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Highlights

e Waste-derived CaO catalysts were engineered to control activity and selectivity.
e KOH incorporation promoted reaction-controlled catalytic behaviour.
e 7ZnO incorporation favoured adsorption-controlled selective transesterification.
e A clear activity—selectivity trade-off was experimentally demonstrated.
e Surface engineering established a design framework for circular biofuels.
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Abstract

The development of sustainable heterogeneous catalysts for biodiesel production requires not
only high conversion efficiency, but also precise control over catalytic activity and product
selectivity. However, the influence of surface modification on the activity—selectivity balance
of waste-derived CaO catalysts remains poorly understood. In this study, eggshell-derived CaO

catalysts were chemically modified with KOH and ZnO in order to investigate how surface



engineering affects catalytic behaviour during coconut oil transesterification. The catalysts
were structurally and compositionally characterised by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), scanning electron microscopy (SEM), X-ray
fluorescence (XRF), energy-dispersive spectroscopy (EDS), and thermogravimetric analysis
(TG/DTG), confirming the successful conversion of CaCOs into catalytically active CaO,
incorporation of potassium- and zinc-containing phases, and significant changes in surface
morphology and thermal stability after modification. Under fixed reaction conditions
(methanol-to-oil molar ratio of 19:1, 1.5 wt% catalyst, 64 °C, 120 min), a clear activity—
selectivity trade-off was identified. The KOH-modified catalyst exhibited the highest biodiesel
yield (86.9%) and the highest pseudo-first-order kinetic constant (0.0223 min™"), suggesting
enhanced catalytic activity and predominantly reaction-controlled behaviour. In contrast, the
ZnO-modified catalyst achieved the highest methyl ester content (98.1%) and showed better
agreement with pseudo-second-order kinetics, suggesting a greater contribution of adsorption-
mediated surface interactions. Biodiesel characterisation by GC-FID, FTIR, TG/DTG,
viscosity, and density analyses confirmed the formation of high-quality fatty acid methyl esters
compliant with fuel quality standards. Taken together, these findings indicate that chemical
modification of waste-derived CaO catalysts enables the rational tuning of catalytic activity
and ester selectivity, providing mechanistic insights for the rational design of waste-derived

heterogeneous catalysts for sustainable biofuel production within circular economy systems.

Keywords: Biodiesel; Coconut oil; Eggshell waste; Heterogeneous catalyst; Waste

valorization.

1. Introduction

The global transition towards low-carbon energy systems has intensified the search for
renewable fuels capable of reducing greenhouse gas emissions while maintaining compatibility
with existing energy infrastructure [1,2,3]. Among the available alternatives, biodiesel has
emerged as a particularly attractive option due to its biodegradability, low toxicity, renewable
origin, and direct applicability in compression ignition engines [4,5,6,7]. Nevertheless, the
large-scale implementation of biodiesel production remains strongly dependent on the
development of economically viable and environmentally sustainable catalytic systems

[8,9,10].



Transesterification is the most widely adopted route for biodiesel synthesis, involving
the conversion of triglycerides into fatty acid methyl esters (FAMESs) through reaction with
short-chain alcohols [11,12,13,14]. Although homogeneous alkaline catalysts exhibit high
catalytic activity, their industrial application is limited by catalyst recovery difficulties,
equipment corrosion, soap formation, and substantial wastewater generation [15,16,17]. In this
context, heterogeneous catalysts have attracted increasing attention as more sustainable
alternatives, offering simplified separation, catalyst reusability, and reduced environmental
impact [18,19,20,21].

Among heterogeneous catalytic materials, calcium oxide (CaO) has been extensively
investigated due to its strong basic character, low cost, and wide availability [22,23,24]. The
catalytic behaviour of CaO is intrinsically associated with its ionic crystal structure, in which
surface O* anions act as the primary Lewis basic sites responsible for methanol adsorption and
activation during transesterification [24,25,26,27] (Fig. 1). More recently, the synthesis of CaO
from biogenic residues, particularly eggshell waste, has emerged as a promising strategy for
integrating catalyst development with circular economy principles [28,29,27,28]. Eggshell-
derived CaO not only provides an environmentally attractive route for waste valorisation, but
also has been reported to exhibit catalytic performance comparable to commercially available

calcium-based materials in biodiesel synthesis [29,30,31].

Figure 1. Ionic crystal structure of calcium oxide (Ca0O), illustrating the spatial arrangement
of Ca** and O* 1ons and the origin of surface basic sites associated with catalytic methanol

activation.
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Despite these advantages, unmodified CaO catalysts still present important limitations,
including susceptibility to hydration and recarbonation, limited surface accessibility, and non-
uniform distribution of catalytically active sites, which may compromise reaction efficiency

and long-term performance [29,32,33,34]. To overcome these limitations, several surface



engineering strategies have been proposed, including the incorporation of alkaline species and
transition metal oxides capable of modifying the structural, compositional, and catalytic
properties of CaO-based systems [35,36,37,38,39].

Previous studies have demonstrated that surface modification can significantly improve
biodiesel conversion efficiency [40,41,42,43]. However, most investigations have primarily
focused on conversion yield, while the influence of catalyst modification on the balance
between catalytic activity and product selectivity remains poorly understood [44,45,46,47]. In
particular, the mechanisms by which different surface modifiers alter reaction kinetics,
adsorption behaviour, and by-product suppression in waste-derived CaO catalysts remain
insufficiently explored [29,48,49]. Furthermore, comparative studies involving waste-derived
catalysts and commercial CaO under identical operating conditions are still limited, especially
when non-conventional feedstocks are considered [50,27].

Coconut oil represents an attractive yet underexplored feedstock for biodiesel
production due to its high content of medium-chain saturated fatty acids, which can
significantly influence reaction kinetics, catalyst—substrate interactions, and ester formation
behaviour [51,52,53,54,55]. Understanding how catalyst surface engineering affects
transesterification performance in such systems may provide valuable insights for the rational
design of next-generation sustainable catalysts [39,56,57,58].

