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Abstract

Biodiesel production offers a promising route towards the achievement of net-zero emis-
sions by 2050. However, current reliance on unsustainable feedstocks and inefficient
processes hampers its commercial viability. This study investigates the transesterification
of waste cooking oil (WCO) with methanol in a continuous microreactor (1 mm internal
diameter) and systematically compares pseudo-homogeneous and biphasic second-order
kinetic models for describing the reaction. The biphasic model provided the highest predic-
tive accuracy by explicitly accounting for interfacial mass transfer and phase interactions,
whereas the pseudo-homogeneous model offered a simpler formulation with comparable
overall statistical performance when model complexity was considered. The activation
energy estimated using the biphasic model was 15.61 k] mol !, which is lower than values
typically reported for homogeneous base-catalysed systems, which is consistent with the
enhanced mass-transfer characteristics of the microreactor. Thermodynamic activation
parameters were also determined, resulting in an activation enthalpy of 12.93 k] mol~!, an
activation entropy of —272.3 ] mol~! K~! and an activation free energy of 94.08 k] mol !,
indicating an energetic barrier to the formation of the activated complex and a more ordered
transition state than the reactants. The results demonstrate that explicit treatment of phase
interactions improves kinetic prediction while providing practical guidance for selecting
kinetic models according to the intended engineering application. These findings support
the use of intensified microreactor systems and physically representative kinetic models for
the design and scale-up of sustainable biodiesel production processes.

Keywords: transesterification; microreactor; waste cooking oil; kinetic modelling; biphasic
system

1. Introduction

To achieve the goal of net-zero emissions by 2050, as outlined in the Paris Agreement,
numerous solutions have been proposed, including the adoption of biodiesel as a sustain-
able energy source [1]. Biodiesel is often considered a carbon-neutral fuel because it is
produced from renewable biomass and the CO; released during its combustion roughly
equals the amount absorbed by the feedstock during its growth. However, this balance
can be affected by factors such as land use change, agricultural inputs, and processing
emissions. It is also compatible with existing diesel-powered engines, making it a viable
alternative to conventional fossil fuels, especially in the transportation sector, which is a
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major contributor to global greenhouse gas (GHG) emissions [2]. However, despite its
potential, biodiesel faces two primary challenges that hinder its large-scale adoption: re-
liance on edible oil feedstocks, which impacts food security, and inefficiencies in production
processes that result in high costs [3].

To overcome these barriers, several strategies have been proposed. One effective ap-
proach is the use of non-edible feedstocks, such as waste cooking oil (WCO), which not only
alleviates competition with food supplies but also valorises a waste product that would other-
wise be discarded [4]. Furthermore, advancements in process intensification—specifically, the
use of microreactors—offer significant advantages, including enhanced heat and mass transfer,
higher reaction rates, and the ability to operate continuously, thereby improving the overall
efficiency of biodiesel production [5]. Conventional stirred reactors typically require longer
reaction times to overcome mass-transfer resistances, as observed by Muranaka et al. [6], who
found that the initial reaction rate was increased significantly, achieving an increase in the
interfacial area of approximately seven times.

While the use of waste cooking oil (WCO) offers significant sustainability and cost
advantages over edible oils, it also introduces several processing challenges that directly
affect reaction kinetics and conversion efficiency. WCO typically contains elevated levels of
free fatty acids (FFAs), which, in the presence of a base catalyst and water, can lead to un-
wanted saponification reactions that reduce methyl ester yields [7]. High FFA content often
necessitates a pretreatment step to esterify the FFAs before transesterification. In addition,
WCO tends to exhibit higher viscosity due to the presence of polymerised degradation
products formed during cooking. This elevated viscosity hinders mass transfer between the
immiscible WCO and methanol phases by lowering diffusion coefficients and decreasing
mixing efficiency, thereby slowing the overall reaction rate [8]. Microreactors, as a form of
process intensification, are particularly suitable for biodiesel production due to their high
surface area-to-volume ratio, which minimises mass-transfer limitations and allows for
rapid and efficient reactions [9]. Their ability to handle small volumes with precise control
makes them ideal for complex reaction systems, such as the transesterification of WCO with
methanol. When combined with WCO feedstock, microreactors can significantly enhance
the sustainability and efficiency of the biodiesel production process. However, optimiza-
tion of reactor design and operational parameters requires a detailed understanding of the
reaction kinetics [8].

Kinetic modelling is crucial for the design of efficient biodiesel production processes,
the optimization of reactor performance and the scaling-up of production processes. Nu-
merous studies have investigated the kinetics of the transesterification reaction, with
pseudo-homogeneous models being the most commonly employed. These models simplify
the system by assuming the reaction is kinetically controlled, neglecting mass transfer
effects. Whilst these models provide reasonable accuracy, they may not fully capture the
complexities of WCO systems [10-12]. Alternative approaches, such as those based on the
two-film theory for biphasic systems [13] or irreversible pseudo-homogeneous kinetics [14],
have also been explored to account for specific reaction dynamics. Table 1 summarises
various kinetic models for transesterification, highlighting their underlying assumptions
and main findings.

Despite the progress in kinetic studies, several gaps remain in the current literature.
Firstly, there is limited research focused on non-edible feedstocks like WCO, which are
critical for ensuring the sustainability of biodiesel production. Furthermore, few studies
have systematically compared the accuracy of multiple kinetic models to determine the
most appropriate approach for specific systems. Finally, while some investigations explore
the use of microreactors for biodiesel production, they often overlook the potential influence
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of the microreactor’s high surface area-to-volume ratio on reaction kinetics and mass-
transfer phenomena.

Table 1. Summary of transesterification reaction-kinetic models reported in the literature.

Feedstock Reactor Catalyst Kinetic Model Main Findings Reference
Model showed good agreement with experimental data;
Batch and Intrinsic rate kinetics the microreactor achieved
Palm oil microreactor KOH with two-film theory the same conversion with a residence time 720 times [13]
mass transfer shorter than the batch reactor; results successfully used
for scale-up
Pseudo-first-order and Activation energy (E,) of the pseudo-first order model was
Canola oil Batch reactor KOH pseudo-homogeneous found to be 16.9% higher than that of the [14]
irreversible pseudo-homogeneous irreversible model
. o Methanolysis and hydrolysis occurred simultaneously in
. Eversa transform Ping-pong bi-bi . R .
Castor oil Batch reactor H enzyme-catalysed reactions, with methanolysis [15]
(Enzyme) mechanism dominating: . . . .
ominating; an adjusted model improved experimental fit
Vegetable ol ) Inte?dlgltal KOH and NaOH Blphasm_ with intrinsic Mo_d_el a_hgned with existing 11t§rature l?ut required [16]
micromixer reactor kinetic rate laws modifications to capture specific interfacial area effects
Palm and Fatty acid composition had a greater impact on reaction
mustard oil Batch reactor KOH Three-step, second order kinetics than chain-length distribution (171
Palm oil Microreactor NaOH Pseud_o-homogeneous, Model predicted results within 7.6% deviation up to the [18]
reversible second order onset of droplet coalescence
Sunflower oil High model accuracy across different microreactor
(ethanol) Microreactor Sodium ethoxide Biphasic, three-step diameters and ethanol-to-oil ratios; model also proved [19]

useful for optimising a glycerol removal system

This paper aims to address these gaps by investigating the transesterification of WCO
with methanol in microreactors, focusing on comparing the accuracy and applicability
of pseudo-homogeneous and biphasic kinetic models. The pseudo-homogeneous model,
often used as a standard, will be evaluated alongside the biphasic model, which explicitly
considers the two-phase nature of the system and leverages the unique surface-area-to-
volume-ratio characteristic of microreactors. By combining experimental results with
kinetic modelling, this study seeks to enhance understanding of the overall conversion
kinetics within the context of a lumped approximation and inform the design of efficient,
sustainable, and scalable biodiesel production processes.

2. Materials and Methods
2.1. Materials

The raw material for transesterification was waste cooking oil, which was provided by
Greenergy Biofuels Teesside Limited, UK; the chemical and physical properties are shown
in Table 2. Methanol was purchased from Sigma-Aldrich, Gillingham, UK. The catalyst,
KOH, was purchased from Scientific Laboratory Supplies, Nottingham, UK. The internal
standards were obtained from Merck, UK.

Table 2. Chemical and physical properties of the waste cooking oil (WCO).

Chemical Property Content
FFA content 1.33%
Water content 0.05%
Acid value 0.02mg KOH/g
Saponification value 194 mg KOH/g
Density 912 kg m 3

2.2. Transesterification Reaction in Microreactors

A methanol solution was prepared by dissolving the KOH into methanol for fixed
methanol-to-oil ratios and catalyst concentrations of 6:1 and 3 wt%, respectively. The
experimental rig was then set up as shown in Figure 1. A peristaltic pump (P-230, Harvard

https://doi.org/10.3390/pr14152401


https://doi.org/10.3390/pr14152401

Processes 2026, 14, 2401

4 0f 20

Apparatus, Holliston, MA, USA) was used to transfer WCO into the microreactor system.
The WCO was heated to 50-60 °C to lower the viscosity in order to avoid clogging the
microreactor. The methanol solution was pumped into the system via a syringe pump
(PHD ULTRA™ Syringe Pump Infuse Only Standard, Harvard Apparatus, Holliston, MA,
USA), and the two phases were mixed in a microfluidic T-mixer with the methanol entering
perpendicular to the WCO. The mixture then passed through the microreactor, which
was submersed in a water bath at 60 °C. The reacted mixture was deposited in a vial,
which was submersed in an ice bath to stop the reaction and ensure controlled residence
time. The residence time was controlled by changing the tube length from 0.5 m to 5 m,
yielding residence times of 0-3.5 min. This methodology is reflected by other studies that
investigated the use of microreactors for biodiesel production [6].

Microtube reactor submerged Product wash separated into
in hot water bath FAME+WCO and Methanol
+Glycerol+Catalyst

Heated
Microreactor

Methanol + KOH Coil

|

Glycerol +
Methanol + KOH

1-3mm Microtube Biodiesel + WCO

Figure 1. Schematic of the microreactor system.

Once collected, the samples were separated by washing gently with warm water
to remove glycerol, methanol and catalyst, leaving FAME, tri-, di- and monoglycerides.
This method of separation was chosen as it is simple and affordable and does not require
machinery. The washed samples were dried and prepared for Gas Chromatography—Flame
Ionisation Detection (GC-FID) analysis.

2.3. Analysis of Fatty Acid Methyl Ester (FAME) Content

The collected biodiesel samples were analysed as described in BS EN 14103:2020 [20]
to find the FAME content, as this provides an accepted method to determine the product
composition. An7890A GC-FID, Agilent Technologies, Santa Clara, CA, USA, instrument
equipped with a G3903-63011 capillary column (30 m x 0.25 mm x 0.25 pm), Agilent
Technologies, Santa Clara, CA, USA, was used to analyse the samples for the FAME
analysis. Hydrogen was used as a carrier gas, and the column temperature, injection
volume and flow rates were selected as described in the aforementioned standard. The
ester content of the sample was then calculated using Equation (1) [20]:

Z(AsRs) — Ars  Wis

x —15 % 100 1)

Ester Content % =
Als Ws
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where Ag and Ajs are the peak areas of the sample and the internal standard, Rg is the
correction factor of the flame ionisation detector for the sample relative to the internal
standard, and Wg and Wjg are the weights of the sample and internal standard.

2.4. Determination of Reaction Kinetics

The transesterification reaction for biodiesel production involves 3 consecutive re-
versible reactions, as shown in Equations (2)-(4) [21]:

TG + M DG + ME )
DG+ M «» MG + ME 3)
MG +M + G+ ME (4)

Here, TG, DG, MG, M, G and ME denote triglycerides, diglycerides, monoglycerides,
methanol, glycerol, and methyl esters, respectively. As methanol and oil are immiscible,
it is expected that, initially, interfacial mass transfer controls the reaction. However, as
the reaction proceeds and methyl esters (biodiesel) are formed, the system transitions to
a single phase, where kinetics govern the reaction rate [22]. It is widely recognised that
the first step (Equation (2)) is the rate-determining step due to its slower reaction rates
compared to the subsequent steps [23]. This understanding forms the basis for the kinetic
modelling of biodiesel production.

Although transesterification involves a three-step reaction, the present study adopts
a single-step lumped kinetic approach. This approach was selected because, firstly, it
is widely recognised that the initial conversion of triglycerides is the rate-determining
step, while the subsequent equations proceed considerably faster under homogeneous
base-catalysed conditions [24,25]. Consequently, the concentrations of diglycerides and
monoglycerides remain considerably low, and the overall reaction rate is governed pri-
marily by triglyceride conversion [26]. Secondly, single-step lumped kinetic models have
been successfully applied to describe overall biodiesel production, particularly for reactor
design, process optimisation and scale-up, where total FAME conversion is the primary
design parameter rather than the concentration profiles of intermediate species [27-30]. In
particular, pseudo-homogeneous irreversible second-order models have shown satisfactory
prediction of overall biodiesel conversion. Thirdly, the employed analytical method (BS EN
14103:2020) is the standard industrial method for determination of FAME content but does
not quantify intermediate glycerides, which would require additional analytical techniques.
Consequently, the single-step lumped model should be regarded as an engineering approx-
imation describing the overall conversion process rather than the reaction mechanism.

To evaluate the reaction kinetics, the separated product phase, which is composed
primarily of FAME and unreacted WCO, was analysed to determine the FAME content.
Based on the product volume and known initial concentrations, mass fractions of individual
species were interpolated.

The following assumptions were made to simplify the kinetic analysis:

The system operates under steady-state conditions.
Transient effects are neglected.

The saponification side reaction is considered negligible.
The transesterification reactions are treated as irreversible.

The three-step mechanism is approximated as a single-step lumped reaction with the

rate-determining step governing overall conversion.

e  FAME is assumed to reside solely in the oil (triglycerides) phase; methanol does not
contain dissolved FAME.

e  Both oil and methanol phases are assumed to be well mixed, with a uniform composition.
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e  Heat transfer through the PTFE microtube is neglected due to the small scale and
controlled operating temperature.

2.4.1. Pseudo-Homogeneous Kinetic Model

The pseudo-homogeneous model assumes that mass-transfer limitations are negligible
and that the transesterification reaction occurs within a single, homogeneous phase. In
the literature, the base-catalysed transesterification reaction is typically modelled using
either a first-order (5) or second-order (6) reaction. The first-order model is particularly
suitable under conditions of excess methanol (molar ratio higher than 6:1), where methanol
concentration remains effectively constant throughout the reaction [24].

—tg = —% = k[TG] )
d[TG]
Cdt
While the pseudo-homogeneous model offers simplicity and has been shown to

= k[TG][M] (6)

—r; = —

provide reasonable accuracy in certain systems [14], it does not account for interfacial
effects or mass-transfer limitations, which can lead to deviations in systems with immiscible
phases, where mass transfer plays a key role [31]. In addition to the general assumptions
outlined in Section 2.4, the following specific assumptions were considered for the pseudo-
homogeneous kinetic model:

e  The system behaves as a single homogeneous phase.
e  The reaction occurs uniformly throughout this homogeneous phase.

2.4.2. Biphasic Kinetic Model

The biphasic model accounts for the immiscibility of methanol and WCO, considering
mass transfer across the interface as described by the two-film theory. The two-film theory,
originally proposed by Lewis and Whitman [32], considers a thin interfacial layer separating
two bulk phases through which mass transfer occurs. The transfer rate is governed by
the interfacial area-to-volume ratio and the diffusivity of each species in its respective
phase. While the theory is traditionally applied to gas-liquid systems, this framework has
been successfully adapted to model liquid-liquid systems, including biodiesel production
involving immiscible phases. In this model, the reaction is assumed to occur within
the methanol-rich phase, consistent with previously reported biphasic transesterification
models [12,18]. Although methanol and triglycerides are largely immiscible, triglycerides
that diffuse across the liquid-liquid interface are exposed to the homogeneous KOH catalyst,
which is dissolved only in the methanol-rich phase. This assumption provides the basis for
modelling the chemical reaction within the methanol phase while explicitly accounting for
interphase mass transfer.

The reaction kinetics are modelled using second-order rate expressions, as the assump-
tion of excess methanol is less applicable in a phase-separated system. The governing
system of ordinary differential equations (ODEs) (Equations (7)—(12)) is present below:

MG _ _Kopa((rG), - TG, o
MMy _Kygpa( (M, — (M, ®
ATCL _ Kopal(TG), - [TC1,) ~ KITGL (M), o)
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Here, [TG], and [M], are the concentrations of triglycerides and methanol in their bulk
phases (mol m~3) and [TG]; and [M]; are the concentrations of triglycerides and methanol
at the interface (mol m~3). The k parameter is the reaction rate constant (s 1), and Kop and
Kp are the mass-transfer coefficients for oil and methanol across the oil-methanol interface,
respectively. These coefficients were estimated from Sherwood numbers [33] calculated
using the Ranz-Marshall correlation [34], together with diffusivity properties of the liquids
(m? s71) estimated using the Wilke-Chang correlation [35]. The interfacial area per unit
volume (o, m? m~3) was estimated from the experimentally observed slug geometry using
optical images of the slug lengths. These ODEs were solved numerically using MATLAB
R2023a to estimate the concentrations and determine the reaction rate constants.

To further refine the model, an enhancement factor (Equation (13) [36]) was also
considered, which is a standard practice in two-film theory when assessing whether the
process is diffusion- or reaction-limited [36]. The Hatta modulus (Equation (14) [36]) is used
to determine if the reaction is diffusion- or reaction-limited and, thus, the enhancement
factor can be calculated. The enhancement factor is multiplied by the rate of reaction to
provide a more accurate biphasic kinetic model.

Ha
E= tanh(Ha) (13)
VkDi0p[TC],
Ha — VkDwm,op[TGCly (14)
Kmp

Here, Dy op is the diffusivity of methanol in the oil phase (m?s71).
Additional assumptions specific to the biphasic model include the following:

e  Methanol and WCO form two immiscible phases.
e  The reaction occurs solely in the methanol phase, as the miscibility of oil in the
methanol phase is higher than that of methanol in the triglyceride phase [13].

2.5. Error Analysis

The experimental results were compared to model predictions using conventional
goodness-of-fit metrics, i.e., the R? value, the root mean square error (RMSE) and the mean
absolute error (MAE), as described in Equations (15)—(17) [37]. Akaike information criteria
(AIC) and Bayesian information criteria (BIC) analyses were also performed to determine
the effectiveness of these models while also taking into account model complexity. Unlike
goodness-of-fit metrics, AIC and BIC penalise models containing a greater number of fitted
parameters, thereby providing a more balanced assessment of predictive capability and
model performance. As the present study involved a relatively small dataset, the corrected
Akaike Information Criterion (AICc) was used. The corresponding equations for AIC. and
BIC are given in Equations (18) and (19) [38—40].

R2=1-— M (15)

im1 (yi — 7))’
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~ 2
RMSE = z:l(]/z—l/l) (16)
n
1 n
MAE = ) |yi — il (17)
i=1
2k(k+1)
— 5. 2
AICC—nln(RMSE>+2k+<nk1> (18)
BIC = n-In(RMSE?) + k-n(n) (19)

Here, ij; is the results of the model, ¥; represents the mean result, y; represents the
experimental result, # is the number of tests and k is the number of fit parameters used in
the model. Each experiment was performed in triplicate, and the corresponding standard
deviations were calculated.

3. Results and Discussion
3.1. Transesterification Reaction Conversion

Transesterification of WCO with methanol was performed in a microreactor using
KOH as a homogeneous base catalyst. The effects of residence time and temperature (40 °C,
50 °C and 60 °C) on methyl ester (biodiesel) formation were studied. As shown in Figure 2,
the conversion of triglycerides followed a logarithmic profile, with methyl ester content
reaching a plateau at approximately 100 s. This rapid approach to equilibrium is attributed
to the high surface area-to-volume ratio and intensified mixing in the microreactor, which
significantly reduces the boundary-layer thickness and accelerates interfacial transport [41].
It can also be seen that temperature had a significant effect on the reaction. At 60 °C, ~99%
conversion was achieved, while even at a lower temperature of 40 °C, conversion reached
~93% within 200 s. All performed experiments exhibited slug flow behaviour (inset of
Figure 2) at the inlet of the microreactor, which enhanced mass transfer by promoting
internal circulation and reduced diffusion paths. This flow regime facilitated efficient
mixing and supported the progression of the reaction along the reactor length.

100 ]

b
Ep
2]

B+

ab-
~EH
(=

9 |
80 |
0 ‘{; A40°C
60 r Methanol+ WCO+ 050°C
50 | KOH slug M 60°C

D
—p

40 |

Methyl ester content, %

30 |
20
10 r

O 1 1 1 1 |V 1
0 0.5 1 1.5 2 2.5 3 3.5
Residence time, min

Figure 2. Effect of residence time and temperature on reaction conversion using a 1 mm diameter
microtube, 6:1 methanol-to-oil ratio, and 3 wt% KOH catalyst loading. (Images show the flow pattern
transition in the microtube during transesterification).
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3.2. Transesterification Reaction Kinetics and Mass Transfer Analysis

Two kinetic models were applied to the experimental data to assess their predictive
performance: a pseudo-homogeneous model and a biphasic model. Both models assumed
a single-step reaction model.

3.2.1. Pseudo-Homogeneous Model

The pseudo-homogeneous kinetic model, based on second-order kinetics, was applied
to the data obtained at 60 °C. Figure 3 presents the experimental data alongside the model
predictions. While first- and second-order models produced similar results, due to methanol
being in excess, the second-order model provided a slightly better fit, as reflected by a
higher R? value and a lower RMSE (see Table 3). Although the MAE was slightly higher,
which suggests reduced sensitivity to outliers, the second-order model was selected for
further analysis because it accounts for the methanol in the system more accurately.

=
©

4
=)

T

e
3

Triglycerides (model) |
Methanol (model)
FAME (model)
Glycerol (model)

@ Triglycerides (exp)
Methanol (exp)

=4
=3

FAME (exp)
G\ycer9\ (e{p) i

Component Mass Fraction
o o
> v

o
w

<
[N}

=

o

L
0 0.5 1 1.5 2 25 3 35
Residence time, min

Figure 3. Comparison of experimental data and pseudo-homogeneous second-order kinetic model
predictions for the transesterification reaction at a constant 60 °C using a 1 mm diameter microtube, a
6:1 methanol-to-oil ratio, and 3 wt% KOH catalyst loading.

Table 3. Comparison of pseudo-homogeneous and biphasic models with statistical data.

. .. . Pseudo-Homogeneous Pseudo-Homogeneous . .
Statistical Metric First-Order l\g/lodel Second-Ordef Model Biphasic Model
R? value 0.9428 0.9439 0.9603
RMSE 0.0503 0.0483 0.0433
MAE 0.0397 0.0386 0.0344
AICc —120.3 —121.4 —119.0
BIC —116.2 —117.5 —114.4

3.2.2. Biphasic Model

The biphasic model also assumed a single-step reaction mechanism and was eval-
uated using the same data from the experiments conducted at 60 °C. As can be seen in
Figure 4, there is a strong agreement between experimental and predicted values. Although
the trends were similar to those of the pseudo-homogeneous model, the biphasic model
provided reasonable predictions of the overall conversion dynamics with a slightly differ-
ent curve, particularly at early residence times. Both models were tested across all three
temperatures (40 °C, 50 °C and 60 °C) and evaluated using the goodness-of-fit metrics,
i.e., the average R?, the average RMSE, and the average MAE, together with the corrected
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Akaike Information Criterion (AICc) and Bayesian Information Criterion (BIC), which
account for model complexity. As shown in Table 3, the biphasic model achieved the
highest predictive accuracy, exhibiting the highest R? value and the lowest RMSE and MAE.
When model complexity was considered, the pseudo-homogeneous second-order model
produced slightly lower AICc and BIC values than the biphasic model. This indicates
that its simpler mathematical formulation provides a marginally better balance between
predictive capability and model complexity. However, the differences in AICc and BIC
were relatively small (approximately 2-3 units), suggesting that the two models provide
statistically comparable descriptions of the experimental data. Consequently, model selec-
tion should be guided by the intended application. The pseudo-homogeneous model is
suitable for rapid engineering calculations and preliminary reactor design, whereas the
biphasic model is more appropriate when an accurate representation of interfacial mass
transfer and phase interactions is required.

1 T T T T T T

09 .
08| 1
c
s
s 0.7 8
(=}
©
s 06 Triglycerides (model)| |
a Methanol (model)
2 05 FAME (model) i
2 : Glycerol (model)
Q4 @ Triglycerides (exp) |
S : Methanol (exp)
= 0.3 FAME (exp) i
5 : Glycerol (exp)
0.2 ]
0.1 - 8 = - o _
0 0.5 1 1.5 2 2.5 3 3.5

Residence time, min

Figure 4. Comparison of experimental data and biphasic kinetic model predictions for the transesteri-
fication reaction at a constant 60 °C using a 1 mm diameter microtube, a 6:1 methanol-to-oil ratio,
and 3 wt% KOH catalyst loading.

3.2.3. Mass-Transfer Effects

The significance of mass transfer was further evaluated using the Hatta number and
enhancement factor (E). Hatta numbers ranging from 1.45 to 1.48 were obtained across
the temperature range. Since 0.2 < Ha < 2, the rate of chemical reaction follows a fast
intermediate reaction rate; thus, both reaction and diffusion affect the rate, and neither dom-
inates [36]. Accordingly, the enhancement factor was approximated using Equation (13),
finding a range of 1.617-1.645. Although the pseudo-homogeneous model provided rea-
sonably good predictive accuracy and remains useful for simpler, less computationally
demanding scenarios, the biphasic model offered more accurate representation of the
system, particularly in capturing the roles of mass transfer and phase interaction.

3.3. Thermodynamic Analysis of Pseudo-Homogeneous and Biphasic Models

Utilising the fitted kinetic models, key thermodynamic parameters, such as activation
energy and pre-exponential factors, were determined to account for the energy requirements
of the transesterification reaction. These values were extracted by varying the reaction rate
constants to obtain the best model fit, as summarised in Table 4. The reaction rate constants
obtained from the biphasic model differed from those of the pseudo-homogeneous model
because the two models define the reaction rate differently. In the pseudo-homogeneous
model, concentrations are referenced to the reactor volume, and transport phenomena are
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implicitly incorporated into a single apparent reaction rate constant. In contrast, the bipha-
sic model evaluates phase-specific concentrations and explicitly accounts for interfacial area
and mass transfer between immiscible phases. Consequently, the reaction rate constants
obtained from the two models have different physical meanings. The pseudo-homogeneous
model yields a global apparent rate constant that implicitly incorporates transport effects,
whereas the biphasic model yields an apparent interfacial rate constant after explicitly
accounting for mass transfer and phase interactions. Accordingly, the fitted rate constants
should not be interpreted or compared as intrinsic kinetic parameters.

Table 4. Thermodynamic kinetic parameters obtained from pseudo-homogeneous and biphasic
transesterification models.

Pseudo-Homogeneous

Kinetic Metric Second-Order Model Biphasic Model
Ea., k] mol™! 11.02 (4:24.82) 15.61 (£22.70)
AHE, KJ mol ! 8.335 (+24.51) 12.93 (£22.40)
ASt, Jmol~1 K1 —241.9 (£75.93) —272.3 (£69.39)
AGHE, (at 298 K), k] mol ! 80.42 (+£47.14) 94.08 (£43.08)
Pre-Exponential Factor, m® min—! mol~! 4.217 0.1090
k at 60 °C, m® min~! mol~! 0.080 3.933 x 107*
k at 50 °C, m® min—! mol ! 0.068 3.186 x 104
k at 40 °C, m® min~! mol~! 0.062 2.742 x 1074
Enhancement factor N/A 1.617-1.645
Kop, ms™1 N/A 9.17 x 1070-1.16 x 107>
Kyp, ms™! N/A 8.76 x 1076-1.31 x 103

95% confidence intervals calculated using tp 51 = 12.706. Due to the limited temperature range (n = 3), the
confidence intervals are relatively wide, with lower bounds extending to physically unrealistic negative activation
energies. These intervals reflect regression uncertainty rather than physically meaningful values; the reported
parameters should be interpreted as approximate apparent values.

Kinetic rate constants were determined at three temperatures (40 °C, 50 °C and 60 °C)
and used to construct Arrhenius and Eyring plots. As only three temperature points were
chosen, the regression analysis has limited degrees of freedom. Therefore, the derived
activation energy and thermodynamic activation parameters should be interpreted as
approximate values specific to the investigated operating window. To quantify the as-
sociated uncertainty, 95% confidence intervals were calculated and are reported for all
fitted parameters.

The Arrhenius plots (Figure 5a,b) were used to derive the activation energies and
pre-exponential factors for each model. The pseudo-homogeneous model (Figure 5a)
resulted in a strong linear correlation (R? = 0.9695), supporting its validity in describing
the temperature dependence of the reaction rate. However, the biphasic model (Figure 5b)
demonstrated an even better fit, with higher linearity (R? = 0.9871), which further supports
the strength of this model to capture the underlying kinetics more accurately. To further
evaluate the thermodynamic feasibility and energy changes associated with the reaction,
the Eyring—-Polyani Equation (20) and the Gibbs free energy Equation (21) were applied,
following the methodology outlined by Kumar et al. [28]. Eyring plots for both the pseudo-
homogeneous and biphasic model are presented in Figure 6. The resulting thermodynamic
parameters, activation enthalpy (AH?), activation entropy (AS?), and activation free energy
(AG?) are listed in Table 4. It can be seen that both models produced positive values
for the activation enthalpy and free energy, indicating that there is an energetic barrier
present when the transition state is formed and that the formation of this transition state
is endothermic. Furthermore, the negative activation entropy suggests that the transition
state is more ordered than the reactants.

ka _Q
— ——¢ RT

k (20)
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AGY = AH? — TASH (21)
-2.40 -7.75
y = -1325.4x + 1.4392
-2.50 R2 = 0.9695 -7.85 y=-1877.8x — 2.2168
R?=0.9871
-2.60 —~ —7.95
= =
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1/T, x1073 K1 1/T, x10-3 K1

(a) (b)

Figure 5. Arrhenius plot for (a) pseudo-homogeneous second-order model and (b) biphasic second-
order model for the transesterification of WCO based on experimentally determined rate constants
over the temperature range of 40-60 °C. Conditions: 1 mm microtube diameter, 6:1 methanol-to-oil
ratio and 3 wt% KOH catalyst loading.

—8.20 -13.50
y = -1002.5x - 5.3384 et son
-8.30 R? = 0.9491 -13.60 y=-15549 &
E —~-13.70
< -8.40 =
= Z -13.80
-8.50
~13.90
~8.60 -14.00
200 209 315 3.25 2.95 3.05 3.15 3.25
1T, x1072 K™ 1T, x10-3 K-

(a) (b)

Figure 6. Eyring plot for (a) pseudo-homogeneous second-order model and (b) biphasic second-order
model for the transesterification of WCO based on experimentally determined rate constants over the
temperature range of 40-60 °C. Conditions: 1 mm microtube diameter, 6:1 methanol-to-oil ratio and
3 wt% KOH catalyst loading.

To evaluate the robustness of the derived thermodynamic parameters, a sensitivity
analysis was conducted. The reaction rate constants and the mass-transfer coefficients, as
the primary inputs, were varied by up to £10%, and the resulting changes in activation
energy, activation enthalpy, activation entropy, and activation free energy were analysed. It
should be noted that this evaluation represents a parameter sensitivity analysis to assess
the sensitivity of the derived activation parameters to moderate variations in the fitted
model parameters.

This analysis was performed at 60 °C, where the largest fluctuations were observed,
and the results are summarized in Tables 5-7. The pseudo-homogeneous model showed
greater sensitivity to changes in reaction rate constants, with larger percentage deviations
observed in the thermodynamic parameters. In contrast, the biphasic model exhibited
smaller variations, suggesting that its derived parameters are more stable and less sensitive
to small experimental or fitting errors. The mass-transfer coefficients had a minimal
effect on the thermodynamic parameters, indicating that the system operates in a regime
where mass-transfer resistance is minimised, provided by the microreactor set-up, thereby
allowing the reaction to be mainly governed by chemical kinetics. Among all parameters,
the change in activation enthalpy was the most affected, showing a maximum deviation of
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3.51%. However, across both models and parameters, all percentage variations remained
relatively low, indicating that the obtained thermodynamic results are stable and not
critically dependent on small changes in the fitted kinetic constants.

Table 5. Sensitivity analysis of thermodynamic parameters for the transesterification reaction at 60 °C,
varying the reaction rate constant.

Models % Variation of k-Values —10% —5% 0% +5% +10%
Pseudo-homogeneous Ea, K] mol ! 11.27 11.12 10.98 10.85 10.72
model % Change of E, 2.66 1.29 0.00 1.23 2.40
Biphasic model Ea, k] mol~! 15.87 15.72 15.58 15.44 15.31
P % Change of E, 1.87 0.91 0.00 0.87 1.69
Pseudo-homogeneous AHi, kJ mol~! 8.59 8.45 8.30 8.17 8.04
model % Change of AH# 3.51 1.71 0.00 1.63 3.18
. . AHY, k] mol ! 13.17 13.02 12.88 12.75 12.62
Biphasic model
% Change of AH# 227 1.10 0.00 1.05 2.05
Pseudo-homogeneous AS¥, T mol 1 K1 —242.7 —242.2 —272.3 —241.4 —241.0
model % Change of ASH 0.36 0.18 0.00 0.17 0.33
. . ASt, Tmol 1K1 —273.58 —272.93 —272.30 —271.70 —271.13
Biphasic model
% Change of ASH 0.47 0.23 0.00 0.22 0.43
Pseudo-homogeneous AGF (at 298 K), k] mol 1 80.91 80.63 80.36 80.10 79.86
model % Change of AGH 0.69 0.33 0.00 0.32 0.62
Bi . AGH (at 298 K), k] mol 1 94.84 94.45 94.08 93.73 93.39
iphasic model
% Change of AGH 0.81 0.39 0.00 0.37 0.73

Table 6. Sensitivity analysis of thermodynamic parameters for the transesterification reaction at 60 °C,
with the biphasic model varying the oil-phase mass-transfer coefficient.

% Variation Of KOP —100/0 —50/0 00/0 +50/0 +10°/0
E., k] mol~! 15.37 15.48 15.58 15.67 15.77
% Change of E, 1.30 0.64 0.00 0.58 1.27
AHE, K] mol ! 12.68 12.78 12.88 12.97 13.08
% Change of AH? 1.58 0.78 0.00 0.70 1.53
ASF, Tmol 1 K1 —271.4 —271.9 —272.3 —272.7 —2732
% Change of AS* 0.33 0.16 0.00 0.15 0.32
AGH (at 298K), k] mol 1 93.55 93.82 94.08 94.32 94.60
% Change of AGY 0.56 0.28 0.00 0.25 0.55

Table 7. Sensitivity analysis of thermodynamic parameters for the transesterification reaction at 60 °C,
with the biphasic model varying the methanol-phase mass-transfer coefficient.

% Variation of Kyp —10% —5% 0% +5% +10%
Ea,, k] mol~1 15.53 15.55 15.58 15.63 15.66

% Change of E, 0.32 0.17 0.00 0.32 0.52
AHE, K] mol ! 12.823 12.85 12.88 12.93 12.96

% Change of AH* 0.39 0.21 0.00 0.38 0.63

ASF, Jmol 1 K1 —272.1 —2722 —272.3 —2725 —272.7

% Change of AS* 0.08 0.04 0.00 0.08 0.13
AGH (at 298K), k] mol 1 93.95 94.01 94.08 94.21 94.30
% Change of AGY 0.14 0.07 0.00 0.14 0.23
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3.4. Comparative Analysis of Reported Literature

This section compares the kinetic and thermodynamic parameters obtained in this
study with selected literature. The complexity of transesterification kinetics, especially
for waste-derived feedstocks such as waste cooking oil, necessitates robust modelling
approaches that account for phase interactions and mass-transfer limitations. Table 8
summarises representative studies relevant to the current work, highlighting feedstocks,
catalysts, thermodynamic parameters, kinetic models, and associated mass-transfer char-
acteristics. Because these models employ different reaction orders, kinetic formulations
and phase treatments, the reported rate constants have different physical meanings and
units. Consequently, the comparison is intended to illustrate the diversity of modelling
approaches reported in the literature rather than provide direct quantitative benchmarks
between rate constants.

3.4.1. Comparison of Thermodynamic Parameters of WCO and Edible Oils

The activation energy determined in this study (11.02 k] mol ~! 4 24.82) is significantly
lower than values reported for edible oils. For instance, Noureddini and Zhu [25] reported
values ranging from 33.47 to 83.68 k] mol ! for soybean oil as a feedstock using a three-step
pseudo-homogeneous second-order kinetic model in a batch reactor; however, the large
confidence intervals due to the limited temperature range mean that statistical significance
could not be firmly established. Nevertheless, the significant reduction in activation energy
observed in this work suggests that there is a combined effect of intensified transport
exhibited in microreactors and WCO properties that facilitate transesterification. The
high surface area-to-volume ratios and the intensified mixing reduce the boundary-layer
thickness and accelerate interfacial transport, and in traditional batch reactors, mass-transfer
resistances can limit the initial reaction rates [6,7,22]. In addition, WCO undergoes thermal
and oxidative degradation during cooking, producing shorter-chain and partially oxidised
fatty acid derivatives. These species may require less activation energy to transesterify.
This is corroborated by Uzun et al. [29], who reported a comparable activation energy of
11.74 k] mol~!. In the current work, approximately 1-3 wt% of FAME was found to be
composed of fatty acids chains shorter than C16:0, suggesting that the presence of low-
chain triglycerides may have contributed partly to the observed lower activation energy
compared to typical values.

3.4.2. Comparison of Mass-Transfer Coefficients and Solvent Miscibility

Given WCOQ's high viscosity, mass-transfer limitations were also compared with those
of other systems. Richard et al. [19] reported an average mass transfer coefficient of
1 x 107> m s~ ! sunflower oil in ethanol, which is comparable to the 1.16 x 107> m s~!
observed for the methanol-WCO system. Although similar in magnitude, this is not a
direct comparison, as ethanol’s superior miscibility with triglycerides likely elevates its
mass-transfer coefficient. Bannatham et al. [13] reported a higher mass-transfer coefficient
(2.3 x 107> m s™) for palm oil in a microreactor, which can be attributed to the lower
viscosity of palm oil relative to WCO. These comparisons underscore the need to account

for alcohol choice and feedstock properties when evaluating mass-transfer effects.

3.4.3. Performance of Kinetic Models in the Literature

In this work, the biphasic model and the pseudo-homogeneous model were found to be
statistically similar, with the pseudo-homogeneous model providing lower complexity but
the biphasic model providing higher accuracy. Zanjani et al. [42] investigated four different
kinetic models for transesterification and observed a similar behaviour; they found that a
non-linear modified pseudo-homogeneous model was necessary to fit experimental data
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with heterogeneous catalysts. Pseudo-homogeneous models oversimplify the existence of
concentration gradients across the phase boundary, assuming complete mixing. However,
with sufficient residence time and mixing, the performance gap narrows, as also found
by Kumar et al. [28], who obtained a maximum R? value of 0.9732 using a second-order
pseudo-homogeneous model with waste cooking oil feedstock. Similarly, Richard et al. [19]
showed that biphasic models can offer excellent agreement when parameters are tuned
appropriately. While both models are viable, biphasic modelling better captures early-stage
reaction kinetics in immiscible systems, better reflecting initial rate limitations.

3.4.4. Thermodynamic Trends Across Models

The derived thermodynamic parameters, such as activation enthalpy, activation en-
tropy and activation free energy, can provide insight into the reaction’s energy profile
and were compared with parameters reported in selected studies, particularly those
involving WCO-based systems. Compared to the studies by Kumar et al. [28] and
Pugazhendi et al. [43], this study reported lower AG* values, which may reflect differ-
ences in the catalyst concentration, reactor configuration, or feedstock characteristics.
Nonetheless, all studies reported positive AG* values, indicating that the reaction is ther-
modynamically unfavourable under standard conditions to achieve the transition state,
consistent with the endothermic nature of the formation of the transit and the dependence
on external energy input to proceed. The lower activation enthalpy observed in this study
may be attributed to enhanced molecular transport and interfacial interactions within the
microreactor. Moreover, the more negative AS* value suggests that the system evolves
toward a more ordered transition stage, possibly due to the alignment of methyl esters
at the interface during reaction. Interestingly, the thermodynamic trends observed here
align more closely with the findings of Nautiyal et al. [44], who used an algal feedstock and
acid catalysis, suggesting that reactor configuration and feedstock composition may have a
stronger influence on thermodynamic behaviour than the reaction mechanism itself.
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Table 8. Comparison of studies investigating models of reaction kinetics and properties for transesterification reactions.
Activation Energ AHY, kJ mol~1; AS* Reaction Rate Constant Mass-Transfer
Feedstock Catalyst Kinetic Model - Y P + S . Coefficients at Other Comments Reference
kJ mol—1 Jmol-1 K-1; AG*, k] mol ! at60 °C 60°C. ms 1
i 8.335 (£24.51)/12.93 (+£22.4); B ) ] . )
Pseudo'homqgeneous 11.02 (+24.82)/ 2419 (£75.93)/—272.3 0.080/3.933 x 10-* m? K()’i—_ Microreactor: The blpha51c model achieved Current
WCO KOH and biphasic (both . ) 1 1.16 x 107 Kyp = the best accuracy, with Arrhenius plot
15.61 (£22.70) (469.39); 80.42 min~! mol M esta A work
second order) (-+47.14)/90.48 (+43.08) 1.31 x 10 yielding an R*-value of 0.9871.
Pseudo-Homogeneous Kinetic Models
L Pseudo-homogeneous Batch reactor: The Arrhenius plot had an
Waste frying oil NaOH first order 11.74 NR NR NR RZ-value of 0.896. [29]
Calcinated waste mussel 1 Batch reactor: The model showed an MRE
WCO shells or DM water Pseudq—homogeneous 77.09 NR 0.0819 hr,l NR of 11.68-12.33%; a heterogeneous catalyst [45]
L first order 79.83 0.0932 hr
treatment precipitate allowed for reuse.
N . : 2
WCO KOH Pseudq homogeneous 45.76 43.04; —144.9;91.32 0032751 NR Batch reactor: Maximum R ‘value of 0.9732 [28]
first order obtained for the kinetic model.
N . 2
WCO Alkaline Pseudo_ homogeneous 57.82 55.09; —103; 89.90 0.025-0.092 min-! NR Batch reactor: An average R valge of 0.955 [43]
first order was obtained from the Arrhenius plot.
WCOo H,S0, and NaOH Pseudq—homogeneous 88.77 NR 0.0078 min-1 NR Batch reactor: A 2-step process'c'ombmmg 130]
first order esterification and transesterification.
Spirulinaplantensis Pseudo-homogeneous . . . Batch reactor: High catalyst concentration o
(algae biomass) H80, first order 14.52 16.35; ~232.83;92.71 0.001 min NR (60%) required for effective conversion. (441
3-step 0.050,0.110, 0.215, 1.228, Batch reactor: Reaction exhibited an initial
Soybean oil NaOH pseudo-homogeneous 33.47-83.68 NR 0.242,0.007 for each NR mass transfer-controlled regime, followed [25]
second order reaction step by a kinetically controlled regime.
Microreactor: The model showed a
. Pseudo-homogeneous 76.97 (forward) 106.23 0.1032 (forward) 0.0793 maximum deviation of 7.6% if reaction
Palm oil NaOH - NR (backward) L NR P, [18]
reversible second order (backward) P 1 equilibrium was reached before
min~" mol
droplet coalescence.
Biphasic Kinetic Models
Rapeseed and ) . . 47 (forward) 36 0.0222-0.0879 L min ! _ 5 . .
waste KOH 3-step biphasic (backward) 93 (forward) NR mol- for rate Krg = O.Zjl.% 1>< 10 Batch reactor: Apphed successfully for [46]
; second order s m min scale-up to industrial-scale operations.
sunflower oils 48 (backward) determining step
0.537-2.518 1> min 31 =0.035-0.093, . . .
y . . 5 . - ¢ Micromixing devices (ethanol): Mass
Soybean oil KOH 3 step biphasic NR NR mol for different B2 _70'184ﬁ1'158’ transfer increased with lower [47]
first order micromixers and the B3 =0-0.05dm . .
o 1 inner diameters.
rate-determining step min~', where 3 =ka
5% 10-2 12 s~ mol-2 Microreactor (ethanol): The model was
High-oleic 3-step biphasic Krc =1x10° m/s validated experimentally and used to
. EtONa . NR NR for the X [19]
sunflower oil third order . (averaged) simulate and propose
rate-determining step . i
alternative conditions.
Krp = )
Biphasic first order 5.18-5.86 x 10~ .
Soybean and NaOH (mass transfer of NR NR 5.17-5.78 x 103571 s 1Kg = 1.02-1. Batch reactor: The mass-transfer rate [48]
sunflower oil . T competed with the reaction rate.
glycerol included) x107*s
for glycerol

Single-step lumped kinetics is assumed, unless noted as 3-step reaction. Rate constants reported in this table originate from kinetic models with different reaction orders, mathematical
formulations and phase treatments. Consequently, they have different units and physical meanings and are presented for qualitative literature comparison only; they should not be
interpreted as directly comparable intrinsic kinetic parameters.
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4. Conclusions

This study demonstrated that base-catalysed transesterification of waste cooking oil
(WCO) with methanol can be efficiently carried out in a microreactor system, achieving
over 90% methyl ester yield within 100 s. The high surface area-to-volume ratio and en-
hanced mixing characteristics of the microreactor minimized mass-transfer limitations and
improved reaction rates, making it a promising platform for sustainable biodiesel produc-
tion. Two kinetic models were evaluated to describe the reaction: a pseudo-homogeneous
second-order model and a biphasic second-order model. While both provided reasonable
fits, the biphasic model more accurately represented the reaction system by explicitly ac-
counting for the immiscibility and interfacial mass transfer between WCO and methanol.
However, the pseudo-homogeneous model provided a lower AICc and BIC value due to its
simplicity; therefore, the choice of model is dependent on physical and mechanistic needs.
The activation energy derived from the biphasic model (15.61 k] mol~! + 22.70) was lower
than typical values reported for homogeneous systems, reinforcing the hypothesis that
microreactors alleviate transport limitations. Thermodynamic analysis revealed positive
activation enthalpy and activation free energy and negative activation entropy, indicating
that there is a finite energy barrier when reaching the transition state, with the formation of
this transition state being endothermic and the transition state being more ordered than the
reactants. The presented kinetic models assume a single-step lumped mechanism for trans-
esterification. While this approximation predicts overall FAME yield, it does not capture
the evolution of intermediate species, and future work incorporating this analysis would
be beneficial to provide a better mechanistic understanding of the system. This research
was also limited by obtaining thermodynamic parameters with only three temperatures,
resulting in wide confidence intervals; therefore, the parameters should be interpreted as
approximate values specific to the experimental conditions, and in the future, additional
experiments are required to obtain more statistically robust activation parameters. Overall,
this work highlights the viability of integrating waste-derived feedstocks, microreactor
technology, and mechanistic kinetic modelling to design intensified, sustainable biodiesel
production systems. Future efforts should focus on validating these models under varying
conditions and scaling the process while maintaining mass-transfer advantages.
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Abbreviations

The following abbreviations are used in this manuscript:

WCO Waste cooking oil

FFA Free fatty acid

FAME Fatty acid methyl ester

GC-FID  Gas chromatography flame ionisation detection

TG Triglyceride
DG Diglyceride
MG Monoglyceride
M Methanol

G Glycerol

ME Methyl ester

PTFE Polytetrafluoroethylene
ODE Ordinary differential equation
RMSE Root mean square error

MAE Mean absolute error
NR Not reported
References
1.  Department for Business E and IS. Net Zero Strategy: Build Back Greener; Department for Business E and IS: London, UK, 2021.

10.

11.

12.

13.

14.

15.

Department for Energy Security & Net Zero. Biomass Strategy 2023; Department for Energy Security & Net Zero: London, UK,
2023.

Cherwoo, L.; Gupta, I.; Flora, G.; Verma, R.; Kapil, M.; Arya, S.K.; Ravindran, B.; Khoo, K.S.; Bhatia, S.K.; Chang, S.W.; et al.
Biofuels an alternative to traditional fossil fuels: A comprehensive review. Sustain. Energy Technol. Assess. 2023, 60, 103503.
[CrossRef]

Okolie, J.A.; Ivan Escobar, J.; Umenweke, G.; Khanday, W.; Okoye, P.U. Continuous biodiesel production: A review of advances
in catalysis, microfluidic and cavitation reactors. Fuel 2022, 307, 121821. [CrossRef]

Bhatia, S.K.; Bhatia, R.K.; Jeon, ].-M.; Pugazhendhi, A.; Awasthi, M.K.; Kumar, D.; Kumar, G.; Yoon, J.-J.; Yang, Y.-H. An overview
on advancements in biobased transesterification methods for biodiesel production: Oil resources, extraction, biocatalysts, and
process intensification technologies. Fuel 2021, 285, 119117. [CrossRef]

Muranaka, Y.; Maki, T.; Hasegawa, I.; Nakagawa, H.; Kubota, R.; Kaji, R.; Mae, K. Biodiesel Fuel Production from Soybean Oil
Using a Microreactor. J. Chem. Eng. Jpn. 2023, 56. [CrossRef]

Fernédndez-Silva, S.D.; Delgado, M.A.; Ruiz-Méndez, M.V.,; Girdldez, I.; Garcia-Morales, M. Potential valorization of waste cooking
oils into sustainable bio-lubricants. Ind. Crops Prod. 2022, 185, 115109. [CrossRef]

Chuah, L.F; Klemes, ].J.; Bokhari, A.; Asif, S.; Cheng, Y.W.; Chong, C.C.; Show, PL. A review of intensification technologies for
biodiesel production. In Biofuels and Biorefining: Volume 2: Intensification Processes and Biorefineries; Elsevier: Amsterdam, The
Netherlands, 2022; pp. 87-116. [CrossRef]

Tanimu, A.; Jaenicke, S.; Alhooshani, K. Heterogeneous catalysis in continuous flow microreactors: A review of methods and
applications. Chem. Eng. J. 2017, 327, 792-821. [CrossRef]

Appamana, W.; Sukjarern, P.; Ngaosuwan, K.; Assabumrungrat, S. Intensification of Continuous Biodiesel Production Using a
Spinning Disc Reactor. J. Chem. Eng. Jpn. 2019, 52, 545-553. [CrossRef]

Chuah, L.E; Klemes, ].J.; Yusup, S.; Bokhari, A.; Akbar, M.M.; Chong, Z K. Kinetic studies on waste cooking oil into biodiesel via
hydrodynamic cavitation. J. Clean. Prod. 2017, 146, 47-56. [CrossRef]

Sharma, A.; Kodgire, P.; Kachhwaha, S.S. Biodiesel production from waste cotton-seed cooking oil using microwave-assisted
transesterification: Optimization and kinetic modeling. Renew. Sustain. Energy Rev. 2019, 116, 109394. [CrossRef]

Bannatham, P.; Banthaothook, C.; Limtrakul, S.; Vatanatham, T.; Jaree, A.; Ramachandran, P.A. Two-Scale Model for Kinetics,
Design, and Scale-Up of Biodiesel Production. Ind. Eng. Chem. Res. 2021, 60, 15972-15988. [CrossRef]

Hazrat, M.A; Rasul, M.G.; Khan, M.M.K,; Ashwath, N.; Fattah, LM.R.; Ong, H.C.; Mahlia, TM.I. Biodiesel production from
transesterification of Australian Brassica napus L. oil: Optimisation and reaction kinetic model development. Environ. Dev.
Sustain. 2023, 25, 12247-12272. [CrossRef]

Andrade, T.A.; Errico, M.; Christensen, K.V. Evaluation of Reaction Mechanisms and Kinetic Parameters for the Transesterification
of Castor Oil by Liquid Enzymes. Ind. Eng. Chem. Res. 2017, 56, 9478-9488. [CrossRef]

https:/ /doi.org/10.3390/pr14152401


https://doi.org/10.1016/j.seta.2023.103503
https://doi.org/10.1016/j.fuel.2021.121821
https://doi.org/10.1016/j.fuel.2020.119117
https://doi.org/10.1080/00219592.2023.2213283
https://doi.org/10.1016/j.indcrop.2022.115109
https://doi.org/10.1016/B978-0-12-824117-2.00009-0
https://doi.org/10.1016/j.cej.2017.06.161
https://doi.org/10.1252/jcej.18we322
https://doi.org/10.1016/j.jclepro.2016.06.187
https://doi.org/10.1016/j.rser.2019.109394
https://doi.org/10.1021/acs.iecr.1c03009
https://doi.org/10.1007/s10668-022-02506-0
https://doi.org/10.1021/acs.iecr.7b02285
https://doi.org/10.3390/pr14152401

Processes 2026, 14, 2401 19 of 20

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.
41.

42.

43.

44.

45.

Santacesaria, E.; Russo, V.; Tesser, R.; Serio, M.D. A kinetic biphasic approach to biodiesel process intensification. Chem. Eng.
Trans. 2019, 74, 1339-1344. [CrossRef]

Issariyakul, T.; Dalai, A.K. Comparative kinetics of transesterification for biodiesel production from palm oil and mustard oil.
Can. J. Chem. Eng. 2012, 90, 342-350. [CrossRef]

Wang, X; Xu, X.; Wang, Q.; Huang, Z.; He, J.; Qiu, T. Fatty Acid Methyl Ester Synthesis through Transesterification of Palm Oil
with Methanol in Microchannels: Flow Pattern and Reaction Kinetics. Energy Fuels 2020, 34, 3628-3639. [CrossRef]

Richard, R.; Thiebaud-Roux, S.; Prat, L. Modelling the kinetics of transesterification reaction of sunflower oil with ethanol in
microreactors. Chem. Eng. Sci. 2013, 87, 258-269. [CrossRef]

BS EN 14103:2020; Fat and Oil Derivatives- Fatty Acid Methyl Esters (FAME)- Determination of Ester and Linolenic Methyl Ester
Contents. British Standards Institution Standards Limited: London, UK, 2020.

Trejo-Zarraga, F.; Hernandez-Loyo Fde, ].; Chavarria-Hernandez, ].C.; Sotelo-Boyas, R. Kinetics of Transesterification Processes
for Biodiesel Production. In Biofuels—State of Development; InTech: London, UK, 2018. [CrossRef]

Ezzati, R.; Ranjbar, S.; Soltanabadi, A. Kinetics models of transesterification reaction for biodiesel production: A theoretical
analysis. Renew. Energy 2021, 168, 280-296. [CrossRef]

Raheem, I; Bin Mohiddin, M.N.; Tan, Y.H.; Kansedo, J.; Mubarak, N.; Abdullah, M.O.; Ibrahim, M.L. A review on influence of
reactor technologies and kinetic studies for biodiesel application. J. Ind. Eng. Chem. 2020, 91, 54-68. [CrossRef]

Kusdiana, D.; Saka, S. Kinetics of transesterifcation in rapeseed oil to biodiesel fuel as treated in supercritical methanol. Fuel 2001,
80, 693-698. [CrossRef]

Noureddini, H.; Zhu, D. Kinetics of Transesterification of Soybean Oil. . Am. Oil Chem. Soc. 1997, 74, 1457-1463. [CrossRef]
Stamenkovi¢, O.S.; Lazi¢, M.L.; Todorovi¢, Z.B.; Veljkovi¢, V.B.; Skala, D.U. The effect of agitation intensity on alkali-catalyzed
methanolysis of sunflower oil. Bioresour. Technol. 2007, 98, 2688-2699. [CrossRef] [PubMed]

Vicente, G.; Martinez, M.; Aracil, J.; Esteban, A. Kinetics of sunflower oil methanolysis. Ind. Eng. Chem. Res. 2005, 44, 5447-5454.
[CrossRef]

Kumar, V,; Das, D.; Mahto, V.K. A kinetic study and thermometric analysis on waste cooking oil. Biomass Convers. Biorefinery 2024,
14, 20499-20508. [CrossRef]

Uzun, B.B.; Kili¢, M.; Ozbay, N.; Pittin, A.E.; Piittin, E. Biodiesel production from waste frying oils: Optimization of reaction
parameters and determination of fuel properties. Energy 2012, 44, 347-351. [CrossRef]

Jain, S.; Sharma, M.P.; Rajvanshi, S. Acid base catalyzed transesterification kinetics of waste cooking oil. Fuel Process. Technol.
2011, 92, 32-38. [CrossRef]

Atkins, P; de Paula, J. Atkins’ Physical Chemistry, 8th ed.; W.H. Freeman and Company: New York, NY, USA, 2006.

Lewis, W.K,; Whitman, W.G. Principles of Gas Absorption. Ind. Eng. Chem. 1924, 16, 1215-1220. [CrossRef]

Heldman, D.R.; Moraru, C.I. Encyclopedia of Agricultural, Food, and Biological Engineering, 2nd ed.; CRC Press Taylor & Francis
Group: Boca Raton, FL, USA, 2010.

Ranz, W.E.; Marshall, W.R. Evaporation from Drops. Chem. Eng. Prog. 1952, 48, 141-146.

Wilke, C.R.; Chang, P. Correlation of diffusion coefficients in dilute solutions. AICKE ]. 1955, 1, 264-270. [CrossRef]
Kierzkowska-Pawlak, H. Determination of kinetics in gas-liquid reaction systems. A Overview. Ecol. Chem. Eng. S 2012, 19,
175-196. [CrossRef]

Willmott, C.J.; Matsuura, K. Advantages of the mean absolute error (MAE) over the root mean square error (RMSE) in assessing
average model performance. Research 2005, 30, 79-82. [CrossRef]

Akaike, H. A New Look at the Statistical Model Identification. IEEE Trans. Autom. Control 1974, 19, 716-723. [CrossRef]
Burnham, K.P.,; Anderson, D.R. Model Selection and Multimodel Inference: A Practical Information—Theoretic Approach, 2nd ed.;
Springer: Berlin/Heidelberg, Germany, 2002.

Schwarz, G. Estimating the Dimension of a Model. Ann. Stat. 1978, 6, 461-464. [CrossRef]

Tsaoulidis, D.; Garciadiego-Ortega, E.; Angeli, P. Intensified biodiesel production from waste cooking oil and flow pattern
evolution in small-scale reactors. Front. Chem. Eng. 2023, 5, 1144009. [CrossRef]

Gholipour Zanjani, N.; Kamran Pirzaman, A.; Yazdanian, E. Biodiesel production in the presence of heterogeneous catalyst of
alumina: Study of kinetics and thermodynamics. Int. J. Chem. Kinet. 2020, 52, 472-484. [CrossRef]

Pugazhendhi, A.; Alagumalai, A.; Mathimani, T.; Atabani, A.E. Optimization, kinetic and thermodynamic studies on sustainable
biodiesel production from waste cooking oil: An Indian perspective. Fuel 2020, 273, 117725. [CrossRef]

Nautiyal, P.; Subramanian, K.A.; Dastidar, M.G. Kinetic and thermodynamic studies on biodiesel production from Spirulina
platensis algae biomass using single stage extraction-transesterification process. Fuel 2014, 135, 228-234. [CrossRef]

Moradi, G.R.; Mohadesi, M.; Ghanbari, M.; Moradi, M.].; Hosseini, S.; Davoodbeygi, Y. Kinetic comparison of two basic
heterogenous catalysts obtained from sustainable resources for transesterification of waste cooking oil. Biofuel Res. J. 2015, 6,
236-241. [CrossRef]

https:/ /doi.org/10.3390/pr14152401


https://doi.org/10.3303/CET1974224
https://doi.org/10.1002/cjce.20679
https://doi.org/10.1021/acs.energyfuels.9b03365
https://doi.org/10.1016/j.ces.2012.10.014
https://doi.org/10.5772/intechopen.75927
https://doi.org/10.1016/j.renene.2020.12.055
https://doi.org/10.1016/j.jiec.2020.08.024
https://doi.org/10.1016/S0016-2361(00)00140-X
https://doi.org/10.1007/s11746-997-0254-2
https://doi.org/10.1016/j.biortech.2006.09.024
https://www.ncbi.nlm.nih.gov/pubmed/17092703
https://doi.org/10.1021/ie040208j
https://doi.org/10.1007/s13399-023-04254-1
https://doi.org/10.1016/j.energy.2012.06.024
https://doi.org/10.1016/j.fuproc.2010.08.017
https://doi.org/10.1021/ie50180a002
https://doi.org/10.1002/aic.690010222
https://doi.org/10.2478/v10216-011-0014-y
https://doi.org/10.3354/cr030079
https://doi.org/10.1109/tac.1974.1100705
https://doi.org/10.1214/aos/1176344136
https://doi.org/10.3389/fceng.2023.1144009
https://doi.org/10.1002/kin.21363
https://doi.org/10.1016/j.fuel.2020.117725
https://doi.org/10.1016/j.fuel.2014.06.063
https://doi.org/10.18331/brj2015.2.2.5
https://doi.org/10.3390/pr14152401

Processes 2026, 14, 2401 20 of 20

46. Klofutar, B.; Golob, J.; Likozar, B.; Klofutar, C.; Zagar, E.; Poljansek, I. The transesterification of rapeseed and waste sunflower oils:
Mass-transfer and kinetics in a laboratory batch reactor and in an industrial-scale reactor/separator setup. Bioresour. Technol.
2010, 101, 3333-3344. [CrossRef] [PubMed]

47. Schwarz, S.; Borovinskaya, E.S.; Reschetilowski, W. Base catalyzed ethanolysis of soybean oil in microreactors: Experiments and
kinetic modeling. Chem. Eng. Sci. 2013, 104, 610-618. [CrossRef]

48. Silva, S.P; Sales, D.C.S.; de Abreu, C.A.P; Schuler, A.R.P.; de Abreu, C.A.M. Kinetics of the biphasic liquid-liquid transesterification
of vegetable oils into biodiesel. React. Kinet. Mech. Catal. 2018, 123, 529-542. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https:/ /doi.org/10.3390/pr14152401


https://doi.org/10.1016/j.biortech.2010.01.007
https://www.ncbi.nlm.nih.gov/pubmed/20116241
https://doi.org/10.1016/j.ces.2013.09.041
https://doi.org/10.1007/s11144-017-1322-8
https://doi.org/10.3390/pr14152401

	Introduction 
	Materials and Methods 
	Materials 
	Transesterification Reaction in Microreactors 
	Analysis of Fatty Acid Methyl Ester (FAME) Content 
	Determination of Reaction Kinetics 
	Pseudo-Homogeneous Kinetic Model 
	Biphasic Kinetic Model 

	Error Analysis 

	Results and Discussion 
	Transesterification Reaction Conversion 
	Transesterification Reaction Kinetics and Mass Transfer Analysis 
	Pseudo-Homogeneous Model 
	Biphasic Model 
	Mass-Transfer Effects 

	Thermodynamic Analysis of Pseudo-Homogeneous and Biphasic Models 
	Comparative Analysis of Reported Literature 
	Comparison of Thermodynamic Parameters of WCO and Edible Oils 
	Comparison of Mass-Transfer Coefficients and Solvent Miscibility 
	Performance of Kinetic Models in the Literature 
	Thermodynamic Trends Across Models 


	Conclusions 
	References

