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Abstract
Epoxidation of oleic acid by peracetic acid (PAA) was studied in a recycled reactor system under
conventional heating and microwave irradiation. This reaction system consists of several steps. Thus,
a kinetic modelling strategy to diminish the number of parameters to be estimated was developed
by investigating each reaction step: PAA synthesis and decomposition, epoxidation and ring-opening.
The energy balance for microwave heating was correlated with the concentration of the microwaveabsorbent species and the total input power of the microwaves. The epoxidation reaction was
conducted in the vigorously stirred tank reactor under isothermal conditions within a temperature
range of 50–70°C. The organic phase content was 32–45 % v/v. The interfacial mass transfer was
supposed to be faster than the intrinsic reaction kinetics suppressing the use of mass transfer
correlations. Nonlinear regression was used to estimate the kinetic parameters. Two models were
developed for microwave and conventional heating respectively. The perhydrolysis showed to be the
slowest reaction, followed by the epoxidation and the ring-opening. The use of microwave
irradiation resulted in considerable process intensification for the epoxidation process. By employing
microwave heating, the perhydrolysis step in the aqueous phase was enhanced, and the reaction

time was reduced by 50% in best cases, which implies that the reactor size can be diminished by
microwave technology.

1 Introduction
Vegetable oils are a vast biomass resource and can be implemented to develop a wide variety of
products. When unsaturated vegetable oils are submitted to epoxidation, they become chemical
intermediates to valuable products, such as lubricants, plasticizers or non-isocyanate polyurethanes
(1). Epoxidized vegetable oils are promising platform chemicals for a more sustainable and
environmentally friendly economy. The epoxidation of vegetable oils have been a topic of study
since the 1950’s (2) and linseed and soybean oils are among the most commonly used vegetable oils
worldwide for epoxidation in both research and industry (1). A study published by Padmaisiri et al. (3)
suggests that most vegetable oils contain oleic acid and linoleic as the major components either
when attached to a triglyceride molecule or as a free fatty acid. Soybean oil is a mixture with 29% of
oleic acid, whereas linseed oil has 22% and sunflower oil 32% oleic acid (4). Thus, it was decided to
use oleic acid as a model compound for vegetable oils in the present study.
Epoxidation by the Prileschajew method consists of the substitution of an unsaturation by an oxirane
ring caused by a percarboxylic acid that is formed in situ. This process consists of several steps and
many chemical and physical parameters are involved. Two liquid phases are present (oil and
aqueous phases) and four reactions occur simultaneously: the formation of the percarboxylic acid
(also called perhydrolysis), the decomposition of the percarboxylic acid, the epoxidation step and
the degradation of the oxirane ring (also called ring-opening). In the present study, acetic acid was
implemented to form its correspondent peracid, peracetic acid. The chemical reactions are
illustrated in Figure 1.

Figure 1. Reactions involved in the epoxidation of double bonds by peracetic acid with the
Prileshajew method
During the epoxidation, homogeneous and heterogeneous catalysts such as sulphuric acid and ion
exchange resins are frequently implemented to enhance the reaction rate and obtain high yields in
shorter times. However, in this study, an alternative option was studied to intensify the process:
microwave irradiation (MW). Microwaves guarantee rapid heating with no direct contact to the
reaction mixture, which is the key for an energy efficient heating. Another special feature of the
microwaves is that they offer selective heating, which is advantageous, as the microwave absorbent
species present in the mixture require more heat than the microwave transparent species (5).
Experiments with microwave (MW) heating were conducted in parallel with conventionally heated
(CH) experiments in order to compare both heating methods. It is known that perhydrolysis, which
takes place in the aqueous phase (Figure 1) is a slow reaction step. By applying microwave
irradiation, it is possible to heat the aqueous phase separately and to enhance the production of
percarboxylic acid which is the active component in the epoxidation process.
The reaction kinetics was modelled mathematically by applying numerical methods for the solution
of the differential equations describing the mass and energy balances and optimization algorithms

for the estimation of kinetic parameters. For the microwave heating, the energy balance was created
by a unique approach. The reactor system was subdivided in two continuous stirred tank reactors
(CSTRs) in series: the glass reactor and the microwave cavity for an accurate representation of the
energy input and concentrations throughout the system. The heating term involves the MW input
power and the concentration of the absorbing species.
The current work is focused on finding the most suitable mathematical model that shows good
agreement with the experimental data and estimating the kinetic parameters of the model. This
model could be later used to predict the progress of the reaction and the product yields.
Several studies have been published on kinetic modelling of the epoxidation of vegetable oils by the
Prileshajew method in batch, semibatch and continuous systems (6-24). Since this system comprises
two liquid phases and several exothermic reaction steps, the amount of parameters that describe
the kinetics and the mass and thermal transfer is large so the development of a mathematical model
which describes the system becomes complex. To address this issue, several simplifying assumptions
are often made. According to Zhen et al (14), the main approaches taken so far are the following


Two-phase kinetic model takes into account mass transfer parameters using different
correlations or by estimating them. (6-12)



Pseudo-homogeneous model assumes fast mass transfer compared to reaction kinetics to
simplify the mass balance equations. (13-20)



Homogeneous model establishes the mass balance only on the organic phase and assumes a
steady-state approach on peroxycarboxylic acid formation. (21-24)

Several groups have developed two-phase kinetic models in the past (6, 7) but the first group which
proposed a complete model coupling mass and energy balances for the epoxidation of soybean oil
with performic acid formed in situ was Santacesaria et al. in 2011 (8). They used a fed batch reactor
and pulse fed batch in which they pumped a mixture of formic acid and hydrogen peroxide
periodically. The ring-opening reactions were considered as four independent reactions with their

own kinetic laws and as only one acid promoted reaction, given that the epoxide protonation is the
rate-limiting step of all four reactions, followed by the formation of a carbocation that can react with
the nucleophile species. Both approaches for the ring-opening reactions presented comparable
results. Partition coefficients of the components in aqueous and oil phase were determined using
the SPARC on-line calculator and obtained values represented a dependence on the temperature.
Under their experimental conditions, mass transfer did not affect the epoxidation rate except when
very high temperatures were reached. According to their findings, the epoxidation is slower than the
perhydrolysis reaction. Nonetheless, it is important to note that the formation of performic acid
occurs faster than for other peracids.
Later on that same year, Santacesaria et al. published a study of a biphasic model based on their
previous work, which had been adjusted for tubular packed bed continuous reactor (9). In this work,
they have successfully estimated mass and heat transfer coefficients.
Wu et al. (10) conducted a study of a two-phase model on the epoxidation of soybean oil with
performic acid generated in situ. The partition coefficients of formic acid at different temperatures
were determined experimentally and the value used for peracetic acid was three times higher. The
temperature showed to have no effect on the partition coefficients, whereas the oil composition
showed to have a significant influence. The mass transfer coefficients were measured
experimentally with an improved Lewis cell.
In 2014, Leveneur et al. developed a pseudo-homogeneous model for a semi-batch system operating
at isoperibolic mode (13). A kinetic model was developed by coupling the mass and energy balances.
Evaporation and condensation of the aqueous phase was taken into account and calorimetric
measurements were performed. The temperatures in the organic and aqueous were considered
equal because of the vigorous stirring. Interfacial mass transfer was assumed to be rapid because
the Hatta number was lower than 1, therefore the use of mass transfer parameters was avoided. To
diminish the amount of adjustable parameters, a separate kinetic study of ring-opening was made.

The solubilities of all organic species in the aqueous phase and all aqueous species in oil were
assumed negligible.
Zheng et al. (14) studied the epoxidation of cottonseed oil with performic acid. The strategy used in
their work was to divide the system into three categories: perhydrolysis and performic acid
decomposition, ring-opening reactions and epoxidation reaction that included the parameters
determined for the previous two categories. Reaction enthalpies were determined with a thermal
study. Zheng et al. (14) made emphasis in the fact that performic acid is less stable than peracetic
acid and other peracids so the decomposition of the acid had to be taken into consideration.
Additionally, studies on the epoxidation of oils in the presence of ion exchange resins have been
done under the pseudo-homogeneous approach (15-18). The diffusional resistances and the steps
concerning the transport phenomena are justifiably ignored to reduce the number of model
parameters. A uniform distribution of the catalyst and complete dissociation of its sulphonic groups
in the liquid phase was assumed, i.e. the catalyst behaves as if it were dissolved in the pseudohomogeneous reaction mixture. In 2004, Jankovic et al. (17) proposed the creation of ideal model by
studying two different approaches. In the one-phase kinetic model they assumed the concentration
of peracid in the system to be very small and practically constant, therefore the epoxidation reaction
followed pseudo-first order kinetics. The two-phase kinetic model was based on the LangmuirHinshelwood-Hougen-Watson (LHHW) postulate proposed by the authors of the study. They
compared both methods and proposed an ideal model based on experimental data. The ideal model
consisted of three main features: (i) the rate of epoxidation depends on the structure of the fatty
acids or the oil composition, (ii) the activities of the components in all phases should be used rather
than the concentrations in the expressions of the reaction rates and (iii) the stirring speed should be
correlated with the droplet size and the interfacial area and these should be related to the reaction
rates.

A macroscopic kinetic model for the epoxidation of fatty acid methyl esters (FAMEs) with performic
acid was developed by Wu et al. in 2018. They performed droplet size measurements with a high
speed camera in a water-FAMEs and water-epoxidized FAMEs system. They studied the effects of
different parameters on the droplet size. Kinetic parameters for the perhydrolysis of formic acid
were taken from the literature and three parts of kinetic experiments were performed separately to
estimate residual kinetic parameters: (i) ring-opening reactions of epoxidized FAMEs without mass
transfer limitations, (ii) epoxidation of FAMEs without mass transfer limitation and (iii) epoxidation
of FAMEs with mass transfer limitations.
Thermal risk studies on the epoxidation of oils have been published recently. Based on the model of
Santacesaria et al. (8), Casson et al. (12) proposed the best operating conditions and safety
considerations for the epoxidation of soybean oil with performic acid. In this study, the model from
Santacesaria et al. was modified to include the decomposition of performic acid and the evaporation
of water phase at high temperatures in order to simulate the reaction at thermal runaway conditions.
Similarly, Leveneur et al. (20) developed a kinetic model of epoxidation of cottonseed oil by
peracetic acid under near-adiabatic mode to evaluate thermal risks of the process.
Furthermore, Campanella et al. (25-28) have published several articles on the ring-opening reactions
system in batch and semibatch reactors. The two following approaches were considered:


Pseudo-first-order approach where only the organic phase is considered (25, 26).



Two-phase model (27, 28).

In another work focused on the ring-opening reactions by Cai et al (29), a modelling strategy was
implemented to determine the most prominent ring-opening reaction in the epoxidation of
cottonseed oil by peracetic acid. Each ring-opening reaction was studied separately and the kinetic
parameters were estimated to be used as good initial guess values for a re-estimation of all kinetic
constants in a global model to verify that the methodology was correct. It was determined that the
ring-opening rates by acetic acid and peracetic acid were faster than those for hydrogen peroxide

and water. A pseudo-homogeneous model was implemented and the distribution coefficients were
determined experimentally.
Modelling microwave heating is a mathematically demanding and complex matter which has been
discussed and reviewed by Hill and Marchant in 1996 (30). In the study, they point out the existence
of microwave-absorbent and microwave-transparent species. The equations which govern
microwave heating are given. Maxwell’s equations of electromagnetism describe the propagation of
microwave radiation and the forced heat equation describes the absorption and diffusion of heat.
M. Lee and Marchant (31) describe how the thermal absorptivity of a reaction mixture is
temperature and concentration dependent. In any chemical system, the governing equations consist
on coupled reaction-diffusion equations for the temperature and reactant concentrations along with
a Helmholtz equation describing the electric field amplitude in the reactor. The thermal absorption
depends on the square of the electric-field amplitude, which is directly proportional to the input
power.
The goal of this work is to develop a model for the reaction kinetics and the reactor system so that
the conventional and microwave heating can be compared in a quantitative way. Many literature
references cited above have focused on natural mixtures of oils, which complicates the
interpretation of the experimental data. Furthermore, the physical-chemical properties, such as
densities and viscosities of various oil components are different. Therefore, to get a more
fundamental approach, all the modelling work in this article is based on experiments conducted with
a model compound, oleic acid. Acetic acid was used instead of formic acid as the reaction carrier,
because peracetic acid which is formed from acetic acid and hydrogen peroxide is more stable than
performic acid. The model is based on the co-existence of two phases, and can thus be regarded as a
real heterogeneous model.

2 Experimental section
2.1 Apparatus and experimental procedures
The reaction setup was operated as a recycled system. The system comprised an unbaffled glass
reactor connected to a loop including a microwave cavity (Sairem) and a heat exchanger. The
reaction mixture was pumped from the reactor through the microwave cavity (in which the reaction
mixture was irradiated) and recycled back to the reactor vessel. A heat exchanger was incorporated
in the loop to be used as the energy source in the experiments with conventional heating; both
equipment (MW cavity and heat exchanger) remained fixed to the system even when they were not
used, in order to maintain the experimental setup unchanged. While MW irradiation was applied,
the heat exchanger was left off and vice versa to maintain the system under comparable conditions.
In this system, the MW frequency was fixed to 2.45 GHz to avoid interfering with radar and
telecommunication activities; most domestic and commercial microwave instruments operate at this
frequency (32). The reaction medium flowed through a transparent quartz tube, which allowed
microwaves to heat the reaction medium without any interference. The reactor vessel was
surrounded by a jacket filled with a mixture of ethylene glycol for cooling or heating to maintain the
reactor temperature constant. Two thermocouples were placed inside the reactor and in the middle
of the microwave cavity. The registered temperatures were stored in a PC. The software to handle
the reactor and MW cavity temperatures were Picolog1 and Fisiocomander1 respectively.
For this kind of two-phase system, stirring plays a key role in the experiments, given that it enables
the generation of an emulsion in which the reaction takes place. The stirring rate was set in the
range between 450 and 900rpm in every experiment, to ensure that the reaction proceeds in the
kinetic regime according to our previous studies (33), which confirmed that the reaction kinetics
approached a limit value as the stirring speed was increased. The stirring rates 450 and 900rpm gave
equal kinetic results.

Figure 2. The recycle reactor setup.
Calculated amounts of oleic and acetic acid were added into the reactor vessel under vigorous
stirring to homogenize the mixture. To prevent an uncontrolled rapid reaction, hydrogen peroxide at
room temperature was added last into the mixture. The moment when the first droplet of hydrogen
peroxide (HP) reached the mixture was considered as the time zero. After the last droplet of HP,
about one minute after time zero, the peristaltic pump was switched on and the mixture started to
circulate through the loop system. At the moment of the HP addition, a 4
̴ °C jump in the reaction
temperature was noticed and in few minutes it was stabilized thanks to the temperature control.
The flow to the heating jacket was turned on to maintain the operation temperature at the desired
temperature level in the reactor vessel.
When applying conventional heating, the heat exchanger was switched on at least for ten minutes
before the experiment achieved the anticipated reactor temperature. In case of using microwave
heating, the radiation and security measures were activated after the addition of HP.

Samples (7 mL) were withdrawn from the reaction mixture by a plastic syringe into glass flasks (8
mL). After the experiment was completed and the last sample was withdrawn, the reactor was
emptied and the system was flushed with water and ethanol until no oil residuals were found.

2.2 Analytical methods
After withdrawal, the samples were immediately cooled down under cold tap water and the phases
were separated with a Pasteur pipette. The organic phase was washed with distilled water at least
three times, to remove all the remaining acetic acid and to prevent any further reactions. The
samples from the organic phase were stored in a freezer to be analysed within the next days,
whereas the aqueous-phase samples were analysed within 30 minutes after being withdrawn from
the reactor to avoid the decomposition.

2.2.1 Aqueous-phase analysis
The Greenspan and MacKellar methods (34) were applied for the analysis of hydrogen peroxide and
peracetic acid, respectively. For the determination of acetic acid, an automatic titrator with an 0.2M
sodium hydroxide solution was used.

2.2.2 Organic-phase analysis
The samples were heated in an oven at 70°C just until they melted and had a high enough fluidity to
be handled with a pipette.
The amount of double bonds was determined with Hanus solution (35) and the epoxide content was
determined with Jay’s method (36), in which HBr is formed in situ with tetraethylammonium
bromide (TEAB) and titrated with a standard 0.1M perchloric acid solution.

2.3 Kinetic experiments
Two main sets of experiments were completed in parallel under MW and CH. The variations in the
reactor temperature, reactant ratios and pumping speeds were studied. Table 1 displays the
complete experimental matrix. The first column indicates whether the experiment was performed
under conventional heating (CH) or under microwave radiation (MW). The fixed temperatures in the
reactor and the microwave cavity are listed in the third and fourth columns of Table 1, respectively.
Subsequently, the pumping speed (mL/min) is listed as Spump in Table 1. The molar ratios between
the oleic acid, hydrogen peroxide and acetic acid are described in the OA: HP:AA column.
To avoid air bubbles that could distort the microwave irradiation, water was added to some reaction
mixtures to fill the volume of the system and to prevent the formation of vortexes. The amount of
water added was approx. 70 mL to complete a total volume of 420mL. In most of the experiments in
which the total volume was less than 420 mL, this procedure was applied, and they are marked with
an “x” under the “WATER” section. The total reaction time is expressed in hours in Table 1.

Table1. Experimental matrix for oleic acid epoxidation (Time = total reaction time, Water: X indicates
that water was added to fill the reactor).
TREACTOR

TMW

Spump

(°C)

(°C)

(mL/min)

Experiment Heating

OA:HP:AA

Water

Time (h)

1

CH

60

60

125.8

1 : 2.3 : 5.6

9

2

CH

40

40

125.8

1 : 2.3 : 5.6

25

3

CH

50

50

125.8

1 : 2.3 : 5.6

9

4

MW

50

60

125.8

1 : 2.3 : 5.6

9

5

CH

60

60

125.8

1 : 2.3 : 2.4

9

6

CH

60

60

125.8

1 :2.3 : 1.2

9

7

MW

60

60

125.8

1 : 2.3 : 2.4

9

8

MW

40

55

125.8

1 : 2.3 : 2.4

x

9

9

CH

40

40

125.8

1 : 2.3 : 2.4

x

24

10

CH

60

60

125.8

1 : 1.2 : 2.4

x

24

11

MW

40

70

62.9

1 : 2.3 : 2.4

x

9

12

MW

40

83

44.2

1 : 2.3 : 2.4

x

9

13

MW

40

51

256.7

1 : 2.3 : 2.4

x

9

14

CH

40

40

125.8

1 : 2.3 : 2.4

x

24

15

MW

40

70

62.9

1 : 2.3 : 2.4

x

24

16

MW

40

70

62.9

1 : 2.3 : 2.4

x

24

17

CH

60

60

125.8

1 : 4.6 :2 .4

24

18

CH

60

60

125.8

1 : 2.3 : 2.4

x

24

19

MW

60

70

125.8

1 : 4.5 : 2.4

24

20

MW

50

63

125.8

1 : 2.4 : 2.4

9

21

MW

50

70

125.8

1 : 4.8 : 2.4

9

22

MW

50

70

125.8

1: 2.4 : 4.8

9

23

MW

50

67

125.8

1 : 1.2 : 2.4

x

9

24

MW

50

70

125.8

1 : 2.4 : 1.2

x

9

25

MW

50

70

125.8

1 : 1.2 : 1.2

x

9

A study on perhydrolysis and decomposition of percarboxylic acids conducted by Leveneur et al. and
a recent work by Cai et al. on the ring-opening of epoxidized cottonseed oil have been taken into
consideration in this research. The kinetic expressions of the reactions are partially based on the
previous studies (29, 37).

3 Results and discussion
3.1 Reaction mechanism, kinetics and reactor modelling principles
Figure 3 summarizes the reactions involved in the epoxidation of oleic acid by peracetic acid
generated in situ. The process starts with the formation of the peracetic acid from acetic acid and
hydrogen peroxide, called perhydrolysis, in the aqueous phase. Peracetic acid is transferred into the
organic phase to proceed with the epoxidation of oleic acid. Depending on the circumstances, the
temperature and the presence of contaminating components, such as metal ions, a part of peracetic
acid might decompose in the aqueous phase (38). The resulting acetic acid from the epoxidation is
transferred to the aqueous phase to react again with hydrogen peroxide forming peracetic acid.
Additionally, ring-opening can be caused by the presence of acetic acid, hydrogen peroxide and/or

water in the organic phase. Ring-opening is an acid-catalysed process, as discussed in a previous
work by our group (29).

Figure 3. Epoxidation reaction scheme of unsaturated compounds.
The decomposition of hydrogen peroxide is neglected in this study, because the conditions are
considered mild (39-41). Furthermore, according to Zhen et al. ring-opening reactions caused by
hydrogen peroxide and water at this temperature range are negligible (14).
For conventionally heated experiments, the system was considered an isothermal batch as it is
represented in Figure 4. On the other hand, the mathematical model developed for MW heating
consisted of the system comprising two continuous stirred tank reactors (CSTR) in series, one being
the reaction vessel while the other one being the MW cavity. This approach was applied because the
temperatures were different in both locations. The loop in the system was considered to be very
short so the reactions only took place in the reactor vessel or in the MW cavity. Both CSTRs were
assumed to be perfectly back-mixed. The reactor vessel (Tank 1) was described as a perfectly mixed
tank reactor because of vigorous stirring, and the use of stirred tank model for the MW cavity was
justified by the low conversion per cycle. The mean residence time in Tank 1 was 3.02 minutes,

whereas it was 6.6 seconds in Tank 2. Figure 5 illustrates the scheme considered for the kinetic
modelling.

Figure 4. Epoxidation reaction scheme of unsaturated compounds under conventional heating.

Figure 5. Epoxidation reaction scheme of unsaturated compounds under microwave irradiation.

3.2 Kinetic equations
The rate equations applied to the various processes in the system are summarized below. The
expressions are based on previous studies on perhydrolysis, decomposition of peracids as well as
epoxidation and ring-opening of analogous systems (14, 29, 37, 42).

3.2.1 Perhydrolysis of acetic acid
Perhydrolysis, which proceeds in the aqueous phase, is a reversible, acid catalyzed process. Under
the experimental conditions, the dominating catalytic process is enhanced by acetic acid itself. It is a
weak acid, which means that the concentration of protons is proportional to the square root of the
acetic acid concentration. Consequently, the rate equation for the perhydrolysis becomes

𝑅𝑝𝑒𝑟ℎ = 𝑘𝑝𝑒𝑟ℎ . (𝐶𝐴𝐴 𝑎𝑞 . 𝐶𝐻𝑃 𝑎𝑞 −

1
−∆𝐻
𝐴𝑒𝑞 .𝑒 𝑅.𝑇

𝐾′𝐴𝐴 .𝐶𝐴𝐴 𝑎𝑞

. 𝐶𝑃𝐴𝐴 𝑎𝑞 . 𝐶𝑊 𝑎𝑞 ) . √

𝐶𝑊 𝑎𝑞

= 𝑅1

[1]

where parameters 𝑘𝑝𝑒𝑟ℎ and √𝐾′𝐴𝐴 are merged to a single parameter 𝑘′𝑝𝑒𝑟ℎ = 𝑘𝑝𝑒𝑟ℎ √𝐾′𝐴𝐴 .

3.2.2 Decomposition of PAA
Decomposition of percarboxylic acid in the aqueous phase is shown to be a first order process,
𝑅𝑑𝑒𝑐𝑜𝑚 = 𝑘𝑑𝑒𝑐𝑜𝑚 . 𝐶𝑃𝐴𝐴 𝑎𝑞 = 𝑅2

[2]

3.2.3 Epoxidation of oleic acid
Epoxidation of double bonds in the oil phase is a second-order reaction,
𝑅𝑒𝑝𝑜𝑥 = 𝑘𝑒𝑝𝑜𝑥 . 𝐶𝑂𝐴 𝑜𝑖𝑙 . 𝐶𝑃𝐴𝐴 𝑜𝑖𝑙 = 𝑅3

[3]

3.2.4 Ring-opening of epoxide
Ring-opening of epoxide in the oil phase can principally take place via several parallel pathways.
Water, hydrogen peroxide, carboxylic and percarboxylic acids can act as reagents and the process is
acid-catalysed. In the actual reaction environment, acetic acid is the dominating catalyst for ringopening. Thus the rate equations becomes

𝑅𝑅𝑂 = 𝑘𝑅𝑂 . 𝐶𝐸1 𝑜𝑖𝑙 . √

𝐾′𝐴𝐴 .𝐶𝐴𝐴 𝑜𝑖𝑙
𝐶𝑊 𝑎𝑞

= 𝑅4

[4]

where parameters 𝑘𝑅𝑂 and √𝐾′𝐴𝐴 are merged to a single parameter in regression analysis
𝑘′𝑅𝑂 = 𝑘𝑅𝑂 √𝐾′𝐴𝐴 .

3.3 Mass balances for components in aqueous and oil phases
Previous studies in the epoxidation of oleic acid by performic acid have reported that interfacial
mass transfer is clearly faster than the rates of chemical reactions (13, 19). By analogy with
epoxidation by peracetic acid in agreement with other authors (15, 16, 18) rapid mass transfer for
the epoxidation of the oleic acid by peracetic acid will be assumed here. Therefore, the balance
equations for the aqueous and oil phases can be added and que equilibrium condition can be
applied to relate the concentration in both phases.
Using a similar methodology to that applied by Zhen et al (14), the solubilities of hydrogen peroxide
and water in the organic phase were approximated to be negligible and the solubilities of acetic acid
and peracetic acid in the organic phase were approximately equal. Additionally, by presuming the
other organic species are not soluble in the aqueous phase, it is possible to simplify the mass
balances to a system of ordinary differential equations (ODEs). The model is summarized below (See
Figure 4 and Figure 5). The symbols are defined in the Notation section and a detailed derivation of

the balance equations is provided in the Appendix. The aqueous phase-to-total volume ratio is
denoted by α=Vaq/V. Consequently, 1-α=Voil/V is valid for the oil phase.

3.3.1 Conventional heating, Batch system
Aqueous phase (aq)

1−𝛼 −1

𝑑𝐶𝐴𝐴 𝑎𝑞

= (𝛼 + 𝐾 )

𝑑𝑡

𝐴𝐴

𝑑𝐶𝐻𝑃 𝑎𝑞
𝑑𝑡

= −𝑅𝑃𝑒𝑟ℎ

𝑑𝐶𝑃𝐴𝐴 𝑎𝑞

= (𝛼 +

𝑑𝑡

𝑑𝐶𝑊 𝑎𝑞
𝑑𝑡

. (−𝛼𝑅𝑃𝑒𝑟ℎ + (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

1−𝛼 −1
) . (𝛼(𝑅𝑃𝑒𝑟ℎ
𝐾𝑃𝐴𝐴

= 𝑅𝑃𝑒𝑟ℎ

[5]

[6]

− 𝑅𝐷𝑒𝑐𝑜𝑚 ) − (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

[7]

[8]

Oil phase (oil)

𝑑𝐶𝑂𝐴 𝑜𝑖𝑙
𝑑𝑡

= −𝑅𝐸𝑝𝑜𝑥

𝑑𝐶𝐸𝑂𝐴 𝑜𝑖𝑙
𝑑𝑡

= 𝑅𝐸𝑝𝑜𝑥 − 𝑅𝑅𝑂

[9]

[10]

3.3.2 Microwave heating, CSTRs in cycle

Tank 1
Aqueous phase (aq)

𝑑𝐶𝐴𝐴1 𝑎𝑞
𝑑𝑡

𝑑𝐶𝐻𝑃1 𝑎𝑞

𝑑𝐶𝑃𝐴𝐴1 𝑎𝑞
𝑑𝑡

𝑑𝑡

𝜏1

𝜏1

=

=

1−𝛼 −1

+ (𝛼 + 𝐾 )
𝐴𝐴

𝐶𝐻𝑃2 𝑎𝑞 −𝐶𝐻𝑃1 𝑎𝑞

=

𝑑𝑡

𝑑𝐶𝑊1 𝑎𝑞

𝐶𝐴𝐴2 𝑎𝑞 −𝐶𝐴𝐴1 𝑎𝑞

=

− 𝑅𝑃𝑒𝑟ℎ

𝐶𝑃𝐴𝐴2 𝑎𝑞 −𝐶𝑃𝐴𝐴1 𝑎𝑞
𝜏1

𝐶𝑊2 𝑎𝑞 −𝐶𝑊1 𝑎𝑞
𝜏1

. (−𝛼𝑅𝑃𝑒𝑟ℎ + (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

+ (𝛼 +

[11]

[12]

1−𝛼 −1
) . (𝛼(𝑅𝑃𝑒𝑟ℎ
𝐾𝑃𝐴𝐴

+ 𝑅𝑃𝑒𝑟ℎ

− 𝑅𝐷𝑒𝑐𝑜𝑚 ) − (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

[13]

[14]

Oil phase (oil)

𝑑𝐶𝑂𝐴1 𝑜𝑖𝑙
𝑑𝑡

=

𝑑𝐶𝐸𝑂𝐴1 𝑜𝑖𝑙
𝑑𝑡

𝐶𝑂𝐴2 𝑜𝑖𝑙 −𝐶𝑂𝐴1 𝑜𝑖𝑙

=

𝜏1

− 𝑅𝐸𝑝𝑜𝑥

𝐶𝐸𝑂𝐴2 𝑜𝑖𝑙 −𝐶𝐸𝑂𝐴1 𝑜𝑖𝑙
𝜏1

+ 𝑅𝐸𝑝𝑜𝑥 − 𝑅𝑅𝑂

[15]

[16]

In the above equations, all the reaction rates (𝑅) are calculated with the concentrations in Tank 1
(𝑅(𝐶1 )).
Tank 2
For Tank 2, the mass balance equations are written in an analogous way. All the reaction rates are
calculated with the concentrations in Tank 2(𝑅(𝐶2 )).
Aqueous phase (aq)

𝑑𝐶𝐴𝐴2 𝑎𝑞
𝑑𝑡

𝑑𝐶𝐻𝑃2 𝑎𝑞

𝑑𝐶𝑃𝐴𝐴2 𝑎𝑞

𝑑𝐶𝑊2 𝑎𝑞
𝑑𝑡

𝜏2

𝐶𝐻𝑃1 𝑎𝑞 −𝐶𝐻𝑃2 𝑎𝑞

=

𝑑𝑡

𝑑𝑡

𝐶𝐴𝐴1 𝑎𝑞 −𝐶𝐴𝐴2 𝑎𝑞

=

𝜏2

=

=

+ (𝛼 +

𝐶𝑊1 𝑎𝑞 −𝐶𝑊2 𝑎𝑞
𝜏2

+ (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

− 𝑅𝑃𝑒𝑟ℎ

𝐶𝑃𝐴𝐴1 𝑎𝑞 −𝐶𝑃𝐴𝐴2 𝑎𝑞
𝜏2

1−𝛼 −1
) . (−𝛼𝑅𝑃𝑒𝑟ℎ
𝐾𝐴𝐴

[18]

1−𝛼 −1

+ (𝛼 + 𝐾

𝑃𝐴𝐴

+ 𝑅𝑃𝑒𝑟ℎ

[17]

)

. (𝛼(𝑅𝑃𝑒𝑟ℎ − 𝑅𝐷𝑒𝑐𝑜𝑚 ) − (1 − 𝛼)𝑅𝐸𝑝𝑜𝑥 )

[19]

[20]

Oil phase (oil)

𝑑𝐶𝑂𝐴2 𝑜𝑖𝑙
𝑑𝑡

=

𝐶𝑂𝐴1 𝑜𝑖𝑙 −𝐶𝑂𝐴2 𝑜𝑖𝑙
𝜏2

− 𝑅𝐸𝑝𝑜𝑥

[21]

𝑑𝐶𝐸𝑂𝐴2 𝑜𝑖𝑙
𝑑𝑡

=

𝐶𝐸𝑂𝐴1 𝑜𝑖𝑙 −𝐶𝐸𝑂𝐴2 𝑜𝑖𝑙
𝜏2

+ 𝑅𝐸𝑝𝑜𝑥 − 𝑅𝑅𝑂

[22]

The initial conditions of the balance equations [5]-[22] are simple: the concentrations of the
components in the corresponding phases are known in the beginning of the experiments, at t=0.

3.4 Energy balance
For conventional heating, the conditions are presumed to be isothermal and no energy balance was
developed. In the case of microwave heating, the change in the temperature at the microwave
cavity is determined by the temperature in the reactor and an additional component that in
proportional to the total input microwave power (|𝑢|2 ) and the aqueous-to-oil volume ratio (α). By
approximating the temperature profile in the microwave cavity being linear, the heat balance for the
cavity can be written as
𝑑𝑇𝑀𝑊
𝑑𝑡

= (𝑇𝑟𝑒𝑎𝑐𝑡𝑜𝑟 − 𝑇𝑀𝑊 )/𝑎 + 𝐷

𝐷 ~ |𝑢|2 . 𝛼

[23]

[24]

where 𝐷 represents the MW input power and a is a proportionality coefficient proportional to the
residence time in the cavity.

3.5 Parameter estimation procedure
The program package used for the kinetic modelling was ModEst (Model Estimation) (45), which is
written in Fortran 90 Compaq Visual FORTRAN 6.0. The ordinary differential equations describing
this system can be stiff due to the presence of rapid and slow reactions. All the ODEs were solved
during the parameter estimation using the ODESSA solver (46) which uses the backward difference
method and is implemented in the software ModEst. The accuracy of the parameters was checked
by standard mathematical analysis and a Markov Chain Monte Carlo (MCMC) method (47).

The temperature dependences of the rate constants were described by the modified Arrhenius
equation:
−𝐸𝑎

𝑘 = 𝑘0 . 𝑒 𝑅𝜃

[25]

where θ=1/T-1/Tref , Tref is the reference temperature, typically close to the average temperature of
the experiments and k0 is the value of the rate constant at the reference temperature (50oC=323K).
The transformation was done to suppress the correlation between the activation energy and the
pre-exponential factor in the regression analysis.
The objective function (ω) was minimized by using a combined Simplex and Levenberg-Marquardt
algorithm (48). The objective function for the concentration differences was defined as
2

𝜔 = ∑(𝐶𝑖 − Ĉ𝑖 )

[26]

where 𝐶𝑖 is the experimental concentration and Ĉ is the estimated concentration obtained from the
kinetic model, eqs. [5]-[22].

3.6 Parameter estimation results
The highly coupled relationship of the steps involved in the epoxidation of oleic acid by peracetic
acid formed in situ makes the parameter estimation challenging. Given the complexity of the system,
the model seems to reflect efficiently the physical reality of the reaction. The coefficient of
determination for both models in CH and MW configurations exceeded 97% (See Table 2 and Table
6) showing a good agreement between the experimental and calculated values. The estimation of
the kinetic constant and activation energy for the peracetic acid decomposition became
cumbersome since extremely high estimated errors where obtained and the parameters tended to
converge to very low values for the kinetic constant and high activation energies. This implied that
the influence of peracetic acid decomposition on this system was too low to be numerically
determined from the available data. This observation is in agreement with Leveneur (38), who

explains that peracetic acid is more stable compared with performic acid, whose decomposition is
commonly considered in the modelling of epoxidation systems. Because the decomposition of
peracetic acid was very slow, it was neglected in this study.

3.6.1 Conventional heating
Experiments under conventional heating were modeled as a pseudo-homogeneous, isothermal
batch system (Fig. 4). Statistical results are displayed in Table 2 .Table 3 shows the estimated
parameters with their standard deviations. According to Chou et al. (43) and previous experimental
studies by our group (44), the perhydrolysis reaction seems to be the slow step of the reaction. In
this case, perhydrolysis is the slowest reaction, followed by the epoxidation and the ring-opening.
The activation energy for the perhydrolysis is higher than for the other reactions, confirming that
this reaction is slower. The ring-opening shows to be the most prominent reaction, which is in
accordance with the experimental data. In Figure 7 and Figure 11 (see Appendix), the consumption
of the double bonds (in red) proceeds faster than the creation of epoxidized oleic acid (in black).
The distribution coefficient of acetic acid was estimated to be 2.75 ± 1.13, which indicates that
acetic acid is present in larger proportion in the aqueous phase. This is in accordance with the
physical sense of the system. For the case of peracetic acid, the correlation 𝐾𝑃𝐴𝐴 = 0.33𝐾𝐴𝐴 was
used for the estimation of this value, which results in 0.908 ± 0.373, indicating that peracetic acid
exists in higher proportion in the organic phase.

Table 2. Statistical results for conventional heating (SS = sum of squares).
Total SS (corrected for means)

0.2005E+04

Residual SS

0.4247E+02

Std. Error of estimate

0.3571E+00

Explained (R2/%):

97.88

Table 3. Estimated kinetic constants, activation energies and acetic acid distribution coefficient for
epoxidation under conventional heating.
Parameter

Estimated Std
Error

Est. Relative Std
Error (%)

Parameter/
Std. Error

𝑘𝑃𝑒𝑟ℎ

0.132E-03

0.835E-05

6.3

15.8

𝑘𝐸𝑝𝑜𝑥

0.345E-02

0.524E-03

15.2

6.6

𝑘𝑅𝑂

0.700E-02

0.153E-02

21.9

4.6

𝐸𝑎 𝑃𝑒𝑟ℎ

0.823E+05

0.624E+04

7.6

13.2

𝐸𝑎 𝐸𝑝𝑜𝑥

0.519E+05

0.127E+05

24.5

4.1

𝐸𝑎 𝑅𝑂

0.371E+05

0.208E+05

56.1

1.8

𝐾𝐴𝐴

0.275E+01

0.113E+01

41.1

2.4

The units: kPerh, kEpox = ( ) L/mol/min; kRO = ( ) 1/min; activation energies (Ea) = ( ) J/mol, KAA = ( )

Table 4 displays the correlation matrix for the estimated parameters. Overall, the correlation
between the parameters is rather insignificant.
Table 4. Correlation matrix of the parameters for conventional heating.
𝑘𝑃𝑒𝑟ℎ

𝑘𝐸𝑝𝑜𝑥

𝑘𝑃𝑒𝑟ℎ

1.000

𝑘𝐸𝑝𝑜𝑥

-0.234

1.000

𝑘𝑅𝑂

0.053

0.087

𝑘𝑅𝑂

1.000

𝐸𝑎 𝑃𝑒𝑟ℎ

𝐸𝑎 𝐸𝑝𝑜𝑥

𝐸𝑎 𝑅𝑂

𝐾𝐴𝐴

𝐸𝑎 𝑃𝑒𝑟ℎ

-0.434

0.065

-0.038

1.000

𝐸𝑎 𝐸𝑝𝑜𝑥

0.141

-0.390

-0.071

-0.454

1.000

𝐸𝑎 𝑅𝑂

-0.039

-0.061

-0.704

0.059

0.110

1.000

𝐾𝐴𝐴

-0.207

-0.547

0.020

0.106

0.014

-0.005

1.000

Figure 6 represents the parameter set plot for the sensitivity analysis, which demonstrates rather
well-defined minima for most of the parameters. In Figure 7, it can be observed that the model fits
with the experimental data fairly.

Figure 6. MCMC sensitivity plot. Predictive distribution for the estimated parameters for
conventional heating.

Exp. 1

Exp. 2

Exp. 3

Exp. 17

Figure 7. Fit of the model to the experimental data for conventional heating (concentrations vs
reaction time). In black: epoxidized oleic acid, pink: peracetic acid, red: oleic acid, green: hydrogen
peroxide and blue: acetic acid.

3.6.2 Microwave heating
Experiments under microwave heating were modeled as a pseudo-homogeneous system composed
of two CSTRs in recirculation (Fig 5). Statistical results are displayed in Table 2 .Table 3 shows the
estimated parameters with their standard deviations. The estimated parameters show a similar
tendency to the model for conventional heating, the perhydrolysis is the slowest reaction, followed
by the epoxidation and the ring-opening. Moreover, the estimation of the activation energies for
perhydrolysis and ring opening presented quite high standard errors. This might be due to the
complexity of the system. One must take into consideration that the current model is an idealization
of the system for simplification, whereas the reality is much more complex. The distribution
coefficient of acetic acid was estimated to be 0.393 ± 0.0726 and for peracetic acid 0.130 ± 0.024.
This indicates that for microwave heating, acetic acid and peracetic acid are in larger proportion in
the organic phase.
Table 5. Statistical results for microwave heating (SS= sum of squares).
Total SS (corrected for means)

0.2426E+04

Residual SS

0.5624E+02

Std. Error of estimate

0.3295E+00

Explained (R2/%):

97.68

Table 6. Estimated kinetic constants, activation energies and acetic acid distribution coefficient for
epoxidation under microwave heating.
Parameter

Estimated Std
Error

Estimated Std
Error (%)

Parameter/Std.
Error

𝑘𝑃𝑒𝑟ℎ

0.615E-03

0.374E-04

6.1

16.4

𝑘𝐸𝑝𝑜𝑥

0.331E-02

0.517E-03

15.6

6.4

𝑘𝑅𝑂

0.807E-01

0.576E-01

71.4

1.4

𝐸𝑎 𝑃𝑒𝑟ℎ

0.600E+05

0.119E+04

19.8

5.1

𝐸𝑎 𝐸𝑝𝑜𝑥

0.362E+05

0.167E+05

46.3

2.2

𝐸𝑎 𝑅𝑂

0.708E+05

0.152E+06

214.6

0.5

𝐾𝐴𝐴

0.439E+00

0.870E-01

19.8

5.0

The units: kPerh, kEpox = ( ) L/mol/min; kRO = ( ) 1/min; activation energies (Ea) = ( ) J/mol, KAA = ( )

Table 7 displays the correlation matrix for the estimated parameters for which the correlation
between the parameters seems to be negligible.
Table 7. Correlation matrix of the parameters for microwave heating
𝑘𝑃𝑒𝑟ℎ

𝑘𝐸𝑝𝑜𝑥

𝑘𝑅𝑂

𝑘𝑃𝑒𝑟ℎ

1.000

𝑘𝐸𝑝𝑜𝑥

0.316

1.000

𝑘𝑅𝑂

0.004

0.024

1.000

𝐸𝑎 𝑃𝑒𝑟ℎ

0.257

0.226

-0.008

𝐸𝑎 𝑃𝑒𝑟ℎ

1.000

𝐸𝑎 𝐸𝑝𝑜𝑥

𝐸𝑎 𝑅𝑂

𝐾𝐴𝐴

𝐸𝑎 𝐸𝑝𝑜𝑥

-0.193

-0.270

-0.008

-0.437

1.000

𝐸𝑎 𝑅𝑂

-0.008

-0.028

0.120

-0.015

0.090

1.000

𝐾𝐴𝐴

0.121

-0.748

0.012

-0.078

-0.059

-0.005

1.000

Figure 8 represents the parameter set plot for sensitivity analysis. Well-defined minima are found
between most of the parameters. In Figure 9, the fit of the model to the experimental data shows
that the kinetic models can well predict the trends of the concentrations with time.

Figure 8. MCMC sensitivity plots. Predictive distribution for the estimated parameters for microwave
heating.

Exp. 12

Exp. 16

Exp. 22

Exp. 24

Figure 9. Fit of the model to the experimental data for microwave heating (concentrations vs
reaction time). In black: epoxidized oleic acid, pink: peracetic acid, red: oleic acid, green: hydrogen
peroxide and blue: acetic acid.

A comparison of the numerical values of the rate parameters obtained for conventional heating
(Table 3) and microwave irradiation (Table 4) reveals that the perhydrolysis step is considerably
enhanced by microwave treatment. This implies that higher concentrations of peracetic acid are
obtained under the exposure of microwaves and thus the epoxidation rate is enhanced according to
equation [3]. The rate parameter for epoxidation is almost the same for conventional and
microwave heating, while microwave exposure enhances the ring opening kinetics.

According to M. Lee and Marchant (31), the thermal absorptivity of a mixture to microwaves is
dependent on three parameters: temperature, reactant concentration and electric field amplitude,
which is associated directly to the input power. In this study, the temperature increase between the
reactor and the microwave cavity (D) was measured and a correlation was found with the product
between the input power (ӏuӏ2) and the aqueous-to-oil phase ratio (α) (Eq. 24). In Figure 10, it can be
noticed that a rather linear trend between these two parameters is obtained. Moreover, no
correlation with the reactor temperature was found.

D vs ӏuӏ2.α
35
30
25

D

20
15
10
R² = 0,8011

5
0
0

100

200

300

400

ӏuӏ2.α

Figure 10. Correlation between temperature difference between MW cavity and reactor with input
power and aqueous-to-oil phase ratio.

4 Conclusions
Kinetic modelling of the oleic acid epoxidation by peracetic acid in a recycled reactor system under
conventional heating and microwave irradiation was conducted. This liquid–liquid system is
composed of four different reactions (Figure 1, eqs. (1)-(4)). To diminish the number of adjustable
parameters, the mass transfer resistance was assumed to be negligible compared to the reaction
kinetics. Two models were developed for conventional and microwave heating separately and
different energy balances and configurations were considered. The total number of kinetic
parameters to estimate for oleic acid epoxidation by peracetic acid was seven for each model. The
kinetics of the decomposition of peracetic acid was neglected. A reasonably good fit of the kinetic
model to the experimental data was achieved with a coefficient of explanation exceeding 97%. The
estimated rate constants and activation energies for the reactions showed to be in the same order of
magnitude as the ones reported in the literature. The reactor and kinetic model can be used to
predict the behaviour of the complex chemical system, for example in the design of microwave loop
reactors.
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Notation
𝑎

Proportionality constant, min

𝐶

Concentration, mol/L

𝐷

Microwave parameter, eq. [19], K

𝐸𝑎

Activation energy, J/mol

∆𝐻

Enthalpy, J/mol

𝐾

Equilibrium constant (unit depends on stoichiometry)

𝑘

Rate constant (unit depends on the reaction order)

𝑘0

Pre-exponential factor (unit depends on the reaction order)

𝑘‘

Merged rate constant (unit depends on the reaction order)

M

Mass, g

𝑀𝑀

Molar mass, g/mol

𝑅

Rate, mol/L/min

𝑅

General gas constant (8.3143 J/mol/K)

𝑅2

Degree of explanation, 𝑅 2 = 1 − ∑(𝐶𝑖 − Ĉ𝑖 ) / ∑(𝐶𝑖 − 𝐶𝑎𝑣 )2

S

Pumping speed (flow rate), mL/min

𝑇

Temperature, °C or K

𝑡

Time, min

|𝑢|2

Microwave input power

𝑉

Volume, L

𝛼

Phase ratio (α=Vaq/V)

𝛩

Transformed temperature, K

𝜏

Mean residence time

𝜔

Objective function

[ ]

Concentration, mol/L

2

Subscripts and superscripts
𝑎𝑞

Aqueous phase

𝑎𝑣

Average value

𝐷𝑒𝑐𝑜𝑚 Decomposition
𝐸𝑝𝑜𝑥

Epoxidation

𝑖

Component index

𝑜𝑖𝑙

Oil phase

𝑃𝑒𝑟ℎ

Perhydrolysis

Abbreviations
𝑅𝑂

Ring-opening

^

Estimated quantity form the model

AA

Acetic acid

CH

Conventional heating

CSTR Continuous stirred tank reactor
DB

Double bond

HP

Hydrogen peroxide

MCMC Markov Chain Monte Carlo
MW

Microwave

OA

Oleic acid

PAA

Peracetic acid

W

Water

References
1.

Tan SG, Chow WS. Biobased Epoxidized Vegetable Oils and Its Greener Epoxy Blends: A

Review. Polymer-Plastics Technology and Engineering. 2010;49(15):1581-90.
2.

Frank P Greenspan RJG, inventorProcess of epoxidation. USA1954.

3.

Gamage PK, O’Brien M, Karunanayake L. Epoxidation of some vegetable oils and their

hydrolysed products with peroxyformic acid-optimised to industrial scale. Journal of the National
Science Foundation of Sri Lanka. 2009;37(4).
4.

Kostik V, Memeti S, Bauer B. Fatty acid composition of edible oils and fats. Journal of

Hygienic Engineering and Design. 2013;4:112-6.
5.

de la Hoz A, Diaz-Ortiz A, Moreno A. Microwaves in organic synthesis. Thermal and non-

thermal microwave effects. Chemical Society Reviews. 2005;34(2):164-78.

6.

Rangarajan B, Havey A, Grulke EA, Culnan PD. Kinetic parameters of a two-phase model forin

situ epoxidation of soybean oil. Journal of the American Oil Chemists’ Society. 1995;72(10):1161-9.
7.

Beltrán Osuna ÁA, Boyacá Mendivelso LA. Modelo cinético de dos fases para la epoxidación

de aceite de soya. Ingeniería e Investigación. 2010;30:188-96.
8.

Santacesaria E, Tesser R, Di Serio M, Turco R, Russo V, Verde D. A biphasic model describing

soybean oil epoxidation with H2O2 in a fed-batch reactor. Chemical Engineering Journal.
2011;173(1):198-209.
9.

Santacesaria E, Renken A, Russo V, Turco R, Tesser R, Di Serio M. Biphasic Model Describing

Soybean Oil Epoxidation with H2O2 in Continuous Reactors. Industrial & Engineering Chemistry
Research. 2012;51(26):8760-7.
10.

Wu ZY, Nie Y, Chen W, Wu LH, Chen P, Lu MZ, et al. Mass transfer and reaction kinetics of

soybean oil epoxidation in a formic acid-autocatalyzed reaction system. Can J Chem Eng.
2016;94(8):1576-82.
11.

Wu Z, Fang J, Xie Q, Zheng T, Wu L, Lu M, et al. Macroscopic kinetics modelling of liquid–

liquid reaction system: Epoxidation of fatty acid methyl esters. Industrial Crops and Products.
2018;122:266-76.
12.

Casson Moreno V, Russo V, Tesser R, Di Serio M, Salzano E. Thermal risk in semi-batch

reactors: The epoxidation of soybean oil. Process Safety and Environmental Protection.
2017;109:529-37.
13.

Leveneur S, Zheng J, Taouk B, Burel F, Wärnå J, Salmi T. Interaction of thermal and kinetic

parameters for a liquid–liquid reaction system: Application to vegetable oils epoxidation by
peroxycarboxylic acid. Journal of the Taiwan Institute of Chemical Engineers. 2014;45(4):1449-58.
14.

Zheng JL, Wärnå J, Salmi T, Burel F, Taouk B, Leveneur S. Kinetic modeling strategy for an

exothermic multiphase reactor system: Application to vegetable oils epoxidation using Prileschajew
method. AIChE Journal. 2016;62(3):726-41.

15.

Sinadinović-Fišer S, Janković M, Petrović ZS. Kinetics of in situ epoxidation of soybean oil in

bulk catalyzed by ion exchange resin. Journal of the American Oil Chemists' Society. 2001;78(7):72531.
16.

Goud VV, Patwardhan AV, Dinda S, Pradhan NC. Kinetics of epoxidation of jatropha oil with

peroxyacetic and peroxyformic acid catalysed by acidic ion exchange resin. Chemical Engineering
Science. 2007;62(15):4065-76.
17.

Jankovic, MR, Sinadinovic-Fiser S. Kinetic models of reaction systems for the in situ

epoxidation of unsaturated fatty acid esters and triglycerides. Hemijska Industrija. 2004;58(12):56976.
18.

Sinadinović-Fišer S, Janković M, Borota O. Epoxidation of castor oil with peracetic acid

formed in situ in the presence of an ion exchange resin. Chemical Engineering and Processing:
Process Intensification. 2012;62:106-13.
19.

Campanella A, Fontanini C, Baltanás MA. High yield epoxidation of fatty acid methyl esters

with performic acid generated in situ. Chemical Engineering Journal. 2008;144(3):466-75.
20.

Leveneur S, Pinchard M, Rimbault A, Safdari Shadloo M, Meyer T. Parameters affecting

thermal risk through a kinetic model under adiabatic condition: Application to liquid-liquid reaction
system. Thermochimica Acta. 2018;666:10-7.
21.

Petrović ZS, Zlatanić A, Lava CC, Sinadinović‐Fišer S. Epoxidation of soybean oil in toluene

with peroxoacetic and peroxoformic acids — kinetics and side reactions. European Journal of Lipid
Science and Technology. 2002;104(5):293-9.
22.

Dinda S, Patwardhan AV, Goud VV, Pradhan NC. Epoxidation of cottonseed oil by aqueous

hydrogen peroxide catalysed by liquid inorganic acids. Bioresource Technology. 2008;99(9):3737-44.
23.

Goud VV, Pradhan NC, Patwardhan AV. Epoxidation of karanja (Pongamia glabra) oil by

H2O2. Journal of the American Oil Chemists' Society. 2006;83(7):635-40.
24.

Goud V, Patwardhan A, C Pradhan N. Studies on the epoxidation of mahua oil (Madhumica

indica) by hydrogen peroxide2006. 1365-71 p.

25.

Campanella A, Baltanás MA. Degradation of the oxirane ring of epoxidized vegetable oils

with solvated acetic acid using cation-exchange resins. European Journal of Lipid Science and
Technology. 2004;106(8):524-30.
26.

Campanella A, Baltanás MA. Degradation of the oxirane ring of epoxidized vegetable oils

with hydrogen peroxide using an ion exchange resin. Catalysis Today. 2005;107-108:208-14.
27.

Campanella A, Baltanás MA. Degradation of the oxirane ring of epoxidized vegetable oils in a

liquid–liquid–solid heterogeneous reaction system. Chemical Engineering and Processing: Process
Intensification. 2007;46(3):210-21.
28.

Campanella A, Baltanás MA. Degradation of the oxirane ring of epoxidized vegetable oils in

liquid–liquid heterogeneous reaction systems. Chemical Engineering Journal. 2006;118(3):141-52.
29.

Cai X, Zheng JL, Aguilera AF, Vernières-Hassimi L, Tolvanen P, Salmi T, et al. Influence of ring-

opening reactions on the kinetics of cottonseed oil epoxidation. International Journal of Chemical
Kinetics. 2018;50(10):726-41.
30.

Hill JM, Marchant TR. Modelling microwave heating. Applied Mathematical Modelling.

1996;20(1):3-15.
31.

Lee MZC, Marchant TR. Semi-analytical solutions for continuous-flow microwave reactors.

Journal of Engineering Mathematics. 2002;44(2):125-45.
32.

Caddick S. Microwave assisted organic reactions. Tetrahedron. 1995;51(38):10403-32.

33.

Aguilera AF, Tolvanen P, Eränen K, Leveneur S, Salmi T. Epoxidation of oleic acid under

conventional heating and microwave radiation. Chemical Engineering and Processing: Process
Intensification. 2016;102:70-87.
34.

Greenspan FP, Mackellar DG. Analysis of aliphatic per acids. Analytical Chemistry.

1948;20(11):1061-3.
35.

Corporation TL. Standard test procedure for determining Iodine value. . 2006.

36.

Jay R. Direct Titration of Epoxy Compounds and Aziridines. Analytical chemistry.

1964;36(3):667-8.

37.

Leveneur S, Wärnå J, Salmi T, Murzin DY, Estel L. Interaction of intrinsic kinetics and internal

mass transfer in porous ion-exchange catalysts: Green synthesis of peroxycarboxylic acids. Chemical
Engineering Science. 2009;64(19):4101-14.
38.

Leveneur S. Catalytic Synthesis and Decomposition of Peroxycarboxylic Acids: Doctoral

Thesis, Åbo Akademi University; 2009.
39.

Leveneur S, Kumar N, Salmi T, Murzin DY. Stability of hydrogen peroxide during

perhydrolysis of carboxylic acids on acidic heterogeneous catalysts. Research on Chemical
Intermediates. 2010;36(4):389-401.
40.

Leveneur S. Thermal Safety Assessment through the Concept of Structure–Reactivity:

Application to Vegetable Oil Valorization. Organic Process Research & Development. 2017;21(4):54350.
41.

Leveneur S, Estel L, Crua C. Thermal risk assessment of vegetable oil epoxidation. Journal of

Thermal Analysis and Calorimetry. 2015;122(2):795-804.
42.

Leveneur S, Salmi T, Murzin DY, Estel L, Wärnå J, Musakka N. Kinetic Study and Modeling of

Peroxypropionic Acid Synthesis from Propionic Acid and Hydrogen Peroxide Using Homogeneous
Catalysts. Industrial & Engineering Chemistry Research. 2008;47(3):656-64.
43.

Chou T-C, Chang J-Y. Acetic acid as an oxygen carrier between two phases for epoxidation of

oleic acid. Chemical Engineering Communications. 1986;41(1-6):253-66.
44.

Aguilera AF, Tolvanen P, Heredia S, Muñoz MG, Samson T, Ogier A, Verove, A, Eränen K,

Leveneur S, Mikkola J-P M, Salmi, T. Epoxidation of Fatty Acids and Vegetable Oils Assisted by
Microwaves Catalyzed by a Cation Exchange Resin. Industrial & Engineering Chemistry Research.
2018;57(11):3876-86.
45.

Haario H. ModEst - User's Guide, Profmath Oy. Helsinki 2001.

46.

Leis J, Kramer M. ALGORITHM 658: ODESSA- an ordinary differential equation solver with

explicit simultaneous sensitivity analysis 1988. 61-7 p.

47.

Brooks S, Gelman A, Jones G, Meng XL. Handbook of Markov Chain Monte Carlo: CRC Press;

2011.
48.

Marquardt DW. An Algorithm for Least-Squares Estimation of Nonlinear Parameters. Journal

of the Society for Industrial and Applied Mathematics. 1963;11(2):431-41.