Despite the extensive use of eggshell-derived CaO catalysts in biodiesel synthesis, most
previous studies have primarily focused on conversion efficiency, with comparatively limited
attention devoted to understanding how surface modification influences the balance between
catalytic activity, product selectivity, and rate-controlling mechanisms under identical reaction
conditions. Therefore, this study investigates the effect of KOH and ZnO surface modification
on eggshell-derived CaO catalysts for coconut oil transesterification, using commercial CaO
as a reference material. Particular emphasis is placed on understanding how chemical
modification influences the activity—selectivity relationship, reaction kinetics, and
physicochemical quality of the resulting biodiesel. By integrating structural characterisation,
kinetic modelling, and fuel quality analysis, this work establishes a mechanistic framework for
rationally tuning the catalytic behaviour of waste-derived CaO systems for sustainable biofuel

production.

2. Materials and Methods

2.1 Materials



2.1.1 Eggshell waste collection

White chicken eggshells were collected from domestic consumption after the use of
commercially purchased eggs obtained from a local market. The eggshell waste was used as

precursor material for CaO synthesis through high-temperature calcination.
2.1.2 Coconut oil acquisition

Extra virgin coconut oil was commercially obtained from a local market and used as
feedstock in the transesterification reactions. The fatty acid composition of the oil consisted of
caproic acid (0.52%), caprylic acid (7.08%), capric acid (5.43%), lauric acid (46.58%), myristic
acid (17.98%), palmitic acid (7.50%), stearic acid (2.86%), oleic acid (4.42%) and linoleic acid
(0.65%).

2.1.3 Chemicals and reagents

The reagents used in this study were ethanol (C.HsOH, 99%, Synth), methanol
(CHsOH, 99.5%, Quimidrol), calcium oxide (CaO, 95%, ACS Cientifica), diethyl ether
(CsH100, 30-60 PA, Exodo Cientifica), hydrochloric acid (HCI, 37%, Exodo Cientifica),
anhydrous sodium sulphate (Na.SOa, Dinamica), sodium chloride (NaCl, 99%, Dinamica),
phenolphthalein (C20H1404, 99%, Exodo Cientifica), potassium hydroxide (KOH, 85%,
Dinamica), zinc oxide (ZnO, 99%, Vetec Quimica Fina) and sodium hydroxide (NaOH)

micropearls (98%, Dinamica). All reagents were used as received without further purification.
2.2 Catalyst preparation
2.2.1 Synthesis of eggshell-derived CaO catalysts

Initially, the eggshells were subjected to a pre-treatment step involving washing with
water and detergent in order to remove impurities and residual membranes adhered to the
material. The cleaned shells were subsequently dried at room temperature for 24 h. Afterwards,
the material was crushed, ground and sieved using an 80-mesh sieve, and the passing fraction

was collected for further processing.



The obtained eggshell powder was calcined in a muffle furnace at 900 °C for 4 h, a
condition previously reported as effective for the conversion of calcium carbonate (CaCOs)

into calcium oxide (CaO). The calcination process is represented by Eq. (1):

CaCO3;— CaO + CO2 (1)

2.2.2 Chemical modification of catalysts

The eggshell-derived CaO powder was separately modified with ZnO and KOH using
a 1:1 mass ratio between CaO and the modifying agent, selected to ensure sufficient surface
coverage and detectable incorporation of the modifying species during structural
characterisation. Briefly, 5 mL of distilled water was added to 2 g of CaO powder in a porcelain
crucible to promote homogeneous dispersion. Subsequently, 2 g of either ZnO or KOH was
incorporated for the preparation of Zn-modified and K-modified catalysts, respectively.

The resulting mixtures were manually homogenised using a glass rod and dried at 120
°C for 2 h in order to remove physically adsorbed moisture and facilitate precursor fixation
onto the CaO surface. Afterwards, the materials were calcined at 800 °C for 3 h to promote
catalyst activation, decomposition of residual carbonate species, and stable incorporation of

potassium- and zinc-containing surface phases into the CaO matrix.

2.2.3 Catalyst nomenclature

For a clearer discussion of the results, the catalysts were identified according to the

nomenclature presented in Table 1.

Table 1. Nomenclature and abbreviations adopted for the catalyst samples.

Catalyst Abbreviation
Eggshell ES
Calcined eggshell CES

ZnO-modified calcined eggshell Zn-CES



KOH-modified calcined eggshell K-CES

2.3 Catalyst characterisation

2.3.1 Scanning electron microscopy (SEM)

The morphology of the catalysts was investigated by scanning electron microscopy

(SEM) using fourth-generation TESCAN microscopes.

2.3.2 X-ray diffraction (XRD)

The crystalline phases present in the catalysts were identified by X-ray diffraction
(XRD) using a Bruker D2 Phaser diffractometer equipped with a LynxEye detector and CuKa
radiation (A = 1.54 A). The analyses were performed using nickel-filtered radiation at 30 kV
and 10 mA. Diffractograms were recorded over a 20 range of 3—70°, with a step size of 0.02°,

acquisition time of 0.1 s, divergent slit of 0.6 mm and central slit of 1 mm.

2.3.3 Fourier transform infrared spectroscopy (FTIR)

FTIR analyses were performed to identify the functional groups present in the catalysts.
Spectra were obtained using an IRAffinity-1 Fourier Transform Infrared Spectrophotometer
(Shimadzu) equipped with an attenuated total reflectance (ATR) accessory over the range of
4000400 cm™ with a resolution of 4 cm™. Additional analyses were carried out using a
BRUKER FT-IR VERTEX 70 spectrometer operating within the range of 5004000 cm™ and

resolution of 4 cm™'. All spectra were recorded in transmittance mode.

2.3.4 Thermogravimetric analysis (TG/DTG)

Thermogravimetric analyses were performed using a TG 209 F3 Tarsus analyser
(NETZSCH) equipped with a platinum crucible. The experiments were conducted from 30 to
900 °C at a heating rate of 10 °C min' under nitrogen atmosphere with a flow rate of 20 mL

min! in order to evaluate the thermal stability and mass loss behaviour of the catalysts.



2.3.5 X-ray fluorescence (XRF)

The elemental composition of the catalysts was determined by X-ray fluorescence
(XRF) using a BRUKER S2 PUMA SERIES Il spectrometer equipped with a Pd tube operating
at a maximum power of 50 W, voltage of 50 kV and current of 1 mA, coupled with a HighSense

Silicon Drift Detector (HighSense SDD).

2.4 Biodiesel production

Biodiesel was produced using 20 g of coconut oil, previously heated at 60 °C for 20
min under stirring at 750 rpm in order to remove residual moisture. Transesterification
reactions were carried out in a round-bottom flask under magnetic stirring at 750 rpm using 1.5
wt% catalyst and a methanol-to-oil molar ratio of 19:1. After addition of the oil, the reaction
proceeded at 64 °C.

