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ARTICLE INFO ABSTRACT
Keywords: In this study, we explore the feasibility of TiO, photocatalysis in converting high free fatty acid (FFA) waste
Biodiesel cooking oil (WCO) to biodiesel using a one-step esterification-transesterification. This approach has potential to

Free fatty acid
Photocatalysis
Titanium dioxide
Waste cooking oil

convert high-FFA feed stocks into biodiesel without any use of homogeneous catalysts under mild operational
conditions, applying either UVA or natural sunlight. The highest overall yield (83%) was achieved in methanolic
solution and under UVA irradiation. The greatest conversion of 89% was obtained from the FFA fraction in
esterification, whereas that of transesterification from triglycerides was 81%. Thereby different reaction path-
ways were presented under photocatalytic conditions. With UVA replaced by natural sunlight, the conversion
decreased to 32% as it should be considered on account of photon limitations. Using ethanol instead of methanol
resulted in only 21% conversion, highlighting the structure-selectivity of alcohol reactivity to photo absorption.
Kinetic data were established by five different models and apparent rate constants as well as activation energies
were calculated. Thermodynamic parameters (AH = 92.58 kJ/mol, AS = 0.29 kJ/mol-K) indicated that the
process is endothermic, entropy-driven process that becomes thermodynamically favourable above 45 °C, which
explains the reduced conversion at lower temperatures. After 5 cycles of using, the catalytic activity remained at
a conversion up to 59% owing mostly to the organic deposition and catalyst agglomeration. In conclusion, it can
also be seen that TiO, photocatalysis has a significant potential for sustainable biodiesel production from high-
FFA waste feedstocks and, with scope for further optimisation and scale-up using renewable irradiation sources.

Nomenclature (continued)
Symbol/ Description Unit
Symbol/ Description Unit Variable
Variable
ATy Range of temperature of volatiles °C
A Arrhenius pre-exponential factor (frequency varies with E.r Activation energy of the forward reaction kJ mol !
factor) reaction order Eap Activation energy of the backward reaction kJ mol
Ag Pre-exponential factor of the forward reaction varies Ea Effective activation energy determined by kJ mol !
Ag Pre-exponential factor of the backward reaction ~ varies isoconversional method
AV Acid value mg KOH g~ ! FAME Fatty acid methyl esters (biodiesel) -
Ci Concentration of species i mol L1 FAEE Fatty acid ethyl esters -
Crnax Maximum combustion rate (dW/dt)max FFA Free fatty acids wt%
Cmean Mean combustion rate (dW/dbmean ht Photogenerated hole in TiO, valence band -
CwWpP Criterion for external mass-transfer limitation - e Photogenerated electron in TiO2 conduction -
(Carberry-Weisz parameter) band
AE, Activation energy kJ mol !
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(continued)

Symbol/ Description Unit

Variable

kq Forward kinetic rate constant varies with

model
ki Backward kinetic rate constant varies with
model

Keq Equilibrium constant -

K Adsorption equilibrium constant of reactant L mol ™!
species

K Adsorption equilibrium constant of product Lmol !
species

L-H Langmuir-Hinshelwood kinetic model -

MeOH Methanol -

MR Molar ratio of alcohol:WCO -

Maicohol Molar mass of alcohol g/mol

N Reaction order -

Q Weisz—Prater criterion for internal diffusion -
limitation

R Universal gas constant Jmol ' k!

R? Coefficient of determination -

T Absolute temperature K

Tg Burnout temperature °C

Th Boiling point temperature °C

Tep Flash point temperature °C

TGL Triglycerides -

T; Ignition temperature °C

TiOy Titanium dioxide photocatalyst (P25) —

WCO Waste cooking oil -

X Conversion _

p Density kg/L or g/mL

AG Gibbs free energy change kJ mol !

AGy Gibbs free energy from equilibrium constant kJ mol !

AGy Gibbs free energy from enthalpy—entropy kJ mol !
relation

AH Enthalpy change of reaction kJ mol !

AS Entropy change of reaction kJ mol ! K71

Owco Surface coverage fraction of WCO-derived -
species

OFrAME Surface coverage fraction of FAME -

1. Introduction

Biodiesel is an eco-friendly alternative to petrofuels. It has been
produced globally on a large and growing scale due to increasing
worldwide demand. Usually, it is blended into petrodiesel (5-10%) to
obtain cleaner burning diesel fuel as it generate fewer greenhouse gases
than petrodiesel (86% less) [1], and it is free of aromatics or sulphur [2].
It is made from crude vegetable oils and currently over 70% of inten-
ded feedstock for biodiesel production comes from edible vegetable oils
[3], which competes with the food sector. Non-edible oils, including
Jatropha curcas, have been proposed; however, these require land to
produce the raw material as well, which indirectly competes with the
food sector. As a cheaper and more sustainable approach, waste-cooking
oil (WCO), which holds significant disposal problems, has been
considered as a promising feedstock and its application increased from
3% (2007) to 11% (2019) [3].

Biodiesel production occurs through processes such as pyrolysis,
esterification, and transesterification - the most common one [2].
Nevertheless, for feedstocks with a high amount of free fatty acids (e.g.,
WCO), it would be necessary to pretreat the feedstock in order to
eliminate FFAs or alternatively employ catalysts that simultaneously
induce triglyceride transesterification and FFA esterification. However,
how to most effectively combine esterification and transesterification
related to high free fatty acid (FFA) feedstocks without the need for oil
preprocessing or harsh reaction conditions is still a controversial issue
despite abundant literature studies, even including in photocatalytic
mode. There is no typical process employing strong homogeneous alkali
as it acts only as a catalyst for transesterification, which may lead to
saponificationin the presence of water. Strong homogeneous acids
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are an alternative. However, the use of strong acids has prolonged in-
conveniences, such as their corrosiveness and therefore handling supply
complication, product purification requirements, poor catalyst recovery
or large amounts of waste produced [4]. These problems could be solved
by application of heterogeneous catalysts in  simulta-
neous esterification/transesterification reactions at mild operating
conditions. Recent researches emphasise that high-FFA lipid feedstocks
remain challenging as the process efficiency depends strongly on cata-
lyst functionality and on integrating esterification and trans-
esterification without complex pre-treatment and downstream
separation steps [5,6].

Various heterogeneous catalysts have been tested, including photo-
activated metal oxides. Titanium dioxide (TiO2) is a widely known and
one of the least expensive metal oxide semiconductors for photo-
catalysis. TiOy is non-toxic, chemically stable, and convenient in
handling and recycling [7]. Moreover, photocatalysis applying TiO»
has been considered as a promising pathway in diverse degradation and
synthesis reactions [8-13]. For instance, the photoesterification of oleic
acid achieved 96% conversion via TiO; mediated photocatalysis [13],
and canola oil yielded 73% conversion via phototransesterification
under similar experimental conditions. Khaligh et al. (2021) reached a
91% conversion of waste-cooking olive oil employing TiO2 nano-
tubes as photocatalyst [14]. Khan et al. (2021) obtained an 89% WCO
conversion by transesterification with a TiOz.based composite with
graphitic carbon nitride as catalyst. Even though, the WCO required a
pretreatment with sulphuric acid to initiate FFA esterification [15].
Although these investigations illustrate the potential of TiOo-UVA irra-
ditaion, they vary significantly in feedstock formulations, catalyst de-
signs, alcohol-to-oil ratios and input energy [16,17].

Moreover, the studies usually highlight that most photocatalytic and
heterogeneous systems are still evaluated from a yield-oriented
perspective, with limited integration of statistically discriminative ki-
netic modelling and experimentally supported thermodynamic analysis
under photocatalytic regimes [18-20]. In particular,
adsorption-controlled surface phenomena, reversibility constraints, and
temperature-dependent feasibility are rarely assessed in a unified
kinetic-thermodynamic framework, especially for high-FFA feedstocks
such as waste cooking oil. Also, while comparatively fewer works inte-
grate conversion outcomes with rigorous kinetic model discrimination
and temperature-dependent thermodynamic interpretation to explain
reversibility/spontaneity trends in a high-FFA feedstock under photo-
catalysis [21,22]. This limitation is significant because, without ther-
modynamic interpretation, temperature-dependent conversion trends
cannot be reliably rationalized, hindering process optimisation, scale-up
and reactor design. Therefore, a key gap remains in linking photo-
catalytic “simultaneous esterification/transesterification” performance
to (i) a consistent kinetic framework (including forward/backward
contributions) and (ii) thermodynamic parameters that rationalise
temperature effects and feasibility. The absence of this combined anal-
ysis in the available literature not only puts a brake on mechanistic
understanding but also makes it often impossible to compare among
different catalytic systems or assess rigorously the scalability
and operational windows [18,23]. By integrating experimental con-
version data with detailed kinetic modelling and thermodynamic
approach, the present work goes beyond simple performance repor-
ting to provide a physicochemical basis for temperature effects,
observed irreversibility, and pathway selectivity on high-FFA feedstocks
in TiO, photocatalysis.

Accordingly, the present work aimed to provide an efficient meth-
odology for biodiesel production from WCO involving simultaneous
esterification and transesterification reactions based on experimental
data acquisition, reaction mechanism proposal, kinetic and thermody-
namic analyses establishment, physicochemical properties of reagents,
products and catalyst calculation. The specific aims of this study were
streamlined to: (i) ascertain the feasibility of a TiO, photocatalyst in
environment-friendly simultaneous esterification and transesterification
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of a real high-FFA WCO feedstock; (ii) elucidate a unifying kinetic/
thermodynamic model correlating temperature-dependent efficacy; and
(iii) examine both catalyst stability/reusability under photocatalytic
operation. As a result, the key contributions of this work are: (i) a
mechanistic explanation that connects photocatalytic conversion to
kinetical model discrimination; and (ii) a justification for low conversion
at low temperatures and feasibility at high temperatures due to experi-
mental and thermodynamic properties iii) an evaluation of organic
fouling on the catalyst surface caused by deactivated active sites due to
the adsorption of organic species in higher-FFA systems. The distinctive
aspect of this work is using the photocatalytic conversion data and
multi-model kinetic analysis combined with thermodynamic to explain
process behaviour: including temperature effects on feasibility for a real
high-FFA WCO feedstock under UVA irradiation and natural sunlight.

2. Methodology
2.1. Materials

The reagents and solvents were obtained from the following sup-
pliers: WCO (local restaurant, Townsville, Queensland, Australia),
acetone (AR, 99.5%, Chemsupply), anhydrous sodium sulfate (NaySOj4,
Univar), chloroform-D (99.8 atom % D, CDCls, Aldrich), dichloro-
methane (DCM, AR, 99.5%, Univar), diethyl ether (AR, 99.5%, Univar),
ethanol (AR, 99.5%, Univar), ethyl acetate (AR, 99.5%, Univar), po-
tassium hydroxide pellets (KOH, Univar), methanol (HPLC grade, Fisher
Chemical), sodium bicarbonate (NaHCOg, Univar), sulphuric acid (AR,
Univar), TiOy (P25: Aeroxide®, Evonik), and 0.02 N potassium hy-
droxide in aqueous solution (aqueous KOH, +0.5%, Ace Chemical
Company), 1-oleoyl-rac-glycerol (Standard solution, Sigma), dio-
leoylglycerol (Standard solution, Sigma), 1,3-diolein (Standard solution,
Sigma), Lipid Standard, Mono-, Di-, & Triglyceride Mix (Standard so-
lution, Sigma), FAME mix (Standard solution, Supelco).

2.2. Simultaneous WCO esterification and transesterification

Fatty acid alkyl esters (biodiesel) production was studied via three
reaction routes, namely acid-catalysed, UVA/TiO2-photocatalysis and
solar TiOs-photocatalysis. The acid catalysis (Section 2.2.1) is the most
typical thermal process that was presented in contrast with the photo-
catalysis (Section 2.2.2). For the two methods studied, two different
alcohols were used: methanol for the production of fatty acid methyl
esters and ethanol for the production of fatty acid ethyl esters (FAEEs).

2.2.1. Acid catalysed process

Simultaneous esterification and transesterification were conducted
using sulphuric acid (H2SO4). This conventional method was chosen to
provide a reference biodiesel that could be compared with the product
obtained from TiOs-photocatalysis. This reference system was not
intended for kinetic or mechanistic comparison, but rather to provide a
practical baseline for evaluating differences between conventional ho-
mogeneous catalysis and TiO»-based photocatalysis biodiesel. The re-
actions were carried out in a round-bottom flask (500 mL) containing
anhydrous alcohol (150 mL, methanol or ethanol), concentrated HySO4
(1.5 g), and WCO (15 g), with vigorous mixing (magnetic stirrer, 500
rpm). The temperature was kept constant at 60 °C for 5 h. After this
period, stirring was continued for 24 h at room temperature. The
product was purified using the following steps: (1) 600 mL of water was
added; (2) the mixture was rotary evaporated (40 °C, 170 mbar for 60
min, 72 mbar for 60 min, and 30 mbar for 60 min); (3) 150 mL of ethyl
acetate was added; (4) the mixture was mixed gently; (5) phase sepa-
ration was achieved in a separatory funnel after 1 h (steps 3 to 5 were
conducted three consecutive times); (6) 150 mL of a diluted NaHCO3
solution was added; (7) the mixture was mixed gently; (8) after 1 h of
resting, phase separation was performed in a separatory funnel; (9) 150
mL of a saturated aqueous NaCl solution were added; (10) the mixture
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was mixed gently; (11) phase separation was conducted in a separatory
funnel after resting for 1 h; (12) the organic layer was separated, and
dried over anhydrous NasSO4 for approximately 5 min; (13) the liquid
fraction was filtered through a syringe filter (Hydraflon 0.22 pm, 35
mm); (14) the mixture was rotary evaporated at 40 °C to remove any
volatiles (170 mbar for 30 min, 72 mbar for 30 min, and 30 mbar for 60
min); and (15) the samples were stored in glass vials at room tempera-
ture for further characterisation.

2.2.2. TiOz-photocatalysed process

The protocol applied to the synthesis of biodiesel from WCO and
alcohols by photoactivated TiOy was developed previously for oleic acid
esterification [13] by an optimisation study (RSM-CCRD); where
different operational parameters were evaluated (pre-treatment, reac-
tion operational conditions (catalyst loading, reactants molar ratio,
temperature), product purification, and catalyst reuse). Afterwards, the
optimal conditions were successfully aplied to canola oil trans-
esterification []. The protocol involved four stages: (1) catalyst pre-
treatment (Section 2.2.2.1); (2) photoirradiated reaction by UVA
(Section 2.2.2.2) or sunlight (Section 2.2.2.3); (3) organic product pu-
rification (Section 2.2.2.4), and (4) catalyst analysis (Section 2.3).
Moreover, blank tests were ran as described in Section 2.2.2.5.

2.2.2.1. Pre-treatment. Firstly, the pretreatment step comprised a pre-
vious mix of TiOy with the respective alcohol for 30 min before adding
the oil and irradiation. It promotes catalyst wetting, minimises initial
adsorption competition between reactants, and ensures homogeneous
dispersion and effective contact between the alcohol, and TiO, surface
prior to light irradiation, thereby improving reproducibility and
reducing transient mass-transfer limitations at the beginning of the
reaction.

2.2.2.2. TiO-UVA photoirradiated reaction. In the second step, the
pretreated TiOp-alcohol mixture and WCO were loaded into a jacketed
two-necked round-bottom flask vessel (500 mL capacity) manufactured
from Pyrex glass (cut-off wavelength <290 nm; Supplementary Material
- Figure S1) under mixing (magnetic stirring, 500 rpm). Irradiation was
carried out in a Rayonet photochemcial chamber reactor (RPR-200,
Southern New England Ultraviolet Company) equipped with fluorescent
tubes (Ushio, 16 F8T5/BL, 8W Black Light UVA T-5 G5 Base). The sys-
tem (light and water bath) was turned on 30 min prior to starting the
reaction. Operational conditions: 20% W/Wyyco of TiO2, 1 WCO mol:55
MeOH mo], total volume of reaction medium: 100 mL, and temperatures
of 25-65 °C. Methanol evaporation was minimised by the use of a closed
batch reactor equipped with a cooling finger and temperature-controlled
water bath. No measurable mass loss was observed over the reaction
period. Furthermore, the large excess of methanol ensured that minor
evaporation effects did not affect reaction stoichiometry or kinetic
interpretation.

TiOy loading of 20% w/w relative to WCO was selected based on
prior optimisation studies conducted under analogous TiOy-photo-
catalytic conditions, which demonstrated that lower catalyst loadings
resulted in reduced conversion due to insufficient illuminated surface
area and limited reactant—catalyst contact in biphasic systems. In slurry
photocatalytic reactors, higher catalyst concentrations are often
required to compensate for light scattering, partial photon shielding,
and mass-transfer limitations associated with immiscible oil-alcohol
mixtures. The selected catalyst loading represents a compromise be-
tween maximising the availability of photoactive sites and avoiding
excessive light attenuation or aggregation effects.

A high methanol-to-oil molar ratio (1:55) was employed to overcome
both thermodynamic and physicochemical limitations associated with
esterification and transesterification of high-FFA feedstocks. Thermo-
chemical studies have demonstrated that fatty acid esterification is an
endothermic process and is not thermodynamically spontaneous at
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moderate temperatures, requiring excess alcohol to shift the equilibrium
towards ester formation by increasing the entropy contribution to the
Gibbs free energy. In addition, excess methanol improves miscibility in
the initially biphasic WCO-alcohol system, enhances phase homogene-
ity, and increases effective interfacial contact between reactants and the
TiO4 photocatalyst surface, thereby mitigating mass-transfer limitations
under photocatalytic conditions [24].

The kinetic data samples (<3 mL each) were withdrawn at set re-
action times (15, 30, 45, 60, 120, 180, and 240 min). Sampling times
were deliberately selected to capture both the initial reaction regime
(15-60 min), where rapid conversion occurs, and the slower approach to
equilibrium (120-240 min), following the same kinetic protocol previ-
ously validated for TiO,-photocatalysed esterification systems. This
sampling strategy is consistent with previously reported photocatalytic
esterification studies using TiOy under similar biphasic conditions. The
reactions were conducted for 240 min, assuming that equilibrium was
reached as no substantial variations were observed between 180 and
240 min under identical operating conditions, corroborating previous by
authors who applied the same protocol [13].

All experiments conducted under the optimised operating conditions
(65 °C) were performed in triplicate, and the reported conversion values
represent the mean + standard deviation. These conditions were
selected as the reference case for kinetic modelling and thermodynamic
analysis. Experiments performed at lower temperatures, under sunlight
irradiation, or using ethanol instead of methanol were conducted as
screening runs to establish comparative trends and temperature
dependence, and were not subjected to full statistical replication.

The reaction medium was maintained under vigorous magnetic
stirring, and the excess methanol ensured effective pseudo-
homogeneous behaviour, minimising phase separation during irradia-
tion and external mass-transfer limitations. Blank experiments
(described ahead) performed without stirring resulted in a significant
decrease in conversion, as further discussed in Section 3, and indicated
that the applied stirring conditions were sufficient to eliminate mass-
transfer limitations and that the reaction proceeded under kinetically
controlled conditions. Alcohol evaporation was minimised by the use of
a closed batch reactor equipped with a cooling finger and temperature-
controlled water bath. The mass of the system was measured before and
after running the reaction and no measurable mass loss was observed
over the reaction period. Furthermore, the large excess of methanol
ensured that minor evaporation effects did not affect reaction stoichi-
ometry or kinetic interpretation. Fatty acid ethyl esters were obtained
accordingly at 65 °C with ethanol instead of methanol.

2.2.2.3. TiOy-sunlight photoirradiated reaction. An analogous process
described for FAME above (Section 2.2.2.2) was performed at 65 °C, but
applying sunlight instead of UVA light (Supplementary Material -
Figure S2). A spherical stainless steel dish (inner diameter of 44 cm,
focal length of 16.13 cm) was placed below the double-jacketed round-
bottom reactor. The tests were run in the assembly allocated on the
ground outside Science Place Building on the James Cook University
campus in Townsville (latitude — 19°33'S, longitude 146°45'E, elevation
37.2 m above sea level) for 360 min, from 9:30 a.m. to 3:30 p.m.
(January 7, 2022), the period with the strongest radiation, as shown in
the Supplementary Material - Section S3, based on sunlight irradiation
measurements obtained by ARPANSA [25].

To ensure further comparison between sunlight and UVA-lamp
irradiation tests, the tests were conducted under the same operational
conditions and using the same assembly. Although the bulk reaction
temperature was maintained at 65 °C, only a limited fraction of natural
sunlight lies within the UVA range (315-400 nm), the one required to
photoactive the catalyst (TiO2). As a result, the effective photon flux
reaching the catalyst surface was substantially lower than under
controlled UVA irradiation. In addition, light attenuation and scattering
due to the slurry reactor and the steel dish further reduced the effective
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absorption path length, thereby limiting charge-carrier generation
despite favourable thermal conditions.

2.2.2.4. Product purification. Firstly the reaction product was filtered
through a syringe filter (Hydraflon 0.22 pm, 35 mm) and then rotary-
evaporated at 40 °C to remove alcohol and water (170 mbar/15 min,
72 mbar/30 min, and 30 mbar/30 min), left to stand for 20 h to allow for
glycerine separation and stored in glass vials at room temperature. The
final samples (240 min) were characterised further (Section 2.4). The
experiment at 65 °C was repeated three times, and the standard devia-
tion was determined.

2.2.2.5. Blank tests. Five blank reactions were performed by keeping
the operational conditions constant (65 °C, 1 WCO mol:55 MeOH mol,
and 20% w/wwco of TiOy). Blank 1 (absence of catalyst); Blank 2
(absence of light with the reaction vessel wrapped in aluminium foil);
Blank 3 (absence of catalyst and light with the reaction vessel wrapped
in aluminium foil); Blank 4 (absence of stirring); and Blank 5 (absence of
catalyst pretreatment).

2.3. TiOy photocatalyst

2.3.1. Recovery and reuse

Before reusing the catalyst, the remaining reaction compounds
(methanol, WCO, biodiesel, glycerides and water) adhered to
the catalyst (ORP) were removed according to the following steps: (1)
filtering the reaction mixture (Grade: MS 2185 mm, MicroScience), (2)
washing with acetone by magnetic stirring (500 rpm), (3) settling for 24
h and decantation, (4) dried at 100 °C for 24 h. These steps are defined
as the first phase of the recovery process (RP) and were performed three
times (3 RP) to complete one reactivation cycle (1 C). The catalysts were
placed into plastic vials and kept at room temperature. The recyclability
of the regenerated and reused catalysts was studied based on the phy-
sicochemical properties (Section 2.3.1) and following photocatalytic
reaction tests conducted up to 5 times (1C to 5C).

All the above-mentioned steps are relevant as they affect the catalyst
purity, residual solvent content, bandgap, and the capacity to be reused
in new reactions. Moreover, the weight of solids during all these steps
was used to calculate the mass balance of the reaction medium, ensuring
conversion reliability and determining the mass loss of both phases,
liquid and solid. It is important to highlight that the error found in the
mass balance was less than 1% due to the amount present in the catalyst,
and it was not considered for further math. Although this recovery
protocol is not optimised for industrial application, it was designed to
ensure laboratory-scale reproducibility and controlled evaluation of
catalyst deactivation. For future scale-up, a dedicated optimisation of
the recovery step would be required to reduce complexity, processing
time, and comprehend the economic approach. Nevertheless, the results
demonstrate that catalyst recovery and reuse are feasible and that
photocatalytic activity remains over multiple cycles, supporting the
potential for further process development as shown in previous study
[13].

2.3.2. Characterisation

TiO9 was characterised prior to use (pure), after the photoreaction
without further treatment (ORP), after the recovery process (1C, Section
2.3.1), and after use and recovery five times (5C).

Fourier transform infrared-attenuated total reflection (FTIR-ATR)
spectroscopy: Functional group identifications were performed by FTIR-
ATR coupled with an iD7 ATR accessory (Nicolet™ iS™ 5, room tem-
perature, spectral range from 400 to 1000 cm ™, ThermoFisher Scien-
tific). Standard peaks are shown in the Supplementary Material (Section
S4).

Thermogravimetric analysis and differential scanning calorimetry
(5 °C/min, temperature range: room temperature — 600 °C, SDT650
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equipment and Trios® software, TA Instruments) were carried out to
determine the presence of organic material impregnated within the
catalyst. The data were analysed using the Trios® software (TA In-
struments), and OriginPro® 2022. The pure compounds and standards
were analysed to be compared with the samples obtained from the
different tests.

UV-Vis: UV-Vis spectra (spectral range of 200 — 1100 nm, UV-1800,
room temperature, Shimadzu) were obtained using a TiO suspension
prepared by mixing (magnetic stirring) 1073 mg/L TiO; in methanol for
4 h. The catalyst bandgap (Eg) was determined by applying the spectral

1
data to the Tauc model, (a-hv) / Yo B-(hv —Eg) [26], which correlates
the absorption coefficient (a), photon energy (hv), a constant (B) with a
factor (Y = 2 for TiO9 [27]), details regarding the symbols and units are
given in the Nomenclature table).

2.4. Biodiesel characterisation

Gas chromatography wasused to evaluate the biodiesel composition
according to the EN14103:2011 methodology [28] (7890A Agilent Gas
Chormatograph, Injector: 7683B Agilent, HP-5INNOWax capillary col-
umn, 30 m x 0.25 mm, 0.25 pm film). Pure helium was used as a carrier
gas (1 mL/min), with a 250 °C injector temperature, and 250 °C detector
temperature; the temperature programme used was 60 °C/2 min,
10 °C/min to 200 °C, 5 °C/min to 240 °C, and holding at 240 °C/7 min.
Compound identification was performed through standard retention
times (Supplementary Material - Section S6).

'H nuclear magnetic resonance spectroscopy was used to determine
the conversions to FAME and FAEE (Bruker AscendTM 400 MHz Spec-
trometer, MestReNova® software, Version 6.0.2-5476, Mestrelab
Research S.L., and OriginPro® 2022, Supplementary Material - Section
S5). The conversion values were described as % biodiesel. The FAME
amount (% FAME = 100% -2-Iyg/3 - Iycn,) was calculated by corre-
lating the three methoxy protons (Iye, approx. 3.6 ppm) with the two
a-methylene protons of the o0il (Icy2, approx. 2.3 ppm), as described by
Refs. [29,30]. The FAEE concentration was obtained similarly
(% FAEE = 100% -(IgLiee — Ior) /Iach,) by correlating the glyceride
CH; (IgL) and ethoxy (Igg) proton areas (IgL.gg, overlapping peaks at
4.10-4.20 ppm) with the a-methylene proton area of the oil (Iocr2, 2.3
ppm), as described by Ref. [31].

FTIR-ATR spectroscopy was used to analyse the oil and biodiesel
qualitatively. Spectra deconvolution was delineated using OriginPro
2022® (Learning Edition, OriginLab Corporation). Peak deconvolution
analysis was performed by PeakDeconvolution.opx from OriginLab®,
with Straight Line as the baseline and Peak Resolution Enhancement
Method: 2nd derivative Smooth Derivative Method:Quadratic Savitzky-
Golay, 2nd order polynomial.

Acid values were determined by titration. The samples (0.05 g) were
diluted in a diethyl ether/ethanol solution (2:1 v/v, 25 mL) with two
drops of thymol blue indicator and titrated using 0.02 N standard
aqueous KOH solution. The AV was determined by correlating the vol-
ume of the KOH solution used in the titration (S, mL), the volume of the
KOH used in the blank titration (b, mL), the normality of KOH (N), and
the sample mass (W, g): AV = (S-b)-N-56.1/W.

TGA and DSC were carried out under N5 and air (temperature range:
room temperature — 600 °C, 5 °C/min) used to determine the boiling
point (dW/dT = 0) and flash point (17.5% mass reduction), which in-
dicates the lowest temperature at which the vapour could be ignited and
the flame spread across the remaining liquid [32], ignition temperature
(T;) which refers to the temperature where the vapours have the capacity
for autocombustion [33-35], burnout temperature (T, 95% mass
reduction) [33,35], maximum combustion rate [Cpax, (AW/dT)max = 0]
[35,36], and mean combustion rate [Cmean, (AW/dT)mean at 50% of mass
reduction] [36].
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2.5. Kinetic and thermodynamic properties

Simultaneous esterification/transesterification reactions were con-
ducted until equilibrium conditions were reached (4 h) over the tem-
perature range of 25 to 65 °C (Section 2.2.2). The kinetic experiments
and sampling protocol were designed based on previously established
TiOz-photocatalysed esterification systems, ensuring consistency and
reproducibility across studies [13,]. Internal and external mass transfer
limitations were neglected, and it was assumed that the reaction were
kinetically limited (Supplementary Material - Section S10). Five kinetic
models were applied (Table 1). Four models considered a homogeneous
system (F1B1, F1B2, F2B2, and F2B4, Equations (1)-(4), respectively),
whereas the fifth (L-H, Equation (5)) considered the system as hetero-
geneous. involving a solid catalyst with homogeneous active sites and a
system with complete miscibility among the reagents. Mathematical
modelling was performed using the Matlab® software (algorithms
applied: Lsqcurvefit, and ode45). The predicted data were statistically
compared to the experimental data (by R?, F-test, standard deviation, B,
t-test, p-value). Moreover, through the kinetic rate constants (k; and
k), the equilibrium constant (Keq) was determined. The activation
energy (AE,) and the frequency factor (A) were estimated using the
Arrhenius model for both reactions (forward - Equation (6), and back-
ward - Equation (7)). The effective activation energy (E,, Equation (8))
was determined considering the isoconversional principles [37,38].
Subsequently, the thermodynamic properties were determined by the
forward equations considering the model-based equilibrium constants
calculated from kinetic data; and were not based on calorimetric
measurments. The reaction enthalpy (AHgr) and entropy (AS) were
estimated through linearisation of the Van't Hoff model (Equation (9))
and Gibbs free energy variation (AG) by two equations. First, correlating
T and Keq (Equation (10)); and second, correlating AHg, T, and AS
(Equation (11)), respectively.

