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Abstract  
 

For many chemical systems, it is of great importance to find a durable, active and efficient 

catalyst which improves the process performance. Epoxidation of oleic acid with peracetic 

acid (Prilezhaev oxidation) was carried out in an isothermal loop reactor in the presence of 

heterogeneous catalysts. A novel mixing device (SpinChemTM Rotating Bed Reactor) was 

incorporated to minimize the external mass transfer limitations of the three-phase system and 

to immobilize the solid resin catalysts. The kinetic experiments conducted under microwave 

heating (MW) were compared with identical experiments carried out under conventional 

(conductive/convective) heating. Extensive screening of heterogeneous catalysts was 

conducted and the influence of microwave irradiation on the reaction kinetics was studied. 

Several ion exchange resins were screened to explore their applicability and activity on the 

epoxidation of oleic acid. The perhydrolysis reaction (peracetic acid formed in-situ from 

acetic acid and H2O2) was promoted upon the use of different solid acid catalysts: Amberlite 

IR-120, Amberlyst 15, Smopex®, Dowex 50x8-100, Dowex 50x8-50, Dowex 50x2-100, and 

NafionTM. From the selected group of catalysts, Dowex 50-x8100 and Dowex 50x8-50 

produced the highest yield of epoxidized oil. Only minor differences in the reactant 

conversion and the product yield were found in the experiments carried out under microwave 

exposure compared to the conventionally heated experiments in the presence of several ion 

exchange resins. The catalytic effect was much more prominent than the microwave effect, 

because the solid acid catalysts enhanced the slow step of the process, the perhydrolysis of 

acetic acid. The catalytic effect was very dominant and a considerable improvement of the 

oleic acid conversion and the epoxide yield was observed in the presence of the top-

performing catalysts.  
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Highlights 
 

* Dowex 50Wx8-50 was the most active and suitable heterogeneous catalyst for the 

epoxidation of oleic acid. 

*90% of relative conversion to oxirane content was obtained in 2.3 hours at 60°C with 

Dowex 50Wx8-50. 

* The enhancing effect of the microwave heating observed previously for non-catalytic 

epoxidation, was completely masked by the effect of solid catalysts. 

*The SpinChem Rotating Bed Reactor device was proven as a suitable and advantageous 

solution for all the catalysts except the fibrous Smopex catalyst.  
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1. Introduction 
 

The shift from fossil-derived products towards bio-based chemicals and fuels is of interest 

due to the depletion of oil resources and global warming. Epoxidation of vegetable oils is a 

topic of growing interest because the process produces platform chemicals through biomass 

valorisation. Epoxidized vegetable oils are starting molecules in the preparation of important 

products including bio-lubricants and non-isocyanate polyurethanes which can replace fossil 

fuel derivatives which contribute to the climate change 1-4. The epoxidation of vegetable oils 

can be performed with different methods including epoxidation with molecular oxygen, 

organic and inorganic peroxides, halohydrines and percarboxylic acids. Epoxidation with 

percarboxylic acids was chosen for this work, because it represents an economic and 

environmentally friendly pathway. According to the principle of Prilezhaev, a percarboxylic 

acid is produced in situ from hydrogen peroxide and a carboxylic acid. The percarboxylic 

acid carries out the epoxidation in the oil phase and returns back to the aqueous phase as a 

carboxylic acid. In the aqueous phase, the carboxylic acid is perhydrolyzed by hydrogen 

peroxide and the reaction cycle is completed. The reaction steps are displayed below 

(CA=carboxylic acid, PCA=percarboxylic acid, VO=vegetable oil, aq=aqueous phase, oil=oil 

phase), 

CA (aq) + H2O2 ⇌ PCA (aq)+ H2O                                                                                           (I) 

PCA(aq) ↔ PCA (oil)                                                                                                              (II) 

VO (oil) + PCA(oil) → Epoxide(oil) + CA(oil)                                                                     (III)                                                                                      

CA(oil) ↔ CA(aq)                                                                                                                  (IV) 
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The selectivity of this reaction is an important issue because the epoxidized product is highly 

sensitive to ring-opening. The highly strained oxirane group is easily protonated under acidic 

conditions and a carbocation is formed. This species reacts further with the nucleophilic 

species present in the oil phase or at the aqueous-oil interphase, such as hydrogen peroxide, 

the carboxylic and percarboxylic acids and water to form a by-product. Plausible ring-

opening reactions are displayed below (ROP= ring-opening product). 

Epoxide(oil) + H2O2 → ROP1                                                                                                 (V) 

Epoxide(oil) + CA(oil)  → ROP2                                                                                          (VI) 

Epoxide(oil) + PCA(oil)  → ROP3                                                                                       (VII) 

Epoxide(oil) + W → ROP4                                                                                                  (VIII) 

According to Leveneur 5, percarboxylic acids undergo decomposition by various mechanisms 

leading principally to carbon dioxide, oxygen, water and carboxylic acids. An overall  

formula for the decomposition of percarboxylic acids is displayed below (DP=decomposition 

product). 

PCA(aq)  → DP                                                                                                                  (IX) 

The perhydrolysis step (I) is relatively slow and it takes place spontaneously, but it is 

enhanced by acid catalysts. In general, the epoxidation of vegetable oils using the Prilezhaev 

method requires several hours to obtain high conversions 6. To enhance the perhydrolysis rate, 

different catalysts can be implemented, such as enzymes, metals, metal oxides, sulfuric acid 

and acidic ion exchange resins 7. A summary of several epoxidation processes in the presence 

of different homogeneous and heterogeneous catalysts is displayed in Table 1. It is 

challenging to compare all the data published in literature, because the catalysts and reaction 

times vary. Often a component mixture (a natural vegetable oil) has been used, which 
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complicates the interpretation of the results, because fatty acids react differently: intrinsic rate 

of the epoxidation of the double depends on the structure and the number of double bonds of 

the fatty acid or fatty acid ester. For quite many studies listed in Table 1, the total reaction 

times are not reported in the original source. The general message of Table 1 can be 

summarized as follows: in the absence of a catalyst, epoxidation is possible, but slow, the 

presence of catalysts enhances very much the reaction rate and heterogeneous catalysts 

(acidic ion exchangers) are very competitive with homogeneous catalysts (e.g. sulfuric acid). 