At the end of the reaction, the mixture was transferred to a separating funnel and
allowed to stand for 24 h to promote phase separation. Subsequently, glycerol and catalyst
residues were removed.

The crude biodiesel was purified by washing with 50 mL of 0.5 M HCI solution for 30
min, followed by the addition of saturated NaCl solution and a further decantation step. The
biodiesel was then dried using 0.5 g of anhydrous Na.SO4 under stirring for 30 min. Finally,
the product was filtered and weighed to determine biodiesel yield.

Biodiesel yield was calculated according to Eq. (2):

Mass of biodiesel obtained (g)

Biodiesel yield (%)= X 100 (2)

Mass of oil used (g)
2.5 Kinetic Modeling of the Transesterification Reaction
2.5.1 Pseudo-First-Order Kinec Model

The transesterification reaction for biodiesel production from waste cooking oil has
been extensively investigated using heterogeneous catalysts. Gupta and Rathod [59] evaluated
the use of eggshell-derived catalysts in the transesterification of residual frying oil. In this
process, one mole of triglycerides (TG) reacts with three moles of methanol (MeOH) to
produce three moles of fatty acid methyl esters (FAME) and one mole of glycerol, as

represented in Equation 3.



TG + 3MeOH = 3FAME + Glycerol 3)

The overall reaction rate for the transesterification process can be expressed by

Equation 4:

d[TG]

—rA=—-=_"= K)[TG][MeOH]? 4)

Where [TG] and [MeOH] represent the molar concentrations (mol-L 1) of triglycerides
and methanol, respectively, and ko is the kinetic rate constant.

Since the transesterification reaction is reversible, an excess amount of methanol is
generally employed to shift the equilibrium toward product formation. Under these conditions,
the methanol concentration remains approximately constant during the reaction, allowing the
kinetic model to be simplified to a pseudo-first-order reaction [60].

According to Yingying et al. [60], the following assumptions are considered for the
pseudo-first-order approach:

1) the reaction system behaves as pseudo-homogeneous under high stirring conditions;

i1) triglycerides, diglycerides, and monoglycerides are not distinguished in the global
reaction mechanism;

ii1) methanol concentration remains constant due to its large molar excess.

Based on these assumptions, Equation 4 can be simplified as follows:

__d[TG] _
—rA = — =2 = k[TG] (5)

where:

k = ko [MeOH)3 (6)

Integrating Equation 7 between the initial triglyceride concentration [TG]o at t=0 and

the triglyceride concentration [TG] at time t, Equation 7 is obtained:

In[TG], — In[TG] = kt (7)



Expressing the equation in terms of triglyceride conversion (Xa), the kinetic model

can be rewritten as:

—In(l —X,) = kt (8)
2.5.2 Pseudo-Second-Order Kinetic Model

The transesterification reaction has also been described using a pseudo-second-order
kinetic model. Feyzi and Khajavi [61] evaluated this approach considering the reaction
kinetics under excess methanol conditions.

For the pseudo-second-order model, the following assumptions were adopted:

1) the overall transesterification reaction follows second-order kinetics;

i1) due to the high methanol-to-oil molar ratio, the reaction rate depends only on the
oil concentration;

ii1) the reverse reaction can be neglected because of the excess methanol and the low
concentration of reaction products;

iv) the oil and methanol phases are perfectly mixed, allowing uniform composition
throughout the reaction medium.

Under these assumptions, the reaction rate can be expressed by Equation 9:

dc
—1A = —d—;‘ = k,C} 9)

Where CA is the oil concentration and k, is the pseudo-second-order kinetic constant.

After integration of Equation 10 in terms of conversion, Equation 10 is obtained:

L = kGt (10)

I-Xa

and reaction time allows determination of the

. . . 1
The linear relationship between =
—AA

kinetic parameter k,Cy, from the slope of the fitted line. Considering a constant initial oil
concentration, the transesterification kinetic constant can therefore be estimated [61].

2.6 Biodiesel characterisation

2.6.1 Fourier transform infrared spectroscopy (FTIR)



FTIR analyses of coconut oil and biodiesel samples were performed using an
IR Affinity-1 spectrophotometer (Shimadzu) equipped with an ATR accessory within the range

0f 4000400 cm™ and resolution of 4 cm™. Spectra were obtained in transmittance mode.

2.6.2 Thermogravimetric analysis (TG/DTG)

Thermogravimetric analyses of coconut oil and biodiesel samples were performed using
a TG 209 F3 Tarsus analyser (NETZSCH). The experiments were conducted from 30 to 900
°C at a heating rate of 10 °C min! under nitrogen atmosphere with a flow rate of 20 mL min™

using platinum crucibles.

2.6.3 Gas chromatography with flame ionisation detection (GC-FID)

The biodiesel composition was determined by gas chromatography coupled with flame
ionisation detection (GC-FID) using a GC-2010 Plus AF chromatograph equipped with a DB-
5 capillary column (30 m x 0.25 mm % 0.25 um; 5% diphenyl/95% dimethylpolysiloxane,
Agilent).

The oven temperature programme was set from 130 to 200 °C at 12 °C min’, followed
by heating from 200 to 215 °C at 4 °C min! and from 215 to 250 °C at 4 °C min™!, maintaining
the final temperature for 2 min, resulting in a total run time of 20.33 min. The injection volume
was 1 pL with a split ratio of 1:50. Injector and detector temperatures were maintained at 220
and 260 °C, respectively, under a pressure of 100 kPa using nitrogen as carrier gas.

Sample preparation followed the EN 14103 standard. Briefly, 100 mg of sample was
diluted in a 10 mL volumetric flask using n-hexane. Subsequently, 200 pL of this solution was
transferred to a 1 mL volumetric flask, followed by the addition of 50 pL of internal standard
solution (methyl heptadecanoate, 5000 mg L), and the volume was completed with n-hexane
prior to injection.

The ester content was calculated according to Eq. (3):

A — API CPI
% Esters = (

API Csample) x 100 (3)

where A corresponds to the sum of the peak areas of the major biodiesel components
and the internal standard, API is the peak area of the internal standard, CPI is the concentration

of the internal standard, and Csample is the concentration of the injected sample.



2.6.4 Viscosity and density

Kinematic viscosity and density measurements were performed using an SVM 3000

viscometer (Anton Paar).

4. Results and Discussion

4.1 Catalyst characterisation

The characterisation of the eggshell-derived catalysts revealed significant structural,
morphological, compositional and thermal changes after calcination and chemical
modification, as evidenced by SEM, XRD, FTIR, XRF, TG/DTG and EDS analyses. These
modifications appear to be closely associated with catalytic performance, since they influence
the availability, distribution, and physicochemical nature of catalytically active surface

environments [61,62,63,64].

4.1.1 Scanning electron microscopy (SEM)

SEM micrographs of ES, CES, Zn—CES, and K—CES are presented in Fig. 2. The ES
sample (Fig. 2a) exhibited particles with heterogeneous sizes, irregular morphology, and a
poorly organised surface, indicating low structural uniformity [65,66]. After calcination (Fig.
2b), a marked morphological reorganisation was observed, with the formation of a more
homogeneous and interconnected structure, which can be associated with CO: release during
CaCOs decomposition and the consequent formation of CaO [67,68].

Additional surface modifications were observed after chemical treatment. The Zn—CES
sample (Fig. 2¢) showed finer particles with partial agglomeration, suggesting the deposition
of Zn-containing species on the CaO surface [69,70]. In contrast, K—CES (Fig. 2d) exhibited
denser agglomerates and a more compact surface, possibly due to the formation of potassium-
containing surface species during calcination [71]. Overall, calcination and chemical
modification significantly altered the surface morphology of the catalysts, which may affect
active-site distribution and catalytic performance during the transesterification reaction

[72,73].

Figure 2. SEM micrographs of (a) ES, (b) CES, (c¢) Zn—CES, and (d) K—CES samples.
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4.1.2 X-ray diffraction (XRD)

The X-ray diffraction patterns of ES, CES, Zn-CES, and K-CES are shown in Fig. 3.
The raw eggshell (ES) exhibited characteristic reflections of crystalline CaCOs (calcite),
confirming the typical mineral composition of the precursor material [74,75,76]. After
calcination, the diffraction profile of CES changed markedly, with the disappearance of calcite
reflections and the emergence of characteristic peaks of cubic CaO, indicating the successful
thermal decomposition of CaCO; and the formation of a highly crystalline CaO phase
[77,78,79]. After zinc modification, additional reflections corresponding to hexagonal ZnO
(wurtzite) were observed in Zn-CES, corroborating the successful incorporation of zinc species
into the catalyst matrix [80,81,82]. Similarly, the diffraction pattern of K-CES exhibited
additional reflections associated with potassium-containing crystalline species formed during
the calcination of the KOH-impregnated support, confirming the effective potassium
modification [83,84,85]. Overall, the XRD results demonstrate the structural evolution from
the raw precursor (ES) to calcined CaO (CES), followed by the successful incorporation of Zn

and K species in Zn-CES and K-CES, respectively. These structural modifications may



contribute to changes in surface basicity and active-site distribution, potentially enhancing

catalytic performance during the transesterification reaction [80,81,82,84,85].

Figure 3. XRD patterns of (a) ES, (b) CES, (c¢) Zn-CES, and (d) K-CES samples.
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4.1.3 Fourier transform infrared spectroscopy (FTIR)

The FTIR spectra of ES, CES, Zn—CES, and K—CES are shown in Fig. 4. The ES sample
exhibited characteristic absorption bands at approximately 2506, 1798, 1395, 1083, 872, and
712 cm™, which are assigned to carbonate vibrations of calcite (CaCOs), confirming the typical
mineral composition of the raw eggshell [86,87]. A weak band near 3641 cm ™' was attributed
to O—H stretching vibrations [88,89]. After calcination, the spectra of CES showed a marked
reduction in carbonate-related bands, indicating the thermal decomposition of CaCOs and the
formation of CaO [89,90], in agreement with the XRD results. The absorption bands observed
near 3614 cm™! suggest partial surface hydroxylation due to moisture adsorption, which is
commonly reported for CaO-based materials [88,89]. The modified catalysts (Zn—CES and K-
CES) exhibited spectral profiles similar to CES, indicating that the main structural features of
CaO were preserved after chemical modification. Minor variations in the intensity of hydroxyl
and carbonate bands suggest changes in the surface chemical environment after Zn and K
incorporation, which may influence the basicity and catalytic performance during the

transesterification reaction [90,91,92].



Figure 4. FTIR spectra of (a) ES, (b) CES, (¢) Zn—CES, and (d) K—CES samples.
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Table 2. FTIR results for the catalysts.

Wavenumber (cm™)

Wavenumber (cm™)

Assignment

Functional Group

3641

3614 (Zn) / 3610 (K)

2521-2506
1798-1785
1450-1395

1227-1228

1083-1080

872709

O-H stretching

O—H stretching

COs*" vibrations
COs*" vibrations
Asymmetric vibration of COs*

Asymmetric stretching of COs*~

Characteristic calcite vibration

Out-of-plane vibrations and

bending modes of COs*

Ca(OH)»

Adsorbed hydroxyl groups

CaCOs

CaCOs

CaCOs

CaCOs in modified

structure

CaCOs

CaCOs



867 COs*” bending CaCO:s associated with Zn

643 and 631 COs* bending modes CaCoO:s

4.1.4 X-ray fluorescence (XRF)

The chemical composition of ES, CES, Zn—CES, and K—CES, determined by X-ray
fluorescence (XRF), is presented in Table 2. The CES sample exhibited a high CaO content
(98.29 wt.%), confirming the effectiveness of the calcination process and the efficient
conversion of CaCO:s into catalytically active CaO. After chemical modification, the successful
incorporation of Zn and K species was clearly observed. The Zn—CES catalyst contained 47.56
wt.% Zn, while K-CES showed 5.54 wt.% K, confirming the effectiveness of the impregnation
procedure. A concomitant reduction in Ca content was observed after modification, suggesting
partial surface coverage of CaO by the incorporated species. These results are consistent with
the structural and spectroscopic analyses and indicate that Zn and K incorporation may modify
the surface basicity and catalytic behaviour of the eggshell-derived catalysts during the

transesterification reaction [93,94].