AE
In(k;) = — R _T,F +In (Ap) Equation 6
AE
Ink_,)=- R ,T,B +In (Ag) Equation 7
ki-E k_1-E
[ S M M- ij ik,i 4B Equation 8
AHgr AS .
In(Keq) = — RT TR Equation 9

AG; = —R-T'In(Ke) Equation 10

AG, =AHg — T-AS Equation 11

3. Results and discussion
3.1. WCO esterification/transesterification

The simultaneous esterification and transesterification of WCO were
analysed considering the effects of temperature, catalyst reuse, TiO
presence, stirring, light and different alcohols and are shown in (Fig. 1).
The highest efficiency was 83% (+1.24%, average of triplicate experi-
ments, Fig. 1). It was achieved for WCO with methanol, under TiO,
photocatalysis in 4 h (equilibrium), using the following conditions: UVA
light, batch reactor, stirring at 500 rpm, 1 WCO:55 MeOH molar ratio,
20% W/Wyeo, and T = 65 °C.

This catalyst loading was chosen from a prior systematic optimisa-
tion study performed by the authors in which different operational
conditions were studied by response surface methodology (TiO5 load-
ings from 1 to 30% w/w, molar ratio between 1:3 and 1:55, and tem-
perature from 25 to 65 °C) [13]. In that study, 20% w/w TiO, afforded
the highest conversion at all conditions studied, while increasing
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Table 1
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Kinetic models evaluated for simultaneous WCO and methanol esterification/transesterification photocatalysed by TiO».

Assumptions

Model Equation

Homogeneous system

F1B1

- F ﬁrst-order dXeo Ly ) . . -

- B: first-order P (1 — Xweo) — K1 Xweo quation

F1B2

- F: pseudo first-order dx

- B.: second-order TT:L: K1+ (1 —xrq1) — Ki - Croro Xog1 Equation 2

F2B2

- F: second-order dx.

- B: second-order %Zk—l - Cucao * (1 = Xweo)” = Ki * Cucop 2o Equation 3

F2B4

- F: Second-order dx

- B: fourth-order %:kl “Craty + (1 — Xr61)? — ko1 - Clgy, Xy Equation 4

Heterogeneous system

L-H kinetic model”

- F: first-order dx K, x K,-(1 — Xueo)

- B: first- 0=k 1 2t - - e Equation 5
B: first-order dt i+ KjCucop Kuco T K “Cuveog *(1 = Xweo) B

- FAME is bounding the catalyst capacity

2 details of the model development can be found in supplementary material - Section S9; F: Forward reaction; B: Backward

reaction.

loadings caused a fall in activity due to light scattering and particle
agglomeration effects. Based on these results, in this work, the photo-
catalytic route was tested for real waste cooking oil feedstocks where
both esterification and transesterification reactions take place in
a chemically and optically more complex system. Therefore, the cata-
lyst loading applied in the present work reflects an optimal balance
between illuminated active surface area and photon penetration in an
optically dense reaction medium, rather than catalyst site saturation.
Compared with other studies (Table 2), this result indicates that pho-
tocatalysis can be applied to biodiesel production using a feedstock with
a high FFA content.

Evaluating the FFA content (Table 4), the initial feedstock had about
10.9% of FFA, while the product from TiO,-UVA photoirradiated in the
presence of methanol had only 1.2% and the product from acid reaction
only 0.2%. The decrease indicates the esterification reaction in both

cases, with an efficiency of 89% for TiOp-UVA photoirradiated system.
Considering this value and by the mass balance of the TiO5-UVA pho-
toirradiated, the transesterification route resulted in an efficiency
slightly lower, about 81%. These values correspond to pathway-specific
conversions and do not represent contradictory measurements of the
same parameter. This difference highlights that esterification and
transesterification do not proceed with identical kinetics or surface in-
teractions under TiO» photocatalysis. Free fatty acids can directly
interact with Lewis acidic Ti** surface sites through their carboxylate
groups, whereas triglyceride transesterification involves bulkier mole-
cules and multistep bond cleavage, making it more sensitive to surface
coverage and reaction intermediates. However, due to the lower pres-
ence of FFA compared to the triglyceres, the focus of the chemical
mechanism, mathematical modelling, and consequent parameters focus
only on the transesterification process.

100 FAME
5
— 80 Catalyst reuse ._‘a"
= g
g &0 EEE Blank =
5 EEE s 294
@ ERE T <
20 EEEE L
o la [ EEEEi:
25 35 45 55 65
T(°C)

Fig. 1. Simultaneous WCO and alcohol esterification/transesterification was conducted to produce biodiesel by TiO,-photocatalysis. Biodiesel (%) was obtained
using "H NMR as described in Section 2.4. Regular runs: @ WCO-Methanol, UVA light irradiation, 25-565 °C. Catalyst reuse: = a total of 4 photoreactions were
conducted subsequently with reused catalyst (2C-5C). Blank runs in the absence of: = (1) TiO,; (2) irradiation; (3) TiO, and irradiation; (4) stirring; (5) TiO,

pretreatment. Others: I Sunlight illumination;

WCO-Ethanol. Operational conditions (if applicable): 1 WCO:55 alcohol molar ratio and 20% TiOy (W/Wwco), UVA

light irradiation. Standard deviation (c) +1.24 was determined in triplicate of the regular test (FAME) at 65 °C.
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Table 2

Biodiesel produced from WCO catalysed by oxides.
Catalyst % (W/Wyeo) Alcohol Molar ratio T (°C) Time (h) FAME (%) Ref.
Ca0.ZnO 2 Methanol 10 70 60 95 [39]
CuO/Zn0O + UVA 5 Ethanol 65 120 93 [40]
Zn0O-Lay03 2 Methanol “ 200 3 96 [41]
TiO, 4 Methanol 10 120 4 91 [42]
TiO,/g-C3Ny4 + sunlight 2 Methanol 9 60 60 84 [15]
TiO,/Graphene 1.5 Methanol 12 65 3 98 [30]
TiO,-MgO 10 Methanol 30 160 6 92 [43]
TiO,/PrSOsH 1 Methanol 6 65 9 98 [40]
TiO; + sunlight nanotubes Methanol 8 60 4 91 [14]
TiO; + sunlight 20 Methanol 55 65 6 32 TS
TiO, + UVA 20 Ethanol 55 65 4 21 TS
TiO, + UVA 20 Methanol 55 65 4 82° TS
Esterification 89 TS
Transesterification 81 TS

# 126 g of oil and 180g of methanol.

b 829 refers to the total conversion being 89% FFA esterification and 81% TGL transesterification.

¢ TS: this study.

Table 3
Oxide catalyst reuse for biodiesel production from WCO.
Catalyst FAME # FAME Decrease Ref.
(%) cycles (%)* %)°
Cu0/ZnO + 93 6 80 13 [40]
UVA
SrO-ZnO/ 96 3 17 79 [44]
Al,03
TiO,/Graphene 98 3 79 19 [30]
TiO,-MgO 92 5 81 11 [43]
TiO, + UVA 73 5 36 37 This
study

# Conversion determined for the final cycle.
b Decrease between the first and last cycle.

Table 4
Characterisation of WCO and biodiesel obtained by acid catalysis and
photocatalysis.

WCO FAME

TiO2+UVA Acid
FFA (%) 10.9 (+0.5) 1.2 (+0.2) 0.2 (£0.1)
Top (9] 413 230 229
T; (O] 365 183 181
Tgp “0 377 190 188
Tg (O] 454 248 306
Cinax (dW/dO)max 1.8 1.4 1.9
Crean (dW/dt)mean 0.8 0.5 1.0

A reduction of 37% between the first and fifth cycles was observed.
As shown in Table 3, other authors have also detected reductions in
activity with solid catalysts and this has been linked to the changes in
physicochemical properties of catalyst amount. The presence of organic
species inside the catalyst is affecting its efficacy in this case, as dis-
cussed in details in Section 3.5.

The operational conditions obtained for UVA-irradiation that resul-
ted in the highest efficiency (WCO + methanol, 4 h, batch reactor,
stirring at 500 rpm, 1WCO:55MeOH molar ratio, 20% W/Wyyco, and T =
65 °C) were applied for sunlight instead of UVA. TiOs is photoactivated
by UVA light between 315 and 400 nm. Sunlight only has a small frac-
tion and low UVA intensity [45], naturally resulting in reduced activa-
tion. As shown by the solar spectral distribution (Fig. S3), only a limited
portion of the incident solar radiation meets the energetic requirement
to overcome the TiO, bandgap (~3.2 eV). Although sunlight irradiation
resulted in lower conversion, this behaviour reflects photonic rather
than thermal limitations. TiOy activation depends on photons with

energy equal to or greater than its bandgap, and the limited UVA frac-
tion in natural sunlight reduces charge-carrier generation and increases
recombination, thereby constraining photocatalytic efficiency despite
favourable reaction temperatures. Nevertheless, a notable conversion
was reached, indicating that the solar TiO,-photocatalysed reaction is
generally feasible. To achieve higher conversion, a larger exposure
surface, a hybrid solar-lamp system, an optimised solar reactor design to
concentrate the sunlight may be applied [46].

