeneous
a-Fe,03/Si0; catalyst over three sequential rounds
of the transesterification. The catalyst was sepa-
rated from the reaction solution by centrifuge af-

ter each run, then washed with copious amount of
methanol and distilled water, followed by drying
at 100 °C, without further regeneration treatment.
The percentage of the biodiesel yield in first, sec-
ond, and third cycles were found to be 53, 45, and
39%, respectively.

This cycle-dependent decrease in yield results
from the simultaneous deactivation of several fac-
tors such as the decrease in the number of active
surface sites through particle agglomeration, mild
thermal sintering during the reaction, and the
poisoning of the surface by non-reacted organics
intermediates. Furthermore, because of the re-
peated exposures to alcohol and reaction media,
the microstructure of the silica support may also
change, leading to activity loss.

Compared to that, 53% in the 1st cycle and
39% in the 3rd cycle activity could be recovered
and reused, indicating good resistance to thermal
treatment, integrity of structure and good recy-
clability under working conditions of the a-Fe,0s/
SiO, catalystin the case of the present study. Its
durability, efficiency, and stability indicate that the
prepared catalyst can be a promising one for the
biodiesel fabrication in industry.

Effect of loading methanol to oil molar ratio on

yield
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Figure 6. Biodiesel yield (%) over three consecutive reuse cycles of the O-Fe203/SiO: catalyst under optimized
transesterification conditions
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3.3.7. Process Limitations and Operational
Recommendations

The results of the synthesis and use of the het-
erogeneous a-Fe,0s/Si0, catalyst in the produc-
tion of biodiesel from edible oil were satisfactory;
however, during the application, serveral technical
limitations were identified which can be consid-
ered as the constraints of the study. A high content
of iron waste in the early synthesis resulted in the
formation of significantly larger and more densely
packed nanoparticles, which could eventually im-
pede the separation of the biodiesel and glycerol,
as well as the entire product was colored orange,
most likely due to partial dissolution or leaching
from the catalyst crystal lattice of the catalystin the
reaction medium. Meanwhile, diluting sulphuric
acid as a dangerous critical reaction, required pre-
cise control of safe conditions and temperature in
addition to adding speed to avoid explosions and
heat excess. Under some operating conditions, the
adhesion and aggregation of iron particles were
observed (especially at the higher temperatures
or lower stirring speeds) which led to a decrease
in the amount of the surface activated sites and
a reduction in the extent of the reaction. Too high
reaction temperature also caused the evaporation
of methanol, lowered its effective molar quantity
with oil, and thus shifting the transesterification
equilibrium and resulting in a lower yield.

Future research should be oriented towards
proper setup of the process that ensures system-
atic control and optimization of key parameters
such as material weight ratio, stirring velocity and
temperature along with reaction time using De-
sign of Experiments (DoE). The modification of
the surface of the catalyst and the employment of
more stable supports can improve the stability of
the activity during the successive cycles. Further,
while centrifugation was used in this work for the
phase separation, the optimization of its opera-
tional conditions may enhance the separation ef-
ficiency even in the presence of stable emulsions.
These corrective actions may also favor repeatabil-
ity, process safety, and industrial scale up.

4, Conclusion

In the present study, a highly active heteroge-
neous a-Fe,03/Si0, catalyst was synthesized from
industrial waste iron and utilized for the transes-
terification of sunflower oil purified to biodiesel.
The synthesis involved the dissolution of iron in
40% sulfuric acid, deposition on silica support, and
thermal treatment under the best thermal condi-
tions. Structural characteristics by XRD and FTIR
established the development of crystalline hema-
tite (a-Fe,0s) thoroughly stabilized on the silica
matrix, exhibiting good surface functionality and
high-phase purity.

The catalytic performance of the synthesized
nanocomposite was evaluated by monitoring es-
sential reaction conditions. Optimum conditions
were a molar ratio of methanol to oil of 12:1, cat-
alyst loading of 0.07 wt%, temperature of 60 °C,
and time of 6 hours. A biodiesel yield of up to 53%
was achieved under these conditions.

FTIR spectrum of the final biodiesel product
confirmed the presence of methyl ester function-
al groups, while physical property measurements
density (0.73 g/cm?) and kinematic viscosity (4.3
mm?s) were within the acceptable range for bio-
diesel standards. Gas chromatography further ver-
ified the composition and purity of the resulting
biodiesel.

This research demonstrates that the industri-
al waste iron can be efficiently converted into an
effective catalyst for renewable fuel production.
The demonstrated pathway is cost-effective, en-
vironmentally friendly and scalable with a green
approach to both biodiesel production and indus-
trial waste valorization. Optimizing yield through
catalyst development and system verification with
alternative feedstocks such as waste cooking oils
or non-food oils could be the focus of future work.

Since refined edible oil was used as the feed-
stock in this study, it would prove beneficial if
alternative sources such as non-edible oils (e.g.,
castor or jatropha) and waste cooking oils be stud-
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ies in future investigations. These feedstocks are
attractive sources both economically and environ-
mentally, because they are low-cost, abundant
materials that can contribute to the environmen-
tal pollution problem. However, the polar com-
pounds, high FFA content, and organic impurities
in such oils demand that stability and performance
of the a-Fe,03/Si0; catalyst are re-enforced under
these harsher conditions.
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