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ARTICLE INFO ABSTRACT

Keywords: This study describes the development of an automated experimental platform designed for the continuous
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epoxidation of used cooking oils (UCOs) in slug-flow millireactors. This system transforms UCOs into high-value,
second-generation oleochemicals, employing an intensified process, ensuring reproducibility, high yields, and
enhanced productivity. The epoxidation was conducted via Prilezhaev reaction using H2O3 as an oxidizing agent,
peracetic acid as an oxygen carrier, and HySO4 as a catalyst. Different vegetable oils were tested to assess the
impact of unsaturation content and oil properties on the process performance, and it was found that viscosity had
a high effect on the hydrodynamic patterns within the reactor and that specific operating conditions were
required to reach slug flows with each feedstock. Then, preliminary experiments with UCO yielded suitable
operating conditions to ensure a proper slug flow regime. It was found that the high content of polar compounds
in UCO had a significant impact in the hydrodynamics of the reactor because those components induce coa-
lescence with the aqueous phase. Thus, the levels of polar components and moisture in UCO can indicate its
suitability for further epoxidation in the slug-flow reactor and the necessity for pretreatment. Subsequently, an
experimental simplex evolutionary optimization was deployed to verify a selectivity towards oxirane groups >
80 %, with conversions up to 86 % and yields up to 73 %. The optimal operating conditions were 77.4 °C, an
H,0, to oil ratio of 0.84:1, an acid to oil ratio of 0.32:1, and a residence time of 22.7 min. Under these conditions,
a conversion of 82 %, selectivity of 86 %, and productivity of 0.75 kg OO-m~>.min~! were achieved, and the
corresponding epoxidized UCO had an oxirane oxygen content of 4.02 wt%.

1. Introduction

biofuels (e.g. biodiesel, green diesel, green jet) and also a large variety of
high value-added specialty oleochemicals, thus making them a key

The chemical industry has increasingly focused on researching and
developing more efficient, cost-effective, and environmentally friendly
processes to exploit renewable feedstocks in recent years. This shift is
driven by the growing societal demand for sustainable products that can
be obtained through circular economy approaches. In this context, used
cooking oils (UCOs) have emerged as a prominent second-generation
raw material that can be used for the production of a large variety of
oleochemicals [1,2,3,4]. The exploitation of UCOs helps mitigate the
economic and environmental impacts caused by their mismanagement
and enables the harnessing of globally available second-generation food
waste. After proper pretreatment [5], UCOs can be transformed into

factor in the pursuit of a truly sustainable oleochemical industry.
Despite its potential, the use of UCOs as oleochemical feedstock faces
several challenges including the variable fatty acid profiles in the tri-
glycerides from the various cooking oils and fats employed in food
processing [6,7], as well as the significant amount of impurities resulting
from chemical degradation and contamination during use or handling
[8,9,10]. Consequently, UCOs display considerable heterogeneity in
their physicochemical properties, suggesting that alongside pretreat-
ment, source separation practices might be necessary to provide suitable
feedstocks for specific oleochemical applications [5,9]. This could lead
to increased costs and complexities for UCOs management and supply
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chains. Despite the observed variability, over 90 % of UCOs consist of
triglycerides with diverse fatty acid chains and variable degrees of
unsaturation[5,11]. This characteristic is particularly relevant for pro-
ducing epoxidized oils, as the epoxy or oxirane groups (cyclic ethers) are
generated in olefinic bonds of the fatty acid chains. Epoxidized vege-
table oils are value-added oleochemical derivatives that are currently
used as plasticizers and stabilizing agents in plastic products as well as
intermediates in the manufacturing of polymers and resins [12,13,14].
Therefore, using UCOs would aid in the transition to greener materials
for the polymer industry and promote sustainability in the oleochemical
sector.

Epoxidation reaction can be carried out through various chemical
pathways using different oxidizing agents, including percarboxylic
acids, organic and inorganic peroxides, haloalcohols, ozone, and even
molecular oxygen[15,16,17]. In general, the process can be carried out
by mean of conventional homogeneous catalysis, but also with hetero-
geneous ones (e.g., using ion exchange resins)[18], by chemoenzymatic
epoxidation[19,20], in the presence of polyoxometalates[21,22]and
using phase-transfer catalysts[23,24,25]. The conventional method is
generally employed at the industrial scale, and it is conducted via the
Prileschajew reaction (Fig. 1) between an unsaturated oil and Hy0O,
using a percarboxylic acid generated in situ as an oxygen carrier and
HS04 as catalyst [26,27,28]. This reaction occurs in a two-phase system
that requires high shear mixing to ensure effective mass transfer of the
oxygen carrier between the aqueous and oil phases. However, this also
promotes emulsion formation, hindering downstream separation
through decanting. Additionally, the reaction is highly exothermic, and
the oxirane groups can be prone to thermally-driven, acid-catalyzed
ring-opening reactions with different components of the reactive me-
dium. While the conventional approach allows for high reaction rates
and conversions, the process encounters challenges such as complex
temperature control, low selectivity, and the generation of undesirable
byproducts such as glycols, hydroxyesters, ketones, and polyols, among
others [26].

Since some of the challenges of the conventional process stem from
the mass and heat transfer limitations, process intensification (PI) could
significantly enhance epoxidation reactions. In particular, implementing
advanced reactor designs and process automation would help improve
reaction efficiency, product quality and facilitate downstream separa-
tion[29,30]. PI has become critical in the chemical industry, aiming to
optimize reactions through more efficient technologies. By integrating
operations, functions, and phenomena or by enhancing specific phe-
nomena in an operation, unit, or process, the PI approach leads to
substantially smaller, cleaner, and more energy-efficient technologies
[31,32,33]. In the particular case of liquid-liquid epoxidation reactions,
and considering the clustering of PI approaches in the four domains[33],
the spatial domain can be exploited by using segmented flow milli- or
micro-reactors, also known as slug-flow reactors[34,35,36]. In these
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Fig. 1. Scheme of two-phase epoxidation via Prileschajew reaction using an
acid catalyst.
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continuous operating devices, alternating slugs of the two-phase reac-
tion mixture allow for exceptionally high convective transport within
the slugs and significantly enhanced diffusion rates between adjacent
slugs. Intensification of mass transfer occurs by the turbulent internal
circulation caused by the shear between continuous phase/wall surface
and slugs, thus boosting diffusive penetration and, consequently, the
reaction rates [37]. Moreover, the high ratio of heat transfer area to
reactor volume in millireactors and the high volumetric heat removal
capacity allow for better temperature control in exothermic reactions
and the mitigation of thermally-driven side reactions. This characteristic
can also be leveraged in industrial scale-up through a numbering-up
strategy, such as employing a shell-and-millitube heat exchanger and
reactor configuration.[38,39,40,41]. Additionally, as the high mixing is
achieved without turbulent dispersion, downstream separation of
immiscible phases can be readily accomplished by decantation.

This work aimed to develop a semi-automatic platform for the
continuous epoxidation of UCOs using slug-flow millireactors. The
platform was designed to optimize various operational conditions,
maximizing conversion, selectivity, and productivity while minimizing
the risk of phase coalescence that could disrupt the slug-flow regime.
Through careful control and monitoring of reactor conditions via the
semi-automated system, the main goal was to demonstrate a scalable,
reproducible, efficient, and safe process for the valorization of UCOs. To
identify a suitable operating window, the study includes a detailed
analysis of the effects of various operating parameters on the epoxida-
tion process, such as phase ratios, residence time, and temperature.
Additionally, we explore the impact of coalescence on the overall pro-
cess efficiency during the epoxidation of UCOs and other virgin vege-
table oils. This work aims to provide valuable insights into optimizing
UCOs epoxidation in slug-flow millireactors for further scale up and
potential industrial deployment by presenting a comprehensive over-
view of the obtained results.

2. Materials and Methods
2.1. Reagents and chemicals

Hydrogen peroxide (H2O, 50 wt%, Carl Roth GmbH + Co. KG),
sulfuric acid (H2SO04, 99.5 wt%, Carl Roth GmbH + Co. KG), and acetic
acid (AcOH, 100 % v/v, Sigma-Aldrich) were utilized as reagents for the
epoxidation reaction. Deuterated chloroform (CDCl3, 99 Atom% D., Carl
Roth GmbH + Co. KG) served as the solvent for monitoring the reaction
via 'H NMR. Additionally, various commercial oils were employed for
comparative analysis, including soybean oil (Carl Roth GmbH + Co.
KG), linseed oil (Carl Roth GmbH + Co. KG), sunflower oil (Brokelmann
+ Co. — Olmiihle GmbH + Co.), and canola oil (Brokelmann + Co. —
Olmiihle GmbH + Co.). Karl Fisher analysis used a coulomat oil solution
(Hydranal() for water determination.

The used cooking oil (UCO) was obtained from two sources: the first
was a blend of UCOs collected in chicken restaurants in Bogota-
Colombia, and the second was obtained from a household in Germany.
The origin of the first batch was selected considering previous reports
[42]indicating that, despite the challenges posed by its deteriorated
physicochemical properties, UCOs from chicken restaurants might have
high iodine value (119 - 72 g I5/100 g of oil). The second batch was
collected to provide a more favorable scenario for evaluating the
epoxidation platform. Subsequently, mixtures were prepared between
both UCOs to determine the specifications that ensure stable operation.
Both batches of collected UCO were separately homogenized by stirring
at 500 RPM and heated to over 60 °C to facilitate filtration. Subse-
quently, the oils were vacuum filtered using 90 mm diameter 12-25 pm
filter paper (Macherey-Nagel) to remove suspended solid particles.
Finally, the oils were stored in amber glass bottles at room temperature
before use.
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2.2. Characterization of samples

The monitoring of the epoxidation reaction and the characterization
of the different feedstock materials (i.e., UCOs and vegetable oils) were
performed through the measurement of iodine value (IV) and oxirane
value (OV) using 'H NMR spectroscopy, following the methodology
described in previous work[34], and based on Equation (1) and Equa-
tion (2), respectively.

2*A
V= (264039*—133) —5.7358 @
Aref
2*A
oV = (1.4446*—‘”‘) +0.4643 )
Aref

Here, Apg is the area below the signal between 5.36 — 5.65 ppm corre-
sponding to the double bonds, Ay is the area produced by the charac-
teristic peak of the reference group (i.e. glyceryl), Aor is the area below
the peak of the chemical shift between 2.85 — 3.22 ppm corresponding to
oxirane oxygen. The preparation and measurement of the samples were
conducted on the same day to minimize the possibility of oxirane ring
degradation.

The dynamic viscosity of oils was also measured at different tem-
peratures to identify differences in fluidity within the reactor using a
shear rheometer (MCR302, Anton Paar, Ostfildern-Scharnhausen, Ger-
many). The measurements were performed with cone-plate geometry,
using a diameter of 12 mm (CP-12, 0.025 mm gap, 1° cone angle; Anton
Paar, Ostfildern-Scharnhausen, Germany). Humidity content in samples
was measured by Karl Fisher titration using a 756 KF Coulometer
(Metrohn), and the content of polar compounds was measured by a
capacitive method using a Testo® 270 portable meter. The apparatus
was previously calibrated using a reference oil of 2.5 % total polar
compounds.

2.3. Epoxidation platform

The epoxidation platform schematically depicted in Fig. 2 was built
as a semi-automated system for startup, continuous operation, periodic
sampling, and real-time process control. The employed configuration
was based on a detailed study that previously explored the effect of
reactor design, mixing points, and required accessories [34]. The system
integrated three dosing syringe pumps (Harvard Apparatus Pump 11
Elite) that allowed the fine-tuning control of flow rates of the input

Used cooking oil

Pump 1
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streams: oil, HyO,, and acids (H,SO4 and acetic acid). This control
granted the slug-flow pattern under different operating conditions. The
millireactor corresponded to a perfluoroalkoxy alkane (PFA) tubing with
an internal diameter of 1.62 mm, an external diameter of 3.18 mm, and a
length of 2.62 m, establishing a reaction volume of 5.37 mL. It was
submerged in a glass container connected to a thermostatic water
recirculation bath (Huber Model CC508) to maintain strict temperature
control (£ 0.1 °C). The temperature monitoring of the slug-flow reactor
was carried out via a thermocouple connected to the interior of the
reactor outlet. Additionally, the oil feed stream was heated using an
electric heating wrap (Svbony Model SV172), which maintained the
temperature above 60 °C to ensure the fluidity of UCO (syringe pump 1,
Fig. 2). Furthermore, the system included a multiposition valve (Knauer
Valve Drive V 2.1S) to collect up to 16 samples during continuous
operation. The microsyringe pumps provided precise volumetric flow
control at variable peak pressures (< 7 bar). Although the operating
pressure was not directly measured, it was anticipated to be low due to
the reactor outlet being at atmospheric pressure, the incompressibility of
both fluids and the very low flow velocities. Consequently, the system
was expected to operate under low pressure with minimal pressure drop.

The epoxidation was accomplished by reacting the oil and Hy0,,
using peracetic acid generated in situ as the oxygen carrier and HySO4 as
the catalyst. Initially, glass syringes were fully loaded with raw mate-
rials: UCO or vegetable oil, HyO2, and an acid solution. The acid solution
was pre-weighed and consisted of 71.09 wt% acetic acid and 28.91 wt%
H3S04. These concentrations were the most efficient from a previous
study promoting epoxidation without triggering oxirane ring-opening
reactions[34]. In that study, the composition was thoroughly assessed
on the experimental platform during the epoxidation of soybean oil. It
was found that increasing the HoSO4 concentration led to a reduction in
acetic acid, which negatively impacted both conversion and selectivity.
The excess catalyst facilitated unwanted ring-opening reactions, while
the lower acetic acid content hindered peracetic acid formation, a
crucial oxygen carrier for epoxidation. Conversely, a high acetic acid
content combined with a low H3SO4 concentration resulted in poor
conversions and selectivities due to inadequate peracetic acid produc-
tion. The UCO employed was also maintained under stirring at 60 °C
before being loaded into the syringe.

Automation of the platform was implemented using Flowchem py-
thon package, which allowed controlling laboratory instruments and
devices through Python programming script[43]. Three syringe pumps,
a thermostatic bath, and a multiposition valve were connected via

Sulfuric acid + acetic acid
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Fig. 2. Experimental setup of the slug-flow reactor used in epoxidation reaction. (

—) Tubing connection, (—) Insulated tubing connection and (—-) Data connection.
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Flowchem, a computer, and a custom code in Python was developed to
carry out the system operation. The script consisted of various functions
and processes, detailed in the flowchart of Fig. S1 in the supplementary
material. The user manually entered the input variables, and they
included the experiment code, the number of samples to be collected,
and the operational conditions such as residence time, the ratio of HoO5
to oil, the ratio of acid to oil, and temperature. Based on these inputs, the
software automatically calculated the required initial and operating
flow rates of the inlet streams. The initial flow rates were set to double
the calculated operating flow rates to expedite the filling process,
ensuring rapid temperature stabilization while maintaining the same
phase proportions. Subsequently, the operating parameters of the
equipment were configured, initiating the reactor filling and heating
until the target temperature was reached. Once the system stabilized,
the reaction parameters (oil flow rate, HoO5 flow rate, acid flow rate,
and temperature) were established, and the continuous operation of the
reaction was initiated. Sample collection started after operating 1.6
times the configured residence time, ensuring that a representative
sample of the system at steady state was obtained. 2 mL samples were
collected along the epoxidation reaction, and the stability of the system
was verified to ensure the reproducibility of the data.

2.4. Process optimization

Operating conditions were optimized during UCO epoxidation using
a simplex evolutionary operation. This method allows for the simulta-
neous manipulation of multiple variables and constraints in the system,
thus optimizing the selected response variables. The simplex evolu-
tionary operation method, schematically described in Fig. S2 in the
supplementary material, involves generating an initial matrix that
contains different experiments or vertices at specific operating condi-
tions, enabling efficient navigation through a defined solution space. A
new potential vertex is proposed (i.e., a new set of operating conditions),
generating a new matrix with each iteration, bringing the system closer
to an optimum [44].

The variables selected for optimizing the epoxidation process were: i)
the ratio between flow rates of H,O5 and oil, ii) the ratio between flow
rates of acids and oil, iii) residence time, and iv) reaction temperature.
Drawing from prior evaluations of the platform performance[34], the
chosen optimization variable was productivity, as it allows for an
appropriate comparison with other types of continuous and batch re-
actors. However, selectivity, conversion, and final oxirane value were
also considered for analysis and decision-making to meet product
specifications. The step sizes and initial values for the experimental
optimization are reported in Table S.1 of the supplementary material,
and they were based on the optimal conditions previously identified for
soybean oil on the platform.

This chart was constructed from a correlation matrix that established
the relationships between the independent variables (temperature,
H205/0il ratio, acid/oil ratio, and residence time) and the target
response variables (productivity, selectivity, conversion, yield, and
oxirane value). The Pareto chart ranked these correlations based on their
relative impact on the target variables, enabling the identification of the
most influential factors. This approach provided an efficient tool for
quantitatively interpreting the observed effects and prioritizing key
parameters in the intensification of the epoxidation process.

2.5. Response variable definition

The selected response variable for optimization was productivity (P),
which was determined using Equation (3), involving the feed oil flow
rate (mL/min), as well as the conversion (X) and selectivity (S) of the
reaction system. Equations (4), 5, and 6 define the conversion, selec-
tivity, and yield. In this context, IV refers to the iodine value of the oil
before the reaction (denoted by sub-index 0) and after the reaction
(denoted by sub-index i).
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In the equation, Vyeactor represents the reactor volume, which is 5.37
cm?®, pPoil denotes the density of the oil (920 kg/mg), MWi5 is the mo-
lecular weight of iodine (Iz), which is 253.81 g/mol and. and MWy, is the
molecular weight of oxygen, which is 16 g/mol.

3. Results and discussion
3.1. Characterization of UCOs

Heterogeneity is an intrinsic characteristic of UCOs due to multiple
impurities, the different types of vegetable oils used in cooking prac-
tices, and the conditions during use (e.g., cooking temperature, use time,
processed food, cooking ware materials, etc.) and handling. Table 1
compares the physicochemical properties of the UCOs used in this study
and previously reported results for oils from similar sources.

The properties of assessed UCOs are generally in the same range of
samples previously collected in different restaurants in Bogota,
Colombia [45,42]. The quality of UCOs is commonly evaluated indi-
rectly through the measurement of the saponification index and the acid
value [46,47]. The saponification value is a fundamental property that
provides insight into the composition of UCOs and allows for an esti-
mation of the average molecular weight of constituent triglycerides. In
this case, the saponification value and corresponding average molecular
weight in the collected sample from Bogota-Colombia (i.e. First batch)
are consistent with a high palm oil content. In the hosteling sector of the
city, it is common to use blends of vegetable oils to maintain a liquid
product at ambient conditions (6-20 °C), but at a lower cost and with a
high stability for extended reuse. This is also confirmed by the low IV of
the samples, which is similar to that of high oleic palm oil or of mixtures
of unsaturated oils with traditional palm oil [48,49]. The second batch
of UCO exhibited a high iodine value, similar to that observed in sun-
flower or canola oil, which are highly consumed in Germany for food
preparation. The acidity content indicates the degree of hydrolysis,
which provides insights regarding proper use and storage. The high acid
value is common in highly reused cooking oils and in UCOs that are
unproperly stored (i.e., with water in the containers). The acid value in
the sample from Colombian restaurants was higher than the allowed for
edible oils (0.6 mgKOH/g.; [50], but this was expected due to extended

Table 1
Physicochemical properties of collected UCOs and comparison with previous
reports.

Properties [42] [53] First Second
batch batch
Saponification value, 205.54 - 206.17 + 186.55 192.04
mg KOH/g 178.44 0.92
Average molecular 822.51 - 829.93 992.73 877.34
weight, g/mol 1041.83
Acid value, mg KOH/g 16.88 - 0.9 3.36 + 17.0 0.19
0.12
Iodine value, gl/100 g 119.01 - 88.68 + 79.10 £ 117.95 +
72.29 0.01 1.07 0.09
Total polar compounds, 40.0 - 14.2 > 40.0 35.0 2.0
%
Humidity, wt.% - 1.344 0.527 0.004
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reuse and moisture in the samples. The presence of unsaturated free fatty
acids might affect the quality of epoxidized UCO due to the formation of
low molecular weight epoxides, and the remnants of saturated fatty
acids would affect the plasticizing performance. Also, free fatty acids
increase the polarity of the oil phase, which is of significant concern for
the operation of the slug flow reactor.

Polar compound content describes the degree of oil degradation, as it
identifies substances such as free fatty acids, monoglycerides, di-
glycerides, and oxidation products like aldehydes and ketones. These are
generated from the degradation reactions (i.e., oxidation, hydrolysis and
polymerization) that the oil undergoes during frying[51]. Also, the high
content of polar compounds could impose hydrodynamic challenges in
the slug flow, as their polarity might increase the chances of emulsifi-
cation, phase coalescence, and water uptake in the oil phase. Addi-
tionally, a high content of polar compounds hinders the downstream
separation of reactor effluents, which is critical to the efficiency of the
process. In contrast, the household UCO collected in Germany exhibited
less degradation with a low content of polar compounds, making it less
problematic for further use.

3.2. The iodine value of vegetable oils and UCOs

Commercial vegetable oils were characterized using 'H NMR; as
shown in Table 2, all exhibited a high iodine value. This is essential to
ensure that epoxides meet the requirement of a high content of oxirane
oxygen, both for industrial-grade applications (>3.5 wt%) and for food
and pharmaceutical-grade applications (>6.0 wt%). Generally, an IV >
70 g I5/100 g is required to meet the specifications of industrial-grade
epoxidized oils, which is the target market for epoxidized UCOs. Since
epoxidized UCOs may still contain impurities of uncertain nature, it is
essential to avoid direct contact with humans and animals to minimize
health risks. The corresponding maximum theoretical OV were all
above > 3.5 wt%, confirming that the evaluated oils were suitable
feedstocks for further epoxidation.

3.3. Viscosity of UCOs

A suitable viscosity of fluids is crucial for maintaining proper hy-
drodynamic patterns in the slug-flow reactor, so it was characterized for
the collected UCO, the refined vegetable oils, and a sample of com-
mercial epoxidized oil. This was required due to the challenges of
maintaining a continuous fluid flow through the tubing and creating
alternating slugs at the inlet mixing point. Since viscosity can signifi-
cantly affect interaction and coalescence between oil and aqueous
phases within the reactor, more operating challenges were expected
during UCO epoxidation. This was confirmed by the observation in
Table 3 that the viscosity of UCOs at low temperatures was higher than
that of vegetable oil and comparable to that of epoxidized vegetable oil.
In UCOs, impurities from degradation and polymerization reactions and
a higher content of saturated fatty acid chains in triglycerides result in
increased viscosity and challenges with fluidization and transport pro-
cesses. The UCO sourced in Colombia showed a higher viscosity at low
temperatures, reflecting its greater palm oil content. This accounted for
the flow issues observed on the platform, particularly the clogging of the

Table 2
The iodine value of tested vegetable oils and UCOs and maximum theoretical
oxirane value.

Maximum theoretical
oxirane value, wt%

Raw material Iodine value, g I,/100 g oil

Linseed oil 172.59 10.9
Soybean oil 130.97 8.3
Sunflower oil 124.46 7.8
Canola oil 111.44 7.0
UCO First batch 79.10 5.0
UCO Second batch 117.95 7.4
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Table 3
Dynamic viscosity of UCOs, soybean oil, and epoxidized soybean oil.

Temperature, Viscosity, cP

°C Soybean Epoxidized UCO First UCO Second
oil soybean oil batch batch

25 51.51 63.37 89.49 59.04

60 19.13 18.84 19.04 18.71

70 8.29 15.46 15.17 15.46

feed pump. Nonetheless, the viscosity of all samples decreased above
60 °C. Then, in subsequent experiments, a heating wrap system was
installed around the syringe and in the UCO feed line, maintaining
temperatures at 60 °C before entering the reactor. This adjustment
significantly reduced the viscosity of UCOs and improved fluidity in the
tubing and the formation of the slug-flow patterns.

3.4. Evaluation of platform compatibility with UCOs and commercial oils

The epoxidation platform was preliminarily evaluated with UCOs
and different commercial vegetable oils selected for their common use as
epoxidation feedstocks. Assessing diverse raw materials in the epoxi-
dation platform allows for determining the versatility and reliability of
the system in handling highly heterogeneous raw materials. In the case
of UCOs and other waste fats and oils that contain significant impurities
and that are often mixtures of various vegetable oils, this evaluation is
essential for establishing the robustness of the system. The different oils
were evaluated on the platform under the same operating conditions
previously obtained from an optimization study using soybean oil[34].
The evaluated conditions included an oil flow rate of 0.087 mL/min, a
volumetric flow ratio of HoO5 to oil of 0.79:1, a volumetric flow ratio of
acids to oil of 0.29:1, a residence time of 29.56 min, and a reaction
temperature of 68.9 °C. The corresponding results of conversion,
selectivity, and yield are presented in Fig. 3.

As observe, similar behaviors were obtained for all commercial
vegetable oils, showing high conversions (87 %), selectivities (85 %),
and yields (79 %), with the exception of linseed oil. In this case, despite
the higher IV that indicated greater availability of double bonds for
epoxidation, the main drawback was the low viscosity (2-8 cP). This oil
did not facilitate the adequate hydrodynamic performance of the slug-
flow reactor under the assessed conditions, limiting the utilization of
its high unsaturation content. However, it is anticipated that under
specific operating conditions, significantly improved performance could
also be obtained with linseed oil. While it was not further investigated as
it fell outside the scope of this study, this highlights the significant
impact of oil viscosity on the proper performance of the slug-flow
epoxidation reactor. Regarding the performance with UCOs, using the
sample collected in Colombia (i.e. first batch) resulted in low conversion
and yield, as it was impossible to achieve proper slug flow patterns in the
reactor due to high coalescence between the phases. This was attributed
to the strong affinity of the oil for the aqueous phase due to the larger
content of polar compounds that triggered the emulsification of the
immiscible phases. In contrast, operating with the UCO collected from a
household in Germany (i.e., second batch), it was possible to obtain
good results in conversion, selectivity, and yield, closely approaching
those obtained with the refined vegetable oils. This was expected given
the higher IV and its optimal performance in the reactor, where no phase
coalescence was observed.

In addition to the above, special attention must be given to the OV, as
it ensures compliance with the product specifications and influences its
market price. The oxirane oxygen content of the obtained epoxides at
the reactor outlet stream are presented in Fig. 4. It can be noticed that all
oils met the minimum specifications of industrial-grade epoxidized oil
(>3.5 wt%), except for the UCO from the first batch, which had an
oxirane index of 2.70 wt%. This was expected due to its poor perfor-
mance in the epoxidation and the inadequate hydrodynamic behavior in
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Fig. 4. Final oxirane value results of different vegetable oils and UCOs under the same operating conditions in the epoxidation platform.

the slug-flow reactor. Comparatively, soybean and sunflower oils
reached oxirane index values exceeding 6.0 wt%, thus meeting the
specifications for food-grade and pharmaceutical-grade epoxidized oil.

3.5. Exploratory assessment with UCOs

Considering the preliminary results with the assessed UCOs, different
blends of the collected batches in Colombia and Germany were prepared
to determine the minimum specifications required for a suitable per-
formance in the studied epoxidation platform. On the one hand, there is
a need to ensure that the IV of the feedstock is high enough to achieve
the minimum OV required for industrial-grade epoxidized oil. Further-
more, it is essential to ensure the proper fluidity of the oil to achieve the
required slug flow patterns and high mass and heat transfer rates within
the system. In this regard, mixtures of different proportions of UCOs
from the first and second batches were prepared. The mixtures were
homogenized at 60 °C, characterized using 'H NMR to verify the
resulting IV (see Table 4), and evaluated in the epoxidation platform.

Fig. 5 summarizes the conversion and selectivity obtained under the
IV increased with the higher proportion of UCO from the second batch.
The increase in conversion employing a blend feedstock was mainly due
to the reduction in coalescence between the phases. As the UCO from the
second batch had a lower affinity for the aqueous phase, a better slug
flow pattern was achieved, and the reactor performed better. This was
confirmed by visual inspection of the reactor slug pattern. Blends con-
taining over 20 % wt of higher quality UCO enabled a steady slug flow
operation without phase coalescence. It was noticed that beyond this
content, the conversion stabilized and no further dilution was necessary
to obtain suitable epoxidation..

A mixture containing 30 % UCO from the second batch was used for
further evaluation in the reactor, assuring hydrodynamic stability. The

Table 4
Iodine value of the UCO mixtures from the first and second batch.

Proportion, wt% Iodine value, g I,/100 g oil Humidity,

UCO First UCO Second  Theoretical  Experimental ("H wt%
batch batch NMR)
100.0 0.0 79.10 79.10 0.527 +
0.07
90.0 10.0 82.99 83.40 0.381 +
0.04
79.9 20.1 86.89 86.40 0.308 +
0.04
74.0 26.0 88.81 87.40 0.296 +
0.03
70.0 30.0 90.75 90.67 0.234 +
0.04
60.1 39.9 94.61 94.41 0.237 +
0.05
49.8 50.2 98.55 97.34 0.170 +
0.02
0.0 100.0 117.95 117.95 0.004 +
0.01

corresponding properties of the mix were: Saponification value of
192.84 mg KOH/g, acidity of 8.26 mg KOH/g, IV of 90.67 + 1.57 gly/
100 g oil, a total polar compounds content of 17.0 % and a humidity of
0.234 %. According to the preliminary results of Fig. 5, this blend
enabled to achieve an epoxide value of 3.56 wt%, fulfilling the specifi-
cations of industrial-grade epoxidized oil. It is important to note that
while a decrease in viscosity was anticipated when using the mixture of
UCOs, the impact of this change was assumed to be minimal. Then, the
preheating system in the feed line was maintained to ensure that the
viscosity of UCO was low enough to facilitate proper fluidity in the
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reactor.

As previously mentioned, generating a stable slug-flow regime in the
reactor is essential to promote effective mass and heat transfer between
the phases. However, the UCO from the first batch failed to create a
regular flow due to a high affinity for the aqueous phase, consistent with
the higher humidity and content of polar compounds reported in
Table 4. This affinity triggered significant coalescence in the flow,
forming large phase blocks or causing irregular flow through the tubing.
Then, oil water content and the concentration of polar compounds could
serve as valuable indicators to determine if a UCO would be suitable for
epoxidation in the proposed reactor. According to the results, the pro-
cessed UCOs should have maximum moisture lower than 0.234 wt% and
a total polar components content below 17.0 % to ensure proper
behavior in the slug-flow reactor system. These parameters are crucial in
influencing the hydrodynamics and efficiency of the segmented flow.
Elevated levels of polar compounds can disrupt the interfacial tension
between immiscible phases, impairing slug formation and stability.
Similarly, high moisture levels may promote undesirable side reactions,
such as oxirane ring opening during epoxidation, reducing process
selectivity. Furthermore, these parameters can serve as surrogates to
determine the necessity of pretreatment before millireactor processing
and identify the most suitable processing strategies.

Some oil pretreatment can be employed, such as decanting for water
removal, filtration to remove solid particles, degumming to eliminate
phospholipids and polar compounds, and solvent extraction for the
efficient removal of polar compounds and free fatty acids [52,5,45,53].
For instance, 77 % of free fatty acids and 53 % of total polar compounds
have been removed utilizing solvent extraction [52,45]. These opera-
tions improve the physicochemical properties of the oil, ensuring
consistent and reliable performance in the slug-flow reactor for this type
of feedstock.

3.6. Effect of volumetric flow ratio between aqueous and oil phases

Besides the intrinsic characteristics of UCOs, the ratio of flow rates
between the aqueous and oil phases is a crucial variable to ensure the
slug-flow regime. Improper selection of this ratio could trigger phase
coalescence or segmented flow, which reduces the mass transfer area
and, consequently, reaction performance. In a previous study on the
epoxidation of soybean oil in the slug-flow millireactor, the suitable
operating ratio ranged from 0.94 to 2.50. However, from the pre-
liminary tests, coalescence was observed when operating under these
conditions. This confirms that there are specific operating ranges to

ensure optimal performance for each specific oil. This outcome was
somewhat anticipated, given the poor performance observed in the
epoxidation of linseed oil, which has one of the highest IV among
commercial oils despite being commonly used in producing epoxidized
vegetable oil plasticizers. Then, it was necessary to determine a range of
aqueous-to-UCO flow ratios to ensure a proper slug-flow regime. In these
experiments, the volumetric flow rates of each phase were set to main-
tain a constant residence time of 29.56 min., with a fixed proportion
between acid and H,03 flow rates in the aqueous phase. The slug-flow
regime was visually inspected for each ratio to verify the absence of
phase coalescence or segmentation. Fig. 6 summarizes the conversion,
selectivity, and productivity results of the different volumetric ratios.
While conversion increased with higher loading of the aqueous
phase, selectivity towards oxirane groups decreased within the evalu-
ated operating range (right section on Fig. 6). The acid proportion in the
system increases with the aqueous phase, which promotes ring-opening
reactions. Similarly, conversion was significantly affected by the phase
ratio. Below a volumetric ratio of 1.08, significant coalescence was
observed in the oil phase with a subsequent decrease in conversion (see
Fig. S1 in the supplementary material). Besides a lesser amount of acid
solution, the coalescence reduces the mass transfer of the oxygen carrier
and the effectiveness of the reactor. Above a volumetric ratio of 1.08, a
slight increase in conversion was observed, and no coalescence was
visually detected in the reactor up to a ratio of 2.0. This suggests that this
increase in conversion is primarily associated with the rise in the
aqueous phase rather than with issues related to coalescence in the slug-
flow regime. However, coalescence was again evidenced when the ratio
exceeded 2.0, but this time in the aqueous phase (see Fig. S3 in the
supplementary material). Although it was still possible to maintain a
high and constant conversion even as the ratio increased, the selectivity
dropped, and so did the productivity of the reactor (i.e., lower oil flow
rates). Again, high loadings of the oxidant agent triggered ring-opening
reactions, and low oil flow rates reduced reactor productivity. It is
important to note that greater fluctuations in results were observed
when there was coalescence between phases, leading to higher error
margins since conditions were neither stable nor reproducible in the
system. Consequently, it was experimentally verified that a proper
operation could be conducted using a phase ratio between 1.08 and 2.0.

3.7. Optimization

Based on the exploratory tests with UCOs and verifying that process
performance was influenced solely by reaction performance and not by
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hydrodynamic limitations of the system (i.e, coalescence), it was
possible to optimize the performance of the epoxidation platform. The
assessed variables during experiments were temperature, residence
time, the volumetric flow ratio of H,O5 to oil, and the ratio of acid to oil.
The last two variables are also described in the results as the volumetric
flow ratios of the aqueous to the oil phase. Fig. 7 illustrates the
exploratory space during optimization using the simplex evolutionary
operation method, in which 17 experiments were conducted. In the
supplementary material are reported the initial conditions of the opti-
mization process (Table S2), those during the evolution of the simplex
(Table S3), the corresponding Reynolds numbers of the aqueous slugs
and oil phase [54,40]and the obtained results along the process

55:]

50
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40
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78 1.05
Temperatu re, °C

Fig. 7. Evolution of the exploratory space during optimization of the slug flow
reactor in the epoxidation of UCO (@) Initial points of the simplex algorithm.
(@) Points of evolution to the optimal conditions. (@) Points near the
optimal operation.

(Fig. S4).

It can be observed that the initial points explored a wide range of
experimental conditions, but as the optimization algorithm progressed,
it entered in an iterative phase where it gradually converged towards an
optimal region, represented by the vertices in green and orange. The
final vertices (orange dots) corresponded to the final set of experiments
where no statistically significant differences in productivity were
observed, indicating that the optimal solution was reached. The orange
vertices tend to cluster in regions at higher temperatures and lower
residence times, suggesting that a trade-off between reaction kinetics of
competing reactions achieved favorable conditions. At higher temper-
atures, the reaction rates of epoxidation increased together with the
mass transfer rates of the oxygen carrier between phases, but reducing
residence time limited the progression of the ring-opening reactions. The
separate results of conversion, selectivity, productivity and oxirane ox-
ygen content along the optimization process are presented in Fig. 8. The
yield results are presented in Fig. S5 in the supplementary material. The
three-dimensional diagrams allow for analyzing the effects of residence
time, temperature, and the volumetric flow ratio of the aqueous and oil
phases, with all response variables represented on a color scale.

Fig. 8a illustrates the impact of the conversion of double bonds in
UCOs. The lowest conversions were X = 0.58 for experiment 5 and X =
0.73 for Experiments 1 and 3, corresponding to the initial exploratory
experiments. As the iterations evolved, conversion values increased
above 0.81, indicating that evaluated variables positively influenced
this response variable. As expected, the highest conversions were pre-
dominantly observed at elevated temperatures (~78 °C) but, surpris-
ingly, under shorter residence times (~ 25-30 min.). While high
temperatures have a major impact on the rates of reaction and mass
transfer coefficients, it was expected that shorter residence times might
hurt the process effectiveness. However, it is essential to consider the
hydrodynamic behavior of the reactor and the high impact of internal
circulation within the slugs to ensure effective diffusive penetration and
high mass and heat transfer rates. At high residence times, the reactive
flow rate was reduced (i.e., 39 % from 0.2423 to 0.0937 mL/min), so the
velocity of the slugs. This reduces the internal circulation and the tur-
bulence between continuous phase/wall surface and slugs, as well as
between adjacent slugs.
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Similarly, the standardized Pareto chart of Fig. S6 in the supple-
mentary material indicates that temperature and residence time are
statistically significant variables (p < 0.05) affecting conversion. Spe-
cifically, conversion is strongly influenced by the volumetric flow ratios
of acids to oil and H,05 to oil. By observing reported results in Table S3
and Fig. S5in the supplementary material, it is clear that the high
conversions of experiments 7 and 11, were obtained under the highest
volumetric flow ratios for both acids to oil and H5O5 to oil. These ratios
are critical in epoxidation kinetics as they represent higher availability
of the oxidizing agent and catalyst loadings, key factors in enhancing
process efficiency.

Fig. 8b presents a three-dimensional space that describes the impact
of assessed variables concerning selectivity towards oxirane groups. The
selectivity ranged from 0.77 to 0.86 in all experiments, and despite the
values are slightly lower than those obtained with pure soybean o0il[34],
these are in the range of those typically encountered in traditional batch
epoxidation processes (~0.80, [15,55]. Notably, most operating points
were clustered at a higher selectivity range (> 0.80), indicating that this
variable was less affected than conversion at the different operating
conditions. The standardized Pareto chart (Fig. S7 in the supplementary
material) reveals that temperature is the only significant variable (p <
0.05) influencing selectivity. This demonstrates the high-temperature
control capability of the millireactor that mitigates thermally-driven
ring-opening reactions, and the reliability of the slug flow reactor in
producing consistent results in the epoxidation of UCOs.

The corresponding effects of the studied variables on reaction yield
are presented in Fig. S5 and S8 in the supplementary material. This
variable exhibited similar behavior to that observed in conversion,
which can be attributed to selectivity presenting little variability under
the evaluated operating conditions. The obtained values around the
optimal conditions were ~ 0.71, below the previously observed in the
epoxidation of soybean oil in the slug flow reactor (~ 0.8, [34]. They
were also lower than the obtained using commercial vegetable oils in
traditional batch reactors (yield ~ 0.75; [56]. This could be caused by
the impurities on the raw material that affected reaction performance;
polar compounds aided in boosting the penetration of water and acetic
acid in the oil phase, thus triggering ring-opening reactions. Conse-
quently, acetic acid was less available in the aqueous phase to form the
peracetic acid that was the oxygen carrier to drive epoxidation. This
result indicates that further explorations of the reactor could be focused
primarily on optimizing reaction conversion and the corresponding
productivity. This might involve tuning operating conditions in the slug
flow reactor and implementing a better pretreatment process to reduce
polar compounds of UCOs. Due to the low variability of selectivity, the
significant variables affecting yield (Fig. S8 in the supplementary ma-
terial) were the same as those affecting conversion.

In the case of reactor productivity, experimental data reveals a clear
influence of the process variables, precisely temperature and residence
time (Fig. 8c). The highest productivity (> 0.68 kg 00-m~3-min 1) was
obtained at the higher operating temperatures (i.e. 75.3 - 78.2 °C) and at
shorter residence times (around 22.16 — 24.85 min.). This verifies that
the process is operating in a kinetic regime that enables high epoxidation
rates with good temperature control to avoid ring-opening reactions.
Also, the low residence times obtained under higher flow rates enabled
rapid removal of the epoxide, inhibiting further degradation. For similar
reasons, the statistical analysis confirmed that the variable with the
greatest impact on productivity is residence time (Fig. S9 in the sup-
plementary material). Additionally, the volumetric flow ratio between
the aqueous and oil phases was found to impact productivity, although
less significantly than the effect of the other variables. The optimal
productivity values were obtained within a narrow range (1.13 — 1.22)
of this flow ratio, suggesting the existence of an appropriate balance of
mass transfer effectiveness, reactants ratio, and concentration of acid
species.

The OV is a crucial variable in the epoxidation process, as it directly
influences the ability of the product to meet the technical specifications

10

Chemical Engineering Journal 506 (2025) 159907

required for its intended applications. This metric determines the quality
and degree of epoxidation of the oil, making it essential to optimize this
property to ensure the performance and functionality of the epoxidized
material. Fig. 8d illustrates the effect of residence time, temperature,
and the volumetric flow rate ratio of the aqueous and oil phases on OV.
The highest values (indicated by a yellowish color) were primarily
observed under conditions of elevated temperatures (> 75.0 °C) and
shorter residence times (around 25 min.). This again confirms that a
proper trade-off between operating temperature and residence time
leads to a more efficient epoxidation process. These results are also
corroborated by the Pareto analysis (Fig. S10 in the supplementary
material), where the statistically significant variables for oxirane value
are temperature and residence time.

As a result of the optimization process, it was possible to identify the
most suitable operating conditions to maximize productivity, selectivity,
and conversion in the epoxidation process. Experiment 16 yielded the
most favorable results, achieving a productivity of 0.75 kg
OO-m’3~min’1, a conversion of 82 %, a selectivity of 86 %, and an
oxirane index of 4.02 % by weight. These optimal conditions were
attained at a temperature of 77.4 °C, with a residence time of 22.16 min,
and with volumetric flow ratios of 0.32:1 for the acidity/oil and 0.88:1
for the HoOy/0il. These results are comparable to those previously re-
ported in the same millireactor used in the epoxidation of soybean oil (X
=90%,S=91%,P=0.95kg 00-m~3-min"1)[34]). On the other hand,
the productivity achieved with UCOs (0.75 kg OO-m~3min') and
soybean oil (0.95 kg OO-m >-min~') in the millireactor of the present
study was significantly higher compared to a similar flow reactor study
using soybean oil, which achieved productivity of 0.61 kg
00-m~3-min~" [36]. Furthermore, when comparing the results obtained
in the continuous millireactor with a fed-batch process, similar out-
comes are observed regarding selectivity (71 %) and total conversion.
Nevertheless, considering productivity and residence time under
optimal conditions, it is possible to verify the intensification of the
process; the residence time was reduced from 5 to 12 h[57,15]to less
than 30 min, and productivity was much larger (0.08 kg 0O-m>-min "
to more than 0.75 kg OO-m~>-min~!). Despite the promising results,
further experiments must be carried out to assess the impact of UCOs
physicochemical characteristics (i.e., polar compounds concentration,
interfacial tension, and water content), and the potential benefits of
specific pretreatment. Also, an assessment of the process with UCOs of
higher unsaturation content would be of interest to produce epoxides
with a higher oxirane oxygen content. Additionally, the obtained results
would be helpful for further modeling and validation to conduct a
feasibility assessment of the technology at larger scales.

4. Conclusions

This research developed and optimized an automated platform for
the continuous epoxidation of used cooking oils utilizing segmented
flow milli-reactors. A detailed analysis of process variables found that
viscosity plays a major role in achieving slug flow patterns, so specific
operating conditions must be determined for different potential feed-
stocks. The high content of impurities, particularly of polar compounds,
represents a major challenge for the proper hydrodynamic behavior of
the slug flow reactor. Such impurities induce coalescence of the
immiscible phases during epoxidations, reducing mass transfer area and
affecting epoxidation effectiveness. Then, the humidity content and the
presence of polar compounds could serve as indicators to assess whether
a specific UCO is suitable as feedstock for slug flow reactors or if pre-
treatment is necessary. Nevertheless, it was possible to identify an
appropriate range of operating conditions to produce the intended slug
flow regime and carry out effective epoxidation.

By exploring the effect of temperature, residence time, and volu-
metric flow ratios between the aqueous and oil phases, optimal condi-
tions that maximized productivity and yield of epoxidation in the
millireactor were identified. The results demonstrated that high



J. Cardenas et al.

temperatures (~ 77-80 °C) and shorter residence times (approximately
25-30 min.) were critical factors to obtain high conversion and pro-
ductivity and to promote the formation of epoxidized compounds with
high oxirane values. Under optimal conditions, a conversion of 82 % and
a selectivity of 86 % were achieved in the epoxidation of used cooking
oil. However, the evaluated millireactor exhibited superior productivity
(0.75 kg 00-m~>-min~!) compared to previous studies using refined
vegetable oils. Furthermore, similar outcomes were observed regarding
selectivity, conversion, and yield when compared with a traditional fed-
batch epoxidation process. The high productivity and low residence time
confirmed the intensification of the process. This demonstrates that a
continuous slug-flow millireactor can effectively reach high conver-
sions, avoiding ring-opening degradation and minimizing unwanted
byproducts that would affect the performance of the epoxidized UCO as
a plasticizer. It is expected that it would be possible to scale up the
process by using a combination of multiple millireactors of increased
size. In this direction, the results would be valuable in constructing and
validating computational models for process scale-up and further
feasibility assessment.
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