Optimum conditions (UVA light irradiation, 4 h, batch reactor,
stirring at 500 rpm, 1WCO:55MeOH molar ratio, 20% W/Wyo, and T =
65 °C) were then applied usimg ethanol instead of methanol, and an
efficiency of 38% was achieved. Other researchers also found a decline
in stability with alternative solid catalysts [13, 49, 50]. Methanol is a
stronger electron donor and its reactivity is higher than that of other
alcohols [47,48]. While the miscibility of WCO and methanol is not as
high as that of ethanol, both alcohols provided a homogeneous system at
higher temperatures (65 °C) when mixed for mass transport. The better
efficiency of methanol should have its origin not only from the stronger
electron donation capability but also from the smaller molecular size,
which results in a more efficient formation of surface alkoxides and
interfacial reaction kinetics on TiOs. This suggests that alcohol struc-
ture has an effect on photocatalytic reactivity, beyond the bulk phase
miscibility effects. Mechanistically, such inhibition in the photocatalysis
of ethanol can be rationalized by interfacial kinetic and thermodyna-
mic control factors which become most important under photocatalytic
conditions. Ethanol makes larger ethoxy intermediates on the TiOg
surface than methanol and these combine to give rise to slower rates of
surface alkoxide production (based upon CH3CHO) as well as limited
reactivity for adsorbed acyl species. It leads to inefficient utilization
of photogenerated charge carriers and a high probability for electro-
n-hole recombination.

Five blank runs were carried out under the optimum operational
conditions to produce FAME. In the absence of TiO,, UVA light or both
were observed conversions lower than 10%, establishing both that
irradiation and a proper photocatalyst are required. The low mixing
intensity led to as low as a 25% conversion and resulted from inade-
quate mass transfer. Without pretreatment, the experimental run gave
a conversion of 34% whereas with pretreatment it reached 83%.
Without pretreatment, the catalyst pores also tended to be adsorbed by
other reagents which led to deterioratiom in the capacity of absorbing
light and hence in efficiency. The loss of catalytic activity was attrib-
uted to the 23% reduction from the first (1C) to fifth (5C) cycles, which
was attributed to changes in catalyst nature as detailed in Section 3.5.
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3.2. FAME characterisation

The initial feedstock (WCO) and the biodiesel produced were char-
acterised as described in Table 4. The content of FFA was obtained
initially by titration for WCO (10.9%), for FAME from acid catalysis
(0.2%) and from photocatytic synthesis (1.2%). The FFA value deter-
mined in WCO is in accordance with the literature (5-20%) [47-49]. A
second technique was applied (FTIR-ATR spectroscopy). In this case, as
shown in Fig. 2, the value was obtained by the peak deconvolution of
FTIR-ATR spectra (see Supplementary Material - Section S4). Never-
theless, only the crude WCO showed a good agreement between titra-
tion and FTIR-ATR peak deconvolution data. The comparability
between the two techniques was lower for FAME analyses [FAME from
photocatalysis: 1.5% (FTIR-ATR), 1.2% (Titration); FAME from acid
catalysis: 1.1% (FTIR-ATR), 0.2% (titration)]. It can be explained as, at
low residual FFA levels, FTIR-based quantification exhibits higher
variability due to the weak intensity of acid carbonyl bands and their
overlap with the dominant ester carbonyl absorption of FAME. Under
these conditions, small variations in baseline correction and peak
deconvolution can result in a relatively large uncertainty. FTIR analysis
was therefore applied as a semi-quantitative technique to monitor
relative trends, while titration was used as the reference method for
absolute FFA determination. Titration proved to be the morst precise
methodology with a low standard deviation after triplicate determina-
tion. For small peaks, FTIR-ATR spectral deconvolutions, on the other
hand, were considerably influenced by noise in the spectrum. Notably,
the major peak derived from FFA in the FAME spectrum drifted when its
concentration was low.

A strong reduction in the FFA amount was anticipated for acid
catalysis since esterification as well as transesterification proceeded
under these conditions as verified by titration. Acid-catalysed trans-
esterification (99% of conversion) was somewhat more effective than
esterification (98% of conversion), and both reactions also occured
during photocatalysis [13,14,42,43,52,41]. However, under photo-
catalysis esterification (89%) was slightly more efficient than trans-
esterification (81%). Esterification was less energy-demanding than

@)

(1)
WCO (crude)

FAME (photocatalysis)

FAME (acid catalysis)
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Fig. 2. Deconvoluted ATR-FTIR spectra of crude WCO and FAME obtained by
simultaneous esterification and transesterification using acid catalysis and
TiO,/UVA photocatalysis. Spectral region: 1700-1780 cm™!. Peak assignments:
(1) ~1709 cm ™! corresponding to free fatty acids (C=O stretching of -COOH);
(2) ~1740 em™! corresponding to ester carbonyl (C=O stretching of FAME).
Deconvolution was applied to enhance peak discrimination in complex
matrices; results are qualitative and intended for comparative analysis (see
Supplementary Section S4) [13,50,51].
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transesterification (and thus faster), hence a higher conversion was
achieved. A decrease in the conversion of TGL compared that of FFA
observed here may be attributed to multistep processes and steric hin-
drance of transesterification, which impose a stronger surface-kinetic
and charge-transfer requirement than one-step esterification of FFA
under photocatalysis. This difference reveals that, although esterifica-
tion and transesterification occur, they actually evolve independently
with separate surface interactions and kinetics pathways under TiO»
photocatalysis, instead of a shared global transformation pathway.
However, due to the higher amount of TGL compared to FFA in the
feedstock, the focus of the parameter further determined was on the
transesterification reaction. High conversions for an esterification (e.g.,
UVA-light irradiation of oleic acid with TiO») in a UVA system were also
achieved, and results up to 98% conversion were observed [13], thus
indicating that the substantial success with this approach was possible. It
indicates that the method is less effective for transesterification than for
esterification. This comparison is aligned with the observation that
among free fatty acid esterification and triglyceride transesterification,
molecular complexity and steric hindrance of triglycerides inhibit
photocatalytic transesterification.

Thermoanalyses were conducted for raw WCO, FAME obtained by
acid catalysis (Supplementary material — Section S6) and by photo-
catalysis (Table 4, Fig. 3, Supplementary material — Section S7). The
boiling points (Typ,) of WCO and FAMEs were estimated to be 413 °C
and 230 °C, respectively. The ignition temperatures (T;) for biodiesel
obtained from both methods were similar (183 and 181 °C, respectively)
as were the flash point (Tg, 190 and 188 °C, respectively). Between 100
and 150 °C (ATy), no peaks were observed, indicating that are not vol-
atile compounds were present. The similarity of these properties in-
dicates that the FAMEs prepared from both catalysts are similar and
highly thermally stable [35,53]. The Burnout temperature (TB),
maximum combustion rate (Cpax), and mean combustion rate (Cyean) Of
FAME obtained by photocatalysis were slightly less than those produced
by acid catalysis. However, the trend of curve was found to be qui-
te similar, which shows the FAME obtained by photocatalysis was
thermically equivalent to that produced by acid catalysis (assumed as
reference point) and the variation may be due to the presence of un-
converted feedstock.

The biodiesel composition produced by thermal acid catalysis and
photocatalysis was likewise determined by gas chromatography
(Table 5). According to these results, under photocatalysis there is a
tendency to convert more C18:1 (methyl oleate) and C19:1 (methyl
nonadecanoate) than C18:2 (linoleic acid) which carries an additional
double bond, and increases the energy required for the reaction [44].
The proposed mechanism is derived from the experimental trends
observed in this work and is discussed within the context of established

100 .
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Fig. 3. TGA of biodiesel obtained by photocatalysis using WCO and methanol.
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Table 5
Composition of biodiesel obtained by acid catalysis and photocatalysis®.
TiO2+UVA Acid
methyl hexanoate C6:0 0.1 0.1
methyl decanoate C10:0 0.1 0.1
methyl mmyristate C14:0 0.5 0.5
methyl palmitate C16:0 17.4 18.1
methyl palmitoleate Cl6:1 0.4 0.4
methyl stearate C18:0 2.9 3.0
methyl oleate C18:1 51.5 50.4
methyl linoleate C18:2 21.0 25.0
methyl linolenate C18:3 1.4 1.1
methyl nonadecanoate C19:0 3.6 0.5
methyl eicosonate C20:1 0.5 0.7
methyl eicosadieonate C20:2 0.7 0.0

@ Obtained using GC (Supplementary Material - Section S6).

TiO4 photocatalytic pathways rather than as a direct identification of
individual reactive intermediates.

For example, the AH| ,5q for methyl oleate esterification (122 kJ/
mol) is lower than that for methyl linoleate esterification (245 kJ/mol)
[54]. In addition, computational studies on canola oil methyl esters
showed that methyl nonadecanoate (C19:0) is slightly more reactive
than methyl oleate (C18:1) as the C19:0 does not have the double bond
present in the C18:1 sctructure [55]. Both studies indicate that the re-
action kinetics are also driven by interaction between the TiO, surface
and the n-electron interactions associated with multiple C=C bonds,
which change due to the adsorption geometry and surface residence
time. In particular, polyunsaturated chains (e.g., C18:2) contain
bis-allylic positions that are more prone to H-abstraction and radical
delocalisation, making them more susceptible to TiOp-driven reactive
oxygen species (éOH and eO3) pathways and competing photooxida-
tion. Furthermore, radical intermediates derived from C18:2 can un-
dergo delocalisation over conjugated double bonds, increasing
susceptibility to competing photooxidation reactions and charge-carrier
recombination. Additionally, the extra C=C bond can promote
stronger/multi-point surface interactions (longer surface residence
time), which can increase the probability of non-productive charge
recombination and oxidative side reactions rather than productive ester
formation. These effects reduce the fraction of photogenerated charges
contributing to productive esterification, leading to lower apparent
conversion compared to C18:1. Thus, the energy required increases with
the number of double bonds, and subsequently conversions decrease,
and the lower apparent conversion of C18:2 over the photocatalytic
route is related to both (i) a more significant thermodynamic require-
ment and (ii) photoinduced surface/radical pathways that are more
competitive for polyunsaturated species.