In general, heterogeneous catalysis is desirable because the catalyst separation issue is 

simpler than for homogeneous catalysts. The results collected in Table 1 show that the acidic 

ion exchange resins (AIER) and chemo-enzymatic processes give the highest conversions of 

the double bonds and the highest yields of oxirane. Moreover, some enzymatic catalysts tend 

to become deactivated during the course of the reaction or could be highly susceptible to 

degradation by H2O2 
8, 9. An AIER is an acid in solid form which is insoluble in water but has 

the capacity to hydrate. The exchange reactions take place in an aqueous environment 

retained by the ion exchanger, which is generally termed gel water or water swelling 10. 

Epoxidation with AIER has been conducted for a wide variety of oils and operation 

conditions, and it is the most reported method because the catalyst separation is easy and side 

reactions are suppressed 7. Ion-exchange resins (IER) are the most active, selective and 

inexpensive catalysts available for this process. Leveneur 5 studied the use of several highly 

complex zeolite catalysts for enhancing the perhydrolysis of peracetic and perpropionic acid 

with hydrogen peroxide and concluded that the aluminosilicate materials were less beneficial 

than the ion-exchange resins in this reaction because aluminosilicates promoted the undesired 

decomposition of H2O2.  

In our previous study, Amberlite IR-120, a cation exchange resin, was implemented in the 

epoxidation reaction and higher epoxide yields were achieved in shorter reaction times 
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compared with experiments conducted in the absence of a solid catalyst 3.  The use of 

strongly acidic cation exchange resins for the epoxidation of oils is beneficial because the 

solid acid sites boost the perhydrolysis reaction, which is the slow step in the overall process 

3, 11. In a study by Leveneur et al 12, some of these resins were screened and the deactivation 

rates were negligible for the perhydrolysis of propionic acid with hydrogen peroxide.  

A variety of ion exchange resins are commercially available with different matrix 

compositions, pore sizes, cross-linking percentages and particle sizes. This study focuses on 

the catalyst screening with seven types of AIER for the epoxidation of oleic acid: Amberlite 

IR-120, Amberlyst 15, Smopex®, Dowex 50x8-100, Dowex 50x8-50, Dowex 50x2-100 and 

NafionTM. The latter catalyst has the most different composition and properties of the group 

and its effect of the epoxidation of oils has not been described in the literature before, thus it 

represents an interesting option to be studied.  

To promote the development of cleaner, safer, smaller and more energy efficient processes 

with products of higher quality, i.e. process intensification 13-16, microwave (MW) technology 

was used and combined with a special mixing device, SpinChemTM Rotating Bed Reactor 

(RBR). The aim of the mixing technology is to immobilize the catalyst and to minimize the 

external mass transfer limitations by forced, centrifugal flow through the catalyst bed. 

Experiments with microwave (MW) heating were conducted in parallel with conventionally 

heated (CH) experiments to compare both heating methods in an objective way. To our 

knowledge, the combined effect of microwaves and heterogeneous catalyst has not been 

studied before. 

Oleic acid was used as a model compound for vegetable oils because it is one of the most 

common fatty acids present in vegetable oils which can be epoxidized. Oleic acid is, for 

instance, one of the dominating components in tall oil, which is an excellent non-food source 
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of vegetable oils. It is in our best interest to use well-defined model molecules instead of oil 

mixtures for the catalyst comparison to obtain thorough understanding of the kinetics.  

This work was focused on finding the most suitable cation exchange resin to achieve high 

yields of epoxidized oleic acid, using less energy and shorter reaction times by applying 

microwave irradiation and new mixing technology.  

Table 1. Review of epoxidation of fatty acids and vegetable oils in the presence of 

homogeneous, heterogeneous and enzymatic catalysts. 

ns= not specified , RCO= relative conversion to oxirane 

 

 

2. Material and methods 
 

2.1 Materials 

 

Acetic acid (glacial) 100%, aqueous hydrogen peroxide 30%, potassium iodide and the Hanus 

solution were obtained from Merck KGaA (Germany). Sodium hydroxide solution (0.2M), 

oleic acid (90%), tetraethylammonium bromide, sodium thiosulfate solution (0.1M), 

Chloroform (99%), Amberlyst 15, Dowex 50x8-100, Dowex 50x8-50, Dowex 50Wx8-400, 

Dowex 50x2-100 and Amberlite® IR-120 were procured by Sigma Aldrich (Germany, USA, 

France and China). Ammonium cerium sulfate solution (0.1M) as well as perchloric acid in 

anhydrous acetic acid (0.1M) were acquired from VWR Chemicals (Belgium).  Sulfuric acid 

(95-97wt-%) was obtained from Avantor Performance Materials BV (Belgium). Smopex® 

was purchased from Thermo Fisher (Germanny) and NafionTM NR40 was ordered from 

Nafion store (Germany). The properties of the different catalysts are summarized in Table 2. 
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Table 2. Properties of the cation exchange resins used. 

 

2.2 Experimental setup 

 

The experimental setup was constructed and it was operated as an isothermal recycle system. 