Table 2. Chemical composition of ES, CES, Zn—CES, and K—CES samples determined by X-

Sample CaO ZnO K:0 SrO SOs ALO:s Others
wt.%)  (wt.%) (wt.%) (wt.%) (wt.%) (wt.%) (wt.%)

ES 98.89 - - 0.41 0.30 0.09 0.31
CES 98.29 - - 0.26 0.28 0.10 1.07
Zn- 51.31 47.56 - 0.18 0.03 0.10 0.82
CES

K-CES 92.36 - 5.54 0.23 0.01 0.34 1.52

ray fluorescence (XRF).



4.1.5 Energy-dispersive X-ray spectroscopy (EDS)

The EDS spectra of ES, CES, Zn—CES, and K—CES are presented in Fig. 5. The
elemental compositions corroborated the XRF and XRD results, confirming Ca as the major
constituent of all samples. After calcination, a marked reduction in carbon content was
observed in CES, indicating the thermal decomposition of CaCOs and the formation of CaO
[95,96]. The modified catalysts exhibited additional Zn and K signals in Zn—CES and K-CES,
respectively, confirming the successful incorporation of the modifying species after chemical
treatment [97,. These compositional changes are consistent with the structural and
spectroscopic analyses and suggest modifications in the surface chemical environment, which
may influence the catalytic behaviour of the eggshell-derived -catalysts during the

transesterification reaction.

Figure 5. EDS spectra of (a) ES, (b) CES, (¢) Zn—CES, and (d) K—CES samples.
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4.1.6 Thermogravimetric analysis (TG/DTG)

The TG/DTG curves of ES, CES, Zn—CES, and K-CES are shown in Fig. 6. The ES
sample exhibited a pronounced mass loss associated with the thermal decomposition of CaCOs
and the release of CO2, confirming the carbonate nature of the raw precursor. After calcination,
CES showed significantly improved thermal stability, with only minor residual mass losses,
which may be associated with partial surface hydration or recarbonation after exposure to
atmospheric moisture and CO.. The modified catalysts (Zn—CES and K—CES) exhibited lower
mass losses and higher residual masses compared with CES, indicating enhanced thermal
stability after chemical modification. Overall, the TG/DTG results confirm the effective
conversion of CaCOs into CaO after calcination and demonstrate that Zn and K incorporation
altered the thermal behaviour of the eggshell-derived catalysts, which may influence catalyst

stability and surface reactivity during the transesterification reaction.

Figure 6. TG and DTG curves of (a) ES, (b) CES, (¢) Zn—CES, and (d) K—CES samples.
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4.2 Catalytic performance in transesterification

4.2.1 Effect of catalyst modification on biodiesel yield

The catalytic performance of CES, Zn—CES, and K-CES was evaluated in the
transesterification of coconut oil under identical reaction conditions. The results obtained are
presented in Table 3 and Fig. 7, where all catalysts showed a progressive increase in biodiesel
yield with reaction time, indicating the contribution of both reaction kinetics and mass-transfer
phenomena. The unmodified catalyst (CES) exhibited moderate catalytic activity, reaching a
maximum biodiesel yield of 66.3% after 120 min, suggesting that calcination alone was
insufficient to maximise catalytic performance. In contrast, K—-CES showed the highest
catalytic activity, achieving a biodiesel yield of 86.9%, comparable to commercial CaO
(86.4%). This enhanced performance can be associated with the incorporation of potassium

species, which may increase surface basicity and promote methoxide formation during



transesterification. The Zn—CES catalyst reached an intermediate biodiesel yield (70.35%), but
exhibited the highest ester content (98.1%), suggesting improved selectivity towards the
transesterification reaction. This behaviour indicates that Zn incorporation may alter catalyst—
substrate interactions and suppress parallel reactions, such as saponification. Overall, catalyst
modification significantly influenced both catalytic activity and selectivity, demonstrating that
Zn and K incorporation can effectively tailor the catalytic behaviour of eggshell-derived CaO

catalysts for biodiesel production.

Table 3. Biodiesel yield obtained during coconut oil transesterification using commercial

Catalyst 30 min (%) 60 min (%) 90 min (%) 120 min (%)
Commercial CaO 17.7 22.8 55.7 86.4
CES 11.2 24.6 36.5 66.3
Zn—CES 5.4 59.4 60.9 70.35
K-CES 7.4 26.8 67.5 86.9

CaO and eggshell-derived catalysts.

Figure 7. Effect of reaction time on biodiesel yield during transesterification reactions using

commercial CaO and eggshell-derived catalysts.



100

—&— Commercial CaO
901 _m cEs
go| —* Zn-CES
—— K-CES
70
&
o 60
o
> 50 A
]
0
o 40 A
T
)
m 304
20
10 4
0 T T T T
30 60 90 120

Reaction time (min)

4.2.2 Activity—selectivity relationship

Although K—CES achieved the highest biodiesel yield, Zn—CES exhibited the highest
ester content (98.1%), indicating a clear trade-off between catalytic activity and selectivity.
Importantly, high gravimetric yield did not necessarily correspond to high ester purity,
suggesting the co-extraction of residual glycerides, soaps, or partially converted intermediates
in some catalytic systems. This finding indicates that catalyst modification influenced not only
triglyceride conversion, but also the chemical composition and selectivity of the final biodiesel
product. The superior catalytic activity of K—CES can be associated with the presence of
potassium-containing species, which may enhance surface basicity, promote methoxide
formation, and accelerate triglyceride conversion. However, highly basic catalytic sites may
also favour parallel reactions, particularly saponification, which can negatively affect product
selectivity. In contrast, Zn incorporation appears to provide a more selective catalytic
environment, favouring transesterification while suppressing secondary reactions. These
results demonstrate that catalyst modification can be strategically used to tailor either catalytic
activity or biodiesel quality, depending on the desired process objective. To the best of our
knowledge, comparative evidence demonstrating an experimentally resolved activity—
selectivity trade-off in chemically modified eggshell-derived CaO catalysts under identical

transesterification conditions remains scarcely reported.

4.2.3 Comparison with literature



To benchmark the catalytic performance obtained in this study, Table 4 compares the

reaction conditions and biodiesel yields reported for eggshell-derived CaO catalysts in previous

studies. The results show that K—CES achieved biodiesel yields comparable to those reported

for other modified CaO-based catalysts, despite the lower catalyst loading employed in this

work. In addition, Zn—CES exhibited excellent ester purity, demonstrating that chemical

modification effectively tailored catalyst selectivity. These findings highlight the potential of

the proposed eggshell-derived catalysts as efficient and competitive materials for biodiesel

production.

Table 4. Comparison of reaction conditions and catalytic performance of eggshell-derived

CaO catalysts reported in the literature and in the present study.
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4.3 Kinetic modelling of the transesterification reaction

Although simplified pseudo-order models do not fully capture the complexity of
heterogeneous transesterification systems, they provide useful comparative descriptors for

evaluating changes in catalyst-dependent rate behaviour under fixed operating conditions.

4.3.1 Pseudo-first-order model

The kinetic analysis showed that the pseudo-first-order model adequately described the
transesterification behaviour of K—CES, as shown in Fig. 8. This catalyst exhibited the highest
correlation coefficient (R? = 0.947) and a kinetic constant of 0.0223 min™' (Table 5), indicating
that the reaction was predominantly controlled by the chemical reaction step under the
evaluated conditions. In comparison, CES exhibited lower kinetic constant values, reflecting
its reduced catalytic activity. The commercial CaO catalyst also showed satisfactory agreement
with the pseudo-first-order model, although with lower correlation coefficients than K—CES.
These results are consistent with the physicochemical characterisation, suggesting that
potassium incorporation may have enhanced the density or accessibility of catalytically active

basic environments.

Figure 8. Pseudo-first-order kinetic model for coconut oil transesterification using

commercial CaO, CES, Zn—CES, and K—CES catalysts.
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Table 5. Kinetic parameters obtained from the pseudo-first-order model.

Catalyst Linear equation k (min™) R?
Commercial CaO y = 0.0199x — 0.673 0.0199 0.850
CES y = 0.0103x — 0.284 0.0103 0.879
Zn—CES y = 0.0117x — 0.102 0.0117 0.820
K-CES y = 0.0223x — 0.783 0.0223 0.947

4.3.2 Pseudo-second-order model

The pseudo-second-order model provided the best fit for Zn—CES, which exhibited a
correlation coefficient of 0.894 and a kinetic constant of 0.0235 min' (Table 6), as shown in
Fig. 9. This behaviour suggests a greater contribution of surface interactions and adsorption
phenomena during the transesterification reaction. The differences observed between the
kinetic models indicate that catalyst modification not only affected reaction rates, but also
influenced the dominant reaction pathway and the rate-controlling step. While K-CES showed
behaviour consistent with a pseudo-first-order mechanism, Zn—CES exhibited better agreement
with the pseudo-second-order model, suggesting distinct catalytic environments after chemical

modification.

Figure 9. Pseudo-second-order kinetic model for coconut oil transesterification using

commercial CaO, CES, Zn—CES, and K—CES catalysts.
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Table 6. Kinetic parameters obtained from the pseudo-second-order model.

Catalyst Linear equation k (min™) R?
Commercial CaO y = 0.0646x — 1.81 0.0646 0.734
CES y=0.0192x +0.306 0.0192 0.800
Zn—CES y =10.0235x + 0.602 0.0235 0.894
K-CES y = 0.0712x — 2.05 0.0712 0.831

4.3.3 Mechanistic implications

The kinetic results confirmed that chemical modification significantly influenced both
catalytic activity and reaction mechanism. K—CES exhibited behaviour characteristic of a
reaction-controlled system, which can be associated with enhanced surface basicity and rapid
methoxide formation. In contrast, Zn—CES showed a greater dependence on adsorption and
interfacial interactions, suggesting that Zn incorporation may alter the rate-controlling step of
the transesterification reaction. These findings further support the trade-off between catalytic
activity and selectivity observed for the modified CaO-based catalysts. Overall, the
incorporation of K and Zn enabled the tuning of catalytic behaviour according to process
requirements, either maximising biodiesel yield (K—CES) or improving ester purity and

reaction selectivity (Zn—CES).



4.4 Biodiesel characterisation

4.4.1 FTIR spectra of biodiesel

The FTIR spectra of the biodiesel samples are presented in Fig. 10, and the main band
assignments are summarised in Table 7. All samples exhibited the characteristic absorption
bands of fatty acid methyl esters (FAME), confirming the efficient conversion of coconut oil
into biodiesel. The intense band at approximately 1739 cm™ corresponds to ester carbonyl
(C=0) stretching, while the bands near 2923 and 2850 cm™ are associated with aliphatic C—H
stretching. Additional bands at approximately 1461, 1165, and 717 cm™ further confirmed
methyl ester formation. The biodiesel samples obtained using Zn—CES and K—CES exhibited
similar spectroscopic profiles, with slight variations in band intensity, suggesting differences
in conversion efficiency and product composition, consistent with the catalytic performance
and ester content previously discussed. Overall, the FTIR results confirmed the formation of

high-quality biodiesel for all catalytic systems.

Figure 10. FTIR spectra of biodiesel samples produced from coconut oil using commercial

CaO, CES, Zn—CES, and K—CES catalysts.
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Table 7. Main FTIR absorption bands and assignments of biodiesel samples produced using

the different catalytic systems.

Wavenumber (cm™) Assignment Functional group




2923-2850 v(C-H) CH: / CHs (aliphatic chains)

2841-2770 v(C-H) Aliphatic hydrocarbons
1739 v(C=0) Ester carbonyl
1572 v(C=C) Unsaturated bonds
1461 O(C-H) Aliphatic groups
1242-1165 v(C-0) Ester groups
955 v(C-H) Unsaturated structures
717 v(C-H) Long-chain hydrocarbons

4.4.2 Thermogravimetric analysis (TGA/DTG)

The TG/DTG curves of the biodiesel samples are presented in Fig. 11, and the main
thermal events are summarised in Table 8. All samples exhibited thermal decomposition
profiles characteristic of fatty acid methyl esters (FAME), with the main mass-loss events
occurring between approximately 90 and 410 °C. The biodiesel produced using CES showed
two degradation stages, with the main decomposition occurring between 285.78 and 410.78 °C
and a low residual mass (0.50 wt.%), indicating effective purification. In contrast, Zn—CES
exhibited a single predominant degradation event between 110.29 and 235.29 °C, with a mass
loss of 94.98 wt.%, suggesting higher compositional homogeneity and ester purity, consistent
with the GC-FID results. For K-CES, multiple degradation stages were observed, although the
low residual mass (1.59 wt.%) also confirmed effective purification. Overall, the thermal
behaviour of the biodiesel samples was consistent with the catalytic performance and product

quality previously discussed.

Figure 11. TGA and DTG curves of biodiesel samples produced using different

catalysts.
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Table 8. Main thermal degradation events identified for biodiesel samples produced using

different catalysts.

Catalyst Event Degradation range Mass loss Residue
©0O) (wt.%) (wt.%)
Commercial I 124.27-234.27 19.28 1.99
CaO
II 279.27-409.27 69.91 —
CES I 90.78-240.78 21.35 0.50
II 285.78-410.78 69.35 —
I 445.78-475.78 1.39 —
Zn—CES I 110.29-235.29 94.98 1.24
K—CES I 97.13-262.13 69.69 1.59
II 317.13-397.13 18.54 —
I 442.13-482.13 1.24 —




4.4.3 Ester profile by GC-FID

The GC-FID chromatograms of the biodiesel samples are presented in Fig. 12, and the
corresponding ester contents are summarised in Table 9. The chromatographic profiles
confirmed the formation of fatty acid methyl esters (FAME), characteristic of coconut oil-
derived biodiesel, demonstrating the effective conversion of triglycerides during
transesterification. Among the catalysts evaluated, Zn—CES exhibited the highest ester content
(98.1%), indicating superior selectivity towards methyl ester formation. This behaviour
suggests that Zn incorporation modified the catalyst surface, favouring transesterification while
suppressing side reactions such as saponification. Although K—CES exhibited lower ester
purity than Zn—CES, it still showed a substantial ester content (74.06%) combined with the
highest biodiesel yield, reinforcing its superior catalytic activity. Overall, the GC-FID results
were consistent with the FTIR, kinetic, and catalytic performance data, confirming the

effectiveness of the eggshell-derived catalysts for coconut oil biodiesel production.

Figure 12. GC-FID chromatograms of biodiesel samples produced from coconut oil using

commercial CaO (a), CES (b), Zn—CES (c), and K—CES (d) catalysts.
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Table 9. Ester content of biodiesel samples obtained using different catalytic systems.

Catalyst

Ester content (wt.%)

Commercial CaO

CES

K-CES

Zn—CES

60.56

63.51

74.06

98.10

4.4.4 Physicochemical properties



The physicochemical properties of the biodiesel samples are presented in Table 10.
Kinematic viscosity and density are critical parameters affecting fuel atomisation, combustion
efficiency, and engine performance. According to Brazilian specifications (ANP Resolution
No. 920), biodiesel viscosity should range between 3.0 and 5.0 mm? s".

Among the evaluated samples, biodiesel produced using Zn—CES and K—CES exhibited
viscosity values within the specification limits, with values of 3.9568 and 3.9769 mm? s,
respectively. In contrast, biodiesel obtained using CES exhibited higher viscosity, suggesting
the presence of residual glycerides or incomplete conversion.

All samples showed density values within the regulatory limits, confirming suitable fuel
quality. These results are consistent with the GC-FID and FTIR analyses, further confirming

the improved product quality obtained using the modified catalysts.

4.5 Proposed catalytic mechanism

Based on the physicochemical characterisation, catalytic performance, kinetic
modelling, and biodiesel composition analyses, a reaction mechanism is proposed to elucidate
the effect of catalyst modification on coconut oil transesterification. The proposed mechanism
highlights how surface basicity, adsorption behaviour, and active site distribution govern both
biodiesel yield and ester selectivity, explaining the distinct catalytic responses observed for K—

CES and Zn—CES.

4.5.1 Methanol activation on CaQO basic sites

The catalytic activity of CaO-based materials is mainly associated with exposed
oxygen-containing basic sites at the catalyst surface. During transesterification, these sites
promote methanol adsorption and deprotonation, leading to the formation of surface methoxide
species, which initiate the nucleophilic attack on triglyceride carbonyl groups and promote the
sequential formation of tetrahedral intermediates, fatty acid methyl esters (FAME), and
glycerol.

The efficiency of this mechanism strongly depends on the density, accessibility, and
physicochemical properties of the active surface sites, which can be significantly modified by
chemical treatment, directly influencing catalytic activity, reaction kinetics, and ester

selectivity.



4.5.2 Effect of KOH incorporation

Potassium incorporation is proposed to have enhanced the density and accessibility of
catalytically active basic environments in the eggshell-derived CaO catalyst, as reflected by the
highest biodiesel yield and apparent kinetic constant observed for K—CES. This behaviour can
be associated with the formation of potassium-containing phases, particularly K-O, identified
by XRD, which may increase surface basicity and promote methanol activation. As a result,
methoxide formation is accelerated, favouring faster triglyceride conversion and higher
biodiesel yields. However, highly basic catalytic sites may also promote secondary reactions,
particularly saponification involving free fatty acids or residual glycerides, which may explain
why K—CES, despite exhibiting the highest catalytic activity, did not achieve the highest ester
purity.

4.5.3 Effect of ZnO incorporation

In contrast to K—CES, Zn incorporation appears to promote a more selective catalytic
behaviour, as evidenced by the highest ester content obtained for Zn—CES. This suggests that
Zn modification influenced not only catalytic performance, but also the reaction pathway. This
behaviour may be associated with the formation of possible Ca—O—Zn interfacial environments,
which may favour controlled methanol activation while reducing excessive surface basicity.
As a result, secondary reactions, particularly saponification, may be suppressed, contributing
to higher ester purity and lower by-product formation. In addition, Zn incorporation appears to
influence adsorption and catalyst—substrate interactions, promoting more selective conversion
of triglycerides into methyl esters. These observations are consistent with the thermal,
chromatographic, and kinetic analyses, which confirmed the improved product quality obtained

with Zn—CES.

4.5.4 Relationship between activity and selectivity

The results obtained in this study demonstrate a clear relationship between catalytic
activity and selectivity in modified eggshell-derived CaO catalysts. K—CES exhibited superior
catalytic activity and faster reaction kinetics, which can be associated with enhanced surface
basicity and more efficient methanol activation. In contrast, Zn—CES showed lower biodiesel

yield but significantly higher ester purity, indicating improved selectivity towards the



transesterification reaction. These findings demonstrate that catalyst modification can be
strategically employed to tune the balance between reaction rate and product quality. Highly
basic catalytic sites favour rapid triglyceride conversion, whereas more controlled surface
environments suppress secondary reactions and improve ester selectivity. Overall, the catalytic
behaviour observed in this work highlights the critical role of catalyst composition, surface
basicity, and active site distribution in determining transesterification performance, providing
valuable insights for the rational design of sustainable heterogeneous catalysts for biodiesel

production.

