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a b s t r a c t

Heterogeneously catalyzed epoxidation of vegetable oils by hydrogen peroxide represents a greener route
for the production of epoxides and a thermally safer reaction route compared to the classical Prileschajew
epoxidation approach. The epoxidation kinetics of the heterogeneous system formed by aluminium oxide
catalyst, hydrogen peroxide and methyl oleate as a model compound was studied with semibatch exper-
iments in laboratory scale. It was found that semibatch operation improved the performance significantly
compared to classical batch operation, a low and constant volumetric flowrate of hydrogen peroxide
increased the final oxirane yield considerably. A semibatch reactor model and a kinetic model were
developed, featuring the reaction temperature, the reactant molar ratio, the catalyst loading and the mass
flow rate as the most significant experimental parameters. The mathematical model was able to well
describe the experimental data. The approach can be applied to other liquid–solid catalyst systems in
future in order to optimize the semibatch operation policy for complex reaction systems.

� 2020 Elsevier Ltd. All rights reserved.
1. Introduction

In the past decades, academic and industrial researchers have
turned their interest to the exploration of new sources of chemicals
and energy instead of fossil fuel resources (Cherubini, 2010; Tuck
et al., 2012; Sheldon, 2014). The main motivation is an eventual
depletion of oil resources and the need to diminish the pollution
associated to their utilization. Therefore, the research is nowadays
keenly looking for alternative sources of raw materials with a more
environmentally friendly approach. Biomass valorization is one of
the most promising fields of investigation in this matter. An impor-
tant amount of methods and procedures for the application of bio-
mass as an ecofriendly source of chemicals and fuels have been
developed (Sheldon, 2014; Mohanty et al., 2002). Among the valu-
able components of biomass, vegetable oils represent very advan-
tageous feedstock.

Vegetable oils are an abundant source of raw materials for the
production of fuels, fine chemicals, polymers, and chemical inter-
mediates. (Mohanty et al., 2002; Biermann et al., 2011; Richard
et al., 2013; Murawski et al., 2018). Hence the arising interest in
their utilization and their derivatives as renewable feedstock for
the production of added-value products. One of the most promis-
ing routes of valorization is the transformation of the double bonds
in vegetable oils to epoxides (Freites Aguilera et al., 2018; Danov
et al., 2017). The main method for the production of epoxidized
vegetable oils is the Prileschajew epoxidation (current industrial
process) (Freites Aguilera et al., 2019), which consists of a biphasic
system with an oxidant agent (mainly hydrogen peroxide), an oxy-
gen carrier (percarboxylic acid) and the unsaturated vegetable oil.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ces.2020.116206&domain=pdf
https://doi.org/10.1016/j.ces.2020.116206
https://doi.org/10.1016/j.ces.2020.116206
http://www.sciencedirect.com/science/journal/00092509
http://www.elsevier.com/locate/ces


Nomenclature

a merged parameter in rate equation
c concentration
c0 total concentration of adsorption sites on catalyst sur-

face
k reaction rate constant
m mass
n amount of substance
r catalytic reaction rates
r’ non-catalytic reaction rates
t time
V volume
V’ volumetric flow rate
a, b, c, x merged rate parameters
k empirical exponent in rate equation
m stoichiometric number
q density
s0 ratio between initial volume-to-volumetric flow rate

Subscripts and superscripts
B bulk

i, j component index
L liquid
0 inlet or initial quantity
* surface site

Abbreviations
DB component with a double bond, e.g. fatty acid ester
HP hydrogen peroxide
OH hydroxyl group
OOH hydroxylperoxide adduct
O Oxygen
EP epoxidized product
W Water
* vacant site on the catalyst surface
EXP experimental
SIM simulation
OF objective function
R2 coefficient of determination
Abbreviations OH*, I* etc. denote the corresponding adsorbed

species on the catalyst surface.
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Homogenous and heterogeneous catalysts (mainly mineral acids
and solid resin catalysts with sulphonic acid groups) have been
applied to enhance the formation of percarboxylic acid (Vianello
et al., 2018; Zheng et al., 2015). The percarboxylic acid is produced
in situ through perhydrolysis of a carboxylic acid with hydrogen
peroxide. The percarboxylic acid then diffuses to the organic phase
to react with the double bonds and form an epoxide. At an indus-
trial scale some key market players using Prileschajew system for
production of epoxidized vegetable oils are Arkema SA (France),
CHS INC (U.S.), Ferro corporation (U.S.), Hairma chemicals (GZ)
Ltd (China) (ESBO, 2020). Epoxidized vegetable oils find applica-
tions as additives or plasticizers in paint, coating or PVC (Horvath
and Malacria, 2020).

Some other methods for the production of epoxides have also
been reported in the literature (Santacesaria et al., 2011;
Mandelli, 2001; Scotti et al., 2015; Sepulveda et al., 2007; Gunam
Resul et al., 2018; Li et al., 2006; Phimsen et al., 2017; Parada
Hernandez et al., 2017; Turco et al., 2017; Nur et al., 2001;
Campanella et al., 2004; Goud et al., 2007), such is the case of
the direct epoxidation with an oxidant agent (i.e. hydrogen perox-
ide, TBHP, O2) in the presence of a heterogeneous catalyst. These
heterogeneous methods present a greener approach. By avoiding
the use of carboxylic acid, no perhydrolysis takes place in the
system, which contributes to high exothermicity, waste and
troublesome separation of the final products. In addition, the
impact of undesired reactions, such as ring opening is diminished
by applying direct epoxidation with an oxidant agent like
hydrogen peroxide as only reagent. Recently, a thermal risk
assessment has been carried out by our group (Pérez-Sena et al.,
2020), in which the classical Prileschajew method was
compared to the alumina catalyzed epoxidation, and the latter
one was found to present less risk with a lower probability of
thermal runaway.

Some works have shown the catalytic capability of alumina to
epoxidize various vegetable oils such as oleic acid, soybean oil, cas-
tor oil (Sepulveda et al., 2007; Parada Hernandez et al., 2017; Turco
et al., 2016; Miao and Liu, 2014; Suarez et al., 2009) and their
methyl esters. However, only few kinetic models have been devel-
oped for this system mostly featuring small substrates (i.e. alkenes
epoxidation reactions) (Zapata et al., 2010; Bonon et al., 2014).
2

According to our knowledge, no kinetic model has been proposed
so far in the open literature for the epoxidation of vegetable oils
using alumina as a heterogeneous catalyst.

In order to improve the efficiency of this promising heteroge-
neous catalytic system, it is essential to obtain a better under-
standing of the reaction mechanism and kinetics. Moreover, this
reaction has mainly been studied in batch mode. It is therefore of
crucial interest to explore alternative reactor technologies and to
investigate how the reactor technology, particularly the mode of
operation would influence the final product distribution because
many parallel and consecutive reactions take place in the system,
for instance hydrogen peroxide decomposition and ring opening
of the epoxide.

Two different operation modes were compared for the hetero-
geneously catalyzed epoxidation of methyl oleate in the presence
of an aluminium oxide catalyst: batch and semibatch operation.
A semibatch operation mode was found to have a beneficial effect
on the epoxidation reaction by introduction of the hydrogen perox-
ide over the reaction time. Thereafter, a kinetic model was devel-
oped based on plausible reaction mechanisms and taking into
consideration both the catalytic and non-catalytic reactions of
the system. Numerical regression analysis was performed and
the kinetic parameters were estimated. The statistical analysis
of the kinetic parameters demonstrated their good reliability. The
developed model can successfully simulate the course of the reac-
tion and its respond to experimental parameters. Reaction temper-
ature, catalyst loading, reactant molar ratio and flow rate are the
main parameters of semibatch operation.
2. Experimental section

2.1. Materials

The following chemicals were used: oleic acid (purity � 90%),
methanol (purity � 99%), sulfuric acid (purity � 99%), hydrogen
peroxide (purity � 33 wt%), magnesium oxide, tetrabutyl ammo-
nium bromide, acetic acid, Hanus solution 0.1 N were all purchased
from Sigma Aldrich and used as received. c-Alumina (Versal GH)
was provided by LaRoche Chemicals.
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2.2. Catalyst characteristics

Versal GH (LaRoche Chemicals) was utilized as the epoxidation
catalyst, which is a high-performance catalytic grade aluminium
oxide. This c-alumina has been used by our group in a previous
investigation (Eränen, 2004). Therefore, the catalyst characteristics
are summarized from the previous research and as well as from
data provided by the manufacturer in Table 1.

2.3. Analytical methods

All the samples withdrawn from the reactor were centrifuged.
The aqueous and organic phases were separated and analyzed
independently right after the experiment was finished.

The oxirane content (i.e., epoxide groups), in the samples, was
quantified by Jay’s method (Jay, 1964; Paquot, 2013; Swern et al.,
1947) in which samples are dissolved in chloroform, followed by
addition of a 20 wt% solution of tetraethylammonium bromide
(TEAB) and finally titrated with a standard 0.1 M perchloric acid
solution. An automatic titrator (799 GPT Titrino, Metrohm) was
used.

The double bond concentration was determined through titra-
tion of the iodine value by using traditional Hanus’ method
(Paquot, 2013; I. TC 34/SC 11, 1996).The hydrogen peroxide con-
centration determined by the ceric sulfate titration method
(Greenspan and MacKellar, 1948). The details of the procedure
and samples pretreatment are provided in supplementary
material.
Fig. 1. Simplified scheme

Table 1
Principal characteristics of the catalyst.

Chemical Analysis (wt%) Physica

Na2O Fe2O3 SiO2 SO4 Cl Al2O3 by difference LOI* Loose B

Versal GH 0.07 0.04 0.1 0.03 0.1 96.7–98.7 1–3 0.59

*Loss on ignition.
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2.4. Esterification of oleic acid

Methyl oleate was prepared in a 500 mL glass reactor equipped
with a mechanical stirrer and a reflux condenser. Vigorous stirring
was applied (800 rpm) to suppress the external mass transfer lim-
itation. Oleic acid (OA), methanol and sulfuric acid were mixed in a
19.2%, 79.8, 1% molar percentage as indicated by Nicolau et al.
(2010). After three hours, the reaction was let to stratify and the
organic phase was washed with distilled water five times. The
organic phase was then purified by removing water and traces of
methanol in a vacuum rotatory evaporator (LABOROTA 4000, Hei-
dolph) and later dried over a molecular sieve. A 90% conversion of
the oleic acid to methyl ester was confirm by acidity titration
method (Wu et al., 2016).

2.5. Epoxidation of methyl oleate in the presence of c-alumina

A mixture of methyl oleate, the catalyst and ethyl acetate as sol-
vent was poured into a 500 mL glass reactor equipped with
mechanical agitation (800 rpm), baffles and a reflux condenser
(Fig. 1). As the reaction mixture reached the desired temperature,
hydrogen peroxide was added dropwise into the reactor vessel
with a peristaltic pump. The reaction was continued under isother-
mal conditions for 24 h with periodical sampling.

A wide set of conditions was screened to reveal the qualitative
behavior of the system and to collect enough data for the parame-
ter estimation stage. Table 2 provides an overview of the con-
ducted kinetic experiments. The double bond-to-hydrogen
of the reactor system.

l Properties

ulk density (g�mL�1) Surface Area (m2�g�1) Acid Dispersibility (%) Phase

270 <10 Gamma



Table 2
Experimental matrix for epoxidation system.

Experiment DB:
HP

wt%
Catalyst

Temperature
(�C)

Q
(g�min�1)

Addition time
(min)

Run1 1:5.8 10 50 0.23 502
Run2 1:5.8 10 60 0.22 510
Run3 1:5.7 10 70 0.22 510
Run4 1:5.8 10 74 0.23 496
Run5 1:5.7 10 76 0.59 191
Run6 1:5.7 10 76 1.15 98
Run7 1:5.8 10 76 4.32 27
Run8 1:5.8 0 74 0.22 513
Run9 1:5.8 2 74 0.21 540
Run10 1:5.8 5 76 0.23 488
Run11 1:4 13 74 0.22 332
Run12 1:7.2 10 74 0.23 622
Run13 1:4 10 74 1.08 71
Run14 1:4 10 74 4.53 17
Run15 1:4 10 74 Batch –
Run16 0:1 0 60 Batch –
Run17 0:1 0 70 Batch –
Run18 0:1 0 80 Batch –
Run19 1:4 0 70 Batch –
Run20 1:4 0 80 Batch –

Solvent: ethyl acetate Q = mass flow of hydrogen peroxide solution.
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peroxide molar ratio, the catalyst loading, the reaction tempera-
ture and the mass flow were the experimental parameters

Besides the catalytic epoxidation experiments, two different
sets of non-catalytic experiments were also carried out to investi-
gate their contribution to the overall rate: non-catalytic hydrogen
peroxide decomposition and non-catalytic epoxidation. During the
hydrogen peroxide decomposition experiments, a fixed amount of
33 wt% hydrogen peroxide solution was set to decompose in the
500 mL glass reactor in batch operation. The reaction temperature
was the experimental parameter. Similarly, in the non-catalytic
epoxidation experiments, a mixture of methyl oleate and 33 wt%
hydrogen peroxide solution was loaded into the 500 mL glass reac-
tor and the batch experiment was started.
3. Experimental results and discussion

3.1. Epoxidation reaction

3.1.1. Influence of experimental parameters
As previously mentioned, the aims of this work are to investi-

gate the effect of the reactor configuration on the alumina-
catalyzed epoxidation and to develop a kinetic model based on a
plausible reaction mechanism. Therefore, it is possible to summa-
rize the influences of some operational parameters such as optimal
catalyst loading, reaction temperature and reactant molar ratio on
the epoxidation rate. These effects have already been studied by
various groups of researchers (Mandelli, 2001; Sepulveda et al.,
2007; Parada Hernandez et al., 2017; Turco et al., 2016; Miao
and Liu, 2014.

It was re-confirmed that an increase of the catalyst loading
increases the yield of oxirane proportionally (Fig S1 in Supplemen-
tary material), but, an increase exceeding 10 wt% does not seem to
improve significantly the final yield of the product. As the catalyst
amount exceeded 10 wt%, the proportionality between the reaction
rate and the active element concentration was not maintained,
which could be due to rapid side catalytic hydrogen peroxide
decomposition when high amount of catalyst are loaded. The influ-
ence of temperature was also investigated (Fig S2) and as expected,
the epoxidation kinetics was enhanced with an increasing temper-
ature resulting in a higher reactant conversion and product yield.
However, the maximum operating temperature that can be
4

reached in the system is limited by the boiling point of the solvent,
in this case ethyl acetate (77 �C under atmospheric pressure). From
Fig S3 the optimal double bond-to-hydrogen peroxide molar ratio
was confirmed to be at around 1:6 as corroborated by Sepulveda
et al. (Sepulveda et al., 2007) in their research. A further increase
of this ratio did not result in any significant improvement of the
final yield and conversion. The highest double bond conversion
and epoxy yield observed were 90% and 82% respectively when
maximum temperature, lowest hydrogen peroxide mass flow, 1:6
reactant molar ratio and 10 wt% catalyst were applied.
3.1.2. Influence of semibatch operation
Unlike well-studied heterogeneously catalyzed epoxidation of

vegetable oils in batch mode (Sepulveda et al., 2007; Parada
Hernandez et al., 2017; Turco et al., 2016; Miao and Liu, 2014;
Suarez et al., 2009); no literature is available for the case in which
hydrogen peroxide is added gradually to the reaction system, while
the rest of the reactants are loaded into the reactor. This semibatch
operation mode is currently used in industrial scale in the
Prileschajew epoxidation. By dosing one or more of the reactants
to the reaction system, the heat evolution of this very exothermic
reaction is kept controlled. Hence, secondary reactions such as the
decomposition of hydrogen peroxide percarboxylic acids are
diminished and a good yield of the final product is obtained.

In principle in a semibatch setup where hydrogen peroxide is
continuously added over a period, its consumption depends on
the dosing rate. The lower the feed rate of the reactant, the less
accumulation, therefore in theory one could be even able to adjust
the dosing rate to the reaction rate of hydrogen peroxide and vir-
tually no accumulation would take place.

Fig. 2 demonstrates clearly that operation under semibatch con-
ditions significantly improves the reactant conversion and the pro-
duct yield in the epoxidation reaction: an improvement of more
than 30% was observed when low-flow semibatch conditions were
applied compared to batch operation under identical conditions.

It has been proposed by some researchers (Mandelli, 2001;
Parada Hernandez et al., 2017; Pérez-Sena et al., 2020; Turco
et al., 2016; Salem et al., 1993) that the peroxide sites formed on
the catalyst surface due to the adsorption of hydrogen peroxide
are either utilized to epoxidize the double bond or released in
the form of molecular oxygen, i.e., catalyzed hydrogen peroxide
decomposition. It is assumed that the overall hydrogen peroxide
decomposition (non-catalyzed and catalyzed) taking place in par-
allel with the epoxidation of the double bond (Fig. 3) has a more
rapid rate than the epoxidation process. Hence, in a batch reactor
setup where a high concentration of hydrogen peroxide is present
at the beginning, the decomposition rates can quickly reduce the
available hydrogen peroxide, which forms active surface sites that
later react with the double bond of the vegetable oil. On the other
hand, when the same amount of hydrogen peroxide is loaded into
the reactor gradually over an extended period, favorable conditions
for the epoxidation reaction are maintained. Fig. 4 displays the
hydrogen peroxide concentration evolution in both operation
modes. In the batch experiment, a rapid consumption of hydrogen
peroxide is evidenced: after four hours of reaction, around 50% of
the total hydrogen peroxide have been consumed. This decrease
of the concentration affects negatively the overall kinetics because
all the reactions in the system are strongly dependent on this
reagent. However, in the case of semibatch experiments, the addi-
tion of concentrated hydrogen peroxide at a constant dosing rate
helped to keep an increasing concentration of hydrogen peroxide
in the reactor until the addition was stopped. Thereafter, the con-
centration started to decrease at the same rate as in the batch
experiment. From Fig. 4, it can be concluded that lower dosing
rates provide a good reaction environment. By extending the total



Fig. 2. Epoxidation under batch and semibatch conditions at 74 �C, DB:HP = 1:4 and 10 wt% catalyst; (a) Double bond conversion, (b) Oxirane yield.

Fig. 3. Simplified reaction scheme of the catalytic epoxidation and catalytic
hydrogen peroxide decomposition on the alumina surface (Mandelli, 2001;
Parada Hernandez et al., 2017).
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addition time and letting a fresh hydrogen peroxide solution enter
the system, epoxidation kinetics is favored.

Besides that, It can also be speculated that the water always
being present in the hydrogen peroxide solution is strongly
adsorbed on the catalyst surface, as indicated by some studies
(Mandelli, 2001; Turco et al., 2016; Lefèvre et al., 2002; Osman
et al., 2017). A considerable amount of water is formed during
the decomposition of hydrogen peroxide, which is highly pro-
moted in a batch mode of operation. Water adsorption could in
theory reduce the catalytic capabilities of c-alumina by blocking
the pores for the hydrogen peroxide to react and making difficult
the diffusion of the olefin to the active sites (Rinaldi and
Schuchardt, 2004). In this sense, the use of a more concentrated
5

hydrogen peroxide solution (i.e. 50/70 wt%) or the use of an anhy-
drous hydrogen peroxide solution could probably improve the
reaction outcome because of fewer water in the system as demon-
strated by some researcher (Mandelli, 2001; Sepulveda et al.,
2007).

3.2. Evaluation of mass transfer resistance

3.2.1. External mass transfer
The reaction limitations to operate in a kinetic regime due to

external mass transport were checked following a classical but reli-
able test based on the quantification of the reaction productivity as
the function of the stirring speed (Stamatiou and Muller, 2017;
Sengupta, 2017). Because this system is a complex liquid–liquid-
solid reaction, it was pertinent to determine if the interfacial mass
transfer of the species had an impact on the reaction rate and the
final epoxide yield.

Experiments at different stirring velocities but keeping the
other parameters fixed were systematically carried out. The con-
centration of oxirane was utilized as the measure of productivity.
Samples were analyzed at different reaction times. From Fig. 5a,
it can be deduced that operation with stirring velocities exceeding
500 rpm evidently ensures enough of turbulence around the cata-
lyst particles to remove the external mass transfer limitations. The
similar product concentrations at different stirring velocities
(>500 rpm) is a clear indication that the system operates in a
kinetic regime.

3.2.2. Internal mass transfer
The catalyst material used in the experiments was sieved to

obtain fractions with different particle diameters, after which the
particle size distribution was calculated as illustrated in Fig. 6. In
fact, the catalyst material mainly constituted a high percentage
of fine particles (63–125 mm).

The influence of internal mass transfer, i.e., diffusion in the cat-
alyst pores, was also checked with a classical experimental
approach. The dependence of the catalytic activity on the particle
size was verified by measuring the productivity, i.e. the kinetics



Fig. 4. Hydrogen peroxide concentration evolution under batch and semibatch conditions at 74 �C, DB: HP = 1:4 and 10 wt% catalyst.

Fig. 5. Mass transfer resistance tests; (a) External mass transfer verification at 74 �C, DB:HP = 1:4, 0.22 g∙min�1 and 10 wt%. (b) Internal mass transfer verification at 74 �C, DB:
HP = 1:6, 0.22 g∙min�1 and 5 wt% Cat.
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of oxirane formation for different catalyst particle diameters
(Fig. 5b). The progress of the oxirane concentration as a function
of the reaction time was very similar for the different catalyst par-
ticle sizes. Because very fine particles (63–125 mm) were the dom-
inating fraction, the operation within the regime of intrinsic
kinetics was confirmed and no internal diffusion limitations what-
soever were expected.

In conclusion, no mass transfer limitations of any type were evi-
denced in the experiments. Therefore, these phenomena were
excluded from the kinetic modelling.
4. Kinetic modelling

4.1. From reaction mechanisms to rate equations

Different reaction mechanisms have been proposed for the
direct epoxidation of double bonds on solid alumina catalysts.
6

Bonon et al. (Bonon et al., 2014) have summarized from a recent
DFT study of the olefin epoxidation (Kuznetsov et al., 2011) pos-
sible reactions paths for the catalytic epoxidation on alumina. The
mechanisms are displayed in Fig. 7. From the viewpoint of funda-
mental chemical thinking, the rival mechanisms are quite differ-
ent, but they have a common feature: the formation of a
hydroperoxyl adduct on the alumina surface. Thus, a common
step for the reaction sequence is presumed to be the activation
of OH ligands on the alumina surface through reaction with
hydrogen peroxide (Rinaldi and Schuchardt, 2004), leading to
the formation of a hydroperoxyl group and release of water from
the catalyst surface. The hydroperoxyl group is then able to fur-
ther react with unsaturated fatty acid ester. After several interme-
diate steps, the epoxide group is finally formed, and the
epoxidized product is desorbed from the catalyst surface. Consid-
erable amounts of water remain on the surface. In this sense, the
Sharpless route (Fig. 7) and the stepwise mechanism proposed in
the literature are similar (Suarez et al., 2009).



Fig. 6. Particle Size distribution of the catalyst.

Fig. 7. Reaction mechanisms for the olefin epoxidation in the presence of an alumina catalyst.
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A simple model is applied to the decomposition of hydrogen
peroxide,

H2O2 ! H2O + 1/2O2

It is assumed that formed hydroperoxyl adduct (OOH*) releases
oxygen into the liquid bulk phase, whereas adsorbed water (W*)
remains on the catalyst surface until it is released from the surface
via desorption or converted to OH. The decomposition mechanism
of hydrogen peroxide can be written as

H2O2 + OH* !OOH* + H2O

OOH* !1/2O2 + OH*

It should be noticed that the above equations are a simplifica-
tion of the real surface reaction mechanism, probably proceeding
stepwise, e.g.

H2O2 + * !H2O2*

H2O2* + OH* !OOH* + H2O*

H2O* !H2O + *

2OOH*!2OH* + O2
4.2. Derivation of rate equations

4.2.1. Catalytic reactions
For the sake of brevity, the following abbreviations are used:

hydrogen peroxide (HP), water (W), double bond (DB) and epoxide
(EP) and surface intermediate (I). A summary of the simplified
reaction mechanism can be provided as follows,
m1
 m2
1. HP + OH* = OOH* + W
 1
 1

2. OOH* ? OH* + O
 0
 1

3. OOH* + DB ? I*
 1
 0

4. I* ? EP + OH*
 1
 0
Where the stoichiometric numbers m1 and m2 reflect the steps par-
ticipating in the epoxidation and hydrogen peroxide decomposition
routes. The sum of steps 1, 3 and 4 gives

DB + HP ! EP + W double bond epoxidation Route I

While the sum of steps 1 and 2 gives

HP ! W + O hydrogen peroxide decomposition Route II

where O denotes ½ O2.
The first step is presumed to be reversible, whereas the other

steps are taken as irreversible. The rate equations of the elemen-
tary steps are formulated in a standard manner,

r1 ¼ a1cOH� � a�1cOOH� ð1Þ

r2 ¼ a2cOOH� ð2Þ

r3 ¼ a3cOOH� ð3Þ

r4 ¼ a4cI� ð4Þ
where

a1 ¼ k1cHP ð5Þ

a�1 ¼ k�1cW ð6Þ

8

a2 ¼ k2 ð7Þ

a3 ¼ k3cDB ð8Þ

a4 ¼ k4 ð9Þ
If quasi-steady state is assumed for all the adsorbed species, the

stoichiometry gives the generation rates,

rOOH� ¼ r1 � r2 � r3 ¼ 0 ð10Þ

rOH� ¼ �r1 þ r2 þ r4 ¼ 0 ð11Þ

rI� ¼ r3 � r4 ¼ 0 ð12Þ
Which confirms that Rrj* = 0 and the total balance of available

surface sites is expressed as

cOOH� þ cOH� þ cI� ¼ c0 ð13Þ
where c0 denotes the total concentration of the surface sites. Eqs.
(10)–(13) contain three unknown concentrations (cOOH*, cOH*, and
cI*). It should be noticed that the system (10)–(12) consists of two
independent linear equations only: the sum of Eqs. (10) and (11)
gives de facto Eq. (12). The concentration of OH ligands (cOH*) is
solved from Eq. (10),

cOH� ¼ ða�1 þ a2 þ a3ÞcOOH�=a1 ð14Þ
And the concentration of the adsorbed intermediate (cI*) is

solved from Eq. (12),

cI� ¼ a3cOOH�=a4 ð15Þ
The relations are inserted in the total balance (13), from which

cOOH* is solved,

cOOH� ¼ a1a4c0ða1a4 þ ða�1 þ a2 þ a3Þa4 þ a1a3Þ�1 ð16Þ
The rate of the epoxide (EP) formation via the first route (I) is

r4 ¼ rI ¼ a4cI� ¼ a3cOOH� ð17Þ
Which becomes

r4 ¼ rI ¼ a1a3a4c0
a1a3 þ a1a4 þ ða�1 þ a2 þ a3Þa4 ð18Þ

In an analogous manner, the rate of oxygen (O) formation via
the second route is expressed as

r2 ¼ rII ¼ a2cOOH� ð19Þ
The expression for cOOH* is inserted and we obtain

r2 ¼ rII ¼ a1a2a4c0
a1a3 þ a1a4 þ ða�1 þ a2 þ a3Þa4 ð20Þ

Finally, after division by k2k4 and rearrangement the very com-
pressed rate equations for the epoxidation and hydrogen peroxide
decomposition are obtained,

rI ¼ kIcDBcHP
1þ acDB þ bcHP þ ccDBcHP þxcW

ð21Þ

rII ¼ kIIcHP
1þ acDB þ bcHP þ ccDBcHP þxcW

ð22Þ

where kI = (k1k3/k2)c0, kII = k1c0, a = k3/k2, b = k1/k2, c = k1k3/(k2k4)
and x = k�1/k2. Rates rI and rII are the catalytic epoxidation and
hydrogen peroxide decomposition rates, respectively. The operative
parameters to be estimated by nonlinear regression analysis by
using experimental data are kI, kII, b, c and x and their respective
activation energies. Parameter a can be estimated through kI/kII = a.

Some special cases are worth consideration. If adsorption of
water is very rapid, k�1 is large and x is large. Furthermore, if
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the reaction of the double bond with the surface hydroperoxyl
group, step 3 is slow, k3 is small and consequently a and c are
small. During the parameter estimation process, various simplified
forms of the rate equations were compared.
4.2.2. Non-catalytic reactions
For the non-catalytic reactions (r0i) simple kinetic expressions

were applied.
The empirical power-law expression was used for the hydrogen

peroxide decomposition,

r0II ¼ k0II � cHPk ð23Þ
The value of the exponent (k) was adjusted in order to get the

best possible fit to the experimental data.
It was also observed that non-catalytic epoxidation takes place

in the system. Hence, some independent experiments without cat-
alyst were carried out in order to have an acceptable approxima-
tion of this reaction rate. The kinetics of this process was
described as follows,

r0I ¼ k0IcHPcDB ð24Þ
Under the operating conditions used in this study, the influence

of ring-opening reaction was observed to be low. The kinetics of
ring-opening was described with the formula

r0RO ¼ k0ROcP ð25Þ
4.3. Component generation rates

The generation rates of the components are obtained as linear
combinations of the rates rI and rII. The catalytic contributions to
the generation rates are rI and rII, but the contributions of the
non-catalytic reactions (r0i) affect the generation rates, too.

The generation rates originating from heterogeneous catalysis
are

rDB ¼ �rI ð26Þ
rHP ¼ �rI � rII ð27Þ
rEP ¼ rI ð28Þ
rO2 ¼ 0:5rII ð29Þ
rW ¼ rI þ rII ð30Þ
And the generation rates related to the non-catalytic reactions,

namely epoxidation, hydrogen peroxide decomposition and ring
opening are

r0DB ¼ �r0I ð31Þ
r0HP ¼ �r0I � r0II ð32Þ
r0EP ¼ r0I � r0RO ð33Þ
r0O2
¼ 0:5r0II ð34Þ
r0W ¼ r0I þ r0II ð35Þ
The generation rates are linked together in the semibatch reac-

tor model.
9

5. Semibatch reactor model

5.1. General hypotheses for the reactor system

The kinetic experiments were conducted in the isothermal and
isobaric reactor vessel. The sketch of the reactor system is shown in
Fig. 1. Some experiments were carried out in complete batch mode,
while the major part of the experiments were conducted in semi-
batch mode, in which the hydrogen peroxide solution was added
gradually to the reaction mixture consisting of the esterified oleic
acid, the heterogeneous catalyst and the solvent. Complete back-
mixing was assured for the reactor content because vigorous stir-
ring (800 rpm) was applied, and the reactor was equipped with
baffles; the external mass transfer resistance at the outer surface
of the catalyst could thus be regarded negligible as discussed pre-
viously. The catalyst particle size was small (63–125 mm), which
guaranteed the operation beyond the internal mass transfer limita-
tions (pore diffusion) as treated previously. The perfectly mixed
semibatch reactor model was considered sufficient for the quanti-
tative interpretation of the experimental data on the epoxidation
kinetics. Since the mass transfer phenomena was proved negligi-
ble, and for the sake of simplicity, one homogeneous phase was
assumed for the mass balance.

5.2. Details of the semibatch reactor model

The volumes were assumed additive, which implies that a sim-
ple update formula for the liquid volume (VL) is applied,

VL ¼ V0L þ V 0t ð36Þ
where V0L is the initial volume and V’ is the volumetric flow rate
(the feed rate of aqueous hydrogen peroxide solution). The mass
balance equation for an arbitrary component can be written as

n0
0i þ rimcat þ r0iVL ¼ dni

dt
ð37Þ

where n’0i is the molar flow rate in the feed (n’0i – 0 for hydrogen
peroxide (HP) and water (W), but n’0i = 0 for the other components),
ni is the amount of substance in the reactor and mcat is the mass of
catalyst. The terms ri and r’i denote the catalytic and non-catalytic
generation rates of the components, respectively.

The inlet molar flow is expressed with the concentration in the
feed (c0i) and the volumetric flow rate. The catalyst bulk density
(qB) is introduced: qB = mcat/VL. After inserting the update of the
liquid volume, the expression for qB becomes

qB ¼ q0B

1þ t=s0
ð38Þ

where q0B = mcat/V0L and s0 = V0L/V’.
After inserting this relation to the mass balance Eq. (37), it

becomes

dni

dt
¼ c0iV

0 þ ðriq0B þ r0ið1þ t=s0ÞÞV0L ð39Þ

The amount of substance (ni) can be elaborated further, because
ni = ciVL.

Differentiation gives

dni

dt
¼ dðciVLÞ

dt
¼ dci

dt
VL þ ci

dVL

dt
ð40Þ

According to Eq. (36), dVL/dt = V’. After inserting these relations
into the balance equation, the mass balance becomes

dci
dt

¼ ðc0i � ciÞV 0

VL
þ ðriq0B þ r0ið1þ t=s0ÞÞV0L

VL
ð41Þ

where VL/V0L = 1 + t/s0 and VL/V’ =t + s0



Fig. 8. Non-catalytic hydrogen peroxide decomposition: experimental results and
model fit.

Table 3
Parameter estimation for the non-catalytic H2O2 decomposition at 70 �C.

Estimated
parameters

Estimated Std
Error

Est. Relative Std Error (%)

k’II 0.226E-03 0.290E-04 12.8
Ea’II 0.897E + 05 0.129E + 05 14.4

Units: k’II = (min�1); Ea’II = (J�mol�1).

Table 4
Parameter estimation for the non-catalytic epoxidation.

Estimated
parameter

Estimated Std
Error

Est. Relative Std Error
(%)

k’I 0.250E-03 0.464E-04 18.5
k’RO 0.619E-03 0.246E-03 37.6
Ea’I 0.100E + 06 0.376E + 05 39.8
Ea’RO 0.128E + 06 0.117E + 06 91.6

Units: k’I = (L�mol�1�min�1); k’RO = (min�1); Ea’i = (J�mol�1).
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The final form of the balance can be written as

dci
dt

¼ ðc0i � ciÞ=s0
1þ t=s0

þ riq0B

1þ t=s0
þ r0i ð42Þ

Eq. (42) describes the changes of the concentrations of both
batch and semibatch components. For batch components (DB and
EP), the concentrations in the feed (c0DB, c0EP) are zero.
Fig. 9. Non-catalytic epoxidation at DB:HP = 1:4: exp

10
5.3. Summary of the model and numerical aspects

The computational procedure is summarized as follows:
The rates of catalytic reactions were calculated from Eqs. (21)

and (22). The rate of non-catalytic decomposition of hydrogen per-
oxide was calculated from Eq. (23), the rate of non-catalytic epox-
idation from Eq. (24) and the rate of ring-opening from Eq. (25).
The component generation rates were obtained from Eqs. (26)–
(35). The generation rates were inserted in the differential Eq.
(42), which were solved numerically with respect to the reaction
time. The initial concentrations of the components in the reactor
were all known, and they were used as the initial conditions for
the differential Eq. (42).

The mass balance of oxygen was discarded in the calculations,
because it did not have an effect on the other balances and the oxy-
gen released to the gas phase was not measured. Arrhenius equa-
tion was assumed valid for the description of the temperature
dependences of the rate constants. The correlations between the
pre-exponential factors and the activation energies were sup-
pressed by using a modified form of the Arrhenius equation. The
computations were repeated several times with different sets of
rate parameters in order to obtain the best fit of the model to the
experimental data.

The differential Eq. (42) were solved with a stiff ODE solver
algorithm (ODESSA) and the minimum of the error squares
between experimentally recorded and predicted (Eq. (43)) concen-
trations was searched with a combined simplex-Levenberg-
erimental data and model fit; (A) 70 �C (B) 80 �C.



Fig. 10. Fit of the model to the experimental data for the alumina-catalyzed epoxidation of methyl oleate (Run number, see Table 2).
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Marquardt algorithm. The software ModEst (Haario, 2011) was
used to carry out the numerical operations. The objective function
was defined as follows,

OF ¼
X

ðCi;exp � Ci;simÞ2 ð43Þ
11
The reliability of the model to adjust to the experimental data
was evaluated by the coefficient of determination,

R2 ¼ 1�
P ðCi;exp � Ci;simÞ2
P ðCi;exp � C

�
i;expÞ

2 ð44Þ
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6. Modelling results and discussion

6.1. Non-catalytic decomposition of hydrogen peroxide

The non-catalytic decomposition of hydrogen peroxide was
studied separately from the heterogeneously catalyzed experi-
ments. The decomposition experiments were conducted in batch
mode, and the temperature was varied from 60 �C to 80 �C. A sim-
ple and adjustable power law expression as expressed by Eq. (23)
was utilized and the reaction order was found to be around 1.
Fig. 8 shows the fit of the model: the fit was very good and the
R2 coefficient exceeded 94%. The estimated values of the kinetic
parameters are summarized in Table 3. The activation energy of
the hydrogen peroxide decomposition was determined to be
around 90 kJ/mol.
Fig. 11. Parity plot for the alumina-catalyzed epoxidation of methyl oleate as a
model compound.

Table 5
Parameter estimation results for catalytic of methyl oleate epoxidation.

Estimated
parameter

Estimated Std Error Est. Relative Std Error (%)

kI 4.97E-05 1.87E-05 37.6
kII 6.53E-05 2.38E-05 36.4
x 2.00E-01 1.26E-01 63.2
EaI 1.01E + 05 3.56E + 04 35.3
EaII 1.22E + 05 2.14E + 04 17.5
Eax 1.06E + 05 4.67E + 04 44
6.2. Non-catalytic epoxidation of methyl oleate

In addition to the non-catalytic hydrogen peroxide decomposi-
tion, it was evidenced that non-catalytic epoxidation took place in
the system. In these experiments, a mixture of methyl oleate,
hydrogen peroxide and ethyl acetate as the solvent was set to react
in batch mode at different temperatures. The non-catalytic epoxi-
dation was described with a simple model, Eq. (24) assuming ele-
mentary reaction steps and applying the steady-state
approximation.

For the modelling of this homogenous reaction, previously
obtained data of hydrogen peroxide decomposition was utilized.
In addition, the simple expression Eq. (25) for the ring-opening
was implemented. The ODE system formed from Eqs. (23)–(25)
was solved numerically as a batch model.

The model fit is shown in Fig. 9. The model described the exper-
imental data with a determination coefficient (Eq. (44)) exceeding
99.5%. It can be noticed from the figure that the non-catalytic epox-
idation reaction proceeded at a slow rate, double bond and oxirane
concentration change very little over time. On the other hand, the
hydrogen peroxide concentration decreased rapidly due to the sec-
ondary non-catalytic decomposition.

The estimation results for the non-catalytic epoxidation are col-
lected in Table 4. A good fit was accomplished with a considerably
high error for the estimation of the ring-opening reactions, never-
theless still acceptable. The errors of the ring-opening parameters
are reasonable, taking into account the complexity of this sec-
ondary reaction system, which has been studied previously by
some researchers (Cai et al., 2018; Campanella and Baltanás,
2005; Tesser et al., 2020). These investigations have confirmed that
ring-opening leads to a very wide range of products, and the pro-
duct distribution is dependent on many parameters, conditions
and intrinsic characteristics of the system. In this particular case,
the estimated parameters for the ring-opening were not used fur-
ther, but the ring-opening parameters were re-estimated for the
catalytic epoxidation case.
Units: kI = (L2�mol�1�g�1�min�1); kII = (L�g�1�min�1); x = (L�mol�1); Ea = (J�mol�1).

Table 6
Correlation matrix of the kinetic parameters.

kI kII x EaI EaII Eax

kI 1.000
kII 0.825 1.000
x 0.823 0.970 1.000
EaI 0.024 0.299 0.222 1.000
EaII 0.483 0.490 0.378 0.351 1.000
Eax �0.15 �0.203 �0.391 0.264 0.615 1.000
6.3. Catalytic epoxidation of methyl oleate

After modelling the kinetics of the non-catalytic reactions, the
modelling of the catalytic epoxidation process was proceeded.
The non-catalytic kinetics was incorporated into the model, in
the case of hydrogen peroxide decomposition a correcting factor
Vaq/VL was implemented, where Vaq is the aqueous phase volume
and VL de total reactor volume.

During the course of the parameter estimation, it was noticed
that incorporating ring opening reactions did not give any essential
improvement to the model. Unlike the previous non-catalytic
epoxidation, the contribution of ring opening to the overall rates
12
in this system was found to be negligible. Therefore, the impact
of these reactions was neglected and excluded from the catalytic
model. Also, the merged parameters b and c were noticed to be
of very low values compared to the rest of adsorption parameters.
Thus, simplified versions of the rate expressions, Eqs. (21) and (22)
were used, only taking into account kI, kII, x and the a parameter
(kI/kII), which were of importance in practice. In this sense, the total
number of parameters estimated by regression analysis was
reduced to six.

A quite good fit (>90%) was achieved. As illustrated in Fig. 10 the
model describes in a well manner the experimental data, which is
also confirmed by the parity plot (Fig. 11). The standard deviations
of the parameters are of medium values (Table 5). Except in the
case of parameter x that was relatively high, possibly because of
the water concentration being simulated. A moderate correlation
between the kinetic constants at the reference temperature and
the activation energies was observed as shown in the correlation
matrix (Table 6).
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7. Conclusions

It was found that the epoxidation of methyl oleate was signifi-
cantly enhanced when applying a semibatch mode of operation.
Dosing the hydrogen peroxide over an extended period of time
enabled to maintain a good availability of this reactant in the sys-
tem. Because the decomposition of hydrogen peroxide takes place
rather rapidly, therefore, controlling this process was very essen-
tial for a more efficient epoxidation. During the experiments, it
was observed that the concentration of hydrogen peroxide in the
reactor was always higher in the semibatch operation mode when
compared to the batch operation mode. Low flow rates of hydrogen
peroxide improved the oxirane yield in more than a 30%.

A kinetic model was developed based on chemically plausible
surface reaction mechanisms. The number of adjustable kinetic
parameters to be estimated by regression analysis were reduced
by studying independently the non-catalytic reactions in the sys-
tem. The obtained model of the non-catalytic kinetics was inte-
grated to the catalytic epoxidation kinetics. A good fit of the
mathematical model was achieved by applying this strategy. The
proposed kinetic model described very well the behavior of the
system, and it can serve for further evaluations of similar heteroge-
neous system for the epoxidation of vegetable oils. With the mod-
elling approach presented in this work, the optimal dosing policy
and temperate for semibatch operation can be found.
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