
Vegetable oils epoxidation: 
from batch to continuous

process

Tommaso Cogliano

Naples Industrial Chemistry Laboratory
Department of Chemical Sciences
University of Naples ”Federico II”

Laboratory of Industrial Chemistry and Reaction Engineering
Faculty of Science and Engineering / Chemical Engineering

Åbo Akademi

2023

Tom
m

aso Cogliano | V
EG

ETA
BLE O

ILS EPO
X

ID
ATIO

N
: FRO

M
 BATCH

 TO
 CO

N
TIN

U
O

U
S PRO

CESS | 2023

ISBN 978-952-12-4331-8 (printed version)
ISBN 978-952-12-4332-5 (electronic version)

ISSN 2669-8315 (Acta technologiae chemicae Aboensia 2023 A/4)

Painosalama Oy Turku/Åbo 2023



Tommaso Cogliano 
Born 1993, Ariano Irpino (Av), Italy 

M.Sc. Sciences and Technologies of the Industrial Chemistry, 2019 

University of Naples “Federico II”, Italy 

  



Vegetable oils epoxidation: from batch to 

continuous process 
 

 

Tommaso Cogliano 
 

Dipartimento di Scienze Chimiche 

Università Degli Studi di Napoli “Federico II” 

 

Laboratory of Industrial Chemistry and Reaction Engineering 

Johan Gadolin Process Chemistry Centre 

Faculty of Science and Engineering / Chemical Engineering 

Åbo Akademi University 

2023 



Supervised by 

 

Associate Professor Vincenzo Russo 

University of Naples “Federico II” 

Laboratory of Industrial Chemistry - NICL 

Naples, Italy 

 

Professor Riccardo Tesser 

University of Naples “Federico II” 

Laboratory of Industrial Chemistry - NICL 

Naples, Italy 

 

Academy Professor Tapio Salmi 

Laboratory of Industrial Chemistry and Reaction Engineering 

Åbo Akademi University 

Åbo/Turku, Finland 

 

 

 

Reviewers 

  

Professor Joris Thybaut 

Universiteit Gent 

Gent, Belgium 

 

Professor Sébastien Leveneur 

Normandie Université 

INSA-Rouen  

Rouen, France 

 

Faculty opponent 

 

Professor, Privatdozent Stefan Haase 

HTW Dresden 

Dresden, Germany 

 

 

 

ISBN 978-952-12-4331-8 (printed version) / ISBN 978-952-12-4332-5 (electronic version) 

ISSN 2669-8315 (Acta technologiae chemicae Aboensia 2023 A/4) 

Painosalama Oy Turku/Åbo 2023 



 

 

 

 

 

 

 

 

To Marica,  

Jennifer, Marta  

& Nicol

 



 

 



 

 

 

 

 

 

 

 

  

 

 

“chiù fatt’ aje fatt chiù pigli frutt  

chiù poco fatt’ aje fatt chiù t’ fùtt” 

 

La Famiglia, I frutti, 41° Parallelo, 1998



 

 



i 

   

Preface 

Four years have gone and looking back at the path I’ve walked on from the beginning of this 

journey to now I realize that it would not have been possible without some key people that have 

contributed to this thesis and to my personal and professional growth by advising and supporting 

me and being exceptional friends, to whom I have the pleasure to spend some words to express 

my deepest gratitude. 

I would like to thank the person who first has believed in me, Professor Vincenzo Russo, my 

mentor and dear friend. Every time we have met it has given and taught something to me that I 

will never forget. His dedication and commitment make him a great scientist and a great person, 

working by his side is a great privilege and honor. No words can express my gratitude to him. 

My deepest gratitude goes to my dear Finnish mentor, Professor Tapio Salmi. He warmly 

welcomed me to Åbo/Turku and treated me from day one more like a colleague and friend that a 

student. This has encouraged and helped me to believe in myself and develop skills that I never 

thought I had. Having him around is invaluable as there will be always something new to learn 

and to talk about. I’m glad I have had the pleasure of having such a mentor in my career. 

I would like to thank Professor Riccardo Tesser for his help and dedication toward the project and 

my growth as researcher. Each time we have met, new ideas and ways of tackling the problem we 

were facing at the time emerged, and this was of significant importance because it helped me to 

stick on the project without losing the interest for a second.  

Many thanks go to Docent Kari Eränen for his relentless help. He has felt my feeling and always 

been by my side supporting me and my ideas and decision, even when the situation was as dark as 

a traditional Finnish coffee. 

I would like to thank Professor Dmitry Murzin for his love and dedication to science which make 

him a person able to trig anyone towards science. Thank you for yours insightful advice and for 

always being of great inspiration.  

My acknowledges and gratitude goes to Professor Martino Di Serio for his commitment and help 

towards the years. On the same line I would like to thank Rosa Turco for teaching and training me 

at the beginning of the research project.  

My deepest gratitude goes to all the people I have met and shared some great moments with at 

both UniNa and ÅA, and more specifically at NICL and TKR.  

A special thank goes to the Whiskey Fellas, for giving a haze in my life, La Famiglia, people that 

have been always by my side since I have memories and to Interno 8 and Interno 14. It is always 

a great pleasure to hang out with you. 

I am grateful to my family which has made all this possible supporting me since the very beginning, 

my loved sisters Jenny and Marta, my brother-in-law Emilio, my admirable parents and to those 

who make our life lighter, Nicol & Carmine. 

Finally, my warmest and deepest gratitude goes to La Marique. Thank you for everything. 

 

Åbo, winter 2023  

Tommaso  



 

  



ii 

   

Vegetable oils epoxidation: from batch to continuous process 

Abstract 

Epoxides are a class of compounds characterized by the oxirane functional group, a polar three-

terms strain ring composed by two carbon atoms and an oxygen atom. These two properties make 

the oxirane ring a highly reactive moiety. For this reason, epoxides are important and valuable 

industrial building blocks for the synthesis of several organic compounds, e.g., di- or polyalcohols, 

lactones, β-hydroxesters, carbonates etc. In this scenario, Epoxidized Vegetable Oils (EVOs), 

which are obtained from renewable feedstock, represent noteworthy green platforms to produce 

chemicals and biomaterials. Epoxides originating from vegetable oils, as well as from derivates of 

vegetable oils, have already been successfully applied, among others, as plasticizers in the 

poly(vinyl-chloride) resins, partially replacing phthalates, as intermediates to produce 

polyurethane, representing an environmentally friendly route compared to the toxic isocyanate 

process, and as bio-lubricants. Thus, it is possible to understand the ongoing interest, in both 

academic and industrial research, to this class of value-added chemical compounds. Nevertheless, 

the industrial synthesis still relies on a semibatch technology, limiting the productivity and 

selectivity to this platform chemical. 

The epoxidation via the Prilezhaev reaction method is the synthesis pathway studied in the present 

work to produce of epoxides from vegetable oils, both edible and not. The choice of studying this 

synthesis path is because it is the only one with relevant current industrial application in the 

epoxidation of this promising feedstock and, more importantly, it belongs to the category of green 

chemistry and green process technology. The reaction system is composed of two immiscible 

liquid phases and consecutive reactions take place in the two phases and at the interphase between 

them. The work was mainly focused in the study of the different reaction steps of the Prilezhaev 

reaction method in order to efficiently shift to a continuous operation.  

A new and fast analytical method based on protonic nuclear magnetic resonance (1H-NMR) was 

developed in alternative to the traditional volumetric analytical methods to evaluate the double 

bond conversion and the selectivity to the target product. At first, the system was studied in 
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semibatch operation in the presence of linseed oil to evaluate the reactivity of this highly 

unsaturated organic substrate. The aim was to develop a biphasic kinetic model able to predict the 

behavior of organic substrates with different amounts of double bonds, in a backmixed reactor, in 

terms of conversion, selectivity and, more importantly, thermal profile. Next, the research was 

focused on the kinetic study of the percarboxylic acid formation and its decomposition. The former 

reaction, indeed, is the preliminary reaction step before the epoxidation reaction. An important 

aspect of the reaction system, because of the immiscibility of the two phases, is the partition of the 

species, especially the oxygen donor. For this reason, the partition coefficients of formic acid, the 

precursor of the oxygen donor, were experimentally determined. Finally, the epoxidation reaction 

via the Prilezhaev concept was successfully carried out in a continuous device obtaining 

satisfactory results in terms of conversion and selectivity adopting milder conditions than the 

semibatch process. 
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Epoxidering av växtoljor: från satsvis till kontinuerlig 

process  

Referat 

Epoxider är kemiska komponenter som karakteriseras av funktionella oxirangrupper, Oxiran är en 

triangulär ring, som består av två kolatomer och en syreatom. Denna struktur innebär att 

oxiranringen är synnerligen reaktiv. På grund av den höga reaktiviteten är epoxiderna viktiga och 

värdefulla byggstenar i industriell syntes av flera organiska komponenter, t.ex. di- och 

polyalkoholer, β-hydroxiestrar och karbonater. I detta scenario representerar epoxiderade 

växtoljor, som erhålls från förnyelsebar råvara, en betydelsefull grön plattform för produktion av 

kemikalier och biomaterial. Epoxider som härstammar från växtoljor samt oljederivat har redan 

tillämpats bl.a. som biosmörjmedel, som mjukgörare i polyvinylkloridhartser, som ersättare av 

ftalater, och som intermediärer för framställning av polyuretan, där användning av epoxider 

möjliggör en miljövänlig reaktionsrutt jämfört med den giftiga isocyanatreaktionen. På grund av 

detta är det lätt att förstå det intensiva akademiska och industriella forskningsintresset för dessa 

mycket värdefulla kemiska komponenter. Beklagligtvis baserar sig den industriella syntesmetoden 

av epoxiderade växtoljor fortfarande på halvkontinuerlig teknologi, vilket begränsar både 

produktiviteten och selektiviteten av dessa eftertraktade plattformkemikalier. 

Epoxidering av växtoljor enligt Prilezhaevmetoden är den syntesrutt som studerades i detta 

doktorsarbete för produktion av epoxider utgående från ätbara och icke-ätbara växtoljor. Valet av 

syntesmetoden baserade sig på det faktum att Prilezhaevmetoden är hittills den enda industriellt 

relevanta tillämpningen för epoxidering av den miljövänliga råvaran och metoden hör definitivt 

till kategorierna grön kemi och grön processteknologi. Reaktionssystemet består av två icke-

blandbara vätskefaser, där konsekutiva perhydrolys-, epoxiderings- och ringöppningsreaktioner 

pågår inne i dessa faser och vid fasgränsytan. Arbetet fokuserades huvudsakligen på studier av de 

olika reaktionsstegen i Prilezhaevmetoden för att effektivt kunna övergå från den nuvarande 

prekära halvkontinuerliga produktionsprocessen till en kontinuerlig process, som skulle innebära 

en snabbare syntes och förbättad processäkerhet. 
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En ny och snabb analysmetod baserad på kärnmagnetisk resonansspektroskopi (1H-NMR) 

utvecklades som alternativ till traditionella volymetriska metoder för att bestämma 

dubbelbindningarnas omsättning och produktselektivitet. Först studerades den halvkontinuerliga 

reaktorteknologin i närvaro av linfröolja för att evaluera reaktiviteten av denna i högsta grad 

omättade organiska råvara. Målet var att utveckla en kinetisk modell för reaktionshastigheterna i 

tvåfassystemet så att beteendet av organiska molekyler med olika antal dubbelbindningar kan 

kartläggas i avseende på råvarans omsättning, produktens selektivitet och värmeeffekter.  I 

följande steget fokuserades forskningen på kinetiska studier av bildningen och sönderfallet av 

perkarboxylsyror. Bildningen av perkarboxylsyra ur tillsatt karboxylsyra, t.ex. myrsyra och 

väteperoxid är de facto det första reaktionssteget före själva epoxideringsreaktionen. En speciellt 

viktig aspekt beträffande själva reaktionssystemet är att vatten- och oljefaserna är icke-blandbara, 

vilket innebär att komponenternas fördelning mellan faserna är av oerhört stor betydelse. Därför 

bestämdes fördelningskoefficienten av syrekällan, myrsyra experimentellt. I sista skedet 

kulminerade arbetet i utvecklingen av en helt ny kontinuerlig reaktorteknologi för att uppnå 

tillfreds-ställande resultat för reaktantomsättningen och produktselektiviten. Den kontinuerliga 

teknologin som baserar sig på en eller flera seriekopplade kolonnreaktorer visade sig vara 

överlägsen jämfört med det existerande halvkontinuerliga förfarandet: en klart högre 

reaktantomsättning och produktselektivitet uppnåddes i den kontinuerliga reaktoranläggningen 

som också modellerades matematiskt. 
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Epossidazione degli oli vegetali: dal processo batch al 

continuo  

Sinossi 

Gli epossidi sono una classe di composti caratterizzati da un gruppo funzionale ossiranico, un 

anello a tre termini rigido e polare, composto da due atomi di carbonio ed un atomo di ossigeno. 

Tali caratteristiche fanno dell’anello ossiranico un gruppo altamente reattivo. Per questa ragione, 

gli epossidi sono importanti e preziosi intermedi industriali per la sintesi di un’ampia gamma di 

composti organici, i.e. di- o polialcoli, lattoni, β-idrossiesteri, carbonati etc. A tal proposito, gli oli 

vegetali epossidati, ottenuti a partire da fonti rinnovabili, rappresentano materiali di partenza 

notevoli e sostenibili per la produzione di agenti chimici e biomateriali. Gli epossidi ottenuti da oli 

vegetali, così come dai derivati degli oli vegetali, sono già stati ampiamente utilizzati come 

plasticizzanti nelle resine poliviniliche, sostituendo parzialmente gli ftalati, come intermedi per la 

produzione di poliuretano, rappresentando una via di sintesi ecosostenibile rispetto il processo via 

isocianato, e come biolubrificanti. Quindi, è possibile capire l’attuale interesse, sia da un punto di 

vista accademico che industriale, verso questa classe di composti chimici. Ciononostante, la sintesi 

industriale fa ancora affidamento su un processo semicontinuo, limitandone produttività e 

selettività.  

Nel presente lavoro di tesi è stata studiata nel dettaglio la reazione di epossidazione, condotta 

secondo il metodo Prilezhaev, attualmente considerata la via più comune di sintesi per la 

produzione di epossidi a partire da oli vegetali, edibili e non. La scelta nello studiare tale processo 

risiede nel fatto che quest’ultimo è l’unico metodo con ampia applicazione nell’attuale pratica 

industriale per la produzione di epossidi a partire da materiali di partenza promettenti quali gli oli 

e, molto più importante, tale sintesi appartiene alla categoria della chimica verde e dei processi 

ecosostenibili. Il sistema di reazione si compone di due liquidi immiscibili e alcune reazioni 

consecutive che avvengono sia nelle due fasi che all’interfaccia tra le stesse. Il lavoro è stato 

prevalentemente focalizzato sullo studio dei differenti passaggi nella reazione secondo il metodo 

Prilezhaev, con lo scopo di trasferire efficientemente il processo in continuo. 
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Un metodo di analisi nuovo e rapido incentrato sulla risonanza magnetica protonica (1H-NMR) è 

stato sviluppato come alternativa ai tradizionali metodi volumetrici per la valutazione della 

conversione dei doppi legami e selettività del prodotto desiderato. Inizialmente, il sistema reattivo 

è stato studiato in presenza di olio di lino in un reattore semicontinuo per valutare la reattività di 

un substrato organico ad alto contenuto di doppi legami. Lo sviluppo di un modello reattoristico 

in grado di predire il comportamento di substrati organici a diverso contenuto di doppi legami in 

un reattore miscelato, in termini di conversione, selettività e, molto più importante, profilo termico, 

ero lo scopo principale dell’investigazione. Successivamente, la ricerca si è focalizzata sullo studio 

della cinetica della reazione di formazione e decomposizione dell’acido percarbossilico. La prima 

reazione infatti è propedeutica all’epossidazione. Un aspetto importante del sistema reattivo, a 

causa dell’immiscibilità delle due fasi, è la ripartizione delle specie, specialmente la specie 

ossidante. Per questa ragione, il coefficiente di partizione dell’acido formico, precursore della 

specie ossidante, è stato determinato sperimentalmente. Infine, il processo di epossidazione 

secondo il metodo Prilezhaev è stato condotto con successo in un’apparecchiatura operante in 

continuo, ottenendo eccellenti valori di conversione e selettività in condizioni meno severe rispetto 

al processo semicontinuo.   
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1.  Introduction 

1.1  Vegetable oils as renewable feedstock for epoxides 

Vegetable oils (VOs) represent inexpensive and abundant raw materials with wide applications in 

the oleochemistry industry. The structure similarity to long-chain hydrocarbons derived from 

petroleum, and more importantly their biodegradability, accessibility, and low price, have made 

vegetable oils a promising and valuable renewable feedstock to replace, partially, mineral 

hydrocarbons 1. Vegetable oil production, referred to edible and non-edible oils, amounted to more 

than 208 million metric tons in 2021/2022 and it is expected to exceed 217 million metric tons in 

2022/2023, with a total increment up to 135 % compared to the amount produced ten years before, 

with soybean oil, palm oil, and rapeseed oil the most produced oils 2. VOs are mainly composed 

by triglycerides, molecular entities characterized by glycerol and three fatty acid chains as depicted 

in Figure 1.  

Generally, depending on the nature of the oil crop, the chemical composition of an oil, derived 

from the same seed or plant, changes considerably. However, it is possible to identify five 

dominant fatty acids, namely stearic acid, palmitic acid, oleic acid, linoleic acid, and linolenic acid 

in the oils. The former two are characterized by complete saturated fatty chains and 16 and 18 

carbon atoms, respectively. The latter three, oleic, linoleic, and linolenic acid are characterized by 

the same number of carbon atoms on the fatty chain, namely 18, but different number of double 

bonds, namely one, two and three, respectively. The length of the chain as well as the unsaturation 

degree make the oil suitable for a specific application. Vegetable oil characterized by short carbon 

chains with low unsaturation degree find their application as surfactants. Conversely, 

polyunsaturated oils with long chains are better for polymer applications 3. Furthermore, 

triglycerides offer two reactive sites where they can be functionalized to produce interesting and 

sophisticated products, the unsaturation, and the ester carboxylic group. Among the different 

Figure 1: Example of a triglyceride molecule. 
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products, epoxides are interesting ones as, thanks to the properties related to the oxirane functional 

group, they can be used as starting materials to produce bio-organic compounds, e.g., alcohols, 

polyalcohols, polyesters, hydroxyesters, carbonates, and polymers such as polyols, polyesters, and 

polyurethanes 4. Furthermore, Epoxidized Vegetable Oils (EVOs) find direct applications as 

plasticizers and stabilizers for poly(vinyl chloride) (PVC) resins 5, and in biodegradable packaging 

materials 6, reactive diluents for painting 7, low and high-temperature lubricant bases 8. The use of 

EVOs as plasticizers is definitely the main reason why these compounds are attracting an 

increasing interest, as they can replace phthalates, a class of compounds, which have been 

restricted since July 2020 in textiles that are in contact with the skin, including clothes, and in a 

large number of products such as children’s accessories, flooring, coated fabrics and paper, 

mattresses and footwear 9. 

1.2  Epoxidation reaction pathways 

With the term epoxidation, we usually refer to a reaction where an oxygen atom is chemically 

bonded to the double bonds of alkenes, forming a three-member cycle called either epoxide or 

oxirane. The polarity, due to the presence of the oxygen atom, as well as the ring strain, make 

epoxides strongly reactive compounds that are extensively used as building blocks to produce 

several organic molecules. Therefore, the great interest exists for this moiety.  

Generally, it is possible to identify the different reaction synthesis pathways to produce epoxides 

referring to the oxidation agent employed, namely hydroperoxides and peracids. 

The epoxidation with either an inorganic or organic hydroperoxides is carried out in the presence 

of a heterogeneous catalyst and a solvent. Commercially hydrogen peroxide and t-butyl 

hydroperoxide (TBHP) are the most common oxidizing agents. The use of hydrogen peroxide in 

the epoxidation reaction has become attractive with the development of titanium silicate (TS-1) 

catalysts. The process is very suitable from an environmental viewpoint, being greener and less 

expensive compared the one in the presence of TBHP, even though the latter guarantees higher 

thermal stability, and is easier to operate 10. This technology is extensively used in the epoxidation 

of short olefins, e.g., in the hydrogen peroxide propylene oxidation (HPPO) process, with a good 

selectivity value to the target product. Concerning the epoxidation of vegetable oils with the 

present method, several heterogeneous metal catalysts, e.g., Al 11, Mo 12, Nb 13, Ti 14, V 15, W 16, 
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Zr 17, have been screened with promising results. However, the research has mainly been devoted 

to derivatives of the vegetable oils with a less extend to the precursors. Furthermore, the reaction 

in the presence of hydrogen peroxide can be carried out via the chemo-enzymatic method. In this 

method, the metal-based catalyst is substituted by an enzyme. Candida antarctica lipase B (CALB) 

is generally used as the biocatalyst, it can also be immobilized onto silica (CALB-silica) or onto 

an acrylic resin (Novozym 435) 18,19. Even though the method is in principle greener than the other 

ones, the low stability and reusability of the biocatalyst, the long reaction time, and the high 

amount of hydrogen peroxide needed are the limiting aspects of this path synthesis.   

The epoxidation in the presence of a peracid, commonly referred as epoxidation via Prilezhaev 

reaction, is extensively applied in the industrial practice to the epoxidation of vegetable oils and 

their derivatives, namely fatty acids, and alkyl esters, as well as for the epoxidation of 

polybutadiene, polyesters, natural rubbers etc. 4. The concept is based on a liquid-liquid reaction 

where an oxygen carrier is formed in the aqueous phase. This, transferred to the oil phase, reacts 

with the double bond of the fatty acid or its ester forming the epoxide. The present method is the 

only reaction synthesis studied in the present work and is described in more detail in the following 

section.  

For the sake of completeness, it is important to mention the direct oxidation with molecular 

oxygen. This reaction synthesis is noteworthy inexpensive and eco-friendly and it is largely used 

in the commercial epoxidation of the shortest olefins, i.e. ethylene, with promoted silver catalysts 

4. However, in the presence of VOs, the process has shown very low epoxide yields, preferring the 

cracking of the fatty chains to low molecular weight compounds such as dicarboxylic acid, 

aldehydes, and ketones making the process unattractive from the viewpoint of VOs 20.  

1.3  Prilezhaev reaction method 

Nowadays, the epoxidation of vegetable oils and their derivatives is extensively performed through 

the Prilezhaev reaction method, named after the Russian chemist Nikolaus Prileschajew 

(Prilezhaev) who, at the beginning of the 20th century, first proposed this reaction synthesis 21. The 

concept is based on a liquid-liquid reactive system and several consecutive reactions taking place 

in the two immiscible phases and at the interphase between them. At the beginning, an oxygen 

carrier, a percarboxylic acid such as performic or peracetic acid, is formed in situ in the aqueous 
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phase from the reaction between the corresponding carboxylic acid, i.e. formic or acetic, 

respectively, and hydrogen peroxide either in the presence of an acid catalyst or in auto-catalytic 

mode. For this reason, this synthesis method is also referred as the in situ percarboxylic acid 

method. Subsequently, the percarboxylic acid migrates to the organic phase where, in the presence 

of the unsaturated site of the oil, it spontaneously reacts to form the epoxide. A carboxylic acid is 

obtained as stoichiometric co-product of the epoxidation reaction. The acid diffuses back to the 

aqueous phase where it in the presence of hydrogen peroxide, reacts again to form the 

percarboxylic acid, restarting the reaction cycle. The process is schematically illustrated in Figure 

2. 

An oxygen carrier is needed because of the polar nature of the oxygen donor, hydrogen peroxide, 

which cannot diffuse inside the organic phase where the epoxidation reaction takes place. For the 

sake of completeness, it should be mentioned that the reaction system can also be performed in the 

presence of preformed percarboxylic acid. However, this reaction method presents several issues 

due to the explosivity of the percarboxylic acid when highly concentrated 10. 

In reality, the reaction system is more complex than described as, the percarboxylic acid formation 

(perhydrolysis), is a reversible acid-catalysed reaction and the percarboxylic acid is thermally 

unstable and decomposes easily to an alcohol and carbon dioxide. Furthermore, the highly reactive 

Figure 2: Epoxidation reaction mechanism via the Prilezhaev method. 
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nature of the epoxide lead to ring-opening reactions and the production of by-products which 

impair the yield of the process. The overall reactions network is displayed below. 

H

Aq 2 2 Aq 2RCOOH H O RCOOOH H O
+

⎯⎯→+ +⎯⎯                             (I)

Aq 2RCOOOH ROH CO⎯⎯→ +                             (II)

Org OrgRCOOOH C C C(O)C RCOOH+ = ⎯⎯→ +                                        (III)

C(O)C BP⎯⎯→                                           (IV) 

The reversible percarboxylic acid formation reaction (I), and its thermal decomposition (II) were 

the objectives of detailed analysis as the perhydrolysis step is mandatory to carry out the 

epoxidation according to the Prilezhaev concept. Furthermore, hydrogen peroxide and the 

percarboxylic acid are hazardous chemicals, which can easily decompose along the temperature 

increase, leading to runaway reactions and safety issues. For this reason, this reaction step was 

studied considering the results already present in the literature and the experimental ones obtained. 

The details are addressed in Chapter 4. 

The epoxidation step (III), which represents the desired reaction, spontaneously takes place in the 

organic phase between the percarboxylic acid migrated to the organic phase and the double bond 

of the fatty chain. The reaction mechanism proposed by P.D. Bartlett 22 is generally accepted and 

is depicted in Figure 3.  

The reaction starts with an electrophilic attack on the double bond by the oxygen atom present in 

the peroxide. This is pointed out by the observation that nucleophilic substituents on the double 

bond increase the reaction rate, on the other hand, electron-withdrawing groups considerably 

Figure 3:Epoxidation reaction mechanism. 
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decrease the reaction rate 4. The electrophilic nature of the oxygen atom is promoted by the 

intramolecular hydrogen-bond conformation that the percarboxylic acid adopts in the solution. In 

the transition state, oxygen is added at the unsaturation and the hydrogen atom is shifted 

simultaneously leading to the epoxide product and the regeneration of the carboxylic acid through 

a concerted intramolecular process 4,22,23. The concerted step has also been confirmed by the higher 

performance obtained in non-ionic solvents instead of ionic ones, which excludes an anionic 

intermediate. Moreover, for the same reason as the double bond substituents, the best carboxylic 

acids in terms of the reaction rate are those with higher electron-withdrawing groups 24, thus 

promoting the electrophilic oxygen attack on the double bond. m-Chloroperbenzoic acid is the 

most reactive percarboxylic acid 4 but due to its corrosivity and cumbersome separation, formic 

and acetic acids are preferred as reaction carriers. In the present project work, formic acid was 

used as carboxylic acid. After the epoxidation, side reactions, namely ring-opening reactions (IV), 

take place at the interphase between the two immiscible liquids impairing the selectivity of the 

reaction process to the target product. The dominant mechanism is a nucleophilic attack after the 

protonation of the oxirane because of the acid environment in the aqueous phase. The reaction 

mechanism is depicted in Figure 4-(i). 

However, in the recent literature 25, an alternative reaction mechanism which proceeds 

simultaneously with the first one has been proposed in case that a weaker acid, namely phosphoric 

acid, is employed in the perhydrolysis reaction. The reaction mechanism, displayed in Figure 4-

(ii), takes place after the direct attack of a nucleophilic species on the partially positive (δ+) carbon 

atom on the epoxy group, formation of an intermediate with a negative charge and the abstraction 

Figure 4: Ring-opening reaction mechanisms. 
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of a proton from another nucleophilic species. The distribution of side-reaction products is 

summarized in Figure 5.   

 

  

Figure 5: Ring-opening products distribution. 
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1.4  Semibatch technology 

Customarily, EVOs are obtained commercially in a semibatch reactor at the temperature range of 

60 - 70 °C. The reaction proceeds following the scheme displayed in Figure 2. In industrial 

practice, the reactor is initially filled with the oil, then the oxidant mixture, i.e., hydrogen peroxide 

and a carboxylic acid, is added in a limited amount to prevent a temperature increase due to the 

high exothermic nature of the epoxidation reaction (ΔrH = –264 kJ/mol). A mineral acid catalyst, 

such as H2SO4 and H3PO4, is required to promote the in situ formation of the percarboxylic acid 

10,20. The oxidant addition period, the heat removal as well as a good mass transfer are the key 

aspects in improving the yield of the target product and avoiding a process runaway promoted by 

the exothermic epoxidation reaction. However, this technology has sever disadvantages, such as 

the high degradation of oxirane ring promoted by the acidic environment, equipment corrosion, 

product separation problems and long reaction times. In addition, to ensure a good mixing, the 

larger the reactor volume, the higher the stirring power required, showing the limitation to the 

industrial amplification and the poor economic efficiency of the semibatch process. Moreover, 

even small fluctuations of the reaction temperature can lead to severe selectivity problems, as the 

side reactions (namely, ring opening and hydrogen peroxide decomposition) are faster at higher 

temperatures. Thus, to achieve the target selectivity of the process, a good thermal control must be 

provided. Because of the aforementioned problems, a more selective and safer production process 

is needed.  

The generally adopted strategies to overcome these problems related to this process technology 

are essentially two: 

- intensification of the semibatch process, 

- continuous operation.   

The improvement of the semibatch process could be achieved by adding an intensification element 

engineered for this purpose, i.e., microwave or ultrasound  irradiation 26–28, spinning-disc reactor 

29, hydrodynamic cavitations 30, in order to exceed the limit of the current technology. Furthermore, 

heterogeneous acid catalysts, such as ion-exchange resins (IERs) 31,32, have also been studied as 

valuable alternative to the homogeneous mineral acid catalysts.  
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The other strategy, the shift of the process to a continuous operation, has been extensively 

investigated adopting different reactor technologies such as cascade reactors 33, micro- and 

millireactors 34,35, oscillatory-baffled reactors (OBRs) 36 as well as tubular reactors 37,38.    

1.5  Aim of the thesis 

The main scientific goal of the present research project is devoted to the enhancement of the 

epoxidation reaction via the Prilezhaev concept to produce epoxides derived from vegetable oils 

in continuous operation. Previous studies about the performic acid formation and decomposition, 

epoxidation of soybean oil and its ring-opening reaction are used as support to the present research 

project 25,39,40.    

Firstly, the reaction system is studied in the semibatch technology in the presence of an oil with a 

high double bond content, namely linseed oil, to evaluate its reactivity. Experiments and both 

kinetic and reactor modelling are developed as powerful tools to predict the behavior, in terms of 

conversion, selectivity and heat generated, of different oils, characterize by different unsaturation 

degrees, in a backmixed semibatch reactor. Next, the perhydrolysis reaction, and its thermal 

decomposition are addressed thoroughly for a better understanding of the reaction kinetics and 

mechanism. A 1H-NMR analytical method is developed as a faster and reliable alternative to the 

traditional volumetric analytical methods to quantify the double bond conversion and the oxirane 

yield. Then, because of immiscibility of the two phases composing the system, mass transfer and 

partition coefficient are experimentally determined. This aspect improves the physicochemical 

description of the reactor modelling making it more reliable. Finally, the epoxidation is carried out 

in a continuous device, studying the effect of the operating conditions, in order to achieve good 

degrees of conversion and selectivity adopting milder conditions than the traditional semibatch 

technology ensuring safer conditions. 
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2.  Experimental section 

2.1  Chemicals and vegetable oils 

The following chemicals list is referred to most of the epoxidation experiments and product 

analysis. In those studies where a different chemical was used, it is specified in the dedicated 

section. All the chemicals, at the highest level of purity available, were used without pretreatment. 

Hydrogen peroxide (60 % wt.), to replicate the industrial operative conditions of the epoxidation 

process, was kindly provided by Solvay SpA., formic acid (99 % wt.) supplied by Carlo Erba and 

phosphoric acid (85 % wt.) supplied by Honeywell were used as reactants for the in situ 

percarboxylic acid formation. 

Linseed oil (iodine number, I.N. = 174 gI
2
/100g

OIL
) was purchased from a local store. The fatty 

acid composition, determined by gas-chromatography analysis, was (% wt.) palmitic = 6, stearic 

= 3, oleic = 17, linoleic = 14, linolenic = 60. 

Soybean oil (I.N = 127 gI
2
/100g

OIL
) was purchased in a local store. The fatty acid composition of 

this oil, determined by gas-chromatography analysis, was (% wt.) palmitic = 11, stearic = 4, oleic 

= 23, linoleic = 56, linolenic = 5, others = 1.  

Cardoon oil (I.N. = 122 gI
2
/100g

OIL
) was kindly provided by Novamont. The fatty acid composition 

of this oil was (% wt.) palmitic = 11.2, stearic = 3.4, oleic = 25.4, linoleic = 58.7, linolenic = 0.3, 

and others = 1.0.  

Chloroform (CHCl3, ≥ 99.9 %), deuterated chloroform (CDCl3 99.8 %), potassium iodide (KI, 

A.C.S. grade), glacial acetic acid (CH3COOH, ≥ 99 %), hexadecyltrimethylammonium bromide 

(CTAB, ≥ 98 %) magnesium sulphate (MgSO3) and sodium bicarbonate (NaHCO3) were provided 

by Sigma Aldrich. Wijs solution (ICl), sodium thiosulphate solution (Na2S2O3, 0.1 N, USP grade), 

sulphuric acid (H2SO4, 65 %), starch solution, and perchloric acid solution in glacial acetic acid 

(HClO4, 0.1 M) were provided by Supelco. Cerium ammonium sulphate (0.1 N) and sodium 

hydroxide (NaOH, 0.1 N) were provided by Fluka. 
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2.2   Analytical methods 

For each and every sample withdrawn from the reaction system, analysis of the organic and the 

aqueous phase was performed. 

The organic phase was analysed to quantify the double bond conversion and the oxirane yield with 

1H-NMR, Wijs method and epoxy content 41,42. The aqueous phase was analysed to determine the 

amount of carboxylic acid, with acid-base titration, and the amount of  percarboxylic acid and 

hydrogen peroxide, via the Greenspan and MacKellar method 43. 

Concerning the volumetric analytical methods, before the analysis, each sample was at first 

quenched in an ice bath and then centrifuged for 2 minutes at 500 rpm. After the stratification of 

the two phases, the aqueous phase was employed for the analysis, the organic one was neutralized 

by the addition of a sodium bicarbonate solution (10 % wt.) using a separation funnel to safely 

remove the gaseous carbon dioxide from the treated product. Then, it was centrifuged for 10 min 

(350 rpm), and dried with anhydrous magnesium sulphate. Finally, it was further centrifuged and 

analysed to determine the amount of double bonds and epoxide.  

2.2.1 Protonic Nuclear Magnetic Resonance - 1H-NMR 

A protonic nuclear magnetic resonance (1H-NMR) method for the determination of conversion, 

yield, and selectivity was developed and employed during the kinetic experiments [Article V]. 

Volumetric traditional methods are efficient and strongly reliable, but they are laborious, time-

consuming, lead to a lot of laboratory waste and need enormous amounts of chemicals. 

Furthermore, the samples, before the volumetric analysis, need to be pretreated thoroughly, which 

extend the time needed for a single analysis. 1H-NMR is a rapid and handy analytical technique 

which allows overcome these problems.  

In a typical 1H-NMR analysis, a certain amount of the organic phase was dissolved in deuterated 

chloroform (CDCl3) in a Pyrex NMR samples tube of 5 mm internal diameter. Next, the spectra 

were recorded using a 500 MHz spectrometer, the acquisition parameters were: number of scans 

8, relaxation delay 1 s, pulse width 45°. Finally, the spectra were elaborated using MestReNova 

Ver. 6.0.2.  
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The assignment of signals characteristic for oils and derivatives are extensively reported in the 

literature 44,45. For an overview about the peak position and their shift after the epoxidation 

reaction, a triglyceride molecule with oleic, linoleic, and linolenic acid as the fatty chains, and its 

epoxidized product, were used as model molecules and displayed in Figure 6 – 7.  

The quantitively analysis of the product was made by considering essentially the signal at 5.4 ppm 

in Figure 6, characteristic of the olefinic protons [-CH=CH-] and, the signals between 3.2 - 2.9 

ppm in Figure 7, characteristic of the same protons [-CHOCH-] in presence of an epoxy group. 

The peak at ~ 2.3 ppm, characteristic of the α-carbonyl protons [-OCO-CH2-], was used as internal 

reference peak. This peak allows both oils and derivatives to be analysed with the same technique. 

Furthermore, the α-carbonyl protons peak does not shift after the epoxidation reaction and is not 

perturbed by the presence of possible by-product peaks. The value of conversion, yield and 

selectivity were calculated with Equations 1 – 3.   

( )

0

1
tDB

X
DB

= −   (1) 

where DB0 and DB(t) represents the area developed by the olefinic protons at 5.4 ppm, before the 

reaction and at the reaction time t, respectively. It is well known that each peak area is proportional 

to the number of hydrogen atoms responsible for it. Thus, each area should be divided by the 

number of protons. However, in this method all the peaks needed for the evaluation of the 

conversion and yield, namely at 5.4 ppm [-CH=CH-], 3.2 – 2.9 ppm [-CHOCH-] and at ~ 2.3 ppm 

[-OCO-CH2-], are all generated by the same number of protons, namely two. Concerning the yield, 

its value was calculated according with Equation 2.  

( )

0

tE
Y

DB
=   (2) 

where the DB0 is again the amount of double bonds of the starting material, while E(t) is the area 

characteristic of the protons on the epoxy group [-CHOCH-] at 3.2 - 2.9 ppm. Finally, the 

selectivity was evaluated as ratio between the yield (Y) and the conversion (X), as reported in 

equation 3. 

Y
S

X
=   (3) 
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Figure 6:1H-NMR spectra and characteristic peaks of a triglyceride. 
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Figure 7:1H-NMR spectra and characteristic peaks of an epoxidized triglyceride. 
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2.2.2 Iodine Number – Wijs Method 

The number of double bonds present in the organic substrate was also measured through the 

determination of the iodine number (I.N.) using the Wijs method 41.  

An amount of the sample, completely dried, was weighted in a 300 cm3 flask. Next, 15 cm3 of 

chloroform were added using a glass pipette to dissolve the sample and then, 25 cm3 of Wijs 

solution. The flask was stirred to ensure good mixing between the sample and the Wijs solution. 

Then, the flask was let to react in darkness place for at least 1h. After this time, 20 cm3 of KI 

solution (0.1 N in distilled water) and 100 cm3 of distilled water were added, the solution was 

titrated under a well-stirrer condition with a sodium thiosulphate solution (0.1 N) until the 

disappearance of the yellow colour. Finally, the starch solution was added, and the titration 

continued until obtaining a colourless solution. The iodine number (I.N.), which indicates the 

amount of double bonds, is expressed as grams of iodine per 100 g of oil (gI2/100gOIL) was 

calculated by Equation 4, according to the ASTM method. 

2 2 3 ,( )
. .

B S Na S O eq I

S

V V N MW
I N

w

−
=   (4) 

Where, VB is the titration volume of the blank, VS is the titration volume of the sample, NNa2S2O3 is 

the normality of Na2S2O3 solution, MWeq,I the iodine equivalent molecular weight and wS is the 

weight of the sample.  

2.2.3 Epoxy Content – Oxirane Number 

The epoxy content was determined according to the method 42 by potentiometric titration using the 

905 Titrando instrument by Metrohm. 

 An amount of sample was weighted in a 100 cm3 glass beaker and then, 50 cm3 of glacial acetic 

acid and 10 cm3 of CTAB solution in glacial acetic acid, prepared by dissolving under agitation at 

room temperature 100 g of CTAB in 400 cm3 of glacial acetic acid, were added with glass pipettes 

at the solution. Finally, the solution was titrated with a HClO4 solution. The epoxy content (E.C.), 

expressed as grams of oxygen in 100g of oil (gO/100gOIL), was determined by Equation 5. 
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4 4 ,
. .

HClO HClO eq O

S

V N MW
E C

w
=   (5) 

where, V is the volume of the HClO4 solution, NHClO4
 is the normality of the HClO4 solution, 

MWeq,O the oxygen equivalent molecular weight and wS is the weight of the sample.  

2.2.4 Greenspan and MacKellar method 

The concentrations of hydrogen peroxide and percarboxylic acid were determined using the 

Greenspan and MacKellar method 43. 

In a 250 cm3 Erlenmeyer flask, ice and 50 cm3 of a sulphuric acid solution (10 %w/v) were placed. 

Next, around 0.1 g of an aqueous solution was added and weighted thoroughly. The solution was 

at first titrated with cerium ammonium sulphate in the presence of ferroin as indicator until the end 

point. In this step, the hydrogen peroxide content was measured. Then, 10 cm3 of a 10 (% wt.) 

solution of potassium iodide and few drops of starch indicator were added. The solution was 

titrated with sodium thiosulphate solution until the disappearance of the brown color. The amount 

of hydrogen peroxide and percarboxylic acid (% wt.) were determined according to Equations 6 – 

7. 

4 4 2 2( ) ( ) ,

2 2
10

=
Ce SO Ce SO eq H O

S

V N MW
H O

w
  (6) 

2 2 3 2 2 3 ,

10
=

Na S O Na S O eq PCA

S

V N MW
PCA

w
  (7) 

where VT and NT are the volume and the normality of the titrant solutions, MWeq is the equivalent 

weight of hydrogen peroxide and percarboxylic acid, and wS is the weight of the sample. 

2.2.5 Acid-base titration 

The concentration of the carboxylic acid was determined using an acid-base titration with sodium 

hydroxide. 

In a 50 cm3 beaker, 0.2 g of aqueous solution were thoroughly weighted and dissolved in 20 cm3 

of distilled water. The solution was titrated with a potentiometric instrument until the equivalent 

point. The amount of carboxylic acid was finally determined according to equation 8. 
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,

10

NaOH NaOH eq CA

S

V N MW
CA

w
=   (8) 

2.2.6 Gas chromatography 

The chemical composition of the different vegetable oils was determined by gas chromatography 

following the methodology described by ISO 12966-4:2005 and ISO 12966-2:2007. A gas 

chromatograph (Perkin-Elmer model Clarus 500), equipped with a flame ionization detector (FID), 

an on-column injector, and employing a FS-HP5 column (10 m X 0.32 mm, I.D. 0.1 μm film).  

2.3  Reactor configurations 

The epoxidation reaction was carried out adopting three set-up, the traditional semibatch 

technology and, continuously, in a single tubular reactor and two tubular reactors in series. In this 

section, set up and operating modality are presented. 

2.3.1 Semibatch reactor [Articles II & V] 

The semibatch technology, as extensively discussed in the introduction chapter, is based on the 

reactor set-up employed industrially for the epoxidation via Prilezhaev. The reactor set-up used in 

the experiments of the present thesis is depicted in Figure 8.  

A 500 cm3 jacketed glass reactor was equipped with a thermocouple and a reflux condenser. The 

reagent mixture was blended by a mechanical drive stirrer to ensure a good water-oil emulsion. 

The temperature was controlled by a service fluid kept at the desired temperature by a thermostat. 

The thermal profile of the reaction mixture in the reactor vessel and of the service fluid in the 

jacket were continuously monitored and recorded. The experiments inside this device were 

performed following the same procedure as in the industrial practice. For a typical experiment, the 

reactor was initially filled with the desired amount of oil and phosphoric acid. Then the system 

was heated until the reaction temperature was reached. At this temperature, the oxidizing mixture 

(formic acid and hydrogen peroxide) was added slowly through a syringe pump at constant flow. 
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Finally, after the adding time, the reaction temperature was increased and the mixture was let to 

react for a variable time (4 – 6 h), also called digestion time. 

 

2.3.2 Continuous [Article VI] 

Epoxidation of vegetable oils in a continuous operation was the main goal of the present thesis 

project. To achieve this goal two main reactor set-ups were investigated. They were conceived to 

study the epoxidation via the in situ and via the preformer concepts.    

The first reactor set-up included essentially a jacketed glass tubular reactor of 0.65 m length and 

an internal diameter of 0.015 m. The reactor was filled with glass beads as static mixers of two 

different sizes to provide sufficient mixing between the two phases and to prevent channeling. The 

detailed reactor set-up is depicted in Figure 9.  

In a typical experiment, the organic phase was pumped with a high-precision pump (Fig. 9, 2) 

through a thermostatic system (Fig. 9, 3), which warmed the stream up, to a four-way junction at 

the bottom of the tubular reactor (Fig. 9, 4). The aqueous streams, hydrogen peroxide and the acid 

solution, namely formic acid and phosphoric acid, are fed at room temperature (294 K) to the same 

junction (Fig. 9, 4). In this way, the reactants were mixed together before entering the jacketed 

Figure 8: Experimental semibatch set-up. 
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tubular reactor (Fig. 9, 5). The service fluid flowing in the reactor jacket guaranteed isothermal 

conditions. The stream leaving the reactor can be collected in a tank (Fig. 9, 8), but a sampling 

point (Fig. 9, 7) was present along the pipe from the reactor to the tank. 

 

A second reactor configuration was studied to carry out the reaction by adopting milder conditions, 

in terms of temperature. To achieve this, the reactor set-up was conceived in order to perform the 

epoxidation via Prilezhaev via the preformer route. Thus, a second reactor was connected to the 

tubular reactor to conduct the perhydrolysis. In this way, already formed percarboxylic acid was 

sent to the main reactor, where the epoxidation takes place. This concept allowed to conduct the 

epoxidation at a lower temperature than the previous set-up but, more importantly, a way lower 

than the industrial practice. A detailed representation of the configuration is depicted in Figure 10.  

 

Figure 9: Continuous reactor set-up.  

Legend: 1 = Storage tanks; 2 = Pumps; 3 = Heat exchanger; 4 = Junction; 5 = Tubular Reactor; 6 = Valve;     

7 = Sampling point; 8 = Product tank 



20 

   

 

The reactor set-up consisted of two tubular jacketed reactors in series (Fig.10, 5A - 5B). Both 

reactors were positioned vertically. In the first reactor, two pumps (Fig.10, 2) feed hydrogen 

peroxide and formic acid into the system. After the first tubular reactor (Fig.10, 5A), the product 

as well as the unconverted reactants enter the inlet section of the second reactor through a T-

junction (Fig.10, 4), a sampling point is present along the pipe from the first and the second (Fig. 

10, 7). The organic substrate, pre-heated at the reaction temperature with the use of a thermostatic 

system (Fig. 10, 3), is fed to the inlet of the second jacketed tubular reactor (Fig. 10, 5B). The 

stream leaving the latter reactor is collected in a tank (Fig. 10, 8), but a sampling point is present 

along the pipe from the reactor and the tank (Fig. 10, 7).

Figure 10: Continuous reactor set-up. 

Legend: 1 = Storage tanks; 2 = Pumps; 3 = Heat exchanger; 4 = T-Junctions; 5 = Tubular Reactors;                

6 = Valve; 7 = Sampling point; 8 = Product tank. 
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3.  Linseed oil epoxidation in semibatch [Article II] 

The epoxidation process via the Prilezhaev concept involves several reactions, some of them 

occurring in the aqueous phase, others in the organic phase and some others at the water-oil 

interphase. The mathematical description of such a system is not trivial and several 

physicochemical parameters, if not experimentally determined with independent experiments, 

must be estimated simultaneously, which increases the probability to have a high correlation 

between them. This results in a loss of meaning and reliability of the mathematical model. A 

biphasic kinetic model, previously introduced in the study of the soybean oil epoxidation in 

semibatch mode 39, was applied to the epoxidation reaction of linseed oil in a similar reactor 

configuration. Linseed oil presents a high iodine value thanks to its high amount of linolenic acid. 

Thus, the reactivity of such an oil is different from the soybean oil, which is mainly composed by 

linoleic acid. The aim was to validate the biphasic model and tests its flexibility on a reactive 

organic substrate keeping most of the chemical and physical parameters, derived from previous 

and independent experiments, fixed.      

3.1  Description of the biphasic kinetic model 

The biphasic kinetic model was developed considering: 

a) kinetics of performic acid formation and decomposition, 

b) rate of carbon dioxide formation (by-product from the performic acid decomposition), 

c) kinetics of epoxidation and ring-opening reactions, 

d) change of pH because of the ionization of some compounds in the aqueous phase, 

e) formic and performic acid partition between the two phases, 

f) change of volume for both phases accordingly with the experimental conditions, 

g) temperature profile inside the reactor. 

More in detail, the percarboxylic acid formation and its decomposition (reaction I and II in 

Introduction) occur in the aqueous phase. The reaction take place either in the presence of a 

mineral acid, such as H3PO4, or in auto-catalytic modality. The generation rate is represented by 

Equation 9.  
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1 1 , ,

1
+

 
= − 

 
FA Aq HP PFA Aq WH

E

r k c c c c c
K

  (9) 

The kinetics of the performic acid decomposition was studied independently as well 40, the 

generation law is defined in Equation 10.  

2 2 ,PFA Aqr k c=    (10) 

Detailed information about the reaction mechanism as well as the generation rates are given in the 

next chapter, where the percarboxylic acid formation and its decomposition are addressed more 

thoroughly [Article IV].  

The epoxidation reaction (III) takes place in the organic phase after the migration of the performic 

acid from the aqueous phase. The generation rate for the epoxidation reaction is expressed by the 

kinetic law depicted in Equation 11, which holds for all the oils, and their derivatives, namely fatty 

acids and fatty acid alkyl esters 46–48. However, as discussed in connection of the epoxidation 

reaction mechanism, steric and electronics factors play a crucially important role. Thus, fatty acids 

might react in the presence of the percarboxylic acid with different rates.  

3 3 ,PFA Org DBr k c c=    (11) 

Side reactions (IV) are assumed to take place mainly at the interphase between the two phases. As 

already discussed, which mechanism is predominant depends on the strength of the mineral acid. 

When a weak acid as phosphoric acid is employed, like in this case, both mechanisms take place 

simultaneously. The generation rate for the reaction mechanism where the protonic attack is the 

first step of the mechanism (Fig. 4-(i)) is displayed in Equation 12. The generation rate is derived 

from the assumption that the nucleophilic attack at the carbocation, step 2, is the rate determining 

step. Equation 13 represents the generation rate for the second mechanism (Fig. 4-(ii)). In this case, 

the rate is obtained considering the abstraction of the proton from the nucleophile as rate 

determining step.   

( )( )4 4 += + + +E FA HP PFA WH
r k c c c c c c 

  (12) 

( )( )2 2 2 2

5 5= + + +E FA HP PFA Wr k c c c c c    (13) 
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In addition, each compound presents a different activity 25, taken into account with the coefficients 

α and γ, which are equal to 40 and 1, respectively. It must be pointed out that, as these two reactions 

are presumed to take place at the interphase between the two phases, the concentration of the 

compound participating at the reaction must be considered at the interphase. However, as a first 

approximation, as the reactor configuration ensures good mixing between the two phases, the mass 

transfer limitations to the interphase are neglected. Thus, the concentrations at the interphase were 

considered to be equal to the concentration in the bulk phase. Formic and performic acid, as they 

are soluble in both phases, contribute to the reaction as sum of the concentration in each phase.  

For all the rate equations, the numerical values of the pre-exponential factors, activation energies 

and reaction enthalpy are given in Table A.1, Annex A. 

However, it is possible to notice that the generation rate of the percarboxylic acid and of the ring-

opening caused by the protonic attack (Eqs. 9 & 12), are both dependent on the concentration of 

protons inside the reaction system. A rigorous approach considers the protonic dissociation and 

the pH change inside the aqueous phase. This was done, at the adopted operating temperature, by 

considering the combined effect of the protonic dissociation of phosphoric acid and formic acid. 

This approximation is reasonable as the pKa of performic acid and hydrogen peroxide are 7.77 and 

11.62 at 298 K, much larger than the values of 3.74 and 2.14 for formic and phosphoric acid, 

respectively. However, due to their low values at 298 K, also the phosphoric acid diprotic and 

triprotic dissociation where neglected.  

Despite these simplifications, the solution of algebraic equations at any integration step resulted 

in long computation times. An alternative is to consider the two ionizations as very fast equilibrium 

reactions with their kinetic laws to be added to the five reactions previously described (Eqs. 9 -

13). This can be done by simply assuming very high dissociation constants that brings promptly 

all the ionization reactions to the equilibrium in a very short time. This approach results in a system 

of DAEs, where the initial concentration of the species is evaluated with a system of algebraic 

equations. Furthermore, the evolution of the concentrations along time is evaluated in a dynamic 

way increasing the number of differential equations to be integrated, thus the calculation times are 

highly reduced. Detailed information about the system of DAEs is given in Annex A. Therefore, 

considering phosphoric acid and formic acid, the two dissociation equilibria are presented in V 

and VI, respectively.  
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a ,H PO3 4
K

3 4 2 4H PO H PO H− +⎯⎯⎯⎯→ +⎯⎯⎯⎯               V 

a ,FAK

HCOOH HCOO H− +⎯⎯⎯→ +⎯⎯⎯                                VI 

The temperature dependence of the dissociation constants was evaluated according to Equation 14 

– 15 49,50.  

( )
3 4,

799.31
log 4.55 0.01a H POK T

T
− = − +    (14) 

( ) ( ),

2773.90
log 57.53 9.12lna FAK T

T
− = − + +   (15) 

Consequently, it is possible to define the generation rates for both the dissociation equilibria, as 

represented by Equations 16 – 17. 

3 4 3 4 2 4

3 4,

1
H PO H PO H PO H

a H PO

r k c c c
K

− +

 
= − 

 
 

   (16) 

,

1
FA FA FA H

a FA

r k c c c
K

− +

 
= −  

 
   (17) 

In addition, two physical phenomena must be included in the kinetic model: the partition of both 

formic and performic acids between the two phases and the mass transfer rates of these two 

compounds from one phase to the other. Only formic and performic acids were assumed to be 

partitioned, while the other components were present in one phase only.  

The partition coefficients for both formic and performic acid were calculated with the SPARC 

online calculator 51, where only the temperature dependence is considered, the polynomial 

functions are described in Equations 18 – 19. 

*

, 7 2 5

*

,

9.0 10 5.0 10 0.0046
FA Org

FA

FA Aq

c
m T T

c

− −
 

= =  −  +  
 

  (18) 

*

, 6 2 5

*

,

4.0 10 4.0 10 0.04022
PFA Org

PFA

PFA Aq

c
m T T

c

− −
 

= =  −  +  
 

  (19) 
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The model for the mass transfer phenomena was derived starting from the Whitman’s two film 

theory 52, defining the molar mass transfer rate as reported in Equations 20 – 21, where the term 

βi,j represents the product between the mass transfer coefficient (ki,j) and the interfacial surface 

specific area (asp,j) of the ith compound in the jth phase.  

( )*

, , , ,i Aq i Aq i Aq i aqJ c c= −    (20) 

( )*

, , , ,i Org i Org i Org i OrgJ c c= −    (21) 

The value of β was considered equal in one phase for formic and performic acid. Furthermore, the 

βi,Aq was considered constant as a first approximation because the liquid volume of the aqueous 

phase (VAq) increases during the experiments and the generated area increases as well. Thus, the 

ratio between these two parameters, which defines the specific surface area, can roughly be 

considered constant. Conversely, for the organic phase, the interfacial area increases with the 

aqueous volume as the surface increases, but the organic volume is constant. Therefore it is 

possible to define the βi,Org as described in Equation 22. 

, , , , , ,= = =
Aq Aq

i Org i Org sp Org i Org sp Aq i Aq

Org Org

V V
k a k a

V V
    (22) 

Starting from these approximations and considering the mass transfer rate at the steady-state 

conditions, it is possible to analytically define the concentration at the interface in the organic 

phase, in equilibrium with the concentration at the interphase in the aqueous phase (c*
i,Aq), for the 

formic and performic acid, as described in Equation 23 – 24. 

, , , ,*
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Aq FA Aq FA Aq Org FA Org FA Org
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3.1.1 Mass and energy balances 

The biphasic kinetic model, employed for simulating all the performed experiments, is 

characterized by a system of algebraic equations to determinate the ionization equilibria and 19 

differential equations describing the evolution with time of 19 variables that are, the number of 

moles in the aqueous phase:  

• (1) nFA (overall in aqueous phase), (2) nFA, (3) nFA-, (4) nHP, (5) nPFA, (6) nW, (7) nH3PO4
, (8) 

nH2PO4
-, (9) nH

+and (10) nCO2
. 

the number of moles in the oil phase:  

• (11 - 12) nPFA & nFA  (dissolved in oil), (13) nDB, (14) nE, (15) nBP. 

and other variables:  

• (16) VAq (overall aqueous volume in the reactor) (17) T; (18) MOil (mass of oil remaining in 

the vessel); and (19) VOrg (residue volume of oil in the vessel after each sample). 

The generic mass balances for aqueous and oil phases are reported in Equations 25 - 26. The details 

are reported in Annex A. 

( ),

,

1

n
i Aq

TOT i j i Aq Aq

j

dn
F y r J V

dt =

 
= + − 

 
    (25) 

,

,

1

n
i Org

j i Org Org

j

dn
r J V

dt =

 
= + 
 
    (26) 

At the beginning of the reaction, the overall aqueous volume (VAq) is represented by the amount of 

catalyst, then along the reaction time it increases because of the addition of the oxidizing mixture. 

Thus, the evolution along time is calculated according to Equation 27. 

Aq

Ox

dV
Q

dt
=   (27) 

Finally, the last equation to be integrated is related of the variation of temperature (T), as depicted 

in Equation 28. 



27 

   

( )r e c

p TOT

q q qdT

dt C w

+ +
=    (28) 

where qr is the heat generated by the reaction, qe is the heat exchanged with the service fluid 

through the wall and qc is the heat exchanged between the reactant mixture inside the reactor at 

the operative temperature and the oxidizing mixture added at a lower temperature. Furthermore, 

Cp is the average specific heat coefficient and wTOT the total amount of the reaction mixture. 

Detailed information about these quantities can be found in Annex A. A rigorous energy balance 

requires the evaluation of the thermal effects related to the change of the specific heat with both 

temperature and composition, but as the impact of these effects is small if compared with the effect 

of the reaction enthalpy, it is reasonable to assume an average value of this parameter. This 

assumption is supported by a work published by Cai et al. 53 in which is reported that the change 

of specific heat of linseed oil with temperature and composition is less than 10-15%.  

3.2  Experiments and parameter estimation 

The experiments conducted on the linseed oil as organic substrate are reported in Table 1 and were 

performed following the method described in Reactor Configuration. The experiments were 

carried out under similar conditions, keeping the adding time always equal to 1 h. The reactant 

molar ratio in the aqueous phase FA:H2O2:H3PO4 was always equal to 0.15:1:5∙10-3 and the 

hydrogen peroxide-to-double bond molar ratio equal to 1:0.75. The experiments differ from each 

other for the adding and digestion time temperatures as well as the duration of the digestion time.  

In order to simulate the experimental data, we kept fixed all the kinetic parameters concerning the 

reaction in the aqueous phase, studied independently. However, the Arrhenius pre-exponential 

factor for the epoxidation reaction and the ring-opening reaction were estimated. The adopted 

strategy was to estimate the two kinetic parameters for each experiment by mathematical 

regression. Table 2 displayed the best values obtained for the two parameters in each experiment. 

The agreement between the experimental and simulated data along with the temperature profiles 

for each experiment and the parity plot are displayed in Figures 11 - 13. 
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Table 1: Operating conditions applied during the experiments. 

Experiment Overall reaction time 

[h] 

Adding time 

temperature [K] 

Digestion time 

T [K] Time [h] 

1 5 318 319 4 

2 8 323 319 7 

3 7 318 
321 2 

333 4 

4 7 318 
321 2 

319 4 

5 7 318 319 6 

6 9 318 
321 2 

319 6 

7 7 318 319 6 

 

Table 2: Estimated parameters. 

Experiments 
kref,3 (∙10-6)  

[m3/mol s] 

kref,5 (∙10-14)  

[(m3)2/mol2 s] 

1 2.17 2.00 

2 3.83 1.68 

3 2.00 1.38 

4 2.33 1.53 

5 5.50 1.72 

6 2.17 0.67 

7 3.50 1.12 

avg. 3.00 1.43 

SBO 39 2.00 0.42 
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Comparing the values of the two pre-exponential factors obtained from the mathematical 

regression of the experiments performed, as average value, against the value obtained for the 

epoxidation of soybean oil 39, it is possible to observe that the pre-exponential factors for the 

epoxidation and the ring-opening reactions are 1.5 and 3.5 times larger, respectively. This aspect 

is of great importance pointing out the need of carrying out the epoxidation of linseed oil at lower 

temperature than soybean oil, to avoid sharp temperature increase due to the higher reactivity of 

the linseed oil, as well as the impairment of the selectivity due to the higher activity of the ring-

opening reactions. 

  

Figure 11: Parity plot for the iodine number (A) and epoxy content (B). 
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Figure 12: Experimental (scatter) and simulated 

(line) data.  

 

Legend: A) Run 1, B) Run 2, C) Run 3, D) Run 4, 

E) Run 5, F) Run 6, G) Run 7. 
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A B 

C D 

E F 

G 

Figure 13: Simulated temperature profiles. 

 

Legend: A) Run 1, B) Run 2, C) Run 3, D) Run 4, 

E) Run 5, F) Run 6, G) Run 7. 
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3.3  Annex A 

The kinetic constants were evaluated according to the Arrhenius modified equation, displayed in 

Equation A.1 

,

1 1
exp i

i i ref

ref

Ea
k k

R T T

  − 
= −        

   (A.1) 

,

1 1
exp ri

i i ref

ref

H
K K

R T T

  −
= −   

   

   (A.2) 

Tabel A.1: Kinetic parameters adopted in the biphasic kinetic model. 

Reaction Parameters Dimension 

1 

k1,ref = 1.17∙10-9 [(m3)2/(mol2 s)] 

Ea1 = 83.73 kJ/mol 

Tref,1   = 323 K 

KE,ref = 2.67∙10-5 [m3/(mol s)] 

Δr1
H = 9.99 kJ/mol 

Tref,1   = 298 K 

2 

k2,ref = 4.95∙10-1 [1/ s] 

Ea2 = 98.89 kJ/mol 

Tref,2 = 323 K 

3 

k3,ref = 3.00∙10-6 [m3/(mol s)] 

Ea3 = 104.04 kJ/mol 

Tref,3 = 323 K 

4 

k4,ref = 8.60∙10-14 [(m3)2/(mol2 s) 

Ea4 = 87.86 kJ/mol 

Tref,4 = 333 K 

5 

k5,ref = 1.46∙10-14 [(m3)2/(mol2 s) 

Ea5 = 44.94 kJ/mol 

Tref,5 = 333 K 

k3,ref and k5,ref were the only adjusted parameters.  
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Mass balance equation for the aqueous phase: 

( ) ( ),

1 ,

FA Aq

TOT FA FA Aq Aq

dn
F y r J V

dt
= + − −    (A.3) 

( ) ( )1 ,
FA

TOT FA ND FA FA Aq Aq

dn
F y x r r J V

dt
= + − − −    (A.4) 

( ) ( )FA
TOT FA D FA Aq

dn
F y x r V

dt

−

= +   (A.5) 

( ) ( )1
HP

TOT HP Aq

dn
F y r V

dt
= + −    (A.6) 

( ) ( ),

1 2 ,

PFA Aq

TOT PFA PFA Aq Aq

dn
F y r r J V

dt
= + − −    (A.7) 

( ) ( )1 2
W

TOT W Aq

dn
F y r r V

dt
= + +    (A.8) 

( )3 4

3 4

H PO

H PO Aq

dn
r V

dt
= −    (A.9) 

( )2 4

3 4

−

=
H PO

H PO Aq

dn
r V

dt
   (A.10) 

( )
3 4

H
H PO FA Aq

dn
r r V

dt

+

= +    (A.11) 

Mass balance for the organic phase 

( ),

3 ,

PFA Org

PFA Aq Org

dn
r J V

dt
= − +    (A.12) 

( ),

3 ,

FA Org

FA Org Org

dn
r J V

dt
= +    (A.13) 

( )3
DB

Org

dn
r V

dt
= −    (A.14) 

( )3 4 5
E

Org

dn
r r r V

dt
= − −    (A.15) 

( )4 5
BP

Org

dn
r r V

dt
= +    (A.16) 
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Definition of other variables: 

1

( )
i

n

r i r p

i

q r HV
=

= −     (A.17) 

( )e jq UA T T= −    (A.18) 

( ),

1

n

c i p i add

i

q wC T T
=

 
= − 
 
    (A.19) 

Org Org Aq AqCp f Cp f Cp= +    (A.20) 

The system of algebraic equations solved to determine the concentration at the initial time for the 

species active in the dissociation equilibria is represented in Equations A.21 – A.28. 

, 0a FA FAFA H
c c K c− + − =    (A.21) 

( )0 0FA FAFA
c c c−− + =    (A.22) 

0WH OH
c c K+ − − =    (A.23) 

3 4 3 42 4
, 0a H PO H POH PO H

c c K c− + − =    (A.24) 

2
4 2 4 2 4,

0
HPO H a H PO H PO

c c K c− + − −− =    (A.25) 

3 2 2
4 4 4,

0
PO H a HPO HPO

c c K c− + − −− =    (A.26) 

( )2 3
3 4 3 4 2 4 4 4

0 0H PO H PO H PO HPO PO
c c c c c− − −− + + + =    (A.27) 

( )2 3
2 4 4 4

2 3 0
H H PO HPO PO FA OH

c c c c c c+ − − − − −− + + + + =   (A.28) 

The concentration of these species was also evaluated in the solution fed inside the reactor, namely, 

formic acid and phosphoric acid. For the former solution, formic acid, the system of algebraic 

equation consisted only of equations A.21 – A.23, and the equation A.28 became: 

( ) 0
H FA OH

c c c+ − −− + =   

On the other hand, for the latter, phosphoric acid, the algebraic equations considered were A.23 - 

A.27, in this case, the equation A.28 became: 

( )2 3
2 4 4 4

2 3 0
H H PO HPO PO OH

c c c c c+ − − − −− + + + =
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4.  Kinetics of performic acid formation and decomposition 

[Article III] 

The synthesis of percarboxylic acid represents a key reaction step in the epoxidation via the 

concept of Prilezhaev. Indeed, percarboxylic acids thanks to their solubility in the organic phase 

and the high oxidant potential are employed as oxidizing agents, delivering the oxygen from the 

aqueous to the organic phase and reacting with the vegetable oil unsaturations. However, 

percarboxylic acids suffer from some drawbacks, such as explosiveness at high concentrations and 

thermal instability 10,54. For these reasons, the epoxidation process is carried out in a semibatch 

configuration synthetizing the percarboxylic acid in situ. Performic and peracetic acids are mainly 

used in the epoxidation process via the Prilezhaev concept. The former, namely performic acid, 

gives a higher epoxidation reaction rate 55, but it easily decomposes even at room temperature 10. 

Conversely, peracetic acid is more stable and selective towards the epoxy group even though it is 

less reactive. Despite the higher operative temperature required, compromising the thermal 

stability and enhancing the ring-opening reactions, peracetic acid is generally preferred to 

performic acid.  

With the purpose of shifting the semibatch process technology to a continuous operation, the 

understanding of the performic acid formation reaction as well as all the phenomena that could 

affect its thermal decomposition need to be understood. From experiments performed in the 

presence of performic acid, especially in the epoxidation process, we considered the possibility 

that stabilizing agents present in the hydrogen peroxide solution can affect the decomposition 

reaction rate. Commercial hydrogen peroxide solutions are stabilized to prevent or, at least, reduce 

the H2O2 decomposition. The commonly used stabilizers are of several types: mineral acids to keep 

the solution acidic (pH 3.5–4.5), complexing/chelating agents to inhibit metal-catalysed 

decomposition, or colloids to neutralize small amounts of colloidal catalysts or adsorb/absorb 

impurities. Different stabilizing agents are used in these solutions, i.e., acetanilide, urea, uric acid 

at various concentration levels.  For this reason, a reliable kinetic investigation was the motivation 

of the present study. This step is crucial to the aim of the entire project because, as already 

mentioned, the percarboxylic acid formation is mandatory for the epoxidation reaction and the 

product represents one of the most dangerous chemicals to be handled.    
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4.1  Effect of H2O2 stabilizers on performic acid decomposition 

The synthesis and decomposition of performic acid was studied in a batch reactor adopting the 

conditions depicted in Table 3. Hydrogen peroxide solution (50 % wt.) supplied by three different 

companies were used in the experiments aimed at the study of the effect of the stabilizers on the 

decomposition rate. The gas developed from the decomposition reaction was conveyed and 

measured into a gas-volumetric system through a condenser to avoid any loss of water by 

evaporation.  

Table 3: Operation conditions adopted during the experiments, T = 333 K, WTOT = 0.05 kg. 

Experiment Supplier 
c

FA 

[mol/m3] 

c
HP 

[mol/m3] 

c
W

 

[mol/m3] 

c
H3PO4

 

[mol/m3] 

1 Sigma Aldrich 3274 15078 28462 160 

2 Solvay 3279 15077 28459 158 

3 Across Organics 3278 15078 28461 158 

From the kinetic experiments depicted in Figure 14, it is possible to note that all of them had an 

induction time, in which the performic acid formation occurs, then the detected gas volume 

increased due to the decomposition reaction.  
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Figure 14: Experimental results obtained from the kinetic experiments in Table 3. 
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The first part of the reaction is similar for all the experiments, during this period the performic acid 

formation and decomposition are consecutive processes. This behaviour is expected as the 

formation reaction is not influenced by the hydrogen peroxide stabilizers. Later, as the 

decomposition reaction becomes predominant, the trend of each experiment differs in the slope 

confirming that the stabilizing agents can inhibit the decomposition reaction. Furthermore, it 

should be pointed out how the experiment performed with a solution of hydrogen peroxide 

supplied by Sigma Aldrich seems to slightly decrease in slope, indicating that the performic acid 

in the solution was running out. By looking at the obtained results, it is more evident that the 

decomposition kinetics depends on the hydrogen peroxide solution used, thus the nature of the 

inhibitors, so this effect on the decomposition rate, must be considered in future studies.  

4.2  Mechanisms and kinetics 

Percarboxylic acids are commonly synthetised in situ by bringing the corresponding carboxylic 

acid in contact with a solution of hydrogen peroxide. The reaction is a reversible acid-catalysed 

reaction that take place in the presence of homogeneous or heterogeneous acid catalyst as displayed 

in Figure 15. 

The forward reaction (perhydrolysis) is promoted by the hydrogen peroxide concentration, and the 

equilibrium can be shifted towards the products by increasing hydrogen peroxide-to-carboxylic 

acid molar ratio. The acid concentration also plays a crucial role; despite the reaction can take 

place in an self-catalysed mode thanks to the acid strength of the carboxylic acid, the presence of 

an added acid catalyst improves considerably the peroxyacid formation rate 56,57.  

The mechanism of the forward reaction step, the perhydrolysis, is an acid-catalysed nucleophilic 

addition at the carbocation as displayed in Figure 16. The first step is the protonation of the oxygen 

atom of the carboxylic acid and the formation of a carbocation. The protonation with the formation 

of the carbocation and its back- and forward reactions are in equilibrium and are considered fast 

enough 57–59. Subsequently, the second step is the nucleophilic attack of the hydrogen peroxide to 

Figure 15: Percarboxylic acid formation reaction, (R = H, Aryl, Alkyl). 
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the electrophilic carbocation which brings to the reaction intermediate which is in equilibrium with 

a tertiary carbocation by expelling water, the stoichiometric co-product of the reaction. The 

nucleophilic attack is generally considered as the rate-determining step of the forward reaction 57–

59. Finally, the last step is the rapid decay of the reaction intermediate to percarboxylic acid. 

The backward reaction, the hydrolysis, takes place with an analogous mechanism, namely acid-

catalysed nucleophilic addition at the carbocation, as displayed in Figure 17. After the protonation 

of the oxygen on the carboxylic-oxygen, the nucleophilic attack at the carbocation, which is 

generally considered as the rate-determining step, brings to the reaction intermediate. The decay 

of the reaction intermediate produces the carboxylic acid.  

Considering the reaction mechanisms and the rate-determining steps, it is straightforward to 

understand the generation rate presented in Equation 29. 

1 1 , ,

1
+

 
= − 

 
FA Aq HP PFA Aq WH

E

r k c c c c c
K

   (29) 

The thermal decomposition can take place through two pathways 10,60, a spontaneous one in which 

the corresponding carboxylic acid and oxygen are the by-products and, a radical one, where an 

alcohol and carbon dioxide are the main products, as depicted in Figure 18.   

Figure 16: Percarboxylic acid perhydrolysis mechanism. 

Figure 17: Percarboxylic acid hydrolysis mechanism. 
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However, from the studies related to the performic acid synthesis and decomposition, the loss of 

active oxygen through to the formation of water and liberation of carbon dioxide, taking place only 

via the radical mechanism, excluding the concerted pathway 54,61,62. Considering the experimental 

results obtained about the effect of the stabilizers on the performic acid decomposition, the reaction 

rate must consider this effect. Thus, from these results and the information retrieved from 

literature, we proposed a kinetic model in which these phenomena were taken into account to 

rearrange the experimental data presented in previous article about the topic. 

4.3  Description of the kinetic model 

The kinetic model was sketched starting from these assumptions: 

a) hydrogen peroxide decomposition does not take place at the conditions adopted, 

b) protonic concentration was evaluated from the ionization equilibria for phosphoric acid, 

formic acid, and water at the operating temperature adopted, 

c) because of the low contribution of the diprotic and triprotic phosphoric acid ionization, the 

temperature dependence of the equilibrium constants was neglected, 

d) performic acid and hydrogen peroxide ionization equilibria were neglected, 

e) ionization considered at the equilibrium at time zero of reaction, the evolution of the 

species was evaluated in a dynamic way solving a system of differential algebraic equations 

(DAEs),    

f) performic acid decomposition takes place only via the radical mechanism, 

g) reaction enthalpy was evaluated as sum of the heat of formation of the compounds that take 

part to the performic acid formation (Δr1
H = 54.90 kJ/mol), 

h) liquid-phase reaction volume was considered constant.   

Figure 18: Performic acid decomposition reaction pathways, (I) radical, (II) concerted. 
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The reaction system is composed of two reactions, the performic acid formation and its thermal 

decomposition. Concerning the formation, its generation is expressed in Equation 29. About the 

decomposition, the effect of the stabilizers has to be taken into account in the generation rate. Thus, 

the kinetic law proposed was based on the idea that the performic acid can react in a reversible 

reaction with the stabilizing agents (S), responsible for the performic acid decomposition 

inhibition, leading to a stabilized performic acid (HCOOOH*), as depicted in the reaction scheme 

(VII). 

S

S

k
*

k
HCOOOH S HCOOOH

+

−

⎯⎯→+ ⎯⎯                       (VII) 

Thus, performic acid is involved in the hydrolysis reaction, thermal decomposition reaction and in 

the stabilizing reaction. The kinetic laws for the latter two are represented in Equations 30 - 31. 

2 2= PFA Fr k c    (30) 

+ −= −S PFA F S PFA SS S
r k c c k c    (31) 

where θF is the fraction of performic acid able to decompose, and θS is the amount stabilized by 

the stabilizing agents present in the hydrogen peroxide solution. By applying the quasi-equilibrium 

hypothesis to the reaction VII, and considering that the sum of the amount free to decompose (θF) 

and the amount stabilized (θS) is equal to 1, the amount of performic acid able to decompose can 

be solved analytically, as represented in Equation 32. 

1

1
F

S SK c
 =

+
   (32) 

Finally, by substituting this value in Equation 30, we can obtain the final generation law for the 

decomposition reaction that considers the effect of the stabilizers as represented in Equation 33. 

2
2 01

PFA

S HP

k c
r

K c
=

+
   (33) 

It must be specified that as the type and concentration of the stabilizers (cS) is not known, and they 

are not consumed along the reaction, as a first approximation, their amount was quantified with 

the amount of hydrogen peroxide at the time zero of reaction (c0
HP).  
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Acid-base equilibria were addressed as the performic acid generation rate depends on the amounts 

of protons in the system. The phosphoric acid presents three dissociation equilibria, as shown in 

VIII – X, where the values of the equilibrium constants are referred at 298 K. 

a ,H PO3 4
K

3 4 2 4H PO H PO H− +⎯⎯⎯⎯→ +⎯⎯⎯⎯   
3 4

3

, 7.11 10a H POK −=                       VIII 

a ,H PO2 4
K

2

2 4 4H PO HPO H
−

− − +⎯⎯⎯⎯→ +⎯⎯⎯⎯   
2 4

8

,
6.31 10

a H PO
K −

−=                        IX

2a ,HPO
4

K
2 3

4 4HPO PO H
−

− − +⎯⎯⎯⎯→ +⎯⎯⎯⎯    2
4

13

,
4.80 10

a HPO
K −

−=                         X 

The formic acid and the water ionization equilibria are represented in XI – XII, where the 

equilibrium constants are given at 298 K.  

a ,FAK

HCOOH HCOO H− +⎯⎯⎯→ +⎯⎯⎯   
4

, 1.77 10−= a FAK                       XI

WK

2H O OH H− +⎯⎯→ +⎯⎯    141.00 10−= WK                             XII 

The temperature dependence of the equilibrium constants are depicted in Equation 34 for 

phosphoric acid 49, Equation 35 for formic acid 50, and Equation 36 for water 63.  

3 4,

799.31
log( ) 4.55 0.01− = − +a H POK T

T
  (34) 

,

2773.90
log( ) 57.53 9.12ln( )− = − + +a FAK T

T
  (35) 

6
10

2

1.01 10
8.75 10 exp−  − 

=   
 

WK
T

  (36) 

Consequently, it is possible to define the generation rates for all the dissociation equilibria, as 

shown in Equations 37 – 41. 

2 4

3 4 3 4

3 4,

H PO H

H PO H PO
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   (41) 

The kinetic model is characterized by 12 differential equations describing the evolution of the 12 

species. The generic mass balance is given in Equation 42, the detailed system of DAEs is reported 

in Annex B. 

,

1

n
i

i j j

j

dc
r

dt


=

=    (42) 

The solution of the system of DAEs requires the knowledge of several kinetic parameters related 

to the performic acid formation and decomposition. The adopted strategy was to estimate the 

kinetic parameters for the performic acid formation from the data published in a previous study 

where the similar hypothesis as listed above were applied 61. Then, by keeping the performic acid 

formation kinetic parameters fixed, the decomposition kinetic parameters were estimated from an 

experimental study devoted to the performic acid decomposition where the evolution of carbon 

dioxide, the by-product of the decomposition reaction, was recorded 40. 

4.3.1 Results of regression analysis  

Figures 19 - 20 depict the agreement between the experimental and the calculated data obtained 

with the application of the kinetic model where the effect of the stabilizers on the decomposition 

reaction are considered. However, as the first set of the experimental data retrieved from the 

literature were all obtained with the same amounts of reactants, only the reaction temperature was 

modified, hiding the effect of the stabilizers on the performic acid decomposition. For this reason, 

the kinetic law for the decomposition reaction was considered equal to Equation 43, where (k2
*) 

was the observed kinetic constant, which includes the ratio between the intrinsic kinetic constant 

(k2) and the term concerning the effect of the stabilizers (KS), as presented in Equation 44. 

*

2 2= PFAr k c   (43) 
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* 2
2 01 S HP

k
k

K c
=

+
   (44) 

The value of the kinetic parameters estimated from regression analysis on the experimental data 

are represented in Table 4. 

 

Table 4: Parameters estimated from regression analysis on the experimental data from ref .61. 

Parameter Value C.I. 95 % Unit 
Correlation Matrix 

k1,ref Ea1 KE,ref k*
2,ref Ea2 

k1,ref 1.730∙10-9 0.004∙10-9 (m3)2/(mol2 s) 1     

Ea1 40.7 0.2 kJ/mol 0.4 1    

KE,ref 11.04 0.06 - -0.3 0.4 1   

k*
2,ref 4.48∙10-7 0.02∙10-7 m3/(mol s) 0.1 0.1 0.1 1  

Ea2 72.2 0.2 kJ/mol 0.1 0.1 -0.1 0.6 1 
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Figure 19: Experimental data (scatter) and calculated data (line); A: H2O2 (HP), B: HCOOOH (PFA) 
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Finally, by keeping the kinetic parameters of the perhydrolysis reaction fixed, namely k1,ref, Ea1 

and KE,ref, the kinetic model was employed for the estimation of the kinetic parameters related to 

the performic acid decomposition reaction, by mathematical regression on a different set of 

experimental data retrieved from literature 40. The agreement between the experimental data and 

the calculated ones are depicted in Figures 21 - 23. Furthermore, the values of the adjusted kinetic 

parameters are displayed in Table 5. 

 

Table 5: Parameters estimated by regression analysis on the experimental data from ref. 40 . 

Parameter Value C.I. 95 % Unit 
Correlation Matrix 

k2,ref Ea2 KS 

k2,ref 1.04 0.04 m3/(mol s) 1   

Ea2 102.0 1.00 kJ/mol 0.4 1  

KS 0.43 0.02 - 0.6 0.6 1 

Figure 20: Parity plot of concentrations. 
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Figure 21: Experimental (scatter) and calculated (line) data from experiments in the presence of H3PO4. 

Legend: A) Effect of the temperature, B) Effect of the H3PO4 concentration, C), Effect of formic acid, D) Effect of H2O2. 
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Figure 22: Experimental (scatter) and calculated (line) data from experiments in self-catalytic mode. 

Legend: A) Effect of the temperature, B) Effect of the formic acid concentration, C), Effect of hydrogen peroxide. 
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Figure 23: Parity plot of CO2 volume. 
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4.4  Annex B 

The kinetic parameters obtained from regression analysis on the experimental data, retrieved from 

literature were obtained applying the modified Arrhenius equation, as depicted in Equation B.1, 

and Van’t Hoff Equation B.2 was adopted for the determination of the equilibrium constant. 

,

1 1
exp i

i i ref

ref

Ea
k k

R T T

  −
= −    

  

   (B.1) 

,

1 1
exp ri

i i ref

ref

H
K K

R T T

  −
= −   

   

   (B.2) 

The system of algebraic equations was solved in order to define the initial concentrations of the 

species active in the dissociation equilibria.  

, 0a FA FAFA H
c c K c− + − =    (B.3) 

( )0 0FA FAFA
c c c−− + =    (B.4) 

0WH OH
c c K+ − − =    (B.5) 

3 4 3 42 4
, 0a H PO H POH PO H

c c K c− + − =    (B.6) 

2
4 2 4 2 4,

0
HPO H a H PO H PO

c c K c− + − −− =    (B.7) 

3 2 2
4 4 4,

0
PO H a HPO HPO

c c K c− + − −− =   (B.8) 

( )2 3
3 4 3 4 2 4 4 4

0 0H PO H PO H PO HPO PO
c c c c c− − −− + + + =   (B.9)

( )2 3
2 4 4 4

2 3 0
H H PO HPO PO FA OH

c c c c c c+ − − − − −− + + + + =  (B.10) 

In case that the performic acid synthesis was carried out in self-catalytic mode, the system of 

algebraic equations did not include the Equations B.6 – B.9, and Equation B.10 becomes: 

( ) 0
H FA OH

c c c+ − −− + =  

The system of ordinary difference equations describing the mass balance are written as: 
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1
FA
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Finally, the volume of CO2 generated from the decomposition reaction was calculated from the 

ideal gas law according to Equation B.23. 

2

2

CO

CO

n RT
V

p
=    (B.23)
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5.  Epoxidation in continuous device [Patent] 

The epoxidation via the Prilezhaev reaction method was finally investigated in continuous 

operation. In the first stage, cardoon oil was used as the organic substrate as it presents a chemical 

composition similar to soybean oil but is obtained from a non-edible source. The experiments were 

carried out adopting a molar ratio in the aqueous phase as described in previous studies 37, namely 

FA:H2O2:H3PO4 equal to 0.15:1:0.01, and similar to the value used in the previous investigations 

[Articles II, IV]. A hydrogen peroxide solution at 30 % wt. was used at the beginning of the 

experimental study. 

5.1  Reactor configuration I [Article VI] 

Firstly, the continuous operation was performed in a reactor configuration consisting of a single 

tubular reactor, as described in Chapter 2. The set of experiments carried out in the first reactor 

configuration are summarized in Table 6. 

Table 6: Experiments performed in the reactor configuration I. 

S-C : Self-Catalyzed experiment (Blank). 

Experiment 
T 

[K] 

QTOT 

[m3/s] 

Ratio 

[m3
ORG:m3

AQ] 

Ratio 

[molH2O2
:molDB] 

1 313 1.67∙10-8 1:2 1:0.20 

2 313 1.67∙10-8 1:3 1:0.15 

3 313 1.67∙10-8 1:5 1:0.09 

4 313 1.67∙10-8 1:9 1:0.05 

5 (S-C) 313 1.67∙10-8 1:2 1:0.20 

6 (S-C) 313 1.67∙10-8 1:5 1:0.09 

7 (S-C) 313 1.67∙10-8 1:9 1:0.05 

8 313 1.25∙10-8 1:9 1:0.05 

9 313 8.33∙10-9 1:9 1:0.05 

10 308 8.33∙10-9 1:9 1:0.05 

11 318 8.33∙10-9 1:9 1:0.05 

12 313 8.33∙10-9 1:9 1:0.04 

13 313 8.33∙10-9 1:9 1:0.03 
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5.1.1 Effect of the volumetric flow ratio 

The first set of experiments was devoted to the investigation of the organic-to-aqueous phase 

volumetric ratio, entries 1 to 4, Table 6. Conversely from the generally adopted operating 

conditions, we preferred to study the effect by dispersing the organic phase into the aqueous phase. 

The reason behind this choice is the higher specific heat coefficient of the aqueous phase which 

guarantees a faster energy transfer and efficient heat removal, avoiding sharp temperature 

increments. The results, depicted in Figure 24, represent stationary conditions. From the 

experimental results, it is possible to appreciate the double bond conversion increment along the 

increment of the volumetric ratio.  

This behaviour was expected because, as well as the molar ratio between the reactants in the 

aqueous phase and the double bonds increases, the organic phase had a longer residence time inside 

the reactor. Nevertheless, the selectivity to the target product does not present the expected trend 

but seems to reach a maximum. In general, it could be concluded that the selectivity is practically 

constant or falling within the error bar for the experiments with a conversion lower than 10 %, as 

can be seen on the right-hand side in Figure 24, but then decreases to a lower value in the 

experiment at the highest volumetric ratio.   

  

Figure 24: Double bond conversion and selectivity to epoxide at different volumetric ratio. 
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5.1.2 Self-catalyzed experiments  

The same kind of experiments were carried out under self-catalyzed conditions, entries 5 to 7, 

Table 6. It is well known that the acidity brought by the mineral acid catalyst contributes to the 

ring-opening reactions impairing the epoxide selectivity. Furthermore, its neutralization enlarges 

the time and costs in the downstream separation steps. For these reasons a reaction process in the 

absence of mineral acid catalysts is highly desirable.  

The results obtained, and displayed in Figure 25, show a similar trend to the results obtained in the 

presence of the mineral acid catalyst (H3PO4). A comparison between the two cases, under similar 

conditions, is displayed in Figure 26. From the figure, it is possible to notice that at the reaction 

conditions where the organic-to-aqueous phase volumetric ratio was equal to 1:2 (entry 5, Table 

6) the experiment, in the absence of the mineral acid catalyst gave a comparable conversion with 

the experiment performed in the presence of the mineral acid catalyst, but it presented a 

considerably higher selectivity. However, during the experiment at the organic-to-aqueous 

volumetric ratio equal to 1:9 (entry 7, Table 6), the selectivity obtained in the self-catalyzed 

experiment is equal to the one obtained in the presence of the mineral acid catalyst, despite the 

conversion in the latter case is higher than in the former. The reason behind this observation could 

be addressed to the enhanced perhydrolysis reaction rate because of the presence of the mineral 

acid catalysts, which in turn improves the epoxidation conversion, because of a higher amount of 

Figure 25: Conversion and selectivity in self-catalyzed experiments. 
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performic acid in the system. On the other hand, concerning the selectivity, due to the higher 

amount of the aqueous phase inside the system, the system is acidic enough even in the absence 

of the mineral acid catalyst to contribute to the ring-opening reaction with the same magnitude as 

in the experiment conducted in the presence of the mineral acid catalyst. Because of these results, 

we decided to continue the experiments working with a mineral acid catalyst.   

 

5.1.3 Effect of total volumetric flow 

The effect of the total volumetric flow rate was studied keeping the organic-to-aqueous volumetric 

ratio 1:9 and having phosphoric acid as the mineral acid catalyst (entries 4, 8 – 9, Table 6). The 

results are depicted in Figure 27. The double bond conversion increases along the residence time 

inside the reactor reaching a value of 30 % at a total volumetric flow of 8.33∙10-9 m3/s (entry 9). It 

is interesting to notice how the epoxide selectivity obtained was almost constant in the whole set 

of experiments.     

Figure 26: Comparison of the results in terms of A) Conversion and B) Selectivity between the experiments in 

the presence of H3PO4 and in auto-catalyzed modality. 
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5.1.4 Temperature effect 

The operating temperature was varied in the range between 308 and 318 K (entries 9 to 11, Table 

6). The experiments were conducted with a total volumetric flow of 8.33∙10-9 m3/s and an organic-

to aqueous volumetric ratio equal to 1:9. Phosphoric acid was used as the mineral acid catalyst.   

Figure 27: Effect of the total volumetric flow on the conversion and selectivity. 
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Figure 28: Conversion and selectivity at different operating temperature. 
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The experimental results obtained are depicted in Figure 28. The conversion degree increased 

substantially along with the operating temperature. As expected, the selectivity decreased due to 

the enhancement of the ring-opening reactions. Despite the experiment at the highest operating 

temperature gave the highest degree of conversion, the decomposition of performic acid at this 

temperature was too pronounced, producing a considerable amount of gas inside the reactor. The 

presence of gas can lead to unsafe conditions in the system as it can accumulate on the topside of 

the tubular reactor and push the liquid phase to the bottom, thus increasing the pressure. For this 

reason, the temperature of 313 K was selected as the highest operating temperature for a safe 

operation. In fact, despite the decomposition was present at this temperature too, the amount of 

gas was never forming a layer at the outlet section of the reactor, allowing the liquid phase to flow 

out regularly.  

5.1.5 Hydrogen peroxide concentration 

Finally, the last operating parameter to be investigated was the hydrogen peroxide concentration 

(entries 12 – 13, Table 6). The previous experiments were all conducted in the presence of a 30 % 

wt. hydrogen peroxide solution. It must be pointed out that for safety reasons, the molar ratio 

between the reactants in the aqueous phase, namely hydrogen peroxide, formic acid, and 

phosphoric acid, was kept always as in the previous experiments. What was basically changed was 

Figure 29: Effect of the H2O2 concentration on the conversion and selectivity. 
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the amount of water that, in the performic acid formation reaction shifts the equilibrium to the left-

hand side, thus limiting the performic acid formation. 

From the results obtained with different hydrogen peroxide solutions, depicted in Figure 29, it is 

possible to notice the limiting effect of water. In fact, by increasing the solution concentration, 

indirectly decreasing the amount of water inside the system, the double bond conversion reached 

almost a value of 100 %. Furthermore, also the selectivity increased along with the hydrogen 

peroxide concentration. This behavior could be related to the low amount of water as well, because 

the amount of nucleophilic compound that takes part in the ring opening reaction was decreased 

considerably.  

Because of the exothermicity of the epoxidation reaction it is of crucial importance to check, and 

if possible, to control the temperature profile inside the reactor, along the axial coordinate. As 

already mentioned, in order to enhance the heat dissipation of the reaction mixture, the organic 

phase was dispersed in the aqueous one. Nevertheless, a thermocouple was placed inside the 

reactor to record the temperature profile along the reaction time and the reactor length. 

Temperature measurements were done for each experiment. Figure 30 shows the temperature 

profile, under stationary conditions, for the experiment where the highest double bond conversion 

was achieved, namely entries 13, Table 6. It is possible to notice from the figure that the 

temperature profile was practically constant along the axial coordinate of the rector. A small 

Figure 30: Temperature profile inside the reactor under steady state condition (entry 13, Table 6). 
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increment of temperature, less than 0.2 K, was observed soon after the inlet section of the reactor 

where fresh reagents were mixed. However, it is possible to conclude that the reactor worked under 

isothermal conditions. Furthermore, it is possible to notice that at the inlet section of the reactor, 

the reaction mixture presents a temperature lower than the operative temperature because the 

aqueous reagents were fed at room temperature.    

5.1.6 Characterization of fluid dynamics 

The fluid dynamics of the tubular reactor used in the reaction experiments was studied to determine 

the residence time distribution (τ), reactor void degree (ε) and axial dispersion coefficient (Dz). 

The characterization was done by step response experiments feeding both phases at the same time 

and analysing them, along time, at the reactor outlet section. Table 7 summarises the experimental 

matrix of the fluid dynamic experiments. 

Table 7: Fluid dynamic experiments conditions. 

Exp. 
T 

[K] 

QTOT 

[m3/s] 

Ratio 

[m3
Org/m3

Aq] 

1 298 1.67∙10-8 1:1 

2 298 1.25∙10-8 1:1 

3 298 8.33∙10-9 1:1 

4 298 1.67∙10-8 1:2 

5 298 1.67∙10-9 1:4 

The fluid dynamics characterization was performed under different conditions, studying the effect 

of the total volumetric flow and the volumetric ratio between the two immiscible phases. The 

experimental results were elaborated using Equation 45, where φT is the dimensionless 

concentration of the tracer in the ith phase, defined as the ratio between the concentration at the 

outlet (cT,j(t)) and inlet (cT,j0) sections. τT is the residence time of the tracer in the ith phase in the 

reactor without any static mixer, calculated as the ratio between the reactor volume over the 

volumetric flow of the phase (Qi). The closed-closed vessel conditions, Equations 46 and 47, were 

applied as boundary conditions because of the smaller volume of the pipes at both inlet and outlet 

sections of the reactor, which did not influence the flow before the reactor. 
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Figure 31 displays the experimental and calculated results for the experiments performed with a 

fixed volumetric ratio, namely 1:1 m3
Org/m

3
Aq, with different total volumetric flow rates (entries 1 

to 3, Table7).  
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Figure 31: Experimental (scatter) and simulated (line) results from the fluid dynamic experiments. 
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It is possible to appreciate how, at the adopted conditions, the two phases spent the same residence 

time inside the reactor during the test at a higher total volumetric flow (Entry 1, Table 7, Fig.31, 

A). However, by decreasing the total volumetric flow, the two phases showed different behaviours, 

presenting differences in the residence time despite the same volumetric flow. Furthermore, the 

shape of the step-response curve changes along the total volumetric flow. At the highest value, 

namely 1.67∙10-8 m3/s, the step-response curve was symmetrical for both phases, condition of a 

system with small axial dispersion phenomena. This condition was no longer achieved at lower 

total volumetric flows, namely 1.25∙10-8 and 8.33∙10-9 m3/s. Furthermore, the residence time of the 

organic phase was shorter than the aqueous phase residence time. These phenomena could be 

related to the more rapid diffusion over the convective phenomena of the oil phase, which, because 

of the lower density with respect the aqueous phase, tends to move faster upward at low volumetric 

flows. Finally, the experiments at different volumetric flow ratios (entries 4 and 5, Table 7) are 

reported in Figure 32. 

What is interesting to notice from the experiments at different volumetric flow rates is that the 

residence time of the organic phase is shortened compared to the theoretical residence time, which 

is related to the large amount of the aqueous phase that dragged the organic one along the reactor, 

resulting in a shorter residence time. This aspect is pointed out by the Péclet number in Figure 33. 

As far as we know, fluid dynamic studies about liquid-liquid systems in packed tubular reactors 

are generally conducted by studying experimentally the two phases separately 64,65 or theoretically 
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Figure 32: Experimental (scatter) and calculated (line) data from the fluid dynamic experiments at different 

volumetric ratios. 
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approximating the problem to a single droplet in a quiescent continuous phase 66–68, thus a direct 

comparison with literature data is not possible. However, a general discussion is still possible to 

explain the trend obtained for the Péclet number at different dispersed phase hold-ups. The Péclet 

number trend along with the decreasing dispersed phase hold-up (ϕ
Org

) is simply related to the 

lower viscosity of the mixture, due to the lower amount of the organic phase, and consequently 

higher degree of axial dispersion is obtained. The effect of the higher viscosity of the organic phase 

affecting the axial dispersion phenomena is also visible by considering the Péclet numbers for both 

phases at the volumetric flow ratio 1:1, where the Péclet number for the organic phase is larger 

than the value for the aqueous phase. 

On the other hand, the dragging effect of the continuous phase, water, on the dispersed one, oil, is 

related to the drag coefficient (CD) which is an important parameter to consider in the 

characterization of the fluid dynamics of a dispersed phase into a continuous one, i.e., fluid-fluid 

and solid-fluid systems. The drag coefficient depends on both Reynolds number and the viscosity 

ratio (μD/μC = μ*), indeed. Generally, by considering a liquid-liquid system, the drag coefficient 

increases at lower Reynolds numbers, which is the case of our experiments as the volumetric flow 

of the dispersed phase, hence the Raynolds number, decreased. Furthermore, for certain values of 

Reynolds number the particle starts to deform resulting in a sharp increment of the drag coefficient. 

This transition is generally evaluated through the critical Weber number (We) 67. Thus, it is easy 

to understand that the interfacial tension between the disperse and continuous phase also plays a 

Figure 33: Péclet number for aqueous and organic phase at different volumetric ratios, (entries 1, 4 - 5, Table 7) 
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crucial role in the particle shape and drag effect. Customarily, it is possible to calculate these 

parameters under operative conditions when the system is the Stokes regime (Re < 1) or the 

dispersed phase particles can be approximated to rigid speres (μ* → ꝏ) 67. However, for such a 

liquid-liquid system, where the contact surface is mobile, the use of correlations is possible only 

after the determination of the droplet size distribution (DSD).   

5.1.7 Kinetics and reactor modelling 

Based on the experimental data, a mathematical model was developed for the description of the 

kinetics, mass transfer and flow pattern in the reactor configuration. The reaction system comprises 

several consecutive reactions taking place in the two immiscible liquids and at the interphase 

between them. Furthermore, protonic equilibria and mass transfer phenomena between the two 

phases must be considered to address the behaviour of the reaction system thoroughly. 

Nevertheless, the following assumptions were considered in the model: 

• The hydrogen peroxide decomposition does not occur under the adopted operation 

conditions 69. 

• Performic acid and formic acid are the only species able to diffuse between the two 

immiscible phases. 

• Protonic concentration is evaluated from the dissociation equilibria of H3PO4, formic acid 

and H2O at the operation temperature. 

• Performic acid and hydrogen peroxide dissociation constants are much smaller than 

H3PO4, FA and H2O, so their dissociation equilibria are considered negligible. 

• The effect of the ring-opening reactions is evaluated by considering the concentrations at 

the interphase.  

The description of the continuous configuration starts from the extensively discussed generation 

rates for the performic acid formation (48) and decomposition (49), as well as epoxidation (50) 

and ring-opening reactions (51). 

1 1 , ,

1
+

 
= − 

 
FA Aq HP PFA Aq WH

E

r k c c c c c
K

   (48) 
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4 4 E FA HP PFA WH
r k c c c c c c += + + +    (51) 

Concerning the first three reaction rates, all the kinetic parameters were kept fixed as they have 

been estimated in independent studies. Because of the similar chemical composition between the 

cardoon oil and the soybean oil, the epoxidation kinetic constant was set equal to the one obtained 

with the soybean oil 39. Only the ring-opening reaction taking place with the protonic attack on the 

epoxidized oxygen was considered as a first approximation. This decision was taken because in 

this stage it was not possible to differentiate the contribution of the two mechanisms. In fact, the 

kinetic parameters estimated in previous studies 25, intrinsically comprise the interfacial surface 

developed in the semibatch configuration and for this configuration the interfacial area is not the 

same and the kinetic constants must be adjusted. Thus, the mathematical regression to estimate 

both parameters might cause a high correlation and loss of the reliability of the parameters. 

Detailed information about the kinetic parameters is available in Annex C. 

The mass balances for the multiphase tubular reactor are based on the following fundamental 

concepts:  

• Separate mass balance equations for the organic and aqueous phases. 

• The energy balance equations of both phases were neglected as constant temperature 

profiles were observed experimentally. 

• Interfacial mass transfer takes place between the aqueous and oil phases. 

• Both transient and stationary states of the reactor are considered, therefore the model is 

written in a completely dynamic form including the time derivatives of the concentrations 

(dc/dt). 

• The pressure drop in the column reactor is neglected. 

Based on these fundamental assumptions, the mass balance equations for the aqueous (Aq) and 

organic (Org) phases are written in Equations 52 and 53, respectively. 



62 

   

2 n
i,Aq i,Aq i,Aq i,Aq

Aq Aq i, j j,Aq2
j 1 Aq

c c c J
u Dz r

t z z =

  
= − + +  −

   
  (52) 

2 n
i,Org i,Org i,Org i,Org

Org Org i, j j,Org2
j 1 Org

c c c J
u Dz r

t z z =

  
= − + +  +

   
  (53) 

The two-film theory of Whitman 52 was adopted at the liquid-liquid interphase to define the mass 

flux of the portioned compound in the two phases, Equations 54 and 55,  

' *

i,Aq i,Aq i,Aq i,AqJ k (c c )= −    (54) 

' *

i,Org i,Org i,Org i,OrgJ k (c c )= −    (55) 

where, the mass transfer coefficient of the ith species in the jth phase (ki,j’), is a merged mass transfer 

coefficient and equal to the product between the mass transfer coefficient, of the same component 

in the same phase, and the liquid-liquid interfacial area (asp). Furthermore, by considering that the 

partition coefficient (mi) is defined as the ratio between the concentration at the interphase of the 

ith compound in the organic phase (ci,Org
*), over the concentration at the interphase of the same 

compound in the aqueous phase (ci,Aq
*), it is possible to analytically define the concentration at the 

interphase, as expressed in Equations 56 and 57, by considering a local steady-state condition. 
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The partition coefficients represent important chemical parameters for the description of a liquid-

liquid system as they define the concentration ratio at the interphase, of a compound able to diffuse 

between the two phases, and they are needed to evaluate the mass transfer regime. For these 

reasons, the experimental determination of such parameters is necessary. Generally, they are either 

estimated via mathematical regression or evaluated using correlations 32,51,70. However, 

considering the importance of such parameters, we determined experimentally the formic acid 
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partition coefficient [Article V] obtaining a semi-empirical equation, Equation 58, to evaluate its 

magnitude under different operating conditions. Concerning the performic acid, evaluation of its 

partition coefficient is not possible because of its reactivity with the double bond. Thus, because 

of the higher affinity with the organic phase, it is generally accepted 71 to consider its partition 

coefficient three-folder larger than the formic acid partition coefficient as depicted in Equation 59. 

*
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Finally, the determination of the species concentrations at the interphase is needed to evaluate the 

effect of the ring-opening reactions. Concerning formic and performic acids, as they are portioned 

between the two phases, they present two concentrations at the interphase in equilibrium, one it 

the aqueous side and the other in the oil side, as shown in Equations 56 and 57. The contribution 

to the ring-opening reactions is the sum of both concentrations at the interphase for each of them. 

Other species diffuse to the interphase and take part to the ring opening reaction. By considering 

steady-state conditions at the interphase, according to Equation 60, we can analytically define the 

interfacial concentrations for the ith species in the jth phase as described in Equation 61. 
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The system of equations to define the interfacial concentration of the species that take part in the 

ring opening reaction, namely water, hydrogen peroxide, epoxide and by-products, together with 

the system of equations needed to define the ionization equilibria, represent the algebraic 

equations. This latter, coupled with the system of partial differential equations needed to solve the 

mass balance equations, form the system of differential algebraic equations (DAEs). The detailed 

description of the whole set of equations is shown in Annex C.  
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The solution of the system of the differential algebraic equations (DAEs) requires the estimation 

of some parameters. The adopted strategy in this case was to estimate only the ring-opening 

reaction constant and the aqueous phase mass transfer coefficient. Furthermore, the mass transfer 

coefficients in one phase were considered equal for the species diffusing in that phase. The organic 

phase mass transfer coefficient was evaluated according to the Equation 62, since the mass transfer 

coefficient is proportional to the square root of the diffusion coefficient and the diffusion 

coefficient is proportional to the reciprocal value of the viscosity. 

' ' Aq

Org Aq

Org

k k



=    (62) 

The agreement between the experimental and calculated data are displayed in Figure 34 where all 

the experiments carried out in the reactor configuration I are presented. As it is possible to see, the 

mathematical model was able to interpret the experimental data at the stationary state for all the 

experiments. However, it is evident from Figure 34 that the prediction of the transient state in not 

very well described from the model. For this reason, further studies on the reactive system could 

be performed, especially at the transient state. Furthermore, a deeper dynamic study, which 

includes droplet size distribution under different operation conditions would be useful to 

understand the behaviour of the system. It is well known, in fact, that such kind of system, namely 

the liquid-liquid system, are not trivial and several parameters influence the coalescence/breakup 

of the dispersed phase, determining a wide difference in the development of the interfacial area, 

which is a crucial parameter. Finally, it is important to point out that the simulation of the 

experimental data has been obtained by adjusting two parameters only, keeping almost the whole 

set of kinetic parameters fixed. Thus, at least for the stationary state, the proposed reactor and 

kinetic model is able to predict the behaviour of the reactive system.   The estimated parameters 

are summarized in Annex C.  
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Figure 34: Experimental (scatter) and simulated (line) data of the experiments performed in the reactor 

configuration I, Table 6.  

0 5000 10000 15000 20000 25000 30000 35000

0

20

40

60

80

100

120

[H
2
O

2
] = 50 [% wt.]

T = 313 [K]

Q
TOT

 = 8.33·10
-9
 [m

3
/s]

Ratio = 1:9 [m
3

ORG
/m

3

AQ
]

 Conversion

 Yield

 Simulated Data

[%
]

Time [s]

M 



68 

   

5.2  Reactor configuration II 

A second reactor configuration was adopted for the study of the epoxidation in continuous 

operation. The system, described in Chapter 2, comprises two in-series tubular reactors. In the 

first tubular reactor, performic acid formation takes place at a reaction temperature of 294 K, the 

reactant molar ratio was kept at the beginning as before, namely FA:H2O2:H3PO4 equal to 

0.15:1:0.01. Preformed performic acid, unreacted reagents and the organic substrate are fed to the 

second tubular where the epoxidation reaction takes place, the organic-to-aqueous phase 

volumetric ratio was always kept equal to 1:9. This configuration was selected as the optimal 

configuration because it avoids any accumulation of the explosive performic acid inside the reactor 

system. The set of experiments performed are summarized in Table 8. 

Table 8: Operating conditions applied in the experiments with the reactor configuration II. 

Experiment 
T 

[K] 

QTOT 

[m3/s] 

Ratio 

[molH2O2:molDB] 

Ratio 

[molH2O2:molFA] 

1 298 8.33∙10-9 1:0.05 1:0.15 

2 303 8.33∙10-9 1:0.05 1:0.15 

3 308 8.33∙10-9 1:0.05 1:0.15 

4 (S-C) 308 8.33∙10-9 1:0.05 1:0.15 

5 (S-C) 308 5.50∙10-9 1:0.05 1:0.15 

6 298 8.33∙10-9 1:0.03 1:0.33 

7 (S-C) 298 8.33∙10-9 1:0.03 1:0.33 

8 (S-C) 298 5.50∙10-9 1:0.03 1:0.33 

     S-C : Self-Catalyzed experiment (Blank). 

    

5.2.1 Temperature effect 

Because of the presence of preformed performic acid at the inlet section of the second tubular 

reactor, where the exothermic epoxidation reaction take place, the first set of experiments was 

devoted to the investigation of the operating temperature for this reactor, aiming to safe reaction 
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conditions as well as a good degree of double bond conversion and epoxide selectivity. The results 

obtained from this set of experiments are depicted in Figure 35. 

As it is possible to notice, the conversion increases along the operating temperature, obtaining 

excellent value, namely 98 %, at 308 K. The obtained value is of the same magnitude, if not higher, 

than the one obtained in the semibatch configuration. Despite the values of selectivity display a 

trend not expected, a value of 92 % was obtained at the highest temperature.  

5.2.2 Self-catalyzed experiments 

Because of the encouraging results obtained with the present configuration, a set of experiments 

was carried out under self-catalyzed conditions, see the entries 4 and 5, Table 8. The first 

experiment was performed under the same operating conditions, in terms of the molar ratio, 

adopted in the previous three experiments. Figure 36 compares the conversion and selectivity 

obtained between the two experiments performed with and without catalyst, respectively, under 

an operating temperature of 308 K. It is possible to notice that even in the self-catalyzed 

experiment, the value of conversion and selectivity are comparable with the one obtained in the 

presence of phosphoric acid as the mineral acid catalyst. However, once again the selectivity 

298 303 308
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Figure 35: Experimental results at different operating temperatures. (entries 1 – 3, Table 8) 
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showed an unexpected trend. This trend might be strongly related to mass transfer limitation and 

coalescence/breakup effects. Finally, an experiment under self-catalyzed conditions was 

conducted by decreasing the total volumetric flow to 5.5∙10-9 m3/s. The results for the two 

experiments carried out under self-catalyzed conditions are shown in Figure 37. Good degrees of 

double bond conversion and selectivity were obtained by decreasing the total volumetric flow, 

with value of double bond conversion and epoxy selectivity at the stationary conditions equal to 

98 and 96 %, respectively.  

Self-Catalyzed Acid Catalyst
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Figure 36: Self-catalyzed and H3PO4 catalyzed experiments, (entries 3 and 4, Table 8). 

Figure 37: Experiment under self-catalyzed conditions at different total volumetric flows, (entries 4 and 5, Table 8). 
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   5.2.3 Reactant molar ratio 

Then, a set of experiments was devoted to the modification of the aqueous phase molar ratio in 

order to boost the performic acid formation reaction in the first tubular reactor. The first two 

experiments, entries 6, 7 table 7, were conducted in the presence of the mineral acid catalyst and 

under self-catalyzed conditions, respectively, The FA:HP:H3PO4 molar ratios were modified from 

0.15:1:0.01 to 0.33:1:0.02. The operating temperature adopted in the second tubular reactor was 

298 K and the total volumetric flow was 8.33∙10-9 m3/s. The results are displayed in Figure 38. 

Comparable degrees of selectivity were achieved in both experiments, however, in the presence of 

the mineral acid catalyst a higher conversion, close to 95 %, was obtained. At the last, in order to 

enhance the reaction and work in the absence of the mineral acid catalyst, the experiment in self-

catalyzed condition was performed by decreasing the total volumetric flow to 5.5∙10-9 m3/s, entry 

8, Table 7. The results in terms of conversion and selectivity of the experimental tests carried out 

under self-catalyzed conditions with the FA:HP:H3PO4 molar ratio equal to 0.33:1:0.02 (entries 7 

and 8, Table 8) are depicted in Figure 39. As it is possible to notice, in this case too, by decreasing 

the total volumetric flow, the system reaches a double bond conversion and epoxy selectivity at 

value of almost 99 % and 95 %, respectively.  

Self-Catalyzed Acid Catalyst
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Figure 38: Self-catalyzed and catalyzed by H3PO4 experiments, (entries 6 and 7, Table 8). 
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The results from the experiments obtained under self-catalyzed conditions with a total volumetric 

flow of 5.5∙10-9 m3/s, entries 5, 8, Table 8, represent a breakthrough in the epoxidation of vegetable 

oil in continuous operation because no mineral acid catalyst was needed. Furthermore, the first 

tubular reactor was always kept at 294 K and the second reactor at 308 and 298 K, respectively. 

The adopted reaction temperature is way lower than the one adopted in the semibatch 

configuration, thus excellent epoxide selectivity are coupled with almost complete double bond 

conversion, ranging between 95 - 98 %.  

Because of the great results, a further set of experiments was carried out under identical operating 

conditions using different organic substrates. Common vegetable oils generally employed in 

studies on the topic were selected, namely soybean, cottonseed, and rapeseed oils. The results are 

depicted in Figures 40 and 41, where Figure 40 shows results obtained under the operating 

conditions adopted during the experiment 5 in Table 8 and, Figure 41 reports the results obtained 

under the operating conditions of the experiment 8.  

Figure 39: Experiment under self-catalyzed conditions at different total volumetric flows, (entries 7 and 8, Table 8). 
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Cardoon Cottonseed Rapeseed Soybean
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Figure 40: Results obtained on different organic substrates under the operating conditions of experiment 5, Table 7. 
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Figure 41: Results obtained on different organic substrates under the operating conditions of experiment 8, Table 7. 
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5.3  Annex C 

The kinetic constants were evaluated according to the Arrhenius modified equation, displayed in 

Equation C.1, van’t Hoff equation was applied for the equilibrium kinetic constant (C.2). 

,

1 1
exp i

i i ref

ref

Ea
k k

R T T

  − 
= −        

   (C.1) 

,

1 1
exp i

i i ref

ref

r H
K k

R T T

  − 
= −        

   (C.2) 

Tabel C.1: Kinetic parameters adopted in the biphasic kinetic model. 

Reaction Parameters Dimension 

1 

k1,ref = 1.73∙10-9 [(m3)2/(mol2 s)] 

Ea1 = 40.7 kJ/mol 

Tref,1   = 323 K 

KE,ref = 11.04 [m3/(mol s)] 

∆r1
H = 54.90 kJ/mol 

Tref,E1   = 298 K 

2 

k2,ref = 1.04 [m3/(mol s)] 

Ea2 = 102.0 kJ/mol 

Tref,2 = 323 K 

KS = 0.43 - 

3 

k3,ref = 3.00∙10-6 [m3/(mol s)] 

Ea3 = 104.04 kJ/mol 

Tref,3 = 323 K 

4 

k4,ref [(m3)2/(mol2 s)] 

Ea4 = 87.86 kJ/mol 

Tref,4 = 333 K 

k4,ref was the only kinetic adjusted parameter, the estimated values are presented in Table C.2. 
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Table C.2: Estimated parameters from the experiments carried out in the reactor configuration I. 

Experiment 

k
W

 k
4,ref

 

Value  

[m/s] 
C.I. 95 % 

Value 

[(m3)2/(mol2 s)] 
C.I. 95% 

1 5.3∙10-4 0.1∙10-4 6.1∙10-11 0.6∙10-11 

2 6.5∙10-4 0.2∙10-4 4.7∙10-11 0.6∙10-11 

3 7.7∙10-4 0.2∙10-4 2.6∙10-11 0.7∙10-11 

4 15.5∙10-4 0.6∙10-4 5.1∙10-11 0.7∙10-11 

5 9.0∙10-4 0.3∙10-4 2.6∙10-11 0.3∙10-11 

6 4.0∙10-4 0.1∙10-4 1.1∙10-11 0.1∙10-12 

7 2.0∙10-4 0.01∙10-4 1.6∙10-11 0.2∙10-11 

8 6.8∙10-4 0.3∙10-4 7.1∙10-11 0.1∙10-12 

9 3.6∙10-4 0.01∙10-4 1.2∙10-11 1.0∙10-11 

10 14.7∙10-4 0.3∙10-5 5.8∙10-11 0.8∙10-11 

11 1.11∙10-4 0.4∙10-5 5.1∙10-11 0.8∙10-11 

12 6.4∙10-4 0.4∙10-5 5.3∙10-12 0.9∙10-12 

13 60.0∙10-4 200.0∙10-4 0.9∙10-12 0.8∙10-12 

 

The system of algebraic equations was solved in order to define the initial concentrations of the 

species active in the dissociation equilibria.  

 , 0a FA FAFA H
c c K c− + − =    (C.3) 

( )0 0FA FAFA
c c c−− + =    (C.4) 

0WH OH
c c K+ − − =    (C.5) 

3 4 3 42 4
, 0a H PO H POH PO H

c c K c− + − =    (C.6) 

2
4 2 4 2 4,

0
HPO H a H PO H PO

c c K c− + − −− =    (C.7) 

3 2 2
4 4 4,

0
PO H a HPO HPO

c c K c− + − −− =   (C.8) 
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( )2 3
3 4 3 4 2 4 4 4

0 0H PO H PO H PO HPO PO
c c c c c− − −− + + + =   (C.9)

( )2 3
2 4 4 4

2 3 0
H H PO HPO PO FA OH

c c c c c c+ − − − − −− + + + + =  (C.10) 

In case that the performic acid synthesis was carried out in self-catalytic mode, the system of 

algebraic equations did not include the Equations C.6 – C.9, and Equation C.10 becomes: 

( ) 0
H FA OH

c c c+ − −− + =  

The phosphoric acid, formic acid and water ionization equilibria are reported, where the values of 

the equilibrium constants are referred at 298 K. 

a ,H PO3 4
K

3 4 2 4H PO H PO H− +⎯⎯⎯⎯→ +⎯⎯⎯⎯   
3 4

3

, 7.11 10a H POK −=        (C.11)  

a ,H PO2 4
K

2

2 4 4H PO HPO H
−

− − +⎯⎯⎯⎯→ +⎯⎯⎯⎯   
2 4

8

,
6.31 10−

−= 
a H PO

K       (C.12) 

2a ,HPO
4

K
2 3

4 4HPO PO H
−

− − +⎯⎯⎯⎯→ +⎯⎯⎯⎯    2
4

13

,
4.80 10−

−= 
a HPO

K       (C.13) 

a ,FAK

HCOOH HCOO H− +⎯⎯⎯→ +⎯⎯⎯   
4

, 1.77 10−= a FAK       (C.14) 

WK

2H O OH H− +⎯⎯→ +⎯⎯    141.00 10−= WK       (C.15) 

The temperature dependence of the equilibrium constants for phosphoric acid 49, formic acid 50, 

and water 63 are:  

3 4,

799.31
log( ) 4.55 0.01a H POK T

T
− = − +    (C.16) 

,

2773.90
log( ) 57.53 9.12ln( )a FAK T

T
− = − + +   (C.17) 

6
10

2

1.01 10
8.75 10 expWK

T

−  − 
=   

 

   (C.18) 

Consequently, it is possible to define the generation rates for all the dissociation equilibria 

2 4

3 4 3 4

3 4,

H PO H

H PO H PO

a H PO

c c
r k c

K

− +

+

 
= − 

 
 

   (C.19) 
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2
4

2 4 2 4

2 4,

HPO H

H PO H PO

a H PO

c c
r k c

K

− +

− −

−

+

 
 = −
 
 

   (C.20) 

3
4

2 2
4 4

2
4,

PO H

HPO HPO

a HPO

c c
r k c

K

− +

− −

−

+

 
 = −
 
 

   (C.21) 

,

FA H
FA FA

a FA

c c
r k c

K

− +

+

 
= −  

 
   (C.22) 

OH H
W W

W

c c
r k c

K

− +

+

 
= − 

 

   (C.23) 

Further system of algebraic equations is related to the determination of the interfacial concentration 

of the species that take part in the ring-opening reaction: 

* 4
, , 'HP Aq HP Aq

Aq

r
c c

k

 −
= −  
 

   (C.24) 

* 4
, , 'W Aq W Aq

Aq

r
c c

k

 −
= −  
 

   (C.25) 

* 4
, , 'E Aq E Org

Org

r
c c

k

 −
= −  
 

   (C.26) 

* 4
, , 'PB Org BP Org

Org

r
c c

k

 
= −  
 

   (C.27) 

The system of partially difference equations describing the mass balance in the aqueous phase 

are: 

2

FA,Aq FA,Aq FA,Aq FA,Aq

Aq Aq 1 a,FA2

Aq

c c c J
u Dz ( r r )

t z z

  
= − + + − − −

   
 (C.28) 

2

PFA,Aq PFA,Aq PFA,Aq PFA,Aq

Aq Aq 1 22

Aq

c c c J
u Dz (r r )

t z z

  
= − + + − −

   
 (C.29) 

2

HP,Aq HP,Aq HP,Aq HP,Aq

Aq Aq 12

Aq

c c c J
u Dz ( r )

t z z

  
= − + + − −

   
 (C.30) 
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2

W,Aq W,Aq W,Aq W,Aq

Aq Aq 1 2 a,W2

Aq

c c c J
u Dz (r r r )

t z z

  
= − + + + − −

   
 (C.31) 

2 2 2

2

CO ,Aq CO ,Aq CO ,Aq

Aq Aq 22

c c c
u Dz (r )

t z z

  
= − + +

  
  (C.32) 

3 4 3 4 3 4

3 4

2

H PO ,Aq H PO ,Aq H PO ,Aq

Aq Aq a,H PO2

c c c
u Dz (r )

t z z

  
= − + +

  
 (C.33) 

2 4 2 4 2 4

3 4 2 4

2

H PO ,Aq H PO ,Aq H PO ,Aq

Aq Aq a,H PO2 a,H PO

c c c
u Dz (r r )

t z z

− − −

−

  
= − + + −

  
 (C.34) 

2 2 2
4 4 4

2
2 4 4

2

HPO ,Aq HPO ,Aq HPO ,Aq

Aq Aq 2 a,H PO a,HPO

c c c
u Dz (r r )

t z z

− − −

− −

  
= − + + −

  
 (C.35) 

3 3 3
4 4 4

2
4

2

PO ,Aq PO ,Aq PO ,Aq

Aq Aq 2 a,HPO

c c c
u Dz (r )

t z z

− − −

−

  
= − + +

  
 (C.36) 

2

FA ,Aq FA ,Aq FA ,Aq

Aq Aq a,FA2

c c c
u Dz (r )

t z z

− − −  
= − + +

  
 (C.37) 

2

OH ,Aq OH ,Aq OH ,Aq

Aq Aq a,W2

c c c
u Dz (r )

t z z

− − −  
= − + +

  
 (C.38) 

2
3 4 2 4 4

2

H ,Aq H ,Aq H ,Aq

Aq Aq a,H PO a,FA a,W2 a,H PO a,HPO

c c c
u Dz (r r r r r )

t z z

+ + +

− −

  
= − + + + + + +

  
 (C.39) 

Concerning the oil phase, the mass balance equations are: 

2

FA,Org FA,Org FA,Org FA,Org

Org Org 32

Org

c c c J
u Dz (r )

t z z

  
= − + + +

   
 (C.40) 

2

PFA,Org PFA,Org PFA,Org PFA,Org

Org Org 32

Org

c c c J
u Dz ( r )

t z z

  
= − + + − +

   
 (C.41) 

2

DB,Org DB,Org DB,Org DB,Org

Org Org 32

Org

c c c J
u Dz ( r )

t z z

  
= − + + − +

   
 (C.42) 

2

E,Org E,Org E,Org E,Org

Org Org 32

Org

c c c J
u Dz ( r )

t z z

  
= − + + − +

   
 (C.43) 
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2

BP,Org BP,Org BP,Org BP,Org

Org Org 2

Org

c c c J
u Dz

t z z

  
= − + +

   
 (C.44)
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6. Conclusions 

The present thesis contributes to the development of a continuous operation for the epoxidation of 

vegetable oils via the Prilezhaev concept.  

The liquid-liquid reaction system was first studied in the semibatch configuration in the presence 

of linseed oil, an organic substrate with a high content of unsaturation, in order to apply a biphasic 

kinetic model, which took into account mass and energy effects. The developed mathematical 

model showed a broad flexibility to the reaction system representing an indispensable tool for the 

prediction of the system behavior under different operation conditions.  

The percarboxylic acid formation reaction, a mandatory step for the epoxidation via the Prilezhaev 

reaction method, was studied in an independent way, revealing the role of the stabilizers present 

in hydrogen peroxide solutions, in the performic acid decomposition. A kinetic model which 

addresses this effect was developed and successfully applied on experimental data retrieved from 

the literature. The understanding of the percarboxylic acid formation and decomposition reactions 

along with the enhancement of the biphasic kinetic model by the implementation of the stabilizers 

effect, resulted in the first step toward the shift to continuous configuration operation. The biphasic 

model was further improved by studying the formic acid partition coefficients between aqueous 

and oil phases.  

Furthermore, a new method for the analysis of the double bond conversion and epoxide selectivity 

was developed and proposed. The method, based on protonic nuclear magnetic resonance (1H-

NMR), allowed us to analyze the reaction product in a shorter time and with an amount of sample 

in the order of μL. This was of great help as several more samples were processed along the 

reaction time, therefore it was also possible to have an idea about the reaction performance 

meanwhile the reaction was going on.  

Finally, the reaction system was studied in two different reactor configurations operating in 

continuous mode. In the first configuration, the epoxidation was studied adopting the Prilezhaev 

method by the in situ percarboxylic acid formation. Several operation parameters were investigated 

obtaining a double bond conversion and an epoxy selectivity of exceeding 95 and 90 %, 

respectively. The process was performed in the presence of a mineral acid catalyst and at an 

operative temperature of only 313 K. Furthermore, by exploiting the higher specific heat 
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coefficient of the aqueous phase, dispersing the oil in the continuous aqueous phase, a fast energy 

transfer was achieved with excellent heat removal from the reaction mixture, resulting in a process 

running under isothermal conditions. 

In the end, a second reactor configuration was tested by carrying out the epoxidation via the 

Prilezhaev concept with preformed performic acid. This reaction configuration brought to similar 

results in terms of double bond conversion and epoxy selectivity even under milder operative 

conditions, namely 298 K, and in the absence of the mineral acid catalyst. The reactor 

configuration was tested with different vegetable oils giving excellent results with all of them, 

representing a breakthrough in the epoxidation of vegetable oils via a continuous operation.     
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Notation  

[i]  Concentration of the ith species, mol/m3 

A  Area, m2 

asp  Surface specific area, m2/m3 

c*
i,j  Concentration at the interface of the ith compound in the jth phase, mol/m3

j 

ci,j  Concentration of the ith compound in the jth phase, mol/m3
j 

Cp  Specific heat, kJ/mol 

Dzi  Dispersion coefficient of the ith phase, m2/s 

E.C.   Epoxy Content, g
O
/100g

OIL
 

Eai  Energy of activation of the ith reaction, kJ/mol 

Fi  Molar flux of the ith compound, mol/s 

I.N.  Iodine Number, gI
2
/100g

OIL
 

Ji,j  Mass transfer coefficient of the ith compound in the jth phase, mol/(m2 s) 

Ka,i  Ionization constant of the ith compound 

KE,i  Equilibrium constant of the ith reaction 

ki  Kinetic constant of the ith reaction, s-1 (m3/mol)1-n with n overall reaction order 

ki,ref  Arrhenius pre-exponential factor, s-1 (m3/mol)1-n with n overall reaction order 

L  Reactor length, m 

M  Molarity, mol/L 

Mi  Mass of the ith compound, kg 

mi  Partition coefficient of the ith compound, - 

MWeq  Equivalent molecular weight, g/moleq 

N  Normality, mol/eq 

ni,j  Mole of the ith compound in the jth phase, mol 

p  Pressure, atm 

Pè  Pèclet number, - 

q  Heat, kJ/mol 
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Qi  Volumetric flow, m3/s 

R  Gas constant, J/(K mol) 

R2  Coefficient of determination, - 

ri  ith Reaction rate, mol/(m3 s) 

S  Selectivity, % 

T  Temperature, K 

t  Time, s 

Tj  Jacket temperature, K 

Tref  Reference temperature, K 

V  Volume, m3 

ws  Sample weight, g 

X  Conversion, % 

Y  Yield, % 

z  Tubular reactor axial coordinate, m 

Greek letters 

β, k’i,j  Merged mass transfer coefficient of the ith compound in the jth phase, m/s 

∆rH  Reaction enthalpy, kJ/mol 

ε  Reactor void degree, - 

θ  Fraction, - 

μ  Viscosity, cP 

τ  Residence time, s 

υi,j  Stoichiometry of the ith compound in the jth reaction, - 

ϕi  Hold-up of the ith phase, m3
i/m

3
TOT 

φT,i  Dimensionless concentration of the tracer in the ith phase, - 

χ  Dimensionless axial coordinate, - 

Abbreviations 

1H-NMR  Protonic Nuclear Magnetic Resonance 

avg  Average 
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BP  By-product 

C.I.  Confidence Interval 

CA  Carboxylic Acid 

CALB  Candida Antartica Lipase B 

CTAB  HexadeCylTrimethylAmmonium Bromide 

DAE  Differential Algebraic Equation 

DB  Double Bond 

E  Epoxide 

EVOs  Epoxidized Vegetable Oils 

FA  Formic Acid 

FID  Flame Ionization Detector 

HNu  Nucleophile 

HP  Hydrogen Peroxide 

HPPO  Hydrogen Peroxide Propylene Oxidation  

IER  Ionic Exchange Resin 

LSO  Linseed Oil 

OBR  Oscillatory-Baffled Reactor 

ODE  Ordinary Differential Equation 

PCA  PerCarboxylic Acid 

PDEs  Partial Differential Equations 

PFA  Performic Acid 

PVC  Poly-vinyl chloride 

rpm  Round per minute 

S  Stabilizer 

SBO  Soybean Oil 

TBHP  Ter-butyl hydroperoxide 

TS  Titanium silicate 

VOs  Vegetabel Oils
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Abstract – The present work aims to point out the main aspects that have emerged throughout 

the years about the epoxidation process of vegetable oils carried out via the Prilezhaev reaction 

method, in the presence of homogeneous and heterogeneous acid catalysts. The state of art of 

the vegetable oil epoxidation reaction was reviewed and an in-depth analysis of the catalytic, 

kinetic and process aspects related to the epoxidation via the Prilezhaev method was presented. 

The final aim of the present review is to guide the researchers in the choice of the operating 

conditions and reactor configurations to carry out the reaction continuously, as well as update 

the scientific community about the development related to this field. Both the scientific and 

patent literature from the last decades was carefully analyzed to give a paramount view about 

the epoxidation reaction of vegetable oils, addressing the particular attention to publications of 

great significance in the development and intensification of the process in terms of operating 

conditions as well as reactor configurations, such as the use of cavitation, ultrasound, and 

microwaves in various batch and semibatch configurations. The continuous reactor 

configurations proposed were addressed by comparing the advantages and disadvantages 

which have not allowed the commercial application yet. Finally, some visions were presented 

to enable a continuous process in future. 
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1. Introduction  

In recent decades, vegetable oils (VOs) have been playing an important role as oleochemicals 

and raw materials in the chemical industry, thanks to their biodegradability, accessibility and 

low price 1,2. World production of vegetable oils, referred to edible and non-edible oils, 

amounted to more than 208 million metric tons in 2021/2022 and it is expected to exceed 217 

million metric tons in 2022/2023, with a total increment up to 135 % compared the amount 

produced ten years before 3. From an industrial point of view, vegetable oils represent 

inexpensive and abundant raw materials for several applications, replacing petroleum-based 

compounds. VOs are mainly composed of triglycerides which differ one from the other for the 

fatty acid chain length, as well as the number and position of unsaturations. The most common 

fatty acids present in both edible and non-edible oils are palmitic, stearic, oleic, linoleic, and 

linolenic acids. Palmitic and stearic acids are composed of 16 and 18 carbon atoms 

respectively, but they do not have any unsaturations, while the latter three (oleic, linoleic, and 

linolenic) are composed of 18 carbon atoms each, but with 1 to 3 unsaturations, respectively. 

Table 1 shows the composition of different oils and their iodine values useful to quantify the 

content of the double bonds in 100 g of oil 4.  

Table 1- Fatty acid compositions [% wt.] of different vegetable oils. 

(CX:Y, where X is the number of carbon atoms and Y is the number of double bonds) 

Vegetable 

Oil 

Palmitic 

(C16:0) 

Stearic 

(C18:0) 

Oleic 

(C18:1) 

Linoleic 

(C18:2) 

Linolenic 

(C18:3) 

Iodine value 

[gI2/100goil] 

Soybean 11 4 23.4 53.3 7.8 117 – 143 

Palm 42.8 4.2 40.5 10.1 - 44 – 58 

Rapeseed 4.1 1.8 60.9 21 8.8 110 – 126 

Palm kernel 8.8 2.4 13.6 1.1 - 14 – 24 

Linseed 5.5 3.5 19.1 15.3 56.6 168 – 204 

Corn 10.9 2 25.4 59.6 1.2 102 – 130 

Sunflower 5.2 2.7 37.2 53.8 1.0 110 – 143 

Sesame 9.0 6.0 41.0 43.0 1.0 103 – 116 

Cardoon 11.2 3.4 25.4 58.7 0.3 125 – 130 

Jatropha 14.2 6.9 43.1 34.3 - 82 – 100  

Cottonseed 21.6 2.6 18.6 54.4 0.7 90 – 119 

Grape seed 6.9 4.0 19.1 69.1 0.3 140 – 145 

Canola 5.0 1.8 64.1 18.9 7.3 110 – 120 

Karanja 11.4 - 61.7 18.5 - 85 – 90 

 



The unsaturation in the fatty acid chains represent a reactive site where the vegetable oils, as 

well as their derivatives, can undergo several reactions, such as hydroxylation, carboxylation, 

hydrogenation, epoxidation and oxidation leading to interesting and sophisticated products 1,5,6. 

Epoxidation, the formation of a membered ring between two adjacent carbon atoms (initially 

unsaturated) with an oxygen bridge, is very interesting and has been studied in the last few 

years 7. The oxirane ring shows a high reactivity, indeed. Thus, epoxidized vegetable oils 

(EVOs) can be used as starting materials to produce alcohols 8,9, diols 10–13, carbonylic 

compounds 14–16, hydroxyesters 17,18, N-hydroxyalkylamides 19,20 and polymers such as polyols, 

polyesters and polyurethanes 12,21–25. Furthermore, epoxidized vegetable oils (EVOs) find 

direct applications as plasticizers and stabilizers for poly(vinyl chloride) (PVC) resins 26–32, and 

in biodegradable packaging materials 33,34, reactive diluents for painting and, low and high-

temperature lubricant bases 35–38. The use of epoxidized vegetable oil as plasticizers is 

definitely the main reason why these compounds are attracted interest, as they can replace 

phthalates, a class of compounds, which have been restricted since July 2020 in textiles that 

are in contact with the skin, including clothes, and in a large number of products such as 

children accessories, flooring, coated fabrics and paper, mattresses and footwear 39,40. The use 

of epoxidized vegetable oils as plasticizers in PVC has been widely studied, proving the 

enhancement in terms of thermal and mechanical properties of the final material, as well as 

replacing toxic compounds, namely phthalates, with respect the conventional ones 27,29,31,33,41–

44. However, the properties as plasticization and compatibility are mainly affected by the nature 

of the epoxidized vegetable oils 28,38,41. The compatibility between the epoxidized oil and the 

macromolecules of the polymer are affected by the quality of the epoxidized vegetable oil. The 

presence of unreacted double bonds and hydroxide groups, due to low conversion and side 

reactions, respectively, in the epoxidation process, affect negatively this property. On the other 

hand, the plasticization depends on the position of the polar groups, i.e., oxirane. Terminal 

groups influence positively the plasticization and the thermal stability 28,38,41. Thus, 

functionalizing the epoxidized oil and working under more selective conditions in the 

epoxidation process, can improve the compatibility of the EVOs with PVC.  

Soybean oil is the most epoxidized oil worldwide with an estimated global market in 2020 at 

US$ 329.8 Million, and an annual U.S. production in 2016 between 45 x 106 kg and 110 x 106 

kg 3. Soybean oil presents a high iodine value, indeed. Thanks to these characteristics, and due 

to its wide availability, it is used in industrial applications and as benchmark for research 

purposes.  



Customarily, EVOs are obtained commercially in a semibatch reactor via the Prilezhaev 

concept at the temperature range of 60 - 70 °C. The reaction proceeds at first by the in situ 

production of a percarboxylic acid 45, obtained from the reaction between the corresponding 

carboxylic acid and hydrogen peroxide. Then, the percarboxylic acid spontaneously reacts with 

the unsaturation of the fatty chains, after portioning between the two immiscible phases, 

forming the epoxide. In industrial practice, the reactor is initially filled with the oil, then the 

oxidant mixture, i.e., hydrogen peroxide and a carboxylic acid, is added in a limited amount to 

prevent the temperature increase due to the high exothermic nature of the epoxidation reaction 

(ΔHr = –264 kJ/mol). A mineral acid catalyst, such as H2SO4 and H3PO4, is required to promote 

the in-situ formation of the percarboxylic acid 46–48. The oxidant addition period, the heat 

removal as well as a good mass transfer are the key aspects in improving the yield of the target 

product and avoiding a process runaway promoted by the exothermic nature of the epoxidation 

reaction. However, this technology has some drawbacks, such as the high degradation of 

oxirane ring promoted by the acidic environment, equipment corrosion, product separation 

problems and long reaction times. Furthermore, working under the same reactant molar ratio 

as in laboratory practice, the epoxidation reaction in an industrial stirred tank reactor requires 

14 – 16 h to complete compared the 8 h needed in the laboratory practice. Thus, it is possible 

to understand that the mixing achieved in the industrial reactor is not as efficient as the 

laboratory reactor, pointing out the importance of mass transfer limitations in the industrial 

process. In addition, to ensure a good mixing, the larger the reactor volume, the higher the 

stirring power, showing the limitation to the industrial amplification and the poor economic 

efficiency of the fed-batch process. On the other hand, the heat transfer phenomena must be 

optimized, because the reaction is extremely exothermic, to avoid eventual runaway 

phenomena during the reaction. Moreover, even small fluctuations of the reaction temperature 

could lead to severe selectivity problems, as the side reactions (namely, ring opening and 

hydrogen peroxide decomposition) are faster at higher temperatures. Thus, to achieve the target 

selectivity of the process, a good thermal control must be provided. Because of the 

aforementioned problems, a more selective and safer production process is needed.  

A different reaction mechanism, to overcome the downside of the semibatch process via the 

Prilezhaev method, has been studied in the presence of the VOs and their derivatives, i.e. with 

inorganic or organic peroxides mainly in the presence of heterogeneous catalysts 49–53. This 

approach has been extensively investigated in recent years, where the main peroxides used 

have been t-butyl-hydroperoxide and hydrogen peroxide. This reaction concept is commonly 



used in industry for the epoxidation of short-chain olefins. Unfortunately, only few authors 

have reported detailed catalytic tests on VOs with significant results compared to the traditional 

semibatch process 51,53–58. Thus, the present production option is far from the commercial 

application but some aspects on the high potential of the method will be discussed in the next 

paragraphs. Thus, keeping in mind that the semibatch process via the Prilezhaev method is the 

only industrial concept for the epoxidation of vegetable oils, and as the other reaction synthesis 

pathways are still on an initial stage of development, the major efforts and proposed strategies 

are aimed to solve the drawbacks related to this reaction concept. The main approach concerns 

the use of heterogeneous catalysts to avoid the disadvantages related to the mineral acid 

catalysts. The presence of solid catalysts, i.e. ion-exchange resins and zeolites, allows 

mitigating the separation problems and minimizing the side reactions of oxirane ring-opening 

thanks to their porous structures. Furthermore, the acidity in the reaction medium is suppressed 

as the active acid sites are present on the catalyst surface, thus solving the corrosion issues. 

Other strategies are related to reduce the mass and energy limitations either through the 

intensification of the semibatch process by using ultrasound and microwave irradiation or 

through the transition to a continuous configuration 30,59–63. By enhancing both the mass and 

energy transfer, it is possible to decrease the operating temperature range, thus suppressing the 

side reactions and improving the target product quality, as well as allowing safer working 

conditions. However, the transition to a continuous configuration is not straightforward as the 

reaction network is complex and the system is biphasic.  

The present review aims to point out the main aspects that have emerged over the years on the 

epoxidation process of vegetable oils carried out via the Prilezhaev method, in the presence of 

homogeneous and heterogeneous acid catalysts. The final aim of this review is to guide the 

academic and industrial researchers in the choice of the process operating conditions and 

reactor configurations to carry out the reaction continuously, as well as update the scientific 

community about the recent development of this field. The state of art of the vegetable oil 

epoxidation process is reviