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ABSTRACT 

In recent years, the interest in developing environmentally friendly processes and 

replacing petroleum-derived materials has increased tremendously. For this reason, 

research into chemical components available in biomass is of high actuality. Biomass 

is a vast resource of interesting molecules that can be transformed into valuable 

products. 

Vegetable oils are renewable chemical components that can be modified chemically 

or enzymatically. The double bonds fatty acids can be used to introduce new 

functional groups such as epoxides. Epoxidized fatty acids have widespread 

applications as plasticizers, alcohols, glycols, olefinic compounds and stabilizers for 

polymers. Moreover, they seem to be potential intermediates for the synthesis of 

high-temperature lubricants and their products as low-temperature lubricants. 

 

An extensive series of oleic acid epoxidation experiments was carried out in a 

laboratory-scale reactor system. 

Most experiments were carried out in a 250 ml isothermal and isobaric glass reactor, 

whereas some were performed in a smaller 100 ml reactor. The reactors were either 

heated conventionally or by microwaves. In the case of microwave heating, the 

equipment was provided with a loop so that the mixture was pumped inside the 

microwave cavity and thus came into contact with the electromagnetic energy. With 

the aim of increasing the reaction rate, suppressing side reactions and improving the 

selectivity, some experiments were carried out in the presence of a cation exchange 

resin (Amberlite IR-120) catalyst.  

The goal of this work was to study and reveal the effect of reactant, molar ratio, 

microwave irradiation, conventional heating, amount of resin catalyst and reaction 

temperature on the epoxidation of oleic acid. The results revealed that by the 

combination of microwave irradiation and Amberlite resin catalyst, a higher oxirane 

yield can be achieved at a lower temperature. 
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Mikrovågsassisterad och syrakatalyserad epoxidering av oljesyra i närvaro av 

perättiksyra och katjonbytarharts 

Under de senaste åren har intresset för utveckling av miljövänliga processer och 

ersättande av petroleumbaserade material ökat dramatiskt. Pga. detta har forskningen 

av kemiska komponenter som finns tillgängliga i biomassa aktualiserats. Biomassa 

utgör en enorm tillgång av intressanta molekyler som kan omvandlas till värdefulla 

produkter. Växtoljor är förnyelsebara kemiska komponenter som kan modifieras 

antingen kemiskt eller enzymatiskt. Dubbelbindningarna i fettsyror kan användas för 

att introducera funktionella grupper som t.ex. epoxider. Epoxiderade fettsyror har 

omfattande tillämpningar i form av plasticerare, alkoholer, glykoler, olefiniska 

komponenter samt stabilisatorer för polymerer. Dessutom är epoxiderade fettsyror 

potentiella intermediärer för syntes av biobaserade smörjmedel.  

Epoxideringsreaktionen genomförs i ett heterogent system. Oljesyra används som 

modellkomponent, väteperoxid som oxidationsmedel och ättiksyra som katalysator. I 

vattenfasen bildas perättiksyra i en reaktion mellan väteperoxid och ättiksyra, 

varefter den överförs till den organiska fasen, där den reagerar med oljesyra. 

Syreatomen  i perättiksyran reagerar med dubbelbindningen i fettsyran. En 

oxiranring bildas i reaktionen och den regenerade ättiksyran återvänder till 

vattenfasen, där den igen reagerar med väteperoxid varvid perättiksyra bildas. 

 

De flesta experimenten genomfördes i en 250 ml:s isobarisk och isotermisk 

glasreaktor, medan några experiment genomfördes i en 100 ml:s reaktor. Reaktorerna 

uppvärmdes antingen konventionellt eller med mikrovågor. Då 

mikrovågsuppvärmning tillämpades, försågs anläggningen med ett 

återcirkulationssystem så att reaktionsblandningen kunde pumpas in i en 

mikrovågskavitet och därmed bringas i kontakt med elektromagnetisk energi. För att 

öka reaktionshastigheten, undertrycka bireaktioner och förbättra selektiviteten, 

utfördes några experiment i närvaro av en fast katalysator, nämligen katjonbytare 

Amberlite IR-120. Målet med detta diplomarbete var att studera effekten av 

reaktantmolförhållanden, mikrovågsstrålning, konventionell uppvärmning, mängden 

av jonbytarhartskatalysator och reaktionstemperaturen på epoxidering av oljesyra.  

Resultaten visade att ett högre utbyte av oxiran kan uppnås vid lägre temperaturer än 

tidigare genom att kombinera mikrovågsstrålning med Amberlite-

jonbytarhartskatalysator. 
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Epoxidación de ácido oleico en medio catalítico ácido mediante el uso de microondas y 

en presencia de ácido peracético y resina de intercambio catiónico. 

En los últimos años ha habido un enorme interés en desarrollar procesos que sean 

respetuosos con el medioambiente, así como buscar sustitutos de derivados del petróleo. Por 

este motivo, están de actualidad las investigaciones relacionadas con componentes químicos 

presentes en biomasa. La biomasa es un amplio recurso que contiene moléculas interesantes 

que se pueden transformar en productos valiosos. 

Los aceites vegetales son componentes químicos renovables que pueden ser modificados 

química o enzimáticamente. Los dobles enlaces de los ácidos grasos se pueden utilizar para 

introducir nuevos grupos funcionales tales como epóxidos. Los ácidos grasos epoxidados 

tienen amplias aplicaciones como plásticos, alcoholes, glicoles, compuestos olefínicos y 

estabilizadores para polímeros. Por otra parte, son potenciales productos intermedios para la 

síntesis de lubricantes de alta temperatura y sus productos como lubricantes de baja 

temperatura. 

 

Se ha llevado a cabo un extenso número de experimentos en los que se realizaba la 

epoxidación del ácido oleico y para ello se ha usado un reactor a escala de laboratorio. 

La mayor parte de los experimentos se llevaron a cabo en un reactor de vidrio isotermo e 

isobárico con una capacidad de 250ml mientras el resto se llevó a cabo en un reactor más 

pequeño de 100ml. Los reactores se calentaron de forma convencional o usando microondas. 

En el caso de calentamientos usando microondas, el equipo disponía de un bucle de tal 

manera que la mezcla era bombeada a través de la cavidad donde se irradiaban las ondas 

electromagneticas. Con el propósito de incrementar la velocidad de reacción, eliminar las 

reacciones secundarias y mejorar la selectividad, algunos experimentos se llevaron a cabo 

usando una resina de intercambio catiónico (Amberlite IR-120) como catalizador. 

El objetivo de este trabajo fue estudiar y revelar el efecto de reactivo, relación molar, 

irradiación de microondas, calentamiento convencional, cantidad de catalizador y 

temperatura de reacción en la epoxidación del ácido oleico. Los resultados mostraron que 

con la combinación de microondas y catalizador, se consiguió un mayor rendimiento de 

oxirano con menor temperatura. 
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I INTRODUCTION 

In today’s world, there is an increasing concern about the environment and the use of 

nature resources. The aim of the chemical industry is to gradually improve the 

processes toward an environmentally friendly direction. Biomass is a good option as 

a green source for chemicals because of its chemical richness. It is extracted from 

living organisms, in general from plants or plant-based materials (lignocellulosic 

biomass). Forest residues, field crops, garden pruning waste, and animal or human 

waste are included in this definition.  

 

Commonly, biomass has been utilized as an energy resource because of its high 

power capacity. An alternative option, which is being extensively studied, is to take 

the advantage of the molecules that biomass consist of. The utilization of biomass as 

a feedstock for chemical intermediates and fine chemicals seem to be the right choice 

as a replacement for products derived from fossil feedstock.  

 

In the continuous search for alternatives for petroleum-based materials, it has been 

discovered that fats and oils, which are renewable resources, can be chemically 

modified to act as substitutes of fossil-based products. In this project, oleic acid was 

used as a model compound for fatty acids appearing in biomass. 

 

A fatty acid molecule can be converted into an epoxy fatty acid molecule by different 

methods: conventional epoxidation method, by using catalytic acidic ion exchange 

resin, epoxidation by metal catalyst or using chemoenzymatic epoxidation. The 

synthesis of different chemicals such as polyols, glycol, carbonyl compounds, 

lubricants, stabilizers and plasticizers can be carried out by using epoxidized fatty 

acids [5-6]. 

 

Nowadays, epoxidized fatty acids are used in a wide range of possibilities: low cost 

plasticizers, alcohols, glycols, olefinic compounds, lubricants, and stabilizers for 

polymers. Moreover, it seems to be an excellent intermediate for the synthesis of 

biodegradable lubricants. 

 

The goal of this work was to achieve high conversions of epoxidized fatty acids 

through varying the molar ratio, the temperature, the amount of solid cation-

exchange catalyst (Amberlite), by using microwaves, and to minimize mass transfer 

limitations by applying a special mixing technology (Spinchem). 

 

The epoxidation process was carried out by a conventional epoxidation method 

(Prilezhaev reaction), by using catalytic acidic ion exchange resin. The amount of 

hydrogen peroxide and acetic acid were optimized to achieve a high conversion of 

the carbon double bonds to a high yield of the oxirane product. The consumption of 

hydrogen peroxide and acetic acid is expressed as weight percent during the reaction 
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time. The iodine value gives the amount of double bonds in the fatty acid. The 

conversion rate of oxirane ring formation was measured with the Kentucky titration 

method.  

The principle of the epoxidation process is illustrated in Figure 1 below. 

 

 

Fig 1. Epoxidation reaction. 

 

The epoxidation reaction is carried out in a heterogeneous system. Oleic acid is used 

as a model compound, hydrogen peroxide as an oxidant and acetic acid as a catalyst. 

In the aqueous phase, peracetic acid is formed by the reaction between hydrogen 

peroxide and acetic acid, and it is transferred to the organic phase, where it reacts 

with oleic acid. The oxygen atom from the peracetic acid react with the double bond 

of the fatty acid. As a result, an oxirane ring is formed and the regenerated acetic 

acid is returned to the aqueous phase to react again with the hydrogen peroxide to 

form peracetic acid. 

 
Objectives of the study 

The main purpose of this study was to utilize the unsaturation fatty acid oil in oleic 

acid to be beneficial for other non-edible applications.  

 

The specific objectives of the project included: 

 

1. To determine the most suitable reactant molar ratio,  

2. To minimize mass transfer limitation, 

3. To produce epoxidized oleic oil by using catalytic acidic ion exchange resin, 

4. To determine hydrogen peroxide, acetic acid, iodine value and oxirane number by 

chemical analysis, 

5. To achieve a high value of the oxirane number in a short period by the use of 

microwaves and Amberlite catalyst. 



3 
 

 II LITERATURE REVIEW 

2.1. VEGETABLE OILS AND LUBRICANTS 
 

Vegetable oils, a common biomass resource, consist of 95% triglycerides, which is 

the components of interest, with small amounts of phosphatides, sterols, antioxidants, 

as well as other minor compounds. The Figure 2 illustrates the global production of 

vegetable oils from 2000 to 2015. The production has gradually increased during the 

recent years. 

 

 

Fig 2. Global production of vegetable oils from 2000 to 2015 (in million metric 

tons). 

Triglycerides consist of three long chains, called fatty acids, carboxyl ends of which 

are connected to a glycerol molecule. These hydrocarbon chains consist of one 

(mono-unsaturated), several (poly-unsaturated) or zero (saturated) double bonds. 

 

Fig 3. Triglycerides (ChemSketch). 

Figure 3 shows three examples of fatty acids that can be found in nature. Fatty acids 

are classified depending on the length and kind of bonds. The following three fatty 

acids have 18 carbon atoms in the chain.  
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Stearate is a saturated fatty acid which is named because of the absence of double 

bonds. Oleate is a mono-unsaturated fatty acid with only one double bond. The poly-

unsaturated fatty acid, linoleate, contains several double bonds. 

In this project, oleic acid was used as a model compound. It is a monounsaturated 

fatty acid which is typically derived from olive oil. It has the formula 

CH3(CH2)7CH=CH(CH2)7COOH. The most noteworthy characteristics of oleic acid 

are that it is odorless, colorless and insoluble in water. 

 

 

 

 

 

 

 

Fig 4. (a) 2D illustration and (b) 3D illustration of the oleic acid molecular 

structure. 

 

The widespread use of vegetable oils range from being used as an alimentary product 

(cooking oil) to a diesel-fuel component. Figure 5 shows the world production of 

different vegetable oils from 2000 to 2015. 

 

 

Fig 5. World production of different vegetable oils (in million metric tons). 

 

Epoxidized fatty acids are used in a wide range of applications: low cost plasticizers, 

alcohols, glycols, olefinic compounds, lubricants, and stabilizers for polymers. 
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Actually, they are also used as intermediates in the synthesis of biodegradable 

lubricants. Lubricants are substances which are used to reduce the friction between 

surfaces and to decrease the heat, noise and vibrations which are produced when 

surfaces move.  

They have a wide range of possibilities in industrial applications such as cooking, 

biomedical applications, as well as ultrasound and medical examinations. Typical 

liquid lubricants which are used for machinery are generally composed of 70–99% 

oils, the remaining part 1–30%, being additives. Due to the high ecological toxicity 

and low biodegradability, lubricants are a considerable threat to the environment. 

Currently, the interest to develop an “environmentally friendly biodegradable 

lubricant” has increased [4]. 

Biolubricants based on plant oils have excellent lubricant-related properties. 

Vegetable oils offer a range of advantages: high biodegradability (>95%), reduced 

environmental pollution, compatibility with additives, low production costs, large 

possibilities of production, low toxicity, high flash point, low volatility, high 

viscosity indices and, above all, a better tribological performance [5]. 

The exceptional lubricity provided by vegetable oils is because of their ester 

functionality. The polar heads of the fatty acid chains attach the metal surfaces by a 

chemical process and as a result a monolayer film with the non-polar end of fatty 

acids is formed  [6]. 

 

2.2. CHEMICALS: HYDROGEN PEROXIDE, ACETIC ACID AND 

PERACETIC ACID 
 

Hydrogen peroxide is an odorless liquid with very light blue color (colorless in 

solution). It is slightly more dense than water and miscible with it.  Due to the fact 

that pure hydrogen peroxide is unstable and an explosion risk, it is normally found in 

aqueous solutions of various strengths. Stabilizers are typically added to hydrogen 

peroxide solution to prevent decomposition. Solutions of more than about eight 

weight percent of concentration are corrosive to the human skin [7]. 

More than 90% percent of hydrogen peroxide is manufactured by an autoxidation 

process. The principal steps of this process are: 

 

a) hydrogenation of anthraquinone to anthraquinol by catalytic hydrogenation with 

palladium 

b) oxidation of the resulting anthraquinol 

c) extraction with water the aqueous solution containing 40% hydrogen peroxide  
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d) purification and concentration of hydrogen peroxide 

e) addition of stabilisers to avoid the product decomposition  

 

Fig 6. Anthraquinone process. 

Moreover, hydrogen peroxide is a strong oxidant which has been extensively used in 

industrial applications. Around 60% of the world's production of hydrogen peroxide 

is used for bleaching pulp and paper. The second major application is the 

manufacture of sodium percarbonate and sodium perborate, which are used as mild 

bleaches in liquid and solid detergents. 

Additionally, hydrogen peroxide is used to eliminate organic radicals which are 

present in waste waters.  This is possible by oxidation process, such as the Fenton 

reaction, which generates free radicals (OH- , H+ , HO•, HOO•). These radicals are 

capable of degrading a wide range of organic contaminants. 

Furthermore, hydrogen peroxide is utilized in medical applications as a disinfectant. 

In cosmetics it is used to bleach human hair, for tooth whitening and for treatment of 

acne. It is also used as propellant and  for creating organic peroxide based 

explosives. Finally it has domestic uses such as a disinfecting and cleaning [8-9]. 

 

Characteristics Hydrogen peroxide 

Molecular formula H2O2 

Molar mass (g/mol) 34.0147 

Appearance Very light blue color, colorless in solution 

Odor Slightly sharp 

Density (g/cm3) 1.135 20 °C, 30-% 

Solubility Miscible in water. Soluble in ether, alcohol. Insoluble 

in petroleum ether. 

Annual production  

(expressed as H2O2 100%) 

3.8 million tons  

Table 1. Hydrogen peroxide. 

http://en.wikipedia.org/wiki/Sodium_percarbonate
http://en.wikipedia.org/wiki/Sodium_perborate
http://en.wikipedia.org/wiki/Hair
http://en.wikipedia.org/wiki/Tooth_whitening
http://en.wikipedia.org/wiki/Organic_peroxide
http://en.wikipedia.org/wiki/Molar_mass
http://en.wikipedia.org/wiki/Odor
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Solubility
http://en.wikipedia.org/wiki/Ether
http://en.wikipedia.org/wiki/Alcohol
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Acetic acid, also called ethanoic acid, is an organic compound with a strong vinegar-

like odor. It is a colorless liquid, volatile and at temperatures higher than 39°C, 

explosive vapor/air mixtures can be formed. It is called glacial acetic acid when it is 

undiluted. Acetic acid is hygroscopic so it tends to absorb moisture. It mixes with 

ethyl alcohol, glycerol, ether, carbon tetrachloride and water and reacts with oxidants 

and bases.  

Even though, acetic acid is classed as a weak acid, concentrated acetic acid is 

corrosive and attacks many metals forming flammable or explosive gases. It can also 

attack the skin and some forms of plastic, rubber and coatings. 

Acetic acid is an important chemical reagent and industrial chemical. It is used in the 

manufacture of a number of chemical compounds, especially it is utilized in the 

generation of cellulose acetate for photographic films and polyvinyl acetate for 

wood glue, as well as plastics, synthetic fibers and fabrics, pharmaceuticals, dyes, 

insecticides, vitamins, antibiotics, cosmetics and hormones. 

In addition, it is also used as an antimicrobial agent, in a number of topical medical 

preparations, latex coagulant, oil-well acidifier textile printing, as a preservative in 

food and as a solvent for gums, resins and volatile oils. 

The global demand of acetic acid is approximately 6.5 million tonnes per year. 

Around 1.5 million tonnes per year are producing by recycling, the rest are 

manufactured from raw materials or biological resources [10]. 

 

Characteristics Acetic acid 

Molecular 

formula 

CH3COOH 

Molar mass 

(g/mol) 

60.05 

Appearance Colourless liquid 

Odor Pungent/Vinegar-like 

Density (g/cm3) 1.049 

Solubility ethyl alcohol, glycerol, ether, carbon tetrachloride and water 

Annual 

production  

 

6.5 million tons 

Table 2. Acetic acid. 

 

 

  

http://en.wikipedia.org/wiki/Reagent
http://en.wikipedia.org/wiki/Cellulose_acetate
http://en.wikipedia.org/wiki/Photographic_film
http://en.wikipedia.org/wiki/Polyvinyl_acetate
http://en.wikipedia.org/wiki/Adhesive
http://en.wikipedia.org/wiki/Molar_mass
http://en.wikipedia.org/wiki/Odor
http://en.wikipedia.org/wiki/Density
http://en.wikipedia.org/wiki/Solubility
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Peracetic acid, also called peroxyacetic acid or PAA, is a member of the family of 

peroxygen compounds. It is a strong oxidizing agent with the formula CH3CO3H. 

PAA is miscible in water and polar organic solvents. It is a colorless liquid with a 

pungent, vinegar odor. PAA is quite dangerous because of its strong oxidative 

potential and solutions around 5% or more are explosives and corrosives. 

Peracetic acid is commonly produced by the reaction between acetic acid or acetic 

anhydride with hydrogen peroxide in the presence of a homogeneous or 

heterogeneous acid catalyst, 

CH3COOH + H2O2              CH3COOOH + H2O 

To avoid the reverse reaction, acetic acid and hydrogen peroxide are added to the 

solution of PAA. In addition, stabilizers are added to prevent the decomposition of 

PAA.  

Peracetic acid 5% 15% 35.5% 

Hydrogen peroxide 20% 23% 6.8% 

Acetic acid 10% 16% 39.3% 

Sulfuric acid 0% 1% 1.0% 

Water (free) 65% 45% 17.4% 
 

Table 3. Typical composition of peracetic acid solutions (weight percentage). 

Peracetic acid has different applications. It is registered as an antimicrobial and it is 

used for the sterilization and disinfection of equipment, food processing equipment, 

beverage as well as dairy and cheese industries. It is also used in medicine as a 

disinfectant, to prevent biofilm formation in paper industry and as water purification 

agent. 

 

2.3. EPOXIDATION 

Epoxidation is a chemical reaction in which an oxygen atom is combined to each of 

the double bonds of the unsaturated fatty acid chains of the vegetable oil. As a result 

a cyclic ether is formed. In general, it can be thought of a molecule consisting of a 

three-membered ring, one oxygen atom and two carbon atoms. This mechanism is 

known as Prilezhaev reaction (Figure 7). The products of epoxidation are called 

oxirane compounds or epoxides.  The double bonds in unsaturated fatty acids can be 

epoxidized with percaboxylic acid which has been in-situ formed by the reaction of 

hydrogen peroxide with either acetic acid or with formic acid [3, 11-12]. 
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Fig 7. Mechanism of the Prilezhaev reaction. 

Epoxidations can be carried out by different methods depending on the feedstock, 

reagent, catalyst and solvent. It also can be realized in solution or in bulk, with 

peroxyacids either prepared in advance or formed “in situ” or pre-formed and in the 

presence of homogeneous or heterogeneous catalysts [2]. 

Epoxidation methods can be clasified as follows: 

• Epoxidation by conventional method 

• Epoxidation using acidic ion exchange resin (AIER) 

• Epoxidation using enzymes 

• Epoxidation using metal catalysts 

• Other systems 

The first method, epoxidation by conventional method, is widely used in industrial 

scale. It is achieved using organic peroxyacid formed “in situ” by the reaction 

between a carboxylic acid with hydrogen peroxide.  It  has been studied by 

modifying various parameters and factors, such as different liquid inorganic acids 

such as catalysts, temperature, reactant, molar ratio, mixing conditions. 

The second method, epoxidation using acidic ion exchange resin (AIER), is  

carried out using the resin as a catalyst. The porous structure of the solid catalyst and 

the size of the natural unsaturated triglycerides were found to reduce the side 

reactions, and consequently  the products selectivity is improved. 

The third method, epoxidation using enzymes, is carried out using an immobilized 

catalyst.  It is a good alternative to chemical tratment but the main problem is the low 

stability of the enzymes under the reaction conditions.  

The fourth method, epoxidation using metal catalyst, is carried out using various 

metals such as titanium, molybdenum, tungsten as catalysts. The peracid oxidant is 

obtained “in situ” by the reaction between carboxylic acid with hydrogen peroxide in 

the presence of mineral acids (catalysts). 

All the methods have been studied by modifying various parameters and factors such 

as different amounts and types of catalysts, temperature and molar ratio. The results 

vary, depending on the conditions and raw materials, but great achievements has 

been reached in recent years [2,13]. 
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In the following figure, Figure 8, a schematic diagram of the reaction is illustrated. It 

is commonly performed in aqueous solution, using organic peracids (tipically 

peracetic acid) in situ by the attack on a carboxylic acid with hydrogen peroxide.  

A considerable number of reactions are carried in heterogeneus, immiscible liquid-

liquid reacting systems. Figure 8 shows two phases, in the aqueous phase the 

peracetic acid (PAA) is formed by the reaction of hydrogen peroxide (H2O2) and 

acetic acid (AA). Peracetic acid is transferred to the organic phase and where reacts 

with the vegetable oil. An oxygen atom is combined with each of the double bond of 

the unsaturated fatty acid chains of the vegetable oil. As a result an oxirane ring is 

formed for each double bond and the regenerated acetic acid is returned to the 

aqueous phase to react again with the hydrogen peroxide [3]. 

 

Fig 8. Epoxidation of double bond reaction with peracetic acid (PAA) generated 

“in situ” from acetic acid (AA) and hydrogen peroxide (H2O2). 

There are another undesired consecutive side reactions that imply losses in the 

oxirane ring opening and the impact of these reactions must be reduced by adjusting 

the reaction conditions [3]. 

 

Fig 9. Oxirane ring opening reaction of epoxidized vegetable oils. 
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In Figure 10, some side reactions of the oxirane ring of epoxidized vegetable oils  

and their products are displayed [2]: 

 

 

Fig 10. Possible side reactions of epoxy ring. 
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2.4. SPINCHEM 
 

In most of the experiments, a solid catalyst (Amberlite resin) was used. In 

conventional methods employing IEAR resins, the catalyst is suspended in the 

reactor. This usually results in mass transfer limitations. To improve the transference, 

a device called Spinchem was used. This agitator element contains the catalyst inside 

and forced the mixture flow through itself, which ensures good mass transfer 

characteristics. Another advantage is that catalyst filtering is not needed after 

completion of the reaction and thus unwanted blockages in pipes, loss of material 

and time is avoided. 

The Spinchem structure consists of a stainless steel cylinder perforated with holes 

and surrounded by a net to prevent the escape of the solid material. The chamber is 

divided into four sections where the catalyst is introduced and contains an upper 

cover and an inner. 

 

  

Fig 11. Spinchem. 

Two different reactors and different stirrers were used in the experiments. In the case 

of using no catalyst or when the catalyst was suspended in the liquid a conventional 

stirrer was used. For amounts of catalyst around 5 g the Spinchem 1 was used. For 

higher amounts of catalyst, a bigger Spinchem was used (Spinchem 2). 

 

Fig 12. Spinchem 1 and Spinchem 2. 
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The next two images, Figure 13, show one of the reactors with the corresponding 

Spinchem that was used. The movement of the flow entering from the top and 

bottom goes out through the holes in the cylinder, see Figure [14]. 

 

 

Fig 13. Spinchem in a reactor. 

 

 

2.5. ION EXCHANGE RESIN 
 

Ion exchange is a reversible chemical reaction in which there is an interchange of 

ions between a liquid and an insoluble solid. These exchanges take place without any 

physical alteration in the structure of the solid [15]. 

Ion exchangers are insoluble acids or bases which contains salts. Depending on the 

charge exchanged, they are called cation exchangers (exchange of positively charged 

ions) or anion exchangers (exchange of negatively charged ions). For example in a 

cation exchanger, in the figure below, one sodium cation which has one positive 

charges (Na
+
) when it leaves, must replace in the exchanger one hydrogen cation 

because it has a positive charge (H+) [2]. 

 

 

Fig 14. Example of ion exchangers. 
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Ion exchange materials which are commonly used consist of organic or inorganic 

matrices. The most common types of synthetic ion exchange materials are organic 

resins. 

An ion exchange resin is an insoluble polymer matrix with positively or negatively 

charged sites. The resins normally used are sulfonic acid cation exchangers in the 

hydrogen form or quaternary ammonium anion exchangers in the hydrogen form. 

They are commonly sold as small porous spheres, ranging from 0.3 mm to 1.2 mm, 

with high surface areas. The porosity determines the size of the species that can be 

exchanged as well as the diffusion characteristics. There is also a strong relationship 

between the equilibrium swelling and ionic selectivity. 

Ion exchange has a widespread uses such as in water softening, dealkalization, 

demineralization, condensate polishing, ultrapure water, nitrate removal, waste 

treatment, chemical processing i.e. catalysis, purification, desiccation, 

chromatographic separation, fermentation as well as preparation of pharmaceuticals 

[16]. 

In this case, an ion exchanger was used as a catalyst for the epoxidation of oleic acid 

in the presence of hydrogen peroxide, acetic acid and water. A catalyst is a substance 

that accelerates reaction rates but remains chemically unchanged at the end of the 

reaction and provides an alternative route for the reaction with a lower activation 

energy.  

In this project, the ion exchange resin Amberlite IR 120 was used as catalyst. It is a 

strongly acidic gel type resin with sulfonic acid functionality.  

The theory of catalysis has not been fully established but in general terms, some 

characteristic steps prevail. First, the reactant molecules move from the bulk solution 

into the ion exchanger. Then, the reaction occurs on the active sites of the catalyst 

and finally, the products return to the solution. 

Three phenomena affect strongly the rate of overall process: 

(1) diffusion of the reactants and products across the film surrounding the catalyst 

(Nernst diffusion layer) 

(2) diffusion of the reactants and products in the interior of the catalyst particle 

(3) chemical reaction on the active sites of the catalyst 

It is generally understood that film diffusion does not control the overall rate in ion 

exchange resin catalyzed processes. If the viscosity of the reactant mixture is high or 

the speed of agitation is low, then film diffusion may control the overall rate, but 

these are exceptional cases. The overall rate is mainly controlled by a combination of 

chemical reaction and intraparticle diffusion [17]. 
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Nowadays, the use of heterogeneous acidic catalysts in the epoxidation of fatty acids 

has gained growing importance due to that using them will suppress side reactions 

and improve the selectivity.  Moreover, it also has other advantages such as 

operational simplicity, non-toxicity and low cost. In addition, it is easy to separate 

the product mixture from the catalyst by filtration or decantation and the catalyst can 

be used in hundreds of cycles without regeneration. Amberlite IR-120 resin has 

emerged as an efficient heterogeneous catalyst for various organic reactions [18-19]. 

 

 

 

 

 

Fig 15. Amberlite before and after the reaction. 
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2.6. MICROWAVE IRRADIATION 
 

Microwaves (MW) are a form of electromagnetic energy consisting of an electric and 

a magnetic component. The wave travels as an oscillation through the electric and 

magnetic fields which are perpendicular to each other.  

 

Fig 16. Electromagnetic radiation.              Fig 17. Electromagnetic spectrum. 

 

The electromagnetic spectrum shows the range of all electromagnetic energy. As 

explained in Figure 17, microwaves are situated between radio and infrared radiation. 

The frequency range is between 300 MHz and 30 GHz and the wavelength is among 

0.1 cm and 100 cm. 

Microwaves have a widespread application from heating to telecommunications. The 

most range use is between 1-40 GHz. They are especially appropriate for point-to-

point communication and suitable for satellite communication. Also they are used in 

radar system as well as in various industrial and medical applications. Microwave 

energy is frequently used in industrial heating and for household cooking. 

There are notable differences between conventional heating and microwave heating. 

In the first, the heating is carried out by transfer of energy from the heat source to the 

container surface. In this case unnecessary energy is produced by heating the 

container walls, solvent and catalysts. In the case of microwaves, the energy is 

directly transferred to the molecules of the mixture. As a result hotspots occur in all 

those species susceptible to either dipole rotation or ionic conduction. When the 

microwave power source is turned off, latent heat is remained in the mixture [20]. 

The dipole rotation occurs when molecules try to orient themselves with the electric 

field which changes rapidly. This rotation results in a transfer of energy. Ionic 

conduction occurs when there are free ions or ionic species in the mixture being 

heated. The molecules try to orient themselves with the electric field and this 

produces energy. 
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The dielectric loss (δ) is the capacity of a material to convert electromagnetic energy 

into heat at given frequency and temperature, and can be expressed as: 

     
   

  
 

   is the dielectric constant which measure the capacity of a molecule to be polarized 

by an electric field; and      is the dielectric loss,  which describes the efficiency with 

which radiation is converted into heat. The tangent delta (      is the dissipation 

factor and considers the parameters described above. 

Depending on the interations with microwaves, materials can be classified in three 

different groups: transparent (insulator), absorbent (dielectric) or reflective materials 

(conductor). Transparent materials are good insulators because microwaves pass 

through them without causing any heating. Absorbing materials are heated in the 

presence of microwaves. Reflective materials divert microwaves when they are in 

contact with the surface so they are not heated.  

The main advantage in using microwave heating is that an instantaneous heating of 

solids and liquids takes place, which does not happen in the case of using 

conventional heating. The effect of microwaves depends on the interactions with the 

species, the more polar is a molecule, the higher temperature will be reached. 

Microwaves are effective with organic and inorganic solvents which have low 

molecular weight and high dipole moments. It is also well known that microwave 

heating dramatically accelerates the rate of many organic reactions, improving yields 

and selectivites. 

In the case of using polar organic solvents, they have  negligible dielectric loss and 

therefore they do not be affected by microwaves. In the case of using polar solvents, 

the interaction occurs with polar solvent molecules and not with the reactants and 

products. Therefore, the reaction rate will be the same in the case of using 

microwaves or conventional heating[18, 20-22]. 

 
 

2.7. ANALYSIS METHODS 
 

In this work, different analytical methods were used. All of them were done by 

titrations. The titration is an analysis method which allows to determine the unknown 

concentration of the compound of interest. The main idea of the titration is to add 

one solution (called titrant or titrate) which reacts with a solution called  analyte or 

titrand. In these cases, the endpoint is determined by a visual change of color 

(colorimetric titration).  
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Fig 18. Device for titration of hydrogen peroxide, iodine value and oxirane 

number.  

Potentiometric titration was used in the determination of the acetic acid 

concentration. This technique determines the change of the potential. An indicating 

electrode is immersed in the titrand solution and small volumes of the titrator are 

added into the mixture. On the equipment screen the pH evolution and the amount of 

added titrator solution are displayed. 

 

Fig 19. Potentiometric titration of acetic acid.  

Finally, test stripes were used to estimate the approximate concentration of peracetic 

acid in the aqueous phase, because it is important to know that the concentration 

remains low enough to avoid any explosion risk. The concentration was measured 

semiquantitatively by visual comparison of the color scale. Because peracetic acid is 

an unstable compound, frequent controls were necessary. 

 
Fig 20. Peracetic acid paper strips. 
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III EXPERIMENTAL SECTION 

3.1. EQUIPMENT 

 

The epoxidation reaction was performed in a semi-batch reactor (1) system. Two 

types of reactors were used, the first one with a capacity of 250 ml and the second 

one with 100 ml. The vessel was surrounded by a jacket used as coolant or heating 

with a mixture of ethylene glycol and a reflux condenser (2) was in the reactor to 

prevent the evaporation of the compounds. To measure the temperature at which the 

reaction takes place, a thermocouple (3) was located inside the reactor. The data were 

sent to a computer where all the results were saved. The program used was Picolog
®
. 