A schematic view on the reactor system is provided by Figure 1. The system consisted of a 

non-baffled glass reactor connected to a recycle loop with a microwave cavity (Sairem, 

France) and a heat exchanger. The reaction mixture was pumped from the stirred glass vessel 

through the microwave cavity (in which the reaction mixture was irradiated) and recycled 

back to the reactor vessel. A heat exchanger was incorporated to the loop to be used as the 

energy source in the experiments with conventional heating. Both set-ups of the equipment 

(single-mode MW cavity and heat exchanger) remained fixed to the system even in the 

experiments where they were not used, in order to maintain the experimental setup 

unchanged. While the MW irradiation was applied, the heat exchanger was switched off and 

vice versa to maintain the system under isothermal conditions. 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 38. The reaction medium 

flowed through a transparent quartz tube, which allowed the microwaves to heat the reaction 

medium without any interference. The reactor vessel was surrounded by a jacket filled with a 

mixture of ethylene glycol and water for cooling or heating to control and maintain the 

reactor temperature constant.  

Stirring of the aqueous and oil phases played a key role in the experiments, because it 

enabled the generation of an emulsion in which the reaction was expected to take place. The 

SpinChemTM RBR (Rotating Bed Reactor) was placed inside the glass vessel, as illustrated by 
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Figure 1. This device consisted of a hollow rotating bed device which contained the 

immobilized catalyst. In this mixing system, the reaction solution was suctioned from the 

bottom of the bed, percolated through the solid catalyst and returned to the storage vessel. 

The design of SpinChemTM RBR maximizes both axial mixing and convective heat transport 

39. The stirring was set to 1200 rpm in all the experiments, in order to ensure that the reaction 

proceeds in the kinetic regime according to our previous studies 3, 17. Leveneur et al40 have 

previously investigated the epoxidation of oleic acid by performic acid formed in situ  and it 

was concluded that the reaction proceeds in the kinetic regime. In the study40, it is stated that 

the Hatta number was less than 1 and the interfacial mass transfer can be assumed to be rapid 

compared to the chemical reaction.  

 

Figure 1. Scheme of the stirring effect and the flow paths by SpinChemTM and exploded-

view of the seven pieces which are retained in the SpinChemTM system (upper) and schematic 

view of the reactor setup (lower). 

 

A peristaltic pump was used to circulate the mixture throughout the system through rubber 

and silicone tubes to avoid a contact with metallic materials normally present in conventional 

hydraulic pumps which can trigger the catalytic decomposition of hydrogen peroxide and 

peracetic acid 41. In addition, a reflux condenser was incorporated to prevent the evaporation 

of volatile compounds, i.e. acetic acid and water. Thermocouples were located inside the 

reactor, before the heat exchanger, after the heat exchanger, before the microwave and after 

the microwave cavity. The temperatures were displayed and recorded by the software 

Picolog®.  
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2.3 Reaction procedure 

 

The selected catalyst was placed in the SpinChem RBR chamber and the rotating bed was 

connected to the rotation rod and washed with distilled water to remove residuals of sulfonic 

acid from the solid catalyst. The catalyst was washed until the washing water was colourless 

and no brown signs of sulfonic acid were observed. This step was performed to prevent 

possible ring-opening reactions catalysed by dissolved sulfonic groups, which can take place 

according to literature42. Calculated amounts of oleic and acetic acid were added into the 

reactor vessel under vigorous stirring to homogenize the mixture. To ensure that well-defined 

initial conditions of the kinetic experiments prevailed, hydrogen peroxide was added at room 

temperature as the final reactant 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, the peristaltic pump was switched on and the mixture started to circulate 

through the loop system . The addition was completed within 30-40 seconds. At the moment 

of the HP addition, a rapid elevation of the reaction temperature was noticed and shortly after 

it was stabilized. The heating jacket was turned on to maintain the operation temperature at 

the desired level in the reactor. 

When applying conventional heating, the heat exchanger was switched on at least ten minutes 

before the experiment to achieve the anticipated reactor temperature. In case of using 

microwave heating, the radiation and security measures were activated after the addition of 

HP. The temperatures in the loop system (T1 to T6) were maintained at the same levels for 

both conventional and microwave heating. Parallel experiments with MW and CH were 

performed. The temperatures in the heat exchanger were equal to the temperatures at the 

microwave cavity and therefore MW experiments were able to be compared with the CH 

experiments. 
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Samples (7 mL) were withdrawn from the reaction mixture by a plastic syringe into glass 

flasks (8 mL) during the course of the reaction. After the experiment was completed and the 

last sample was withdrawn, the reactor was evacuated and the system was flushed with water 

and ethanol until no organic residuals were found.  

 

2.4 Experimental matrix  

 

The experimental matrix is presented in Table 3. The number of the experiment and the 

catalyst are listed in the Table. The third and fourth columns show the reactor temperature 

and the heating method applied, i.e. conventional heating (CH) or microwaves (MW).  The 

last column indicates whether the experiment was performed with recirculation in the system 

or in the glass reactor only.  

Table 3. Experimental matrix. 

*Experiment 6 did not have a MW duplicate because the respective liquid reactant amounts for 12% loading 

were not enough to use the recirculation system.  

**Experiment 15 was conducted placing the catalyst outside the RBR chamber, floating freely in the reaction 

medium. This was done because of mass transfer limitations of the Smopex in the RBR. 

 

All the experiments were conducted under the same stirring rate (1200 rpm), pumping speed 

(120mL/min) and catalyst loading (12 wt-% on a dry basis, in respect to the oil mass). 

Preliminary experiments carried out with different rotation speeds and catalyst loadings 

indicated that 1200rpm is sufficient to supress the external mass transfer resistance around 

the catalyst particles 3. The molar ratio of double bonds (DB) : hydrogen peroxide (HP) : 
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acetic acid (AA) 1 : 4.8 : 2.4 (mol:mol:mol) was used in order to implement optimal 

conditions described in our previous study 17.  

2.5 Analytical methods 

 

The samples were immediately cooled down under cold tap water after being withdrawn from 

the emulsion in the glass reactor, 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. To remove aqueous residuals in 

the organic phase, a small amount of molecular sieve beads (Sigma 5A, 8-12 mesh) was 

added. The organic phase was stored in a freezer and analysed within the next days to 

determine the conversion to oxirane and the iodine value, whereas the aqueous-phase samples 

were analysed immediately after being withdrawn from the reactor to determine the 

concentrations of hydrogen peroxide, acetic acid and peracetic acid. 