The presence of reaction intermediates, such as monoglycerides
(MGL) and diacylglycerides (DGL) was found in trace levels as shown in
Table 6. Although some authors detected their presence, they were only
found in small concentrations at the beginning of the reaction [56,57]. It
indicated that the intermediates formation and consumption occur
rapidly. This behaviour is consistent with a quasi-steady-state regime, in
which MGL and DGL are unstable structures, formed and consumed

Table 6
Composition of WCO, reaction intermediates and purified biodiesel at different
conversion stages determined by GC-MS (%).
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continuously. However, MGL and DGL are known to act as surfactants
that can improve the miscibility between oil and alcohol [58]. Under
photocatalytic conditions, such intermediates may act as transient in
situ surfactants, temporarily enhancing interfacial contact and mass
transfer between the immiscible phases while being rapidly converted as
the reaction progresses.

WCO conversions to biodiesel were furthermore analysed by 'H NMR
spectroscopy (Fig. 4, Supplementary Material - Section S5), and by FTIR-
ATR spectroscopy (Fig. 5). In both analyses, the most important aspect is
regarding the presence of impurities in the final product. Biodiesel ob-
tained from acid catalysis required several purification steps including
extraction using ethyl acetate (Section 2.2.1), which could not be
quantitatively removed. The presence of residual solvent confirms the
general difficulty of removing contaminants when using traditional
processes. This highlights a well-known limitation of homogeneous acid
catalysis, where downstream purification steps can introduce residual
contaminants that are difficult to fully eliminate. In contrast, photo-
catalysis does not demand additional reagents or solvents for isolation or
lengthy purification steps. It only requires filtration and decatnation, or
even a centrifugation step, to physicallyseparate the phases. Thus,
minimising waste production and avoiding additional contaminants in
the biodiesel product. This difference reflects a fundamental distinction
between homogeneous and heterogeneous catalytic pathways, in which
photocatalysis allows reaction termination without chemical quenching
or solvent-intensive separation. In this scenario, although the initial
costs of photocatalysis are higher than the homogeneous pathway, the
lower costs associatedwith purification and waste treatment offset the
initial investiments involved in the TiO2-UVA irradiatied system.

3.3. Proposed photocatalysis mechanism

The proposed reaction mechanism for the generation of biodiesel is
shown in Fig. 6. It involves, two main pathways; esterification of FFA
and transesterification of TGL. Firstly, the catalyst, TiO; in the presence
of UVA light, releases enough energy to overcome its bandgap (3.2 eV,

Sample FAME MAG DAG TAG  Glycerol

WCO (raw) 2.3 0.0 9.9 84.9 0.1

WCO + acid (1 h) 47.2 0.8 6.7 428 0.3

WCO + acid (complete) 96.1 0.6 0.6 0.0 05

WCO photocatalysis (crude) 91.1 0.4 1.8 46 0.6

WCO photocatalysis (after 90.4 0.3 5.1 27 04
purification)

Values may not total 100% due to experimental uncertainty associated with
GC-MS quantification and integration of minor components.
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Fig. 4. 'H NMR spectra (400 MHz, CDCls, 25 °C, chemical shift range 9.0-0.0
ppm) of crude WCO and FAME obtained by acid catalysis and TiO,/UVA
photocatalysis. The appearance of the methoxy proton signal of FAME (-OCHs,
~3.6 ppm) confirms ester formation. Residual ethyl acetate is observed in the
acid-catalysed sample, reflecting the solvent-based purification required in the
homogeneous process (see Supplementary Section S5).
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Fig. 5. FTIR-ATR spectra (Range: 100-1500 cm ') of crude WCO and FAME
from simultaneous esterification and transesterification using acid catalysis and
photocatalysis. Peaks: (1) 1375.5 em ! - aliphatic C-H (for CH, and CHj), (2)
1196 cm™! - O-CH; stretching, (3) 1434 em!- CHj3 asymmetric bending (COO-
CHj3) (Supplementary Material - Section S4).

as described in Section 3.5), causing the charge separation. As a
consequence, electrons (e ) are promoted to the conduction band (CB),
resulting in positive holes (h™) in the valence band (VB) [59]. The ef-
ficiency of this process depends on photon flux and charge-carrier life-
time, which directly influence the availability of reactive surface
species. The methanol acesseses h* and generate the methoxy radical
(CH30*), while e™ reacts with FFA or TGL, generating the corresponding
carboxyl radical anion (RCO3 *H or RCO3 °R’). Similar mechanisms were
previously suggested for esterification [13,60,61] and trans-
esterification [30] by TiOy-photocatalysis. In the present system, both
pathways occur simultaneously, where both, FFA and TGL, compete for
the catalyst active sites. This step highlights the dual role of TiO5 as both
a photo-redox mediator and a surface that stabilises short-lived radical.
Both radicals combine, generating FAME (biodiesel) via subsequent re-
action steps. Radical recombination is facilitated at the catalyst surface,
reducing the presence of side reactions or continued degradation, which
contributes to the high selectivity observed for FAME formation.

The FFA pathway (esterification) generates FAME and water via a
single-step reaction. The simpler reaction coordinate and smaller mo-
lecular size of FFAs favour faster surface interactions and lower
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energetic barriers for esterification. The TGL pathway (trans-
esterification) occurs by three steps, where two intermediates are
observed (DGL and MGL), and results in three molecules of FAME and
one molecule of glycerol. These additional steps involve bulkier tri-
glyceride species and sequential bond cleavage, making trans-
esterification more sensitive to surface coverage, intermediate turnover,
and mass-transfer limitations, consistent with its slightly lower conver-
sion relative to esterification.

Moreover, the proposed photocatalytic mechanism of FAME pro-
duction by both pathways (esterification and transesterification), is
alligned with the kinetic data, mathematical modelling by appling the
model F2B4, and the thermodynamic trends that will be discussed
further in Section 3.6. The second-order dependence of the forward re-
action is consistent with a bimolecular recombination between photo-
activated methoxy species and acyl intermediates on the TiO5 surface. In
contrast, the apparent fourth-order dependence of the backward reac-
tion reflects the involvement of multiple species and the system
resistance.

3.4. Identification of byproducts from parallel reactions

Different byproducts may be produced in trace amounts, making
their identification challenging. Methanol oxidation, for example, re-
sults in formaldehyde and subsequently formic acid (Fig. 7). Likewise,
ester oxidation may generate a variety of compounds such as aldehydes,
ketones, alkenes, and carboxylic acids [55,62]. Bak et al. [62] observed
the presence of more than 30 compounds during thermal oxidation of
methyl oleate and methyl palmitate oxidation. Temperatures above
380 °C resulted in larger amounts of 1l-octane, 1l-nonene, and
methyl-5-hexenoate [62], which were not observed in FAME obtained
by photocatalysis at lower temperatures. This contrast highlights a
fundamental difference between thermal oxidation, where the bulk
thermal energy is broadly applied and results in extensive chain scission
reactions, and TiOy-photocatalysis, where energy input is focused on
specific regions of the chains, leading to the desired products.

In contrast, temperatures below 380 °C generated larger quantities of
methyl acrylate, acetaldehyde, 2-decenal, 2-undecenal, and C;9H3603
isomers [62]. Careful 'H NMR analysis of FAME obtained by photo-
catalysis indicated the possible presence of the following compounds in
trace amounts: methyl acrylate, acetaldehyde, butyraldehyde, 2-undece-
nal, and 2-decenal (Figs. 8 and 9). These were identified based on
representative signals, whereas others could not be assigned due to their
overlap with more dominant signals. The detection of these compounds
is consistent with limited radical-mediated photooxidation pathways
occurring in parallel with the main reaction, without leading to exten-
sive ester degradation. It is important to note that FTIR-ATR and 'H
NMR spectroscopy provide qualitative rather than exhaustive or fully
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Fig. 6. Simultaneous esterification and transesterification of WCO with methanol photocatalysed by TiOs.
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Fig. 7. Expanded 'H NMR spectra (400 MHz, CDCls, 25 °C, 9.5-7.6 ppm)
highlighting trace-level signals tentatively assigned to minor photooxidation
byproducts, including formic acid (~8.00 ppm) and 2-(hydroxymethylacrylic
acid (~7.81 ppm), originating from competing photooxidation reactions of
esters. Signals are close to the detection limit and are interpreted qualitatively.

WCO

9.762

FAME (photocatalysis)

FAME (acid catalysis)

9.7 9.6 ' 9f5 ' 9.4 9.3
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Fig. 8. Expanded 'H NMR spectra (400 MHz, CDCls, 25 °C, 9.8-9.2 ppm)
showing trace signals attributed to products of competing photooxidation re-
actions of esters, including methyl acrylate, acrylic acid, 2-decenal, and 2-unde-
cenal (~9.76 ppm). The low signal-to-noise ratio reflects the minor formation of
these species.

quantitative identification of reaction by-products, particularly when
present at trace concentrations. While these techniques are effective for
detecting characteristic functional groups and representative signals,
they cannot fully exclude the presence of minor compounds below the
detection or resolution limits. Therefore, both techniques were used in
this study to identify indicative photooxidation products and assess their
relative significance, rather than to claim the absolute absence of all
possible byproducts.