5 Conclusions

Taken together, the results of this study demonstrate that waste-derived eggshell CaO
catalysts can be effectively engineered through chemical surface modification to control
catalytic activity and selectivity during coconut oil transesterification. Structural,
compositional, and thermal analyses confirmed the successful conversion of CaCOs into
catalytically active CaO, as well as the effective incorporation of potassium- and zinc-
containing surface species.

The catalytic results revealed a clear activity—selectivity trade-off induced by surface
engineering. K—CES exhibited the highest catalytic activity, achieving a biodiesel yield of
86.9% and the highest apparent kinetic constant, consistent with a reaction-controlled
mechanism promoted by enhanced surface basicity. In contrast, Zn—CES achieved the highest
ester content (98.1%) and showed stronger agreement with adsorption-influenced kinetics,
indicating improved product selectivity and suppression of secondary reactions.

Comprehensive biodiesel characterisation by FTIR, GC-FID, TG/DTG, viscosity, and
density analyses confirmed the production of high-quality fatty acid methyl esters compliant
with fuel quality standards.

Although direct measurements of surface basicity, metal leaching, and catalyst
reusability were beyond the scope of the present work, the combined structural, kinetic,
chromatographic, and physicochemical analyses provide consistent mechanistic evidence
supporting the proposed catalytic behaviour.

Overall, this work demonstrates that chemical modification enables the rational tuning
of activity and selectivity in waste-derived CaO catalysts, establishing a practical mechanistic
framework for the design of sustainable heterogeneous catalysts within circular biofuel

production systems.



List of Abbreviations

ANP

Agéncia Nacional do Petréleo, Gas Natural e Biocombustiveis (Brazilian

National Agency of Petroleum, Natural Gas and Biofuels)

API
ATR
CES
CPI
DTG
EDS
ES
FAME
FTIR
FT-IR
GC-FID
K—CES
KOH
MeOH
SDD
SEM
TG
TGA
XRD
XRF
Zn—CES
ZnO

Declarations

Peak area of the internal standard
Attenuated total reflectance

Calcined eggshell

Concentration of the internal standard
Derivative thermogravimetry
Energy-dispersive X-ray spectroscopy
Eggshell

Fatty acid methyl esters
Fourier-transform infrared spectroscopy
Fourier-transform infrared spectroscopy
Gas chromatography with flame-ionization detection
KOH-modified calcined eggshell
Potassium hydroxide

Methanol

Silicon drift detector

Scanning electron microscopy
Thermogravimetry; also used for triglyceride in the reaction equations
Thermogravimetric analysis

X-ray diffraction

X-ray fluorescence

ZnO-modified calcined eggshell

Zinc oxide
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Figure titles and legends

Figure 1. Crystal structure of calcium oxide and surface basic sites.

Schematic representation of the ionic crystal structure of calcium oxide (CaO), showing the
spatial arrangement of Ca?" and O* ions and illustrating the origin of surface basic sites
associated with methanol activation during transesterification.

Figure 2. Scanning electron micrographs of eggshell-derived catalysts.

SEM micrographs of (a) raw eggshell (ES), (b) calcined eggshell (CES), (¢) ZnO-modified
calcined eggshell (Zn—CES), and (d) KOH-modified calcined eggshell (K—CES), showing the
morphological changes associated with calcination and chemical modification.

Figure 3. X-ray diffraction patterns of eggshell-derived catalysts.

XRD patterns of (a) ES, (b) CES, (c¢) Zn—CES, and (d) K—CES. The patterns show the
crystalline phases identified in the raw eggshell precursor and after calcination and chemical
modification.

Figure 4. FTIR spectra of eggshell-derived catalysts.
FTIR spectra of (a) ES, (b) CES, (¢) Zn—CES, and (d) K—CES, showing the characteristic
absorption bands associated with carbonate, hydroxyl, and other surface-related groups.

Figure 5. EDS spectra of eggshell-derived catalysts.
EDS spectra of (a) ES, (b) CES, (¢) Zn—CES, and (d) K-CES, illustrating the elemental
signals detected in the raw, calcined, and chemically modified samples.

Figure 6. Thermogravimetric and derivative thermogravimetric profiles of catalyst samples.
TG and DTG curves of (a) ES, (b) CES, (c) Zn—CES, and (d) K—CES, showing the mass-loss
behaviour and thermal decomposition features of the catalyst precursors and modified
materials.

Figure 7. Effect of reaction time on biodiesel yield.

Biodiesel yield as a function of reaction time during coconut oil transesterification using
commercial CaO, CES, Zn—CES, and K—CES catalysts. The figure compares catalytic
performance under the reaction conditions described in the Materials and Methods section.

Figure 8. Pseudo-first-order kinetic model for coconut oil transesterification.

Linearized pseudo-first-order kinetic plots for coconut oil transesterification using
commercial CaO, CES, Zn—CES, and K—CES catalysts. The plots are used to compare the
apparent kinetic behaviour of the catalytic systems.

Figure 9. Pseudo-second-order kinetic model for coconut oil transesterification.
Linearized pseudo-second-order kinetic plots for coconut oil transesterification using
commercial CaO, CES, Zn—CES, and K—CES catalysts. The plots are used to evaluate and
compare the fit of the pseudo-second-order model to the experimental data.



Figure 10. FTIR spectra of biodiesel products.

FTIR spectra of biodiesel samples produced from coconut oil using commercial CaO, CES,
Zn—CES, and K-CES catalysts, showing absorption bands associated with the functional
groups present in the products.

Figure 11. Thermogravimetric profiles of biodiesel samples.
TGA and DTG curves of biodiesel samples obtained using the different catalytic systems,
showing their thermal decomposition behaviour and mass-loss profiles.

Figure 12. GC-FID chromatograms of biodiesel samples.

GC-FID chromatograms of biodiesel produced from coconut oil using (a) commercial CaO,
(b) CES, (¢) Zn—CES, and (d) K—CES catalysts, illustrating the chromatographic profiles
used to assess the fatty acid methyl ester content of the products.
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