 

Aqueous-phase analysis 

To avoid the decomposition of hydrogen peroxide and peracetic acid, the samples were 

analysed within 30 minutes after being withdrawn from the reactor. 

The Greenspan and MacKellar method 43 was applied for the analysis of hydrogen peroxide 

and peracetic acid concentrations. For the determination of acetic acid concentration, an 

automatic titrator with a 0.2M sodium hydroxide solution was used. The details of the 

aqueous-phase analysis is described in a previous article by our group 3.  

Organic-phase analysis 

The organic phase of each sample was immediately stored in a freezer after being withdrawn. 

For the analysis, the samples were heated in an oven at 70°C just until they melted and had a 
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high enough fluidity to be handled with a pipette. The amount of the double bonds was 

described as the Iodine Value (IV) and the amount of the epoxide groups was expressed as 

the relative conversion to oxirane (RCO). 

The IV was determined with the Hanus solution 44 and the oxirane content was determined 

with the Jay’s method 45, in which HBr is formed in situ with tetraethylammonium bromide 

(TEAB) and titrated with a standard 0.1M perchloric acid solution. 

The conversion of the double bonds was calculated from 

%𝑪 =
(𝑰𝑽𝟎−𝑰𝑽𝒇)

𝑰𝑽𝟎
∙ 𝟏𝟎𝟎                                                         (1) 

where 𝐼𝑉0 is the initial iodine value of oil sample, which is 90 for oleic acid and 𝐼𝑉𝑓 is the 

iodine value of the final oil sample. 

The oxirane oxygen (OO) content was determined from  

𝑶𝑶𝒆𝒙𝒑𝒕 =
[𝑯𝑪𝒍𝑶𝟒] ∙ 𝑽𝑯𝑪𝒍𝑶𝟒 ∙ 𝑴𝑴𝑶

𝒎𝐬𝐚𝐦𝐩𝐥𝐞
∙ 𝟏𝟎𝟎 

(2) 

 

From the oxirane content values, the relative fractional conversion to oxirane (RCO), also 

called the yield of oxirane, was estimated from the expression 

%𝑹𝑪𝑶 =
𝑶𝑶𝐞𝐱𝐩𝐭

𝑶𝑶𝐭𝐡
∙ 𝟏𝟎𝟎 

(3) 

 

where 𝑂𝑂expt is the experimentally determined content of oxirane oxygen, and 𝑂𝑂th is the 

theoretical maximum oxirane oxygen content in 100 g of oil, which was determined using the 

following expression, 
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𝑶𝑶𝐭𝐡 = {

𝑰𝑽𝟎
𝟐𝑴𝑴𝒊
⁄

𝟏𝟎𝟎 + (
𝑰𝑽𝟎

𝟐𝑴𝑴𝒊
⁄ ) ∙ 𝑴𝑴𝑶

} ∙ 𝑴𝑴𝑶 ∙ 𝟏𝟎𝟎 

(4) 

 

where 𝑀𝑀𝑖  is the atomic mass of iodine, 126.9 g/mol and 𝑀𝑀𝑂  is the atomic mass of 

oxygen, 16.0 g/mol. The 𝑂𝑂th was calculated to be 5.61% for oleic acid.  

3. Results and discussion 

3.1 Catalyst screening 

 

Seven heterogeneous catalysts (Table 2) were screened under similar reaction conditions, 

using 50°C as the reaction temperature. This specific temperature was chosen based on our 

previous experience on the reaction kinetics3. The epoxidation rate is very low at 40°C and 

high temperatures, on the other hand, promote ring-opening reactions. The average 

experimental error was 4-5% in the experiments. The repeatability of the kinetic experiments 

was confirmed by duplication of some experiments.  

The consumption of the double bonds of oleic acid, expressed as iodine value with time, and 

the formation of epoxyoleic acid as relative conversion to oxirane with time are represented 

in Figures 2 and 3. 

 

Figure 2. Iodine value with time for eight different catalysts at 50 °C under conventional 

heating for the epoxidation of oleic acid by peracetic acid. 

 

 

 

Figure 3. Relative conversion to oxirane with time for eight different catalysts at 50 °C under 

conventional heating for the epoxidation of oleic acid by peracetic acid. 
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The values of conversion and yield of oxirane obtained for each experiment are listed in 

Table 4. Interestingly, two reaction paths for epoxidation can be distinguished from Figures 2 

and 3: a non-catalytic and a catalytic one. In the absence of a solid catalyst, the reaction still 

takes place slowly because the perhydrolysis of acetic acid proceeds spontaneously. 

It can be observed that the use of any solid catalyst is highly advantageous as compared with 

the results obtained in the absence of a solid catalyst. Moreover, in contrast to homogeneous 

catalysis, heterogeneous catalysis typically includes diffusion, adsorption and desorption 

processes. The physical and chemical properties of the solid catalyst determine which catalyst 

will generate the best results in terms of reactant conversion and product yield.  

In terms of the conversion of the double bonds (Figure 2), the catalysts Dowex 50x8-50, 

Dowex 50x8-100 and Amberlite IR-120 exhibited the best performance and similar activity, 

because all three catalysts have equal capacities, cross-linking degrees and moisture contents 

(Table 2). Dowex 50x8-50 and Dowex 50x8-100 gave a higher selectivity than Amberlite IR-

120 (Figure 3) because they have slightly higher capacities.  

The results displayed in Figures 2 and 3, are in agreement with those of Turco et al. 46 and 

Rios et al. 8 who found that the conversion of double bonds and the selectivity towards 

epoxide increased as the degree of cross-linking increased from 2% (Dowex 50Wx2-100) to 

8% (Dowex 50x8-50, Dowex 50x8-100 and Amberlite IR-120). However, when there is a 

further increase in the degree of cross-linking up to 20% (Amberlyst 15), the selectivity 

dropped. The degree of cross-linking has a strong effect on the resin structures, because it 

controls the porosity of the resin 12, 47. Higher cross-linking implies a smaller pore size, thus a 

higher surface area and an increased probability of hydrogen peroxide and acetic acid to have 

contact with the acid sites. However, the structure of Amberlyst 15 has a macroreticular 
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nature which might enable an easy protonation of the oxirane ring and ring-opening 46. Also, 

the so-called macroporous, macroreticular structures have large internal surface areas. They 

have pore sizes of tens to hundred nanometers in diameter and surface areas up to 500m2/g. 

Because of their higher porosity, larger molecules can penetrate the interior of the resin 

structure 48. Taking into consideration that the average lengths of oleic acid and epoxyoleic 

acids at their most stable shapes are 1.8 - 2.1nm, a pore size of 40-80nm is large enough to 

allow the epoxyoleic acid to enter into the macropores.  

Swelling is another key factor to be considered when using ion exchange resins. In general, 

the swelling capacity is strongly dependent on the degree of cross-linking and the nature of 

the surrounding medium. Swelling of the resin is more pronounced as the polarity of the 

medium increases. Additionally, with a higher degree of cross-linking, the moisture content 

and swelling behaviour of the ion exchange resin is hampered.  As a result, only macroporous 

ion exchange resins are suitable for reactions in nonpolar media 48. Table 2 shows that gel-

type catalysts with lower cross-linking degrees have high moisture contents, which represents 

an advantage for this system because polar media are able to penetrate the interior of the resin 

and access the active sites. Moreover, catalysts with high cross-linking degrees and or low 

moisture contents, such as Amberlyst 15 and Nafion, allow contact of the catalyst surface 

with nonpolar media and the opening of the oxirane ring is promoted.  

Table 4. Conversion and relative conversion to oxirane (%RCO) for catalyst screening. 

 

A large particle size and a lower capacity of Nafion showed to be unfavourable for the 

epoxidation reaction. Similar results were also obtained by Rios et al. 8 when applying a 

composite material made of Nafion - low conversions were obtained because of a lower 

amount of active sites compared to Amberlyst 15. 
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In the case of Smopex, the external mass transfer limitations were highly influential because 

of the compaction of the fibres inside of the RBR chamber. This can indicate the reason why 

the double bond conversion reaches a plateau around 200 minutes of the reaction (Figure 2). 

The experiments with the fibres floating freely in the reaction medium are discussed in 

Section 3.3.  

In conclusion, the screening study revealed that Dowex 50Wx8-50 was the most active and 

suitable catalyst for the epoxidation of oleic acid under conventional heating. Even though 

Dowex 50Wx8-100 produced rather similar values of selectivity compared with Dowex 

50Wx8-50, because of their almost identical properties, Dowex 50Wx8-50 was selected for 

evaluating the effect of the temperature on the reaction in order to optimize the operating 

conditions. The decision is justified because Dowex 50Wx8-50 gave rise to the best overall 

results in the screening, i.e. high conversions of double bonds and high yields of oxirane. In 

general, these results are comparable with the ones reported in Table 1, for the experiments 

conducted at 50°C with Jatrofa, Canola and Soybean oil as well as oleic acid 23, 25, 28.  

3.2 Microwaves 

In our previous study 17, it was found that microwave irradiation affects positively the 

epoxidation of oleic acid in the absence of a heterogeneous catalyst, producing conversions 

up to 48% higher than those obtained in the presence of conventional heating at 50°C. The 

observation was attributed to a combination of the selective heating effect of the MW and the 

higher temperature profile for the experiments with MW heating which was possible due to 

the fact that the reactor was cooled down externally. Later, in 2018, our group carried out the 

epoxidation of oleic acid in situ for MW and CH with the exactly identical temperature 

profiles throughout the reactor system, including the loop. In this way, the CH and MW could 

be compared under comparable experimental conditions. The experiments performed in the 

absence of a heterogeneous catalyst produced higher epoxide yields under the MW irradiation, 



19 
 

which was attributed to the selective heating effect of the microwaves, in which the aqueous 

phase acts as a MW absorbent while the oil phase is transparent to microwaves 17, 49. 

Therefore, higher temperatures were reached in the aqueous phase compared to conventional 

heating where the phases have same temperature throughout the system. The slow step of the 

process is the perhydrolysis step in the aqueous phase. Therefore selective heating of the 

aqueous phase is expected to have a positive effect. 

New experiments were conducted in the presence of Amberlite IR-120 and with different 

catalyst loadings by duplicate, by using conventional heating and microwave heating. The 

experiments conducted with MW heating resulted in very similar conversions and yields 

compared to those with conventional heating 3. To study this phenomenon in further detail, 

epoxidation of oleic acid under microwave irradiation was conducted in the presence of six 

different catalysts, with CH and MW in parallel. This was done to ensure that it is only in the 

absence of heterogeneous catalysis that an increase of epoxidation kinetics is observed under 

MW irradiation. 

Figure 4 displays a comparison between the CH and the MW experiments using the seven 

different catalysts studied in this work. The iodine values and the relative fractional 

conversion to oxirane for epoxidation of oleic acid with peracetic acid are depicted vs the 

reaction time.  

 

Figure 4. Iodine value and relative conversion to oxirane vs. time for a-Amberlite, b- 

Amberlyst, c- Smopex, d- Dowex x8-100, e- Dowex x8-50 and f- Nafion for the epoxidation 

of oleic acid by peracetic acid at 50 °C. 

The results displayed in Figure 4 reveal almost identical evolutions of the double bond 

conversion and oxirane formation with time for MW and CH for each catalyst, which implies 

that the microwave heating did not affect the conversion of the double bonds and the 
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formation of the desired products any differently than conventional heating. However, Table 

5 reflects that conversions for Amberlite IR-120, Amberlyst 15 and Nafion and %RCO for 

Dowex50x8-50 and Smopex are higher with CH compared to MW. This might be explained 

by the fact that the mixture is exposed for longer to higher temperatures inside the heat 

exchanger compared to the MW cavity, which is 3cm long only. MW heating is much more 

rapid so it requires less exposure to reach a high temperature, compared to convective heating. 

Even though temperature profiles in the loop were similar and the highest temperatures 

reached for both MW and CH were identical, the exposure time of the reactants to that 

temperature was longer for CH. The longer exposure time to higher temperatures enabled a 

higher conversion of double bonds and epoxide formation. Additionally, the sudden 

temperature increase caused by the MW heating might have contributed to the opening of the 

temperature sensitive oxirane ring. Taking into consideration the pattern followed by five out 

of six catalysts tested (see Figure 4) and the similarities in the properties of Dowex 50x8-100, 

Dowex 50x8-50 and Amberlite IR-120, the slightly higher conversion observed for Dowex 

50x8-100 in the presence of microwaves compared to conventional heating is odd.  

On the other hand, it is important to point out that the phenomenon of rapid heating is the 

responsible for a more energy efficient process. This opens up the possibility of designing a 

new reactor setup that could exploit MW advantages by allowing the mixture to remain at a 

higher temperature for a longer time within the safety constraints.   

 

 

Table 5. Conversion of double bonds and relative conversion to oxirane (%RCO) for 

microwave and conventionally heated experiments. 
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The values of final conversions and %RCO are collected in Table 5. When comparing the 

results with the non-catalytic experiments carried out in the previous studies 3, 17 a profound 

enhancing effect of the MW was visible by boosting of the reaction rate; i.e. a higher yield 

was obtained within a shorter reaction time. This enhancement is clearly absent during the 

epoxidation of oleic acid in the presence of the solid resin catalysts.  

Several authors have reported that the formation of peracetic acid is the slow step of the 

epoxidation of double bonds 11. As discussed previously 3, the enhancing effect of the MW 

heating was attributed to the so-called selective heating, which produces an increase in the 

temperature of the aqueous phase, thus boosting the production of peracetic acid. Cation 

exchange resins have a similar effect upon the epoxidation because they have the ability to 

accelerate the rate of perhydrolysis 50, 51. It can be concluded that the enhancing effect of the 

microwave heating observed previously for non-catalytic epoxidation of oleic acid17, is now 

very much masked by the effect of the heterogeneous catalyst. The total perhydrolysis rate 

(rTOT) consists of two contributions, rTOT = rHOMOG + rHETEROG. The homogeneous rate 

(rHOMOG) is enhanced by microwaves, but because rHETEROG>>rHOMOG, the microwave effect 

becomes ‘shadowed’ by the heterogeneously catalyzed part of the rate (rHETEROG).   

3.3 Smopex  

The use of the special mixing device, SpinChemTM RBR has been beneficial in terms of 

suppressing external mass transfer limitations 3, 39. However, the experiments conducted with 

Smopex placed inside the RBR chamber presented mass transfer constraints as the catalyst 

was compacted inside the chamber and formed a solid mass in which the liquid could not 

flow through, as shown in Figure 5. The subsequent experiments were carried out with 

Smopex floating freely in the reaction medium and the RBR being an empty chamber. 
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Figure 5. Left: Image of the RBR chamber with Smopex® after the epoxidation experiment. 

Right: SEM of Smopex® fibres. 

Figure 6 shows the evolution of the iodine value and %RCO versus the time while having 

Smopex inside and outside the RBR. 

 

Figure 6. Iodine value and relative conversion to oxirane with time for experiments with 

Smopex inside and outside the SpinChem RBR chamber under CH at 50 °C. 

 

Higher conversions and oxirane yields were reached as the Smopex was placed outside the 

chamber, because the reaction medium was in contact with the whole catalyst amount, hence 

the external mass transfer proceeded efficiently. The results indicate that Smopex is not a 

suitable catalyst to be used with the SpinChem device. The samples contained a significant 

amount of the Smopex fibres, which made them especially difficult to handle and analyse. 

Thorough filtering was required and sometimes impossible given the high viscosity of the 

sample that in some cases, became solidified at room temperature, which represents one of 

the drawbacks of using AIER with conventional stirring compared to the RBR 8.  

 

3.4 Temperature effect: Dowex-x8-50 

 

Experiments were conducted with CH at three temperatures, 40°C, 50°C and 60°C, to reveal 

the effect of this parameter on the activity of the selected catalyst. Figure 7 reveals that the 

conversion of double bonds increases with temperature. Moreover, Figure 8 confirms that the 
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selectivity to oxirane seems to decay with temperature after reaching a maximum for 50°C 

and 60°C. This is due to the oxirane ring cleavage reactions which intensify with the increase 

of the temperature 7, 19, 53-59. Higher oxirane contents were found at 60°C but a minimum 

degree of ring-opening throughout the reaction was observed at 40°C (Figure 8). Since the 

highest operating temperatures of Dowex-x8-50 exceed 100°C, the stability of the catalyst 

does not play any role in the observed results. Nonetheless, according to Campanella et al. 60 

ring cleavage is triggered by the protonation of the oxirane ring in an acidic media, and this 

process is highly promoted by the reaction temperature. Moreover, Campanella et al. also 

suggested that the ring-opening reactions proceed on the surface of the catalyst (Amberlite 

IR120) and confirmed that the external surface protons of the resin are the main factor 

responsible for the degradation of the ring as the degradation rate was directly proportional to 

the available external area of the catalyst. Because Dowex-x8-50 has a relatively low cross-

linking degree and high moisture content, the nonpolar agents in the mixture are not able to 

access the bulk of the catalyst, however, the active sites in the outermost external surface of 

the catalyst are exposed and available to participate in the ring-opening reactions.   

 

Figure 7. Iodine value with time for experiments with Dowex 50x8-50 at 40 °C, 50 °C and 

60 °C.  

 

Figure 8. Relative conversion to oxirane (%RCO) with time for experiments with Dowex 

50x8-50 at 40 °C, 50 °C and 60 °C.  

 

For the sake of comparison, one example can be lifted up from Table 1, namely the work of 

Vanags et al29 which was done with a tall oil fatty acid mixture in the presence of solid acid 

catalysts al 60°C. The major component in tall oil fatty acid is oleic acid, which was our 

model molecule; thus the results are in some degree comparable. The relative conversions to 



24 
 

oxirane (yield) at 40, 50 and 60°C are higher than the results published by Vanags et al29 

(Table 1), where they used Amberlite IR-120. As revealed by the results displayed in Table 6 

and Figure 8, higher yields are achieved with same and lower temperatures in shorter reaction 

times. Twice as high yields are reached in approximately a third of the time at 60°C.  

 

Table 6. Oleic acid conversion and relative conversion to oxirane for epoxidation with  

Dowex 50x8-50 at different temperatures. 

Catalyst Temperature (°C) Time (h) % Conversion % RCO 

Dowex 50x8-50 40 6 64.5 75.5 

Dowex 50x8-50 50 6 87.9 68.0 

Dowex 50x8-50 60 6 100.0 90 (2.3h) 

 

 

 

4. Conclusions  
 

Epoxidation of oleic acid was conducted with peracetic acid formed in situ, by using 

hydrogen peroxide as the oxidizing agent in the presence of different cation exchange resins 

under conventional and microwave heating. The catalysts Dowex 50-x8-50 and Dowex 

50Wx8-100 proved to be the most active and suitable ones among the heterogeneous 

catalysts screened for the epoxidation of oleic acid under CH and MW. The observation was 

attributed to high capacity, small particle size and cross-linking degree that is high enough to 

reduce the probability of the epoxide to make contact with the acid sites and trigger the ring 

opening reactions.  

The experiments carried out with different heterogeneous catalysts revealed that microwave 

heating did not affect the conversion of the double bonds and the formation of the desired 

product any differently compared to conventional heating. In some cases, conventional 
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heating proved to be more advantageous because the reaction mixture was exposed longer 

times to higher temperatures given that microwave heating is much more rapid. The 

enhancing effect of the microwave heating observed in previous studies for non-catalytic 

epoxidation, was overlapped by the effect of the heterogeneous catalyst. 

The use of the special mixing device, SpinChemTM RBR was beneficial in terms of 

suppressing external mass transfer limitations 3, except for the case of the Smopex since the 

catalyst compacted inside the chamber. The use of SpinChemTM RBR enables a simpler 

collection and recycling of the catalyst and minimises the mechanical wear of the solid 

catalyst. 

Higher temperatures combined with Dowex-x8-50 produced an increase of the conversion of 

the double bonds and the selectivity to oxirane started to decline with temperature after 

reaching a maximum, due to ring-opening reactions.  
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AA Acetic acid 

CH Conventional heating 

DB Double bond 

HP Hydrogen peroxide 

IV0 Initial iodine value 

IVf Iodine value of final sample 

m Mass, g 

𝑀𝑀 Molar mass, g/mol 

MW Microwaves 

𝑂𝑂𝑒𝑥𝑝𝑡 Experimentally determined oxirane oxygen, mol/100 g oil 

𝑂𝑂𝑡ℎ Theoretical maximum oxirane oxygen content, mol/100 g oil 

RBR Rotating Bed Reactor 

%RCO Relative conversion to oxirane 

𝑇 Temperature, °C 

𝑉 Volume, L 

[  ] Concentration, mol/L 

%𝐶 Conversion  
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Table 1. Review of epoxidation of fatty acids and vegetable oils in the presence of 

homogeneous, heterogeneous and enzymatic catalysts. 

Catalyst 

Vegetable 

oil / Fatty 

acid 

Process conditions 

%Conversion %RCO Reference 
T (°C) Time (h) 

- 

Oleic acid 40;50;60 9;24 62-92 16-32 Aguilera et al. 

201617 

Soybean 

 

50;55;60 3 49-79 45-65 Di Serio et 

al.18 

Oleic acid 50 26 80 39 Aguilera et al. 

20183 

H2SO4 

Cottonseed 30;45;60;75 4-8 93.9 66-77 Dinda et al. 

200719 

Soybean 45;55;65;75 12 ns 56-81 
Cai et al. 

200820 
Corn  75 7.5 ns 60 

Sunflower  75 7.5 ns 65 

Jatropha 30;50;70;85 3.5;4.5;10 35-87 41-69 Goud et al. 

201021 

AIER 

Soybean 30;60;75 7;8;9;10 73.1-96.9 48.58-

82.39 

Sinadinović-

Fišer et al. 

200122 

Jatrofa 30;50;70;85 5;10 42-86 50-85 Goud et al. 

200723 

Canola 40;55;65;75 7 50-91.1 45-90 Mungroo et 

al.  200824 

Canola 50-60 5 71-98.5 70-99 Espinoza et 

al. 200925 

Rubber 60 5 92 ns 
Gamage et al. 

200926 
Neem 60 5 93 ns 

Mee 60 5 93 ns 

Sucrose 

linseedate 

55-65 ns 99.9 88 Pan et al. 

201127 
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Catalyst Vegetable 

oil / Fatty 

acid 

Process conditions %Conversion %RCO Reference 

Sucrose 

safflowerate  

55-65 ns 99.8 90 

Sucrose 

soyate  

55-65 ns 99.6 93 

Sucrose 

soyate 

55-65 ns 99.4 91 

Soybean 50;65;75;80 8-10 65-98.7 62-87.7 Jankovic et 

al. 201628 

Soybean 45;55 3 96-98 60-80 Di Serio et al. 
18  

Tall oil 

fatty acids 

60 6 81 44 Vanags et al. 
29 

Oleic acid 50 6 97 78 Aguilera et al. 

20183 Cottonseed  40 5 73 72 

Chemo-

enzymatic 

Soybean, 

sunflower, 

linseed, 

rapeseed 

Room 

temperature 

16 88-99 88-96 

Rüsch et al.  

199930 

Soybean 50 24 48-98.9 45-92 Vlček et al. 

200631 

Sapindus 

mukurossi 

30;35;40;45 10 ns 44-88 Zhang et al.  

2017 32 

Oleic acid 50 24 ns 86-88 Törnvall et al. 
33 

 Tall oil 

fatty acids 

40 7 51-80 45-67 Kirpluks et 

al.34 

Metal/metal 

oxides 

Soybean Room 

temperature 

1-2 16-92 15-95 Gerbase et al. 

200235 

Fatty acid 

mixture 

30 2 41-92 ns Cai et al.  

200936 

Rapeseed 90 4 26-44 ns Dworakowska 

et al.   2017 37 

Castor Ns 6 94 84 Parada et al. 6 
ns= not specified , RCO= relative conversion to oxirane 

 

Table 2. Properties of the cation exchange resins used. 

Catalyst Polymer type Polymer nature Active group 

Cross-

linking              

(%) 

Moisture 

content                         

(% mass) 

Capacity 

by dry 

weight                             

(meq/g) 

Native particle          

size range                              

(mm) 

Pores               

(nm) 

Amberlite 

IR-120 
Gel 

Styrene-

divinylbenzene 
Sulfonic acid 8 52 4.4 0.30 - 1.20 - 

Amberlyst 

15 
Macroreticular 

Styrene-

divinylbenzene 
Sulfonic acid 20-25 5 4.7 0.45 - 0.60 40 - 80 

Dowex 

50Wx2-

100 

Gel 

Styrene-

divinylbenzene Sulfonic acid 2 79 4.8 0.15 - 0.30 - 

Dowex 

50Wx8-

100 

Gel 

Styrene-

divinylbenzene Sulfonic acid 8 51 4.8 0.15 - 0.30 - 

Dowex 

50Wx8-50 
Gel 

Styrene-

divinylbenzene 
Sulfonic acid 8 52 4.8 0.30 - 0.84 - 

Smopex-

101 
Fibre 

Styrene sulfonic acid 

grafted polyolefin 

fiber 

Sulfonic acid 2 44 2.6 - - 

NafionTM 

NR40 
Beads 

Tetrafluoroethylene 

and perfluoro-3,6-

dioxa-4-methyl-7-

octenesulfonyl 

fluoride 

Perfluorosulfonic acid - <2 1.0 3-4 - 
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Table 3. Experimental matrix. 

No. Catalyst T (°C) Heating Reaction time (h) Recirculation 

1 - 50 CH 9 Yes 

2 Amberlyte IR120 50 CH 6 Yes 

3 Amberlyte IR120 50 MW 6 Yes 

4 Amberlyst 15 50 CH 6 Yes 

5 Amberlyst 15 50 MW 6 Yes 

6* Dowex 50Wx2-100 50 CH 6 No 

7 Dowex 50Wx8-100 50 CH 6 Yes 

8 Dowex 50Wx8-100 50 MW 6 Yes 

9 Dowex 50Wx8-50 50 CH 6 Yes 

10 Dowex 50Wx8-50 50 MW 6 Yes 

11 Nafion 50 CH 6 Yes 

12 Nafion 50 MW 6 Yes 

13 Smopex 50 CH 6 No 

14 Smopex 50 MW 6 No 

15** Smopex 50 CH 6 No 

16 Dowex 50Wx8-50 40 CH 6 Yes 

17 Dowex 50Wx8-50 60 CH 6 Yes 

*Experiment 6 did not have a MW duplicate because the respective liquid reactant amounts for 12% loading 

were not enough to use the recirculation system.  

**Experiment 15 was conducted placing the catalyst outside the RBR chamber, floating freely in the reaction 

medium. This was done because of mass transfer limitations of the Smopex in the RBR. 

 

Table 4. Conversion and relative conversion to oxirane (%RCO) for catalyst screening. 

Catalyst Temperature (°C) Time (h) % Conversion % RCO 

- 50 7 33.0 26.6 

Amberlite IR-120 50 6 86.0 59.9 

Amberlyst 15 50 6 69.4 44.9 

Dowex 50x2-100 50 6 46.3 34.3 

Dowex 50x8-50 50 6 87.9 68.0 

Dowex 50x8-100 50 6 77.9 67.5 (5h) 

Nafion 50 6 71.0 38.0 

Smopex 50 6 46.2 37.2 
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Table 5. Conversion and relative conversion to oxirane (%RCO) for microwave and 

conventionally heated experiments. 

Catalyst Temperature (°C) Time (h) 
% Conversion % RCO 

CH MW CH MW 

Amberlite IR-120 50 6 86.0 68.0 59.9 55.36 

Amberlyst 15 50 6 69.4 56.6 44.9 45.0 

Dowex 50x8-50 50 6 87.9 83.0 68.0 54.7 

Dowex 50x8-100 50 6 77.9 89.3 67.5 (5h) 68.4 

Nafion 50 6 71.0 54.4 38.0 43.0 

Smopex 50 6 46.2 46.7 37.2 21.20 

 

 

Table 6. Oleic acid conversion and relative conversion to oxirane for epoxidation with  

Dowex 50x8-50 at different temperatures. 

Catalyst Temperature (°C) Time (h) % Conversion % RCO 

Dowex 50x8-50 40 6 64.5 75.5 

Dowex 50x8-50 50 6 87.9 68.0 

Dowex 50x8-50 60 6 100.0 90 (2.3h) 

 

 

 