The reactor was initially employed with a stirrer that was replaced according to the 

needs of the experiment. The three mixers used were: first a conventional agitator 

flat blade disc-turbine. Secondly, a Spinchem stirrer with a capacity of 5g of catalyst, 

and finally a Spinchem stirrer with a capacity of 32 g catalyst was employed. 

The mixture is sucked with a peristaltic pump (4) to a heat exchanger (5) where it is 

preheated before entering the microwave cavity (6) where the mixture was irradiated. 

It is used a peristaltic pump instead a regular pump to avoid the contact with metal 

material that can trigger catalytic decomposition of hydrogen peroxide and 

peroxyacetic acid.  

The microwave cavity had a thermocouple connected to the computer, and 

Fisiocomander
®
 was the program that registered the activity. It is important to notice 

that in case of using microwaves, water was used to refrigerate the system. The 

samples were withdrawn with a tube connected to the reactor with a 10ml syringe. 

The system was covered with plexiglas to protect the mixture from the light and the 

microwave cavity was covered with aluminum foil for security. To guarantee the 

security of the personal, a protective plastic separate the personal from the radiation 

and a microwave tester was used to assure that the levels of radiation were low. In 

case of emergency a stop button was located in the immediate vicinity of the 

equipment to turn off the system. 



20 
 

REACTOR

PERISTALTIC PUMP

HEAT EXCHANGER

MICROWAVE CAVITY

SAMPLING SYRINGE

STIRRING 

ENGINE

1

4

OUTPUTS

T2

3

INPUTS

5

2

T1

 

Fig 21. Configuration of the reactor setup. 

 

 

 

 

Name Reference 

Automatic impedance tuner AI 4S A-2450/340 EL1097 

Heat exchanger VWR Model 11305 

Jacket reactor Ethylene-glycol as fluid 

Microwave generator GMP 20 K/SM RI 1211 

Peristaltic pump Heidolph pump drive 5206 

Rotator engine Heidolph agitator RZR 2021 

Stirred thermostatic circulator (jacket 

reactor cooling device) 

Grant instrument GD120 

Stirred thermostatic circulator (reflux 

condenser) 

LAUDA E100. Ethylene-glycol as 

refrigerant 

Tube 1 (loop) Pharmed BPT Biocompatible Turbing 

R6506-26BPT 

Tube 2 (loop) VWR Silicone tubing 228-0719 

Reactor Glass 250 ml cylindrical                                  

Glass 100 ml cylindrical 

Stirrer PP, six blades                                                   

Spinchem 1 (5g)                                             

Spinchem 2 (22 g) 
 

Table 4. List of materials. 
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Fig 22. Reactor setup. 
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3.2. EXPERIMENTAL PROCEDURES 

 

3.2.1. CONVENTIONAL HEATING 
 

Oleic acid, water, hydrogen peroxide and acetic acid were weighed separately. 

Acetic acid was heated in a round bottom flask with a refrigerating column until the 

desired temperature in the reactor was achieved. All chemicals except acetic acid 

were introduced into the reactor and the pump and stirrer were connected to get the 

mixture homogenized. At the same time, the cooling jacket of the reactor, the 

condenser and the heat exchanger were connected. Once the temperature was 

stabilized, the acetic acid was added slowly. The temperature in the reactor was 

controlled by a recirculating glycol-water mixture in the reactor wall, and measured 

by a software Picolog®. 

After few minutes, the first sample was withdrawn using a 10ml syringe. The first 

sample was usually taken four minutes after the acetic acid had been added because 

it was considered that the entire mixture was well distributed in the system at this 

moment. To stop the reaction, the sample was cooled under cold tap water and some 

minutes were waited to allow the mixture to separate into two phases. These phases 

were transferred in two different 12ml flasks with the aid of a pipette. Both samples 

were centrifuged to accelerate the process of sedimentation to be able to separate the 

phases with a pipette.  

An adsorbent (molecular sieves, 0.5mm beads, 8-12 mesh) is added to the organic 

phases of the samples to remove the remaining water and thereafter, the samples 

were stored in a freezer prior the analysis in the following next 24 hours. Aqueous 

phases were analyzed in the same day, immediately after taking the samples.  

When the experiment was considered to be finished, the reactor was emptied and the 

equipment was washed with water and occasionally with ethanol. 

 

3.2.2. MICROWAVES 
 

In case of using microwaves, the procedure was the same as with conventional 

heating. The microwave equipment was turned on and the desired parameters were 

programmed. In general, the intensity of around 250 W was used. 

The temperature in the reactor was measured by a software Picolog® and the 

temperature in the microwave probe was measured with a software Fisiocomander®.  
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3.3. EXPERIMENTAL MATRIX 

 

In the following tables (Tables 4-6), a schematic description of the performed 

experiments is provided. The first column corresponds to the molar ratio used in the 

experiment. The next column, comments concerning recirculation, catalyst and/or 

Spinchem are incorporated.  

In the case that the experiment is performed using Amberlite, the amount of catalyst 

is listed in the third column. With an "x" is indicated the use of conventional heating 

(CH) or microwaves (MW).  

The temperature in the reactor (Treactor), the pump speed (Spump) and the stirring speed 

(Sstirr) are listed in the following columns. Finally, in the last one the time of the 

complete experiment is described. To get a sufficient amount of aqueous phase and 

have a larger volume in the reactor, water was added into the mixture.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. Experimental matrix (1). 

 

 

 DB: 
HP:AA 

Comments Amberlite 
 (g) 

CH MW Treactor 

 (°C) 
Spump 

(ml/min) 
Sstirr TIME 

(min) 
Iodine 
value 

Oxirane 
number 

#1 1:3.7:2.4 Recirculation 
No Amberlite 
No Spinchem 

- x  50 125.8 908 1620  16.41 34.31 

#2 1:3.7:2.4 Recirculation 
No Amberlite 
No Spinchem 

-  x 50 63 900 726  63.51 22.55 

#3 1:1.5:0.5 Recirculation 
No Amberlite 
No Spinchem 

- x  65 125.8 905 721  21.88 8.21 

#4 HP/AA 
2:1 

No 
Recirculation 
Amberlite 
No Spinchem 

3.010 - - 40 - 914 368  - - 

#5 HP/AA 
2:1 

No 
Recirculation 
Amberlite 
No Spinchem 

3.010 - - 40 - 914 368  - - 

#6 HP/AA 
2:1 

No 
Recirculation 
No Amberlite 
No Spinchem 

- - - 50 - 902 348  - - 

#7 1:1.5:0.5 Recirculation 
Amberlite 
Spinchem 

2.5079 x - 50 125.8 910 723  85.58 4.96 

#8 1:1.5:0.5 Recirculation 
Amberlite 
Spinchem 

5.0855 x - 60 125.8 910 660  76.98 14.12 

#9 1:1.5:0.5 No 
recirculation 
Amberlite 
Spinchem 

5.0428 - - 60 - 903 420 30.59 13.86 
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Table 5. Experimental matrix (2). 

 

 

 

 

 

 

 

 

 

 

Table 6. Experimental matrix (3). 

 DB: 
HP:AA 

Comments Amberlite 
 (g) 

CH MW Treactor 

 (°C) 
Spump 

(ml/min) 
Sstirr TIME 

(min) 
Iodine 
value 

Oxirane 
number 

#10 1:2.3:2.4 No 
recirculation 
Amberlite 
inside 
Spinchem 
Spinchem 

5.0560 - - 60 - 902 550  14,63 40.58 

#11 1:2.3:2.4 No 
recirculation 
No Amberlite  
Spinchem 

- - - 60 - 905 710  34.57 34.87 

#12 1:2.3:24 No 
recirculation 
Amberlite 
outside 
Spinchem 
Spinchem 

5.0651 - - 60 - 1150 550  15.21 35.15 

#13 1:1.8:1.8 No 
recirculation 
Amberlite 
inside 
Spinchem 
Spinchem 

5.1354 - - 60 - 903 420  54.62 32.89 

#14 1:2.3:2.4 No 
recirculation 
Amberlite 
outside 
Spinchem 
Spinchem 

32.4 x  60 - 1300 512  7.54 62.38 

#15 1:2.3:2.4 Recirculation 
Amberlite 
inside 
Spinchem 
Spinchem 

5.0631  x 60 85 910 420  46.11 26.47 

#16 1:2.3:2.4 Recirculation 
No Amberlite 
Spinchem 

-  x 60 85 900 420  47.28 23.64 

 

 DB: 
HP:AA 

Comments Amberlite 
 (g) 

CH MW Treactor 

 (°C) 
Spump 

(ml/min) 
Sstirr TIME 

(min) 
Iodine 
value 

Oxirane 
number 

#17 1:2.3:2.4 No 
recirculation 
Reactor2 
Spinchem2 

- - - 60 - 900 420  57.23 14.75 

#18 1:2.3:2.4 No 
recirculation 
Reactor2 
Spinchem2 
Amberlite 

22,1928 - - 60 - 900 420  1.01 53.95 

#19 1:2.3:2.4 Recirculation 
Reactor2 
Spinchem2 
Amberlite 

22,1928  x 60 - 900 420    

#20 1:2.3:2.4 Recirculation 
Reactor2 
Spinchem2 
Amberlite 

-  x 60 - 900 420    
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3.4. ANALYSIS 

 

3.4.1. AQUEOUS PHASE 
 
The aqueous phase was composed of hydrogen peroxide, acetic acid, peroxyacetic 

acid and water. It was analyzed within 30 minutes after having taken the sample to 

avoid the decomposition of hydrogen peroxide. 

3.4.1.a) Hydrogen peroxide  
 

H2O2  + 2 I
-
  +  2 H

+
  →  I2 + 2 H2O 

2 S2O3
2- 

 +  I2  →  S4O6
2-

 + 2 I
2-

 

In this method, 0.1 g of the sample was weighed accurately in a beaker and  20 ml of 

sulfuric acid were added.  Then, 1.0 g of potassium iodide were added to the 

solution. Three drops of ammonium molybdate and 3ml of starch indicator were 

added. The solution was titrated with 0.1M sodium thiosulfate from brown to 

colorless.  

The equation for calculation the hydrogen peroxide is 

        
                          

            
     

 

where            (0.1M) is the concentration of sodium thiosulfate solution,  

         (ml) is the volume consumed of sodium thiosulfate solution, 

                    is 0.1N ,       
 is 34.01g/mol and         (g) is the mass of the 

sample. 

 

3.4.1.b) Acetic acid 
 

For the determination of the content of acetic acid in the sample, the following steps 

were taken: 

1) About 0.2 g of a sample are weighed and dissolved into 50 ml of distilled water. 

2) The analysis was carried on through a potentiometric titration using a solution of 

sodium hydroxide 0.2 M. 
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CH3COOH   +   NaOH   ↔ CH3COONa   +   H2O 

 

The equation for the calculation the weight percentage of acetic acid is 

       
                  

       
     

where         (0.1M) is the concentration of sodium hydroxide solution,        (ml) 

is the volume consumed of sodium hydroxide solution ,                     is 0.1N , 

      
 is 34.01g/mol and         (g) is the mass of the sample. 

 

3.4.1c) Peracetic acid by Greenspan and Mackellar method and 

paper stripes 
 

Another way to titrate hydrogen peroxide is to use an ammonium cerium sulfate 

solution. This method also reveals the concentration of peroxyacetic acid.  

 

2 Ce
4+

 + H2O2     →      2 Ce
3+

+ O2 + 2H
+ 

2 KI + H2SO4         →     2 HI + K2SO4 

CH3COOOH  +  2 HI  →  I2 +  CH3COOH +H2O 

I2  +  Na2S2O3   →   2NaI   +   Na2S4O6 

 

For the determination of the content of hydrogen peroxide and peracetic acid in the 

sample, the following steps were included: 

1) About 0.1 g of a sample were weighed and dissolved into 50 ml of 10% acetic 

acid solution and, then, added ice to decrease the temperature below 10°C. 

2) The analysis was carried on through a titration with ammonium cerium sulfate and 

three drops of ferroin indicator were added to the solution. The endpoint was 

visualized for a change of color from orange to light blue. 

3) After that, 10 ml of 10% potassium iodate was added to the mixture and titrated 

with sodium thiosulfate from brown to orange using starch as indicator. 

The equation for calculation the weight percentage of acetic acid is 
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where           (0.1M) is the concentration of ammonium cerium sulfate solution,  

        (ml) is the volume consumed of ammonium cerium sulfate solution,       
 

is 34.01g/mol and         (g) is the mass of the sample. 

The equation for calculation the weight percentage of peracetic acid is 

        
                                               

         
     

where                       (0.1M) is the concentration of ammonium cerium sulfate 

solution,                      (ml) is the volume consumed of ammonium cerium 

sulfate solution,       is 76.0514 g/mol and         (g) is the mass of the sample. 

Also, colorimetric test stripes were used to check the appropriate levels of peracetic 

acid in the aqueous phase. The concentration was measured semi-quantitatively by 

visual comparison of the color scale. Because peracetic acid is an unstable 

compound, frequent controls were necessary.  

To use the colorimetric strips, it had to dilute the original sample to be observed in 

the range. Due to that reason, 0.1 g of aqueous phase was taken and was diluted in 10 

ml of distilled water. 

In addition, the following steps were taken: 

1) Immerse the test strip in the sample during 1 second. 

2) Allow the excess of liquid to run off of the strip onto an absorbent paper towel and 

after 5 s determine which color field on the scale zone coincides most exactly. 

3) Read off the corresponding result in mg/l peracetic acid. 

 
 

3.4.2. ORGANIC PHASE 
 

The organic phase is composed of oleic and epoxyoleic acids and it is separated from 

the aqueous phase and keep in the fridge until the next day. For the analysis, the 

samples were heated in the oven at 70°C to ensure that they had completely melted 

and thus be able to handle with a pipette. 
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3.4.2a) Iodine value 
 

The iodine value expresses the amount of unsaturations of fatty acid and it is 

expressed as grams of iodine consumed by 100 grams of oil.  

 

To determine the iodine value three reactions proceed simultaneously as Figure 23 

shows. In the first one, the double bond present in the oleic acid react with IBr added.  

Then, KI is added so the iodine monobromide that does not react in the first step is 

combined with the potassium iodide to obtain iodine. In the last reaction, the 

liberated iodine is titrated with a sodium thiosulfate solution. The difference between 

a reagent blank titration and the titration of the sample represents the amount of 

iodine adsorbed by the sample [22-23]. 

 

                                                             +    IBr  

 

IBr + KI                     KBr + I2 

 

I2    + Na2S2O3              2NaI + Na2S4O6 

 

Fig 23. Route to determine iodine value. 

 

This method is reproducible only in the case that the exact conditions are followed. 

The exact specified weight of the sample was accurately weighed into a tared 250 ml 

Erlenmeyer flask. To eliminate the acetic acid present in the sample, the flasks were 

blown with pressurized air until there was no smell of acid was detected. Then, the 

sample was dissolved in 10ml of chloroform. In the following table, the 

recommended sample weights for anticipated iodine values are displayed. 

 

Anticipated Iodine value Sample Size (g) 

0 - 30 0.8±0,01 

30 - 50 0.5±0,01 

50 - 100 0.25±0,01 

100 - 150 0.16±0,01 
Table 7. Recommended sample weights for iodine value determination. 
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Thereafter, 25 ml of Hanus solution (IBr solution) was added and a stopper was 

immediately placed. After that, the solution was thoroughly mixed and placed in 

darkness for exactly one hour. A corresponding blank reagent was simultaneously 

prepared (without the oil sample). 

After one hour, 20 ml of 10% potassium iodide was added to stop the reaction and 

then diluted with 100 ml of water to prevent loss of free volatile iodine. After that, 

the sample was titrated with a 0.1N sodium thiosulfate until the color became light. 

At this point, 3 ml of starch solution were added and titration was continued until the 

blue color began to disappear. To confirm the end point, the sample was shaked and 

two drops of starch solution were added to verify that no blue color was formed [22-

23]. 

The equation for calculation the iodine value is 

             
                                                

       
     

 

where        (ml) is the volume of  sodium thiosulfate consumed with the blank,  

(ml) is the volume of  sodium thiosulfate consumed with the sample, 

                    is 0.1N ,          is 126.9 g/mol and         (g) is the mass of 

the sample. 

 

3.4.2 b) Oxirane number 
 
The oxirane number is expressed as the amount of epoxy groups in the oil phase. The 

Kentucky method is used to quantitatively determine the weight percentage of 

epoxyoleic acid. This method which is based upon the quantitative opening of the 

oxirane ring by means of a solution of hydrogen bromide. 

 

  +   HBr 

 

 

Fig 24. Route to determine Oxirane number. 

 

To carry out the titration a solution of HBr in glacial acetic acid was used and crystal 

violet was applied as an indicator. For the preparation of the indicator, 0.1g of crystal 

violet were dissolved in 100 ml of glacial acetic acid.  
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The specified weight of the sample was accurately weighed into a beaker and blown 

with pressurized air until there was no smell of the acid. In the following table, the 

recommended sample weight for the anticipated oxirane amount, is shown ( Table8). 

Anticipated oxirane Value Sample Size (g) 

1 to 4 1 to 0.8 

4 to 8 0.8 to 0.4 

8 to 12 0.4 to 0.25 

12 to 16 0.25 to 0.2 

16 to 20 0.2 to 0.14 

>20 ≈0.1 
Table8. Recommended sample weights for oxirane number determination. 

Thereafter, 20ml of chloroform was added to the sample along with 5 droplets of 

crystal violet solution.  After that, it was titrated with 0.1M HBr solution. The 

expected endpoint was a blue-green color. When approaching the endpoint, titrant 

additions should be dropwise. If the solution turns yellow the sample has been 

overtitrated. 

The equation for calculation the oxirane number is:  

                  
                                        

            
     

where        is 0.1M ,      (ml) is the volume consumed in the titration, 

                    is 0.1N and         (g) is the mass of the sample [24]. 
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IV RESULTS AND DISCUSSIONS 

4.1. COMPARISON OF EXPERIMENT #1 AND OPTIMAL 

CONDITIONS. 

 

Optimal conditions: 1:4.5:2.4 Treactor=60°C Tprobe=70°C Spump=125.8ml/min 

Sstirr=900rpm MW 

 

#1: 1:3.7:2.4 Treactor=50°C  Spump=125,8ml/min Sstirr=908rpm CH 

 

The first two experiments were performed under the two methods of radiation 

available: microwaves and conventional heating.  

In fact, the first experiment was conducted with conventional heating because it is 

easier to use it in the first time. In this way, one can understand how all the process 

are carried out, learn the analysis method and test the equipment. 

The results displayed in Figure 25, show that the consumption of hydrogen peroxide 

was linear during the reaction time. As it is appeared in the following graph, the 

initial value is below the optimal conditions which is logical, because the molar ratio, 

in the case of hydrogen peroxide, is lower. The use of microwaves and higher 

temperatures accelerate the reaction. 

 

 

Fig 25. Comparison of hydrogen peroxide between experiment #1 and optimal 

conditions. 

 

Acetic acid reacts with hydrogen peroxide to form peracetic acid and water. Figure 

26 shows that the consumption is bigger in the case of the optimal conditions due to 

the temperature is higher and the use of microwaves.  
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Fig 26. Comparison of acetic acid between experiment #1 and optimal 

conditions. 

The iodine value decreases as the reaction proceeds because the double bonds of 

oleic acid are consumed, see Figure 27. These results are in accordance with data in 

the literature data because it is known that the high temperature and the microwaves 

enhance the consumption of double bonds.  

 

Fig 27. Comparison of iodine value between experiment #1 and optimal 

conditions. 

 

In the case of optimal conditions, the oxirane number increased to a maximum point 

(around 900 min) and later started to decrease faster. Experiment #1 has a linear 

progression which reaches a maximum of 35 wt.-% epoxy content after 

approximately 1600 min. 
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Fig 28. Comparison of iodine value between experiment #1 and optimal 

conditions. 

 

4.2. COMPARISON OF EXPERIMENT #2 AND OPTIMAL 

CONDITIONS. 

 

The conditions used in the experiments are listed below. 

Optimal conditions: 1:4.5:2.4 Treactor=60°C  Tprobe=70°C Spump=125.8ml/min 

Sstirr=900rpm 
 
#2: 1:3.7:2.4 Treactor=50°C  Spump=63ml/min Sstirr=900rpm MW 
 

The following experiment was carried out under microwave irradiation. The desired 

reactor temperature was 50°C. Because the temperature in the probe reached the very 

high value of, 76 °C, it was decided to decrease the intensity of the microwave 

irradiation and to maintain the pumping speed at 63 ml/min. 

This experiment was intended to prove that the use of microwaves actually 

accelerates the reaction rate. The tendencies of hydrogen peroxide and acetic acid 

concentration were similar to the previous case.  
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Fig 29. Comparison of hydrogen peroxide between experiment #2 and optimal 

conditions. 

 

Fig 30. Comparison of acetic acid between experiment #2 and optimal 

conditions. 

 

As in the previous case, the slope is more pronounced in the case of optimal 

conditions  which leads to an increased number of oxirane. Under the optimal 

conditions, the oxirane number reaches a maximum point (around 900min), but then 

starts to decrease rapidly. The second experiment had a linear progression which 

reached the maximum of 25 wt.-% epoxy content after approximately 700 minutes. 
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Fig 31. Comparison of iodine value between experiment #2 and optimal 

conditions. 

 

Fig 32. Comparison of iodine value between experiment #2 and optimal 

conditions. 
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4.3. COMPARISON OF EXPERIMENT #1 AND #2. 

 

In the following section the influence of conventional heating and microwave 

assisted heating is investigated. The conditions used in the experiments are listed 

below. 

#1: 1:3.7:2.4 Treactor=50°C  Spump=125.8ml/min Sstirr=908rpm CH 

 

#2: 1:3.7:2.4 Treactor=50°C  Spump=63ml/min Sstirr=900rpm MW 

 

The first two experiments were performed under microwave and conventional 

heating. The experiments were performed in order to demonstrate, that the use of 

microwaves effectively improves the conversion of the double bonds. For this 

reason, the same parameters were used as in the previous work [14]. 

In both cases, a molar ratio of 1:3.7:2.4 was used, and the temperature inside the 

reactor was maintained at 50 °C as well as stirring speed of 900 rpm. With the use of 

microwaves, the pumping speed was decreased from 125.8 to 63 ml / min, because 

the temperature in the probe was increased too aggressively. 

The results showed that the double bond conversion is slightly better under 

microwave radiation and the oxirane number show a higher production in shorter 

time (Figures 33 and 34). Based on the experimental results, it can be claimed that 

ring cleavage are enhanced by microwaves. 

 

Fig 33. Iodine value experiment #1 and #2. 
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Fig 34. Oxirane number experiment #1 and #2. 
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4.4. COMPARISON OF EXPERIMENT #4, #5 AND #6. 

 
In the following section the formation of PAA was studied when using Amberlite 

catalyst at different temperatures when no oleic acid was present (oleic acid 

consumes the intermediate product PAA).  The following conditions were used: 

#4: HP/AA=2 No oleic acid. Treactor=40°C. No recirculation. mcat=3g. No 

Spinchem. 

 

#5: HP/AA=2 No oleic acid. Treactor=50°C. No recirculation. mcat =3g. No 

Spinchem. 

 

#6: HP/AA=2 No oleic acid. Treactor=50°C. No recirculation. No Catalyst.  No 

Spinchem. 

 
As is shown in the figures below, Figure 35 and 36, it can corroborate the initial 

hypothesis that PAA is formed faster than in the presence of oleic acid. As a result, 

the concentrations of both H2O2 and acetic acid are declining. Also, when the 

applying a higher temperature and higher amount of catalyst, the consumptions were 

accelerated. 

Experiments were carried out at different temperatures and amount of catalyst. As 

the figures show, both compounds follow the same linear tendency. 

 

Fig 35. Comparison of hydrogen peroxide concentrations in experiments #4, #5 

and #6. 

 

12 

13 

14 

15 

16 

17 

18 

0 100 200 300 400 500 

%
w

 H
2

O
2

 

time (min) 

Hydrogen peroxide 

HP/AA=2 T=50ºC m=3 

HP/AA=2 T=40ºC m=3 

HP/AA=2 T=40ºC m=0 



39 
 

 

Fig 36. Comparison of acetic acid concentrations in experiments #4, #5 and #6.  

 

 

 

 

 

Fig 37. Concentrations of peracetic acid in experiments #4, #5 and #6 by 

titration method.  
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Fig 38. Concentrations of peracetic acid in experiments #4, #5 and #6 by test 

stripes. 

 

4.5. COMPARISON OF EXPERIMENT #7, #8 AND #9. 

 

The conditions used in the experiments are listed below.  

#7: 1:1.5:0.5 m=2.5 g inside Spinchem.T=50ºC. Recirculation 

 

#8: 1:1.5:0.5 m=5 g inside Spinchem.T=60ºC. Recirculation 

 

#9: 1:1.5:0.5 m=5 inside Spinchem.T=50ºC. No recirculation 

 

These experiments were carried out to find the optimal conditions molar ratio. For 

this purpose, a literature search was performed [1-3]. In previous works, the molar 

ratio used was 1:1.5:0.5. Therefore the experiments were carried under similar 

conditions. In the cases of hydrogen peroxide and acetic acid, the gradient of the line 

was higher with higher amounts of catalyst and higher temperatures. This 

observation is logical because the combination of high temperature and catalyst 

concentration accelerate the reaction.  

Nevertheless, the iodine value and the number of oxirane did not show good results. 

The values obtained were not very high in the case of the oxirane number. One 

reason might be because the amount of acetic acid was not very high, or the 

Spinchem was too small for the amount of liquid and did not allow the compounds to 

mix properly.  
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However, the results are consistent with the literature, and it was discovered that the 

heterogeneous catalyst was effective and accelerated the reaction. 

 

 

Fig 39. Comparison of hydrogen peroxide concentrations in experiments #7, #8 

and #9. 

 

 

Fig 40. Comparison of acetic acid concentrations in experiments #7, #8 and #9. 
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Fig 41. Comparison of iodine values in experiments #7, #8 and #9. 

 

 

Fig 42. Comparison of oxirane numbers  in experiments #7, #8 and #9. 
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4.6. COMPARISON OF EXPERIMENT #10, #11 AND #12. 

 
The conditions used in the experiments are listed below. 

#10: 1:2.3:2.4 Treactor=60°C No recirculation. mcat =5g inside the Spinchem. 

 

#11: 1:2.3:2.4 Treactor=60°C  No recirculation. No catalyst. Spinchem. 

 

#12: 1:2.3:2.4 Treactor=60°C  No recirculation. mcat =5g outside the Spinchem. 

 

Due to the results obtained in the previous experiments (Section 4.5), it was decided 

to change the molar ratio. Apparently the low amount of acetic acid was not 

sufficient. After previous work investigations, the molar ratio previously used was 1: 

2.3: 2.4. 

Moreover, it was desired to check the mass transfer limitation with the use of one 

Spinchem stirrer. Because of that, Spinchem was used in all of these experiments and 

the catalyst was outside in the case of the experiment 10 and inside in experiment 12. 

In view of the results, it is observed that in the case of acetic acid, hydrogen peroxide 

and iodine number the difference is slightly better using the catalyst inside the 

Spinchem and the number of oxirane becomes higher.  

 

 

Fig 43. Comparison of hydrogen peroxide concentrations in experiments #10, 

#11 and #12. 
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Fig 44. Comparison of acetic acid concentrations in experiments #10, #11 and 

#12. 

 

 

Fig 45. Comparison of iodine value in experiments #10, #11 and #12. 
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Fig 46. Comparison of oxirane numbers in experiments #10, #11 and #12. 

 

4.7. COMPARISON OF EXPERIMENT #11, #12 AND #14. 
 

The conditions used in the experiments are listed below. 

#11: 1:2.3:2.4 Treactor=60°C  No recirculation. No catalyst. Spinchem. 

 
#12: 1:2.3:2.4 Treactor=60°C  No recirculation. mcat =5g outside the Spinchem. 

 
#14: 1:2.3:2.4 Treactor=60°C No recirculation. mcat =32.4g outside the Spinchem. 
 

In this case, what was intended was an investigation of the effectiveness of the 

catalyst. To do this, three experiments were compared, the first one without catalyst, 

the second one with an amount of 5 g and the third, with an amount of 32.4 g. 

In view of the results, it can be seen that the experiment with a larger amount of 

catalyst achieves a high acceleration of the reaction. So far, this is the experiment 

which showed the best results. 

Comparing the graphs showing the evolution of the acetic acid and hydrogen 

peroxide, it appears that the trend among the case of 0 and 5 g is very similar. 

However, in the case of 32 g the slope is clearly steeper. 

The most unequivocal results were observed in the iodine value and the oxirane 

number. The iodine value is able to decrease to a value of 10 in about 300 min. In the 

case of the oxirane number, a maximum of 64 was obtained in about 300 minutes. 
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Fig 47. Comparison of hydrogen peroxide concentrations in experiments #11, 

#12 and #14. 

 

 

 

Fig 48. Comparison of acetic acid concentrations in experiments #11, #12 and 

#14. 
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Fig 49. Comparison of iodine value in experiments #11, #12 and #14. 

 

Fig 50. Comparison of oxirane numbers in experiments #11, #12 and #14. 
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4.8. COMPARISON OF EXPERIMENT #8, #15 AND #16. 

 

The conditions used in the experiments are listed below. 

#8: 1:1.5:0.5 mcat =5 g inside Spinchem.T=60ºC. Recirculation. 

 

#15: 1:2.3:2.4 Treactor=60°C. mcat =5g inside the Spinchem. Recirculation. 

 

#16: 1:2.3:2.4 Treactor=60°C. No catalyst. Spinchem. Recirculation. 

 

As displayed in the following graphs, Figures 51-54, the combination of microwaves 

and catalyst gave a slight improvement in the results. In the case of iodine value, a 

lower value was achieved in a shorter time and for the oxirane number a higher value 

was obtained. 

Based on these preliminary results, it was concluded that a larger amount of catalyst 

in a smaller liquid volume could still give higher reaction rates, so the reactor and 

Spinchem were changed to enable higher catalyst loadings. 

 

 

Fig 51. Comparison of hydrogen peroxide concentrations in experiments #8, #15 

and #16. 
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Fig 52. Comparison of acetic acid concentrations in experiments #8, #15 and 

#16. 

 

 

 

Fig 53. Comparison of iodine values in experiments #8, #15 and #16. 
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Fig 54. Comparison of oxirane numbers in experiments #8, #15 and #16. 
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4.9. COMPARISON OF EXPERIMENTS #17, #18. 
 

The following experiments were dealing with the problem that the first Spinchem 

device had a limited capacity of catalyst loading. Therefore, a larger Spinchem was 

installed along with an improved reactor which had a smaller reactor volume (100 ml 

instead of 250 ml) and a baffled interior wall to avoid vortex formation.  A smaller 

volume of reactants was used but the molar ratio was kept the same to allow 

comparison. 

The conditions used in the experiments are listed below. 

#17: 1:2,3:2,4 No recirculation. Reactor2. Spinchem2. 

 

#18: 1:2,3:2,4 No recirculation. Reactor2. m=22g inside Spinchem2. 

 

 

 

 
Fig 55. Comparison of hydrogen peroxide concentrations in experiments #17, 

#18. 
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Fig 56. Comparison of acetic acid concentrations in experiments #17, #18. 

 

Fig 57. Comparison of iodine value in experiments #17, #18. 
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Fig 58. Comparison of oxirane number in experiments #17, #18. 

 

Figure 59. Comparison of Spinchem 1 and Spinchem 2 when using no catalyst. 

 

As shown in the figure, the results are similar, so both Spinchem improve the mass 

transference limitation. 
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Special remark: the first experiment with the new Spinchem device (with no 

Amberlite in the reactor system) revealed a grayish coloration of the reaction 

solution, which stayed in the oil phase (Figure 60). A closer examination of the 

samples (sample 3-6) gave a suspicion that the outer surface of the Spinchem (either 

the cartridge or the metal stirring rod) had released solid particulates, which could be 

either metals or from the surface color of the equipment. The solid particulates might 

be inspected by ICP-MS or XPS in a later stage (suggestion given by the 

manufacturer of the Spinchem). 

 

 

 

Fig 60. Coloration of the sample (exp. #17 sample 6) where the new Spinchem 

was used for the first time. 
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V CONCLUSIONS 

The subject of this study was to perform microwave-assisted epoxidation of oleic 

acid by in-situ formed peracetic acid catalyzed by ion exchange resin. A device called 

Spinchem was used to improve the mass transfer characteristics.  

The first two experiments were performed under microwave and conventional 

heating. Identical conditions of molar ratio and temperature were used. The results 

reveal that the double bond conversion was improved under microwave radiation and 

the oxirane number demonstrated a high epoxide production in a shorter reaction 

time.   

Subsequent experiments were carried out without oleic acid in order to reveal the 

effectiveness of the catalyst selected. The combination of higher temperature and a 

higher amount of catalyst accelerated the consumption of hydrogen peroxide and 

acetic acid.   

To determine optimal molar ratio, a thorough screening through literature and 

previous investigations was conducted. The optimal conditions molar ratio which 

was found, using the same reactor system was 1:2.3:2.4 (DB:HP:AA) with a 

temperature of 60ºC [22]. To investigate the mass transference limitations, three 

experiments were carried out with the catalyst inside, outside and without catalyst 

(all of them with the Spinchem). The iodine value and the oxirane number, indicated 

the benefits of Spinchem.   

The experiment with best results was with the amount of 32 g, molar ratio 1:2.3:2.4 

and T=60ºC. The iodine value decreased to 10 in about 300min and the oxirane 

number reached a value of 64 at the same time.  

To summarize, the results confirm that the combination of microwaves and 

Amberlite catalyst allows achieving high oxirane yield with lower temperatures. 
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