The blank experiments (Figs. 10 and 11) revealed that the reaction
performed without TiO, pretreatment followed the same parallel re-
actions as those observed during the regular photocatalytic reaction,
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Fig. 9. Expanded 'H NMR spectra (400 MHz, CDCls, 25 °C, 6.7-5.6 ppm)
showing trace products from competing photooxidation reactions of esters.
Peak assignments: (1) and (3, overlapping) olefinic protons of 2-decenal and 2-
undecenal; (2), (3, overlapping), and (4) methyl acrylate and acrylic acid de-
rivatives. Spectra are presented for qualitative comparison.
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Fig. 10. Expanded 'H NMR spectra (400 MHz, CDCls, 25 °C, 10.0-8.2 ppm) of
blank experiments showing trace-level signals attributed to acetaldehyde,
butyraldehyde, 2-decenal, and 2-undecenal (1), formic acid (2), and 2-
(hydroxymethyl)acrylic acid (3). These species confirm the occurrence of minor
background oxidation pathways under specific experimental conditions.

however a low conversion was achieved (34%). The other blanks con-
taining TiOy also showed traces of 2-decenal and 2-undecenal, even
without light or under low FAME conversion (<34%) conditions. The
blanks without TiO2 did not result in any competing side reactions. This
observation indicates that TiOy is required to initiate these minor
pathways, but that their occurrence is not strongly dependent on photon
flux or conversion level, suggesting a secondary, non-competitive na-
ture. However, because these compounds were detected solely in trace
concentrations, it was impossible to quantify or correlate these with the
concentration of the main product (FAME). The absence of correlation
between by-product formation and FAME yield further indicates that
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these pathways do not significantly influence overall reaction kinetics or
product selectivity. Consequently, these parallel pathways reactions
were not included in the kinetic modelling, which focuses on the
dominant esterification and transesterification reactions governing the
system behaviour. Inclusion of trace by-products that neither accumu-
late nor influence the reaction rate would not improve model predict-
ability and would compromise the physical relevance of the kinetic
analysis. Moreover, FTIR-ATR and 'H NMR spectroscopy provide qual-
itative rather than quantitative identification of reaction by-products,
particularly when present at trace concentrations. While these tech-
niques are effective for detecting characteristic functional groups and
representative signals, they cannot fully exclude the presence of minor
compounds below the detection or resolution limits. Therefore, both
methods were used in this study to identify indicative photooxidation
products and assess their relative significance, rather than to claim the
absolute absence of all possible byproducts.

3.5. Catalyst characterisation

The catalyst (TiO2) was qualitatively and quantitatively character-
ized before (TiO; pure), just after the photoreaction (0 RP), after the
recovery process (1C) and at 5 cycles of reuse (5C). The mass loss of the
catalyst was less than 1% and was neglected for further discussions.
However, the physicochemical characteristics of the catalyst changed, as
observed by FTIR-ATR, TGA and optical bandgap analysis, resulting in
the decline of the catalytic activity upon reuse cycles. FTIR-ATR spec-
troscopy was performed to qualitatively identify the organic functional
groups found on the TiO3 surface. TGA/DSC profiles are interpreted as
indicative of organic residue accumulation on the TiO surface. The type
of organic residue was determined by comparing the respective peaks of
degradation/evaporation with the reactants and products pure com-
pound degradation/evaporation peaks. The ratio between reactants and
products was achieved based on relative mass-loss trends under thermal
analysis over the reuse cycles.

These physicochemical analyses, when combined, indicate progres-
sive accumulation of organic material on the TiO; surface. According to
previous studies, as a consequence, aggregation phenomena occur over
the cycles, whaich reduces the catalyst efectiveness []. The organic
material content between ORP (after the photoreaction) and 1C (after

No pretreament
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Fig. 11. Expanded 'H NMR spectra (400 MHz, CDCl, 25 °C, 6.8-5.6 ppm) of
blank experiments showing trace products from competing reactions of esters.
Peak assignments follow those in Fig. 10, confirming that these species arise
from parallel oxidation pathways rather than from productive esterification/
transesterification reactions.
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the recovery process) dropped by 77% (ORP: 39% and 1C: 9%), and the
apparent bandgap decreased by 72% (ORP: 4.62 eV and 1C: 3.31 eV).
These results indicate the efficiency of the recovery process by removing
weakly adsorbed organic species, restoring light absorption, and
partially recovering photocatalytic activity, as previously described for
oleic acid [13].

However, the organic material mass gradually increased from 9 to
12% over the 5 cycles after the recovery process (1C to 5C), which re-
sults in an increase in the bandgap (3.31 eV to 3.59 eV). These results
suggest that the organic material reduces access to the active sites and
forms a film on the catalyst, limiting light penetration and the reaction
efficiency as observed over the cycles [83% (1C) to 59% (5C)].

The FTIR-ATR spectroscopy (Fig. 12) qualitative analysis shows the
presence of different organic compounds (reactants and products). The
organic functional groups are found at C-H stretching bands
(~2920-2850 cm™!) and carbonyl (C=0) vibrations (~1740 cm™}),
consistent with adsorbed fatty acid methyl esters (FAME), residual tri-
glycerides, and long-chain hydrocarbon species derived from WCO. By
analysing the thermoanalysis (Fig. 13), the ratio between the degrada-
tion peaks indicates the highest content was observed for ORP; however,
all samples contained more WCO than FAME.

The preferential presence of WCO on the catalyst was caused by the
naturally higher concentration of WCO at the beginning of the reaction,
and the miscibility between biodiesel and methanol. The organic ma-
terial retained on the catalyst consequently reduces light access, which
increases the apparent bandgap of the catalyst [64] (Fig. 13 and Sup-
plementary material — Section S7). This behaviour indicates that catalyst
deactivation is dominated by surface fouling and optical shielding rather
than structural degradation of TiOs.

The combined effect of surface fouling and aggregation provides a
mechanistic explanation for the observed reduction in conversion over
successive reuse cycles. Evidence of surface fouling was inferred from
the combined interpretation of FTIR-ATR, TGA/DSC mass-loss behav-
iour, and the systematic decline in catalytic activity upon reuse. More-
over, under the applied reaction conditions (<65 °C), no evidence of
catalyst sintering is expected, as these temperatures are far below those
required for TiO, phase transformation or crystallite growth. Similarly,
the observed behaviour is inconsistent with permanent loss of surface
hydroxyl groups and is probably due to the progressive occupation of

Pure

5C

1C

ORP

T T T T
2000 2500 3000 3500

wavelenght (cm™)

T T
1000 1500

Fig. 12. ATR-FTIR spectra of the TiO, catalyst before reaction (pure), after
photocatalysis without recovery (ORP), after one photocatalytic cycle with re-
covery (1C), and after five reuse cycles (5C). The progressive appearance of C-H
and C=0 bands indicates adsorption of organic species on the catalyst surface
during repeated use.
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Fig. 13. UV-Vis diffuse reflectance spectra and corresponding Tauc plots used
to estimate the apparent bandgap of TiO, before reaction (pure), after photo-
catalysis without recovery (ORP), after one recovy cycle (1C), and after five
recovy cycles (5C). Variations in the apparent bandgap are attributed to surface
fouling and light attenuation by adsorbed organic species rather than to
structural modification of TiO». Estimated bandgap uncertainty is +0.02 eV.
The reference bandgap of pristine TiO, (P25 Evonik) is 3.18 eV [63].

surface sites by organic compounds. Moreover, the presence of organic
residues promotes aggregation phenomena and reduces effective surface
area and porosity, as reported in the literature [13,]. These effects
further cause the mass and light-transfer resistance, what reinforces the
cumulative nature of catalyst deactivation upon repeated reuse.

3.6. Kinetic modelling and thermodynamic properties

The plot of the kinetic curves of FAME (Crame/Cwco,0) as a product
of WCO and methanol TiO5 photocatalysis under UVA irradiation was
shown in Fig. 14. The graph shows the experimental and the mathe-
matical modelling using the F2B4 model. Only this model is discussed at

1.0
m 25°C
® 35°C
| 4 45°C
0.8 v 55°C
{ ® 865°C
061 = model F2B4
*
0.4 -
0.2 -
0.0 1

90 120 150 180 210 240
time (minutes)

60

Fig. 14. Kinetic curves for simultaneous esterification and transesterification of
WCO with methanol. Catalyst: TiO, irradiated with UVA or sunlight (1 WCO
mol:55 MeOH mol, 20% TiOy W/Wyco).
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this stage. as it describes the experimental behaviour with higher sta-
tistical and thermodynamic accuracy. The equilibrium state was reached
within three and 4 h for all experiments (UVA: 25-65 °C; Sunlight:
65 °C), so all the reactions were stopped after 4 h. Internal and external
mass-transfer limitations were considered negligible under the experi-
mental conditions applied. Thus, it was considered that the reaction
rates were driven by surface photocatalytic kinetics rather than by
transport phenomena. This assumption is supported by three main
aspects.

(i) the use of vigorous agitation (500 rpm), which reduces drastically
the mass transfer resistance. It is corroborate by the result ob-
tained by the blank test in the absence of stirring, where only 25%
conversion was achieved (Fig. 1).

(ii) a large excess of methanol leading to pseudo-homogeneous
behaviour, as its initial and final concentration remains effec-
tively constant.

(iii) the blank experiments demonstrated a strong dependence of
conversion on light irradiation and catalyst presence rather than
hydrodynamic conditions (details are given in Section 3.1).

In total, five models were applied (Table 1). Statistical analysis was
conduted by evaluating the data from both curves, FAME increase, and
WCO decrease. All the models converged with R? > 0.90 (Table 7),
indicating that they statistically agree with the experimental results.
However, beyond the statistically convergence, it is necessary to eval-
uate the parameters obtained by the respective models. In this case the
kinetic and thermodynamic properties were determined (Table 8).
However, only the model that considers the forward reaction as second-
order and backward reaction as fourth-order (F2B4, R? = 0.996, Fig. 15)
resulted in consistent parameter values in accordance with the
literature.

Although TiO; is a heterogeneous photocatalyst, under the selected
operating conditions (high stirring intensity and large methanol excess),
the reacting medium behaves as a pseudo-homogeneous slurry at the
reactor scale, such that bulk concentration profiles of WCO and FAME
can be reasonably treated as spatially uniform. In this context, the ho-
mogeneous models (F1B1, F1B2, F2B2 and F2B4) are not intended to
imply a truly homogeneous catalytic mechanism, but rather to provide
phenomenological descriptions that allow discrimination of apparent
reaction orders and reversibility trends from conversion-time data. The
L-H model was included to explicitly account for adsorption-controlled
surface kinetics and product inhibition, however this model did not
describe the mechanism adequaly.

The thermodynamic parameters were obtained solely from the ki-
netic parameters obtained by the F2B4 model, after determining the rate
constants which are a function of concentration (forward and backward
reactions) and temperature. Subsequently, as described in Section 2.5;
the Van't Hoff approach was applied. As a result, the enthalpy (AH),
entropy (AS), and Gibbs free energy (AG) values should be interpreted
as apparent thermodynamic parameters representative of the overall
photocatalytic reaction system that guides to the reaction behavior,
rather than as absolute thermodynamic properties of isolated elemen-
tary steps.

Table 7

Kinetic model statistical analysis applied to the predicted and experimental data
for the simultaneous esterification and transesterification of WCO-methanol
under photocatalysis.

Model R? F-test SD i} t-student p-value
F1B1 0.990 4726 0.021 0,995 68.745 0.000
F1B2 0.997 15361 0.012 0.999 123.939 0.000
F2B2 0.996 5279 0.014 0.984 72.656 0.000
F2B4 0.996 4386 0.021 0.996 66.229 0.000
L-H 0.995 25161 0.019 0.997 158.62 0.000
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Table 8

Kinetic and thermodynamic parameters obtained from different mathematical models.
Model k4" ki* Kieq E,, g (kJ/mol) Ap E,, ¢ (kJ/mol) Ag
F1B1 3.01E-03 1.34E-02 4.46E+00 —~18 (R% 0.378) 6.14E-6 (R% 0.378) 63 (R* 0.963) 8.18E7 (R% 0.963)
F1B2 8.85E-03 1.24E-02 1.40E+00 —~70 (R% 0.917) 8.12E+12 (R% 0.917) 44 (R% 0.886) 6.78E4 (R% 0.886)
F2B2 3.56E-10 4.66E-02 1.31E+08 68 (R%: 0.973) 1.73E49 (R% 0.973) —289 (R% 0.525) 1.54E-51 (R* 0.525)
F2B4 1.73E+00 1.16E+01 6.68E+00 224 (R% 0.791) 8.50E+15 (R* 0.791) 97 (R 0.990) 2.87E+30 (R?: 0.990)
L-H 1.82E-03 1.16E+00 6.4E+02 —83 (R% 0.901) 1.41E15 (R% 0.901) 119 (R* 0.809) 1.15E+18 (R% 0.809)

2 Temperature: 338.15 K.

1.0
o Median
[ 25%-75% .
0.8 | _I_ Non-Outlier Range o
o Outliers =
g x Extremes
A K
©
2 0.4 i
o U 1.0 ~
-8 @ % 0.8 ;’”«r
£ 0.2 é@ 3o
8 0.
S \\ 95% confidence
ol B
. 00 02 04 06 08 1.0
Experimental data
0.0 0.2 0.4 0.6 0.8 1.

Experimental data

Fig. 15. Correlation between predicted (model F2B4) and experimental FAME
conversion. [1 25%-75% = (—0.0089, 0.0078), I Non-Outlier (Range: —0.03 —
0.03), ® Median = 0.0006, @ Outliers.

The values of activation energy (Easorward of 97 kJ/mol and Eapackward
of 224 kJ/mol) and the frequency of effective collisions between
reacting molecules (Aforward Of 2.87E4+30 and Apackward Of 8.50E+15)
were determined by the Arrhenius equation considering the F2B4 ki-
netic model results. The substantially higher activation energy associ-
ated with the backward reaction, compared to the forward reaction,
indicates that the reverse pathway is kinetically not feasible, particularly
at lower temperatures, while the forward reaction is enhanced, as
observed by the Arrhenius parameters (<E,, and > A). The effective E,,
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Fig. 16. Effective E, of the reaction considering the F2B4 model.
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considering the entire process, was obtained applying Equation (8) and
resulted in a linear decrease with increasing temperature (Fig. 16). It
suggest that overall reaction kinetics under elevated-temperature pho-
tocatalytic conditions are preferable, as the E, decreases. It indicates
that the reaction becomes easier, what is consistent with the experi-
mental data. This trend suggests that the system is energy-limited at
lower temperatures (<45 °C). However, at higher temperatures (45 °C to
65 °C), the temperature barrier reduces and the reaction resistance be-
comes controlledy other factors, such as surface coverage, and/or
product accumulation, for example.

The thermodynamic parameters are shown in Fig. 17. The values of
AS (0.29 kJ/mol-K) and AH (92.58 kJ/mol) were obtained using the
Van't Hoff model (Equation (9), Section 2.5). The equation requires the
value of K that was obtained by correlating the kinetic rates of the
system. As the parameters were determined by the kinetic data experi-
ments themselves, the thermodynamic parameters have to be considered
specifically for this system and opertional conditions as a guide of the
process physicochemical-thermodynamic response and behavior.

The positive value of enthalpy indicates the system requires energy
to proceed and is therfore favoured at higher temperatures. The entropy
is also positive, indicating that the molecular disorder tends to increase
during the reaction. This increase in entropy can be attributed to the
conversion of larger molecules, such as triglycerides and free fatty acids,
into multiple ester molecules and glycerol. The formation of a greater
number of molecular species, together with mixing and interfacial ef-
fects in the liquid-phase photocatalytic system, contributes to the overall
increase in disorder.

The value of AG was determined by two different pathways. First, by
correlating T and Keq (Equation (10), AG1), and second, by correlating
AHg, T, and AS (Equation (11), AG2), respectively. However, both
derivate from the same root, by considering the initial experimental
kinetic data and matematical modelling (F2B4). Although, both ap-
proaches resulted in consistent values (R2 =0.891) and similar trends by
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Fig. 17. Gibbs energy (AG), equilibrium constant (Keq), Enthalpy (AH), and
Entropy (AS) for simultaneous esterification and transesterification of WCO and
methanol by TiOs-photocatalysis with UVA-light (1 WCO mol:55MeOH mol,
20% TiOz W/Wwco)-
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being positive at lower temperatures (<45 °C) and decreasing constantly
as the temperature increases (45 °C to 65 °C). This trend is alligned with
the previous discussion that indicates the endothermic nature of the
reaction and the higher efficiency at higher temperatures.

By these specific thermodynamic parameters trend, it is possible to
observe that as the temperature increases the TAS term becomes more
significant and gradually offsets the positive enthalpy. Around 45 °C, AG
approaches zero, corresponding to the equilibrium region. Above this
temperature, the entropy contribution becomes dominant, AG becomes
negative, and the reaction becomes thermodynamically favourable,
which explains the sharp increase in conversion observed experimen-
tally. These results indicate an endothermic and effectively irreversible
process between 45 and 65 °C under the studied operational conditions.
Moreover, by increasing the temperature of the biphasic system, the
miscibility between both reactants increases and consequently the mass-
transfer resistance reduces, contributing to the faster covnersion.

4. Conclusion

Biodiesel was produced by TiO»-photocatalysis from WCO and short-
chain alcohols (methanol and ethanol) by simultaneous esterification
and transesterification. Under the optimised operational conditions (1
mol WCO: 55 mol MeOH, 20% w/Wyc, TiOz UVA irradiation, and
65 °C), a conversion of 83% (41.24%) was achieved. Esterification
resulted in a somewhat higher conversion (89%) than transesterification
(81%), reflecting the different kinetic and mechanistic requirements of
these parallel pathways under photocatalytic conditions. The developed
process is thus suitable for producing biodiesel from feedstocks with
high FFA content.

The catalyst was reusable, and even after five cycles, a reasonable
conversion of 59% was achieved. Catalyst characterisation revealed the
accumulation of organic material on the TiO, material, reducing the
catalytic sites available and increasing the bandgap, and hence
decreasing photocatalytic efficiency, highlighting surface fouling as the
main factor limiting long-term photocatalytic performance.

Five different mathematical models were used to evaluate the
experimental kinetic data. The model considering a second-order for-
ward reaction and fourth-order backward reaction showed the best
convergence with the predicted values (R?: 0.996) and the kinetic and
thermodynamic parameters. This demonstrates that statistical agree-
ment alone is insufficient to describe the system, and that model
discrimination based on physicochemical consistency is essential for
interpreting photocatalytic biodiesel reactions. These parameters agreed
with the observed behaviour, where the reaction was not efficient at
temperatures below 45 °C, in accordance with the endothermic and
entropy-driven nature of the process. The combined kinetic-thermody-
namic analysis confirms that the low conversions observed at mild
temperatures are not incidental, but arise from the intrinsically endo-
thermic and entropy-driven nature of the photocatalytic system.

Simultaneous esterification and transesterification enables the use of
high FFA contents overcoming a key limitation of conventional base-
catalysed processes, which are commonly problematic in traditional
thermal catalysts. Moreover, the use of heterogeneous photocatalysis
can overcome many of the difficulties encountered using traditional
homogeneous catalysts such as high temperature and extreme pH re-
quirements, catalyst recovery and reuse challanges, low product purities
that demand lenghty and resource-demanding purification steps, and
specialized equipment needs due to the corrosive reaction conditions.
Importantly, the photocatalytic route demonstrated high selectivity,
with only trace amounts of side products detected, indicating controlled
reaction pathways rather than extensive oxidative degradation.

While this study developed an efficient and eco-friendly process for
the potential production of biodiesel, its main contribution lies in
coupling photocatalytic experimentation with integrated kinetic and
thermodynamic interpretation, more aspects need to be evaluated, such
as optimising catalyst reuse, scale-up, implementation of different
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feedstocks, and natural sunlight utilization.
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