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Valorizing waste materials for sustainable biodiesel production offers dual benefits of environmental

remediation and cost reduction. In this study, calcium oxide (CaO) derived from waste eggshells was
modified with metal oxides—SiO,, TiO,, and Co,SiO4—to overcome limitations of pure CaO catalysts,

such as leaching, low surface area, and reduced reusability. The catalysts were synthesized via wet

impregnation followed by calcination, and their physicochemical properties were systematically

correlated with transesterification performance under identical optimized reaction conditions, enabling

direct structure—activity comparison. Among the modified catalysts, TiO,-modified CaO exhibited the

highest FAME yield (89.7%) due to synergistic effects that enhanced basicity (1.103 mmol g~

1) and surface

area (121.9 m? gfl), supported by XRD data of CaTiOz phase formation. Detailed kinetic analysis

confirmed pseudo-first-order behavior, and equilibrium data for all catalysts collapsed onto a single Hill

isotherm, revealing cooperative adsorption effects that appear intrinsic to the transesterification

equilibrium rather than catalyst specific. Apparent turnover frequency (TOF) analysis, hormalized by basic

site concentration, showed broadly comparable per-site activity across the catalyst series, with CaO-
SiO, giving the highest operational TOF, indicating improved site accessibility rather than intrinsically
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faster kinetics. The modified catalysts demonstrated minimal deactivation (<2% loss over four cycles),

attributed to oxide-induced stabilization of CaO active sites. This work provides new mechanistic insight
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1. Introduction

The environmental and ethical challenges posed by fossil fuels
and first-generation biodiesel feedstocks necessitate the explo-
ration of sustainable alternatives such as biofuels." Biodiesel,
a renewable and eco-friendly diesel substitute, offers a high
flash point, cetane number, lubricity, non-toxicity, and low
sulfur content, making it a viable replacement for conventional
diesel.*®> While first-generation biodiesel production relies on
edible oils, second-generation feedstocks such as waste cooking
oil (WCO) avoid competition with food resources and help
mitigate environmental pollution.**® Valorizing WCO not only
reduces disposal-related hazards but also lowers biodiesel
production costs,”** although its complex and variable
composition presents challenges for catalyst performance
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into cooperative adsorption and site utilization in waste-derived CaO catalysts, advancing the rational
design of durable heterogeneous catalysts for biodiesel synthesis.

evaluation and kinetic interpretation, as also observed in bi-
odiesel systems employing waste-derived alkali-rich heteroge-
neous catalysts.'***

Heterogeneous catalysts, particularly calcium oxide (CaO)
derived from waste eggshells, have received significant atten-
tion for biodiesel synthesis due to their low cost, environmental
friendliness, ease of separation, and potential for reuse.*
However, unmodified CaO suffers from limitations such as
leaching of active species, surface carbonation, relatively low
surface area, and gradual deactivation upon reuse.'® Addressing
these shortcomings through surface and structural modifica-
tion is key to improving both catalytic activity and stability.
Notably, many reported CaO-based studies focus on single
modifiers and are often evaluated under different reaction
conditions, limiting direct comparison and clear understanding
of modifier-specific structure-performance relationships.*”**

Metal oxide modification of CaO is a proven strategy for
tuning its physicochemical properties.” In this work, we
present a systematic comparative study of waste eggshell-
derived CaO modified with three different oxides—SiO,, TiO,,

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Co,Si0O,—chosen for complementary reasons and evalu-
ated under identical reaction conditions with unmodified CaO
serving as a baseline catalyst. SiO, is well known for improving
dispersion and increasing surface area, potentially enhancing
reactant-catalyst contact.'>*® TiO, can strongly interact with
CaO to form mixed oxides such as CaTiOj; (ref. 21 and 22) which
have been reported to boost basicity and structural stability."”
Co0,Si0,, to the best of our knowledge, is applied here for the
first time in biodiesel catalysis, addressing a clear gap in CaO-
based catalyst modification strategies; its robust orthosilicate
structure and potential to stabilize CaO active sites present an
unexplored opportunity for improving catalyst durability. By
comparing these modifiers under identical conditions, this
study identifies not only the best-performing system but also
the distinct property-performance relationships for each oxide.
Beyond yield measurements, we incorporate a Hill isotherm
model to describe equilibrium behavior in the trans-
esterification process. Cooperative adsorption phenomena, as
indicated by the model, are rarely investigated in biodiesel
catalysis despite their potential to inform active site engi-
neering,”® and kinetic interpretations in this study are treated
on a comparative basis to account for the inherent complexity of
WCO feedstocks. Additionally, catalyst stability is evaluated
over multiple reaction cycles, providing practical insights into
long-term performance—an aspect often underreported in
waste-derived catalyst studies.”?*** Overall, this work aims to
deliver a clear understanding of how targeted oxide modifica-
tion impacts the surface chemistry, basicity, and durability of
CaO-based catalysts for WCO transesterification, bridging
sustainable catalyst design with applied biodiesel production.

2. Materials and methods

2.1. Materials

All chemicals were purchased from Merck Chemicals (Pty) Ltd
unless otherwise stated. Waste eggshells were collected locally,
rinsed with water to remove surface debris and proteins, and
dried before processing. Waste cooking oil (WCO) was sourced
from a local restaurant, filtered to remove food residues, and
dehydrated by heating at 378 K for 60 min to remove residual
moisture. Methanol (=99.8%) was used as the alcohol source
for transesterification.

2.1.1. Synthesis of CaO. Cleaned eggshells were treated
with 0.25 M sulfuric acid to remove residual organics, then
rinsed thoroughly with hot distilled water. The shells were
dried, ground to a particle size <200 pm, and calcined in air at
1173 K for 2 h to produce CaO. The calcined CaO was stored in
a desiccator to minimize surface carbonation before use.

2.1.2. Preparation of the oxide. Silica (SiO,) was purchased
from Merck Chemicals and used without further modification.
Titanium dioxide (TiO,, P25; Evonik) with an anatase/rutile
mixed phase was used as received. Cobalt orthosilicate
(Co,Si0,4) was synthesized by co-precipitating silicic acid and
cobalt nitrate hexahydrate at a Co: Si molar ratio of 2:1, fol-
lowed by the dropwise addition of ammonium hydroxide until
complete precipitation occurred. The resulting precipitate was
thoroughly washed with distilled water, dried at 393 K, and
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calcined in air at 1273 K for 30 min to obtain a deep purple
powder.

2.1.3. Modification of CaO with different oxides. Oxide-
modified CaO catalysts (CaO-SiO,, CaO-TiO,, CaO-Co0,5i0,)
were prepared by dispersing <200 um CaO powder in aqueous
suspensions of the respective oxide (final composition: 75 wt%
CaO, 25 wt% oxide). The mixtures were sonicated at 353 K for
60 min, dried at 393 K overnight, and calcined in air at 1173 K
for 2 h. All catalysts were stored in sealed containers to prevent
moisture and CO, uptake.

2.1.4. Catalyst characterization. Catalyst morphology was
examined by transmission electron microscopy (TEM:
JEM200CX, JEOL, Japan). Phase composition was determined
using powder X-ray diffraction (XRD, Bruker AXS D8) with Co-
Ko radiation (A = 0.178897 nm) at 40 kV, 40 mA, and a VANTEC
detector. Fourier transform infrared (FTIR) spectra were
collected on a Nicolet 5700 spectrometer using KBr pellets. BET
surface area was determined by N, adsorption at 77 K (Micro-
meritics ASAP 2020). Catalyst basicity was quantified by the
Tanabe and Yamaguchi titration method,*® which provides
a semi-quantitative estimate of accessible basic sites. This
method does not resolve basic site strength distributions and
was therefore used solely for comparative analysis among
catalysts synthesized and evaluated under identical conditions.
Accordingly, turnover frequencies reported in this study are
designated as apparent TOFs and are not intended to represent
absolute site-specific kinetic constants.

2.1.5. Transesterification procedure. The
esterification reaction was carried out under reflux condensa-
tion using a 250 mL two-neck round-bottom flask equipped
with a reflux condenser and a magnetic stirrer. Purified waste
cooking oil (50 mL) was added to the flask and heated to the
desired reaction temperature at atmospheric pressure. Meth-
anol (MeOH) and the pre-treated catalyst—calcined at 773 K for
2 h—were subsequently introduced at the specified methanol-
to-oil molar ratio. The reaction mixture was vigorously stirred
at 1200 rpm using catalyst particles ground to <75 um to ensure
homogeneity and to minimize both external and internal mass
transfer limitations, in accordance with recommended bi-
odiesel testing practice.”” While no formal mass transfer diag-
nostic tests (e.g, Weisz-Prater analysis or stirring-speed
variation) were performed, the high agitation rate and fine
particle size are consistent with literature conditions known to
suppress mass transport artifacts in similar heterogeneous
base-catalyzed systems. Reactions were conducted for 60 min,
after which the catalyst was separated by gravitational settling
(4-5 h). The resulting two-phase mixture was transferred to
a separating funnel and left overnight to complete phase
separation. The biodiesel phase was further purified by heating
at 373 K for 10 min to remove residual methanol. All trans-
esterification experiments were performed in triplicate unless
otherwise stated. Reported fatty acid methyl ester (FAME) yield
values represent the mean of three independent runs, and the
associated variability is expressed as standard deviation. Error
bars shown in the corresponding figures reflect standard
deviation.

trans-
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To determine the optimal reaction conditions, unmodified
CaO was used while varying the methanol-to-oil molar ratio (4 :
1 to 14:1), catalyst loading (1-6% w/v), and reaction tempera-
ture (313-343 K). Unmodified CaO was selected as the baseline
catalyst to establish intrinsic reaction conditions independent
of oxide modification effects. The highest FAME yield was
achieved at a methanol-to-oil ratio of 10: 1, a catalyst loading of
5% (w/v), and a reaction temperature of 333 K. These optimized
conditions were subsequently applied to evaluate the catalytic
performance of CaO-SiO,, CaO-TiO,, and CaO-Co0,SiO,. Cata-
lyst reusability was assessed under optimized conditions. After
each cycle, the catalyst was recovered by filtration, washed with
n-hexane, dried at 393 K, and re-calcined at 773 K before reuse.
Unmodified CaO maintained activity for up to four cycles,
though a gradual decline was observed, whereas oxide-modified
catalysts showed improved stability.

For comparative purposes, apparent turnover frequencies
(TOFs) were calculated from the FAME yield after 60 min under
the optimized reaction conditions. The TOF was defined as:

moles of FAME produced
moles of basic sites x time

TOF =

FAME yields were quantified by gas chromatography with
flame ionization detection (GC-FID) using methyl non-
adecanoate as an internal standard. This method enables direct
determination of total FAME content and inherently accounts
for variations in fatty-acid chain length and composition
present in waste cooking oil. The number of basic sites was
obtained from titration-derived basicity values (mmol g )
multiplied by the mass of catalyst used (5% w/v relative to the oil
mass). The reaction time considered for all TOF calculations
was 3600 s (60 min). Turnover frequencies (TOFs) were calcu-
lated from the GC-derived molar FAME yield obtained after
60 min under optimized reaction conditions and normalized to
the total number of basic sites determined by titration. The
reaction time used for all TOF calculations was 3600 s. These
TOF values are designated as apparent TOFs, as they do not
account for variations in basic site strength, approach to equi-
librium, or potential catalyst deactivation at high conversion.
Accordingly, TOF values are used to compare relative catalytic
performance rather than to provide absolute site-specific
kinetic constants. Given the semi-quantitative nature of
titration-derived basicity values and the absence of site strength
differentiation, the calculated TOFs are used to compare rela-
tive catalytic performance rather than to infer intrinsic kinetic
parameters.

3. Results and discussion

The physicochemical properties of the feedstock oil and the
produced biodiesel were determined according to the method
of Ejim and Kamen (see Table 1).>® Density was calculated from
mass and volume measurements obtained using a high-
precision balance and calibrated pipette, according to:

Density = mass/volume
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The free fatty acid (FFA) content of the feedstock oil was
determined by warming 4 g of oil in a 250 mL conical flask,
adding two drops of phenolphthalein indicator and one drop of
0.14 M sodium hydroxide (NaOH) solution, followed by 25 mL
of methanol. The mixture was vigorously shaken and titrated
with 0.14 M NaOH until a persistent pink colour was observed.
The endpoint volume was used to calculate the FFA value. The
acid value of the biodiesel was determined using the same
procedure.

3.1. Optimization of reaction conditions (unmodified CaO)

Temperature is a key factor influencing the efficiency and yield
of the transesterification process. In this study, the trans-
esterification of waste cooking oil was performed at various
temperatures: 318 K, 323 K, 328 K, 333 K and 338 K, using CaO
as a catalyst. The yield of biodiesel at each temperature was
monitored over time, and the results are presented in Fig. 1a.
The highest FAME yield of 80.3% was achieved at 333 K after 60
minutes of reaction time. Therefore, the optimal temperature
for biodiesel production via the conventional method was
determined to be 333 K. The increase in FAME yield with rising
temperature up to 333 K can be attributed to the enhanced
reaction rate at higher temperatures. As the temperature
increases, the kinetic energy of the molecules also increases,
leading to more frequent and effective collisions between
reactant molecules, which in turn accelerates the trans-
esterification process.” Additionally, higher temperatures can
reduce the viscosity of the oil, improving the mass transfer
between the reactants and the catalyst, which further enhances
the reaction rate.*® However, a decline in FAME yield was
observed when the reaction temperature increased to 338 K.
This decrease may be linked to the vaporization of MeOH,
which occurs as the temperature approaches its boiling point
(338 K). The vaporization of MeOH will mean that MeOH is the
limiting reagent, leading to a decrease in the reaction rate and
thus a lower biodiesel yield.* Moreover, excessive temperatures
can lead to side reactions, such as the formation of soap, which
can further reduce the biodiesel yield.*

The MeOH-to-oil ratio is a critical parameter in the trans-
esterification process, as it significantly impacts the conversion
efficiency and yield of biodiesel. In this study, the MeOH-to-oil
ratio varied between 4 :1 and 14 : 1 while maintaining an opti-
mized reaction temperature of 333 K (Fig. 1b). The FAME yield
increased progressively with the MeOH-to-oil ratio, peaking at
the ratio of 10: 1. Beyond this optimal ratio, a decline in yield
was observed as the ratio increased. The initial increase in bi-
odiesel yield with rising MeOH-to-oil ratios can be attributed to
the law of mass action, where an excess of MeOH drives the
reaction equilibrium towards the production of more biodiesel,
overcoming the reversible nature of the transesterification
reaction.**** This is consistent with previous findings that an
excess of MeOH is necessary to achieve higher conversion
rates.'® However, at ratios of 12 : 1 and 14 : 1, the yield decreases,
which may be due to the dilution of reactants, reducing the
effective collision frequency between oil molecules and the
catalyst.**** Additionally, excessive MeOH can lead to increased

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Physicochemical properties of oil and diesel synthesized using various catalyst

Physicochemical property

Measure waste cooking oil Diesel (CaO) Diesel (CaO-SiO,) Diesel (CaO-TiO,) Diesel (CaO-C0,S5i0,)

Physical state (at 328 K) Liquid Liquid Liquid Liquid Liquid
Color Golden brown 900 Clear 887 Clear 873 Clear 882 Clear 876
Density (kg L) — 0.53 0.59 0.48 0.65

Acid value (mg KOH per g) 1.2% — — — —

FFA content (wt%) saponification value 167 — — — —

(mg KOH per g)

solubility of glycerol in the MeOH phase, complicating the
separation process and thereby reducing the overall biodiesel
yield.*

The amount of catalyst used is another vital factor influ-
encing the efficiency of the transesterification process. In this
study, CaO derived from eggshells was used as a catalyst, and its
loading varied between 1% and 6% (w/v). Experiments were
conducted under the optimized temperature of 333 K and
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Fig.1 Optimization of (a) transesterification reaction temperature at MeOH-to-oil ratio of 10 (catalyst loading of 5 g/100 mL), (b) using CaO at
333 K and catalyst loading of 5% (w/v), (c) FAME yield as a function of catalyst loading using unmodified CaO catalyst and (d) FAME yield as

a function of time at different reaction temperature.
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accelerates the reaction rate.** However, beyond this optimum
loading, the yield does not increase further. This plateau effect
may result from the change in viscosity of the reaction mixture,
hindering efficient mixing and slowing mass transfer between
phases.*” Moreover, excess catalyst may increase the viscosity of
the reaction mixture, leading to poor mixing and mass transfer
limitations, which counteract the benefits of higher catalyst
loading.’***

For the optimization of reaction time, experiments were con-
ducted at different temperatures (318 K, 323 K, 328 K, and 333 K)
to determine the time required to achieve maximum FAME yield.
The reaction was monitored at regular intervals, and FAME yield
was plotted against time for each temperature. The conversion of
oil to biodiesel exhibited a characteristic trend with time, as
shown in Fig. 1d. Initially, the conversion increased rapidly due to
the high availability of reactants and active catalytic sites. This
trend is consistent with previous studies where the reaction
follows pseudo-first-order kinetics under excess methanol condi-
tions, particularly for biodiesel synthesis using waste-derived
heterogeneous base catalysts.'**>***! At the optimized tempera-
ture of 333 K, the highest FAME yield (80.3%) was achieved within
60 minutes, after which no significant increase was observed. This
observed plateau reflects the system approaching an apparent
kinetic asymptote within experimental time window rather than
true thermodynamic equilibrium, a phenomenon also reported
by Meher et al.*> where prolonged reaction times did not yield
further improvements in the yield. Furthermore, at lower
temperatures (318 K and 323 K), the formation of FAME pro-
ceeded at a slower rate, demonstrating the temperature depen-
dence of reaction kinetics. Reaction kinetics were determined by
non-linear regression of GC-measured FAME yield versus time
using the pseudo-first-order kinetic model expressed as

Y= Yas(l - eikt)

where Y is the FAME yield, Y, represents the asymptotic FAME
yield approached within the experimental time window, k is the
apparent rate constant and ¢ is time.*>** The apparent reaction
rate constant increased systematically with temperature from
318 K to 333 K (Table 2). Arrhenius analysis showed that the
temperature dependence was primarily reflected in an increase
in the pre-exponential factor, while the activation energy
remained nearly constant, indicating that the enhancement in
reaction rate is mainly associated with increased effective

Table 2 Kinetic parameters for the FAME synthesis from waste
cooking oil using CaO catalyst at different reaction temperatures

Temperature A

(K) Kapp (x107*min™")  E, (k) mol™") Yy (%)°
318 0.052  8.96 23.9 84.0

323 0.043  4.63 24.9 74.7

328 0.030  3.24 24.9 63.0

333 0.017  1.93 24.0 55.6

“ Maximum attainable yield FAME yield calculated from the model
using the fitted parameters.
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collision frequency and improved reactant accessibility rather
than a change in the intrinsic energy barrier.**** The constant
activation energy across this temperature range suggests that
the mechanism of the reaction remains unchanged, and the
rate enhancement is due to the increased molecular motion and
better contact between reactants. Similar observations were re-
ported by Vicente et al.*® who found that transesterification
rates significantly increased with temperature due to enhanced
mass transfer and reduced viscosity of the reactants. However,
prolonged reaction times beyond the optimal point may lead to
a slight drop in conversion, potentially due to the reversible
nature of transesterification or side reactions such as soap
formation, as noted by Helwani et al.*” These results reinforce
the importance of optimizing reaction time, as excessive dura-
tions may not improve conversion and could negatively affect
biodiesel purity due to the formation of by-products.

3.2. Catalyst characterization

TEM imaging (Fig. 2) revealed clear differences in particle
morphology and dispersion among the catalysts. The unmodi-
fied CaO (Fig. 2a) displays large, densely agglomerated particles,
indicating poor dispersion and limited surface area, in good
agreement with BET results. The CaO-SiO, sample (Fig. 2b)
exhibits a more fragmented structure, with smaller aggregated
particles, suggesting that silica aids in dispersing CaO particles
but still allows for some degree of agglomeration. This obser-
vation is consistent with the moderate increase in surface area
and relatively lower basicity of this catalyst.

The CaO-TiO, catalyst (Fig. 2c) shows heterogeneous particle
distribution with regions of finely dispersed CaO in close
proximity to discrete TiO,-rich domains, indicating partial
segregation rather than complete uniform coating. Such
morphology is consistent with wet-impregnation of TiO, (P25)
followed by high-temperature calcination and suggests the
coexistence of CaO, TiO,, and interfacial Ca-Ti-O phases such
as CaTiO;. Although complete atomic-scale mixing is not
observed, the presence of CaO-TiO, interfacial regions likely
contributes to enhanced catalytic activity and stability, as re-
flected by the high BET surface area and superior FAME yield.

The Ca0-Co,Si0, sample demonstrates semi-uniform
morphology with moderate aggregation, possibly due to the
complex nature of Co,SiO, formation. Although the particle
distribution is less uniform than CaO-TiO,, it still indicates
better dispersion than unmodified CaO. Overall, TEM analysis
confirms that oxide modification reduces CaO agglomeration to
varying extents. In particular, partial phase segregation in the
CaO-TiO, system does not hinder catalytic performance but
instead appears to promote the formation of active interfacial
sites, contributing to the highest observed FAME yield and
apparent TOF.

Fourier-Transform infrared (FTIR) spectra of the catalysts are
shown in Fig. 3a. The FTIR spectra provided for the calcium-
based catalysts CaO, CaO-SiO,, CaO-TiO,, and CaO-Co0,Si0O,
offer significant insight into the functional groups and inter-
actions within each sample. The FTIR spectrum of unmodified
CaO shows characteristic peaks consistent with calcium

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 TEM micrographs of (a) CaO, (b) CaO-SiO,, (c) CaO-TiO, and (d) CaO—-Co,SiO4 catalysts.

carbonate. The prominent bands observed between 1400-
1500 cm ™" and 850-880 cm ™' can be assigned to the presence of
carbonate (CO;>) groups, likely due to the formation of
calcium carbonate (CaCO;) on the surface through atmospheric
CO, adsorption. Additionally, the peak near 3640 cm™" corre-
sponds to the O-H stretching vibration, which can be attributed
to surface hydroxyl groups or adsorbed water, a common
phenomenon in CaO due to its hygroscopic nature. These
carbonate and hydroxyl peaks suggest that unmodified CaO is
highly reactive under ambient conditions, readily forming
carbonates and hydroxyl species.

In the CaO-SiO, sample, the presence of SiO, is marked by
a sharp and prominent peak around 1080 cm ™', corresponding
to the Si-O-Si stretching mode.*** The carbonate peaks
(around 1400 and 870 cm %) are still evident indicating that
SiO, in the physical mixture does not affect the reactivity of CaO
towards the formation of carbonates and hydroxyl. Additionally,
the peak around 800 cm™' may indicate the bending modes
associated with Si-O-Si bonds.”** The O-H peak around
3640 cm ' is still present, indicating some degree of surface
hydroxylation. Similarly, in the FTIR spectrum of CaO-TiO,,
a shoulder band at 722 cm ™" is indicative of Ti-O stretching,
which is characteristic of anatase titanium dioxide.>” The pres-
ence of these peaks confirms the successful incorporation of

TiO,. For CaO-Co0,Si0,, the absorption due to Co,SiO, as seen
at in the range of 800-1200. These bands are attributable to the
Co-0-Si vibrations in cobalt orthosilicate,”* or the Si-O-Si
stretching bands. There carbonate signal in the 1400-
1500 cm™ ' range remains, possibly indicating that some
carbonate species remain on the surface of the sample.

The XRD diffractograms (Fig. 3b) clearly reveal the presence
of crystalline CaCO; in the CaO sample indicating that CaO
reacts with atmospheric CO, to form CaCOj;. In the sample
modified with SiO, a mixture of CaO and CaCO; is seen.
However, CaCO; phase disappears completely for the samples
CaO-TiO, and Ca0O-Ca,SiO,. For CaO-TiO,, XRD peak which
can be fitted to CaTiO; also appear at 32.3°, 48.2° and 58.3°.
This structural change suggests a strong interaction between
TiO, and CaO during calcination, leading to the formation of
this stable mixed oxide.* The broadening of peaks implies
a reduction in crystallinity, which could be due to the lattice
distortions or defects created by the inclusion of TiO,. The CaO-
Co0,Si0, sample shows new peaks at 31.1° and 44.5°, corre-
sponding to the formation of calcium cobalt oxide (Ca;C0,04).*>
This phase coexists with CaO, as the primary CaO peaks remain
intact. The coexistence of these phases suggests that the
incorporation of Co,SiO, into the structure modifies the catalyst
while maintaining the essential CaO lattice.
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Fig. 3
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(a) FTIR spectra of unmodified CaO (black), CaO-SiO; (red), CaO-TiO, (blue) and CaO-Co,SiO4 (yellow) catalysts prepared by PM. (b)

XRD patterns of unmodified CaO (black), CaO-SiO; (red), CaO-TiO, (cyan) and CaO—-Co,SiO4 (yellow) catalysts.
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In the C 1s region of the XPS spectra (Fig. 4a-d), unmodified
CaO exhibited characteristic peaks at 284.8 eV (adventitious
carbon), 286.2 eV (C-0), 287.8 eV (C=O or carbonate), and
288.7 eV (CO;>7), indicating surface carbonate reformation
likely due to exposure to atmospheric CO,.”* The CaO-TiO,
sample lacked the 287.8 eV peak, suggesting suppression of
carbonate or carbonyl formation by TiO,, while retaining the
C-0 peak at 286.2 eV. This indicates that TiO, may stabilize the
surface against carbonation. In contrast, CaO-SiO, and CaO-
Co,Si0, displayed similar carbon-related peaks to unmodified
CaO, suggesting limited protection against surface contamina-
tion by these oxides. The Ca 2p spectra provided deeper insights
into the chemical states of calcium (see Fig. 4e-h). Unmodified
CaO and CaO-SiO, and CaO-Co,SiO, all exhibited a single
doublet centered at approximately 347 and 351 eV, consistent
with Ca®' in CaO or carbonate environments. However, CaO-
TiO, showed two distinct Ca 2p doublets, indicating the pres-
ence of multiple calcium species, likely due to strong interac-
tions between Ca and Ti leading to the formation of CaTiO;.
This highlights the unique role of TiO, in altering calcium'’s
electronic environment through mixed oxide formation. These
results demonstrate that oxide modifiers influence the surface
chemistry and electronic properties of CaO to varying extents,
with TiO, having the most pronounced effect due to its ability to
integrate chemically with CaO.

3.3. Catalytic performance (effects of modification)

For the pure CaO catalyst, a basicity of 0.921 mmol g,
a surface area of 86.3 m> g~ ' were determined. This surface area
corresponds to a FAME yield of 80.3%, suggesting that the

count rate (a.u)
g
o
Q
o
oy
count rate (a.u)
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activity of the catalyst is somewhat limited by its surface char-
acteristics.> Incorporating SiO, into CaO increases the surface
area significantly to 109.6 g m~>. Despite a decrease in basicity
to 0.844 mmol g, the CaO-SiO, catalyst achieves a higher
FAME yield of 84.2%. This indicates that the increased surface
area provided by SiO, enhances the interaction between the
catalyst and the reactants, leading to improved biodiesel
production efficiency.”® The modification of CaO with metal
oxides significantly influenced FAME yield. The highest FAME
yield of 89.7% was achieved with CaO-TiO,, followed by CaO-
Co,Si0, at 87.1%. CaO-SiO, exhibited the lowest FAME yield
among the modified catalysts, reaching 88.5%. Unmodified
CaO had the lowest FAME yield of 80.3%, demonstrating that
metal oxide modification enhances catalytic performance.
Basicity played a critical role in determining the efficiency of
these catalysts. CaO-Co0,SiO, exhibited the highest basicity at
1.113 mmol g~ *, followed closely by CaO-TiO, at 1.103 mmol
g~ '. These high basicity values correlated with the highest
FAME yield, confirming the strong relationship between base
strength and transesterification activity. Modified catalysts
showed similar trends, with CaO-TiO, and CaO-Co0,SiO,4 having
higher basicity and FAME yield compared to CaO-SiO,. The
lower basicity of CaO-SiO, at 0.832 mmol g * contributed to its
reduced catalytic efficiency despite its high surface area. Since
transesterification is a base-catalyzed reaction, catalysts with
stronger basic sites generally exhibit higher biodiesel yields.**
Surface area also influenced oil conversion, though its effect
was secondary to basicity. CaO-TiO, and CaO-SiO, exhibited
the highest surface areas of 121.9 m®> ¢~ ' and 119.3 m* g™/,
respectively, whereas CaO-Co,SiO, had a lower surface area of
98.4 m* g’l. Despite this, CaO-Co0,SiO, outperformed CaO-SiO,
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Fig.4 C 1s X-ray photoemission profiles of (a) CaO, (b) CaO-SiO,, (c) CaO-TiO, and (d) CaO-Co0,SiO,4 and Ca 2p X-ray photoemission profiles

of (e) CaO0, (f) CaO-SiO,, (g) CaO-TiO, and (h) CaO-Co0,SiO4.
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in oil conversion, reinforcing that basicity plays a more domi-
nant role than surface area in catalytic efficiency. Among the
modified catalysts, CaO-SiO, exhibited a higher surface area
than CaO-Co,SiO,4 but had a lower conversion, supporting the
notion that an optimal balance between basicity and surface
area is necessary for maximizing biodiesel yield.” Unmodified
CaO exhibited the lowest FAME yield, which can be attributed to
its lower basicity of 0.921 mmol g ' and smaller surface area of
86.3 m” g . The presence of CaCO; in unmodified CaO likely
reduced the number of active basic sites, further limiting its
catalytic efficiency. These findings indicate that modification
not only improves catalyst performance but also stabilizes basic
sites, reducing deactivation caused by carbonation."”

The impact of modification on FAME yield highlights the
need to optimize both basicity and surface area for maximum
catalytic efficiency. Overall, the data in Table 3 highlights the
importance of optimizing both basicity and surface area to
achieve high biodiesel yield. TiO, modification emerged as the
most effective, followed by Co,SiO,, while SiO, modification,
despite enhancing surface area, had a lower impact on biodiesel
yield due to its weaker basicity. The superiority of the impreg-
nation method over physical mixing further reinforces the
importance of preparation techniques in catalyst design. These
findings contribute to the development of highly efficient and
stable heterogeneous catalysts for biodiesel synthesis, with
potential applications in sustainable biofuel production.>®

To enable a site-normalized comparison of catalytic activity,
apparent turnover frequencies (TOFs) were calculated from the
GC-derived fatty acid methyl ester (FAME) yield after 60 minutes
under optimized reaction conditions, using the measured
basicity values and catalyst mass employed. These TOFs are
described as apparent because they were determined at rela-
tively high conversions under batch conditions, where approach
to equilibrium, evolving reactant concentrations, and time-
dependent changes in site availability (e.g., leaching or
surface carbonation) may influence the observed rates.
Accordingly, TOF values are interpreted as operational perfor-
mance indicators rather than intrinsic kinetic constants.

When normalized by basic site concentration, the catalysts
exhibit broadly comparable per-site activities, indicating that
oxide modification primarily influences the number, accessi-
bility, and stability of basic sites rather than dramatically
altering intrinsic site activity. Minor differences in apparent
TOF among the catalysts may reflect variations in site accessi-
bility and dispersion. In contrast, the higher overall FAME
yields observed for TiO,- and Co0,SiOs-modified CaO are
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attributed mainly to increased total basicity and improved
catalyst stability rather than a substantial enhancement in
intrinsic per-site reaction rates.

Equilibrium modelling of FAME production: cooperative
adsorption via the Hill Isotherm to investigate the effect of the
alcohol-to-oil ratio on transesterification equilibrium, FAME
yield was measured at varying initial methanol-to-oil molar
ratios (Q; = 4:1 to 14 : 1). FAME yield with Q;, peaking at 89.7%
at a ratio of 10:1 before declining, suggesting an optimal
stoichiometric balance. The equilibrium final ratio Qf was
calculated as:

Qi—3x

1—x

O =

where x is the fractional oil conversion. This calculation
assumes a stoichiometric factor of 3, corresponding to the
transesterification of pure triglycerides. Waste cooking oil
(WCO), however, contains free fatty acids, mono- and diglycer-
ides, and minor impurities, which may alter the effective
methanol requirement. Therefore, Q should be interpreted as
an apparent equilibrium ratio rather than the exact stoichio-
metric ratio for all reactive species. Remarkably, all catalysts—
regardless of composition—followed a single equilibrium trend
when FAME yield was plotted against Q¢ (Fig. 5). This indicates
that while catalyst modifications influence reaction kinetics,
they do not affect the thermodynamic equilibrium of the
system.

100
S
< 80 +
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>
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E Yeame = Yinax <1+—kcfQ}!)
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Fig. 5 FAME yield as a function of the final MeOH-to-oil ratio in
solution.

Table 3 Comparison of basicity, surface area, and FAME yield for various CaO-based catalysts (methanol-to-oil ratio = 10 : 1, 333 K, 5% w/v, 60

minutes duration)

Catalyst bascicity Surface area FAME yield Apparent TOF
(mmol g ) (mg ) (%) (s
CaO 0.921 86.3 80.3 0.0059
Cao-SiO, 0.832 119.3 84.2 0.0067
CaO-TiO, 1.103 121.9 89.7 0.0056
Ca0-Co,Si0, 1.113 98.4 87.1 0.0053
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The equilibrium data were modeled using the Hill isotherm,
a framework traditionally applied to cooperative binding in
biochemical systems but here employed as a phenomenological
saturation model in heterogeneous biodiesel catalysis. The
model is expressed as the Hill equation:

chfn
Y, = Ymax T 1 N
FAME <1 ¥ kCQf )

where Ygame is the fractional FAME yield, Yy,ax is the maximum
attainable FAME yield under the investigated conditions, Qr is
the methanol-to-oil molar ratio, k. is an apparent equilibrium
constant reflecting the effectiveness of methanol excess, and n
is the Hill coefficient. The Hill coefficient is treated here as
a phenomenological descriptor of non-linear
behaviour rather than as evidence of molecular cooperativity.
Model parameters were obtained by non-linear regression and
are shown in Table 4.

The fitting yielded a Hill coefficient (n = 1.7 + 0.1) and an
equilibrium constant (0.019 + 0.003), indicating a non-linear,
sigmoidal dependence of FAME yield on methanol-to-oil ratio
rather than true molecular cooperativity. In this context, the Hill
coefficient is interpreted as an apparent descriptor of saturation
behavior, reflecting surface heterogeneity, competitive adsorp-
tion, and equilibrium constraints, rather than cooperative
binding in the biochemical sense. The universal collapse of all
catalyst data onto a single Hill isotherm suggests that this non-
linear saturation behavior is governed primarily by reaction
thermodynamics and phase equilibrium effects, rather than
being a strictly catalyst-specific adsorption phenomenon. To
assess the thermodynamics of adsorption, the standard Gibbs
free energy change (AG°) was calculated from the equilibrium
constant K derived from the Hill model using the relation:

saturation

AG"=—-RThh K

where R is the universal gas constant and T is the absolute
temperature in Kelvin. The positive AG° value (+10.8 k] mol " at
333 K) indicates that adsorption is slightly non-spontaneous
under the experimental conditions, consistent with the low
equilibrium constant. The excellent fit of the Hill isotherm to
the equilibrium data (R* > 0.98) and the observation of a Hill
coefficient greater than one highlight a universal cooperative
adsorption mechanism governing the system's thermody-
namics. Although catalyst modifiers such as TiO,, C0,SiO,, and
SiO, impact reaction rates and kinetics, they do not significantly
alter the fundamental adsorption equilibrium. This under-
standing reveals an underexplored dimension in catalyst
design: engineering catalysts to enhance cooperative adsorption
interactions can potentially improve catalytic efficiency. This
insight is especially valuable for developing robust catalysts
tailored to waste-derived feedstocks, where catalyst stability and
reusability are critical.

3.4. Durability tests

To assess the reusability of the catalysts, a rigorous testing
procedure was followed. After each reaction cycle, the catalysts
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Table 4 Modelling the equilibrium parameters of the FAME
production
Parameter Value
K, mM™" 0.019 £ 0.003
N 1.7 £ 0.1
Y imax (%) 94.0 + 0.8

AG® (k] mol ™)

k n
“ Yrame = Ymax <C7Qf> .

10.8

I+ chf"

were carefully recovered by filtration, washed thoroughly with n-
hexane to remove residual reactants or products, and then dried
and calcined at 573 K to restore their catalytic activity.
Remarkably, more than 90% of the catalyst mass was success-
fully recovered after each cycle. The mass loss was compensated
by adjusting the reaction volume to maintain a constant catalyst
loading of 5%. The change in reaction volume was insignificant,
as the recovery rate ranged from 90% to 94% per cycle. The
performance of pure CaO declined steadily with each reuse,
showing a noticeable decrease in catalytic activity from the first
cycle onwards (Fig. 6). The total activity loss after four cycles was
7.5%, which can be attributed to the degradation of the CaO
structure, leaching of active sites, and the potential formation
of calcium glyceroxide that can block catalytic sites and inhibit
further reactions.®**” This structural deterioration ultimately
reduces the basicity and surface area essential for efficient bi-
odiesel production. In contrast, CaO-based catalysts modified
with SiO,, TiO,, and Co,SiO, exhibited much better reusability.
After four reaction cycles, the activity loss for CaO-SiO,, CaO-
TiO,, and Ca0O-Co0,Si0, was only 2.3%, 1.1%, and 0.7%,
respectively. The decline in catalytic activity for these catalysts

90 — = - .
=8 A »
E ...........
Q
‘S. 80 I
w |
-
70
runl run2 run3 rung
Ca0O mCa0-Si02 mCa0-Co2Si04 Ca0-Ti02

Fig. 6 Catalyst reusability over four transesterification cycles using
(yellow) unmodified CaO, (red) CaO-SiO,, (purple) CaO-TiO,, and
(pink) CaO—-Co0,SiO4.
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only became apparent after four cycles, highlighting their
superior stability compared to pure CaO. The improved dura-
bility is attributed to the stabilizing effect of the oxide supports,
which prevent severe structural degradation and limit the
leaching of active CaO species.*® Moreover, the chemical inter-
action between CaO and the supports (especially in the
impregnated samples) leads to stronger phase adhesion,
enhanced thermal stability, and better retention of basic active
sites. This enhanced reusability makes CaO-based mixed oxide
catalysts more suitable for sustainable and cost-effective bi-
odiesel production processes.

4. Conclusions

This study demonstrated how targeted oxide modification can
significantly enhance the catalytic performance of waste
eggshell-derived CaO for biodiesel production from waste
cooking oil. Systematic comparison of SiO,-, TiO,-, and C0,S5i0,-
modified CaO revealed distinct structure-function relation-
ships. TiO, modification yielded the highest FAME yield
(89.7%) driven by synergistic increases in basicity and surface
area and supported by the formation of a CaTiO; phase.
Co,Si0,, applied here for the first time in biodiesel catalysis,
imparted exceptional stability, retaining over 99% activity after
four cycles, while SiO, served as a benchmark oxide, enhancing
dispersion without major alteration of surface chemistry.
Equilibrium modelling using the Hill isotherm provided new
insight into cooperative adsorption phenomena in biodiesel
catalysis, with TiO,- and Co0,SiO,-modified CaO exhibiting
positive cooperativity (n > 1) — a feature rarely reported in this
context. These findings indicate that surface modification not
only improves yield and durability but can also tailor the
adsorption behaviour of active sites to enhance catalytic effi-
ciency. By integrating waste valorization, applied catalytic
testing, and mechanistic modelling, this work presents a scal-
able, low-cost route to durable heterogeneous catalysts for
sustainable biodiesel production. The combination of perfor-
mance optimization with cooperative adsorption insights offers
a foundation for future designs of waste-derived catalysts with
improved site synergy, stability, and economic viability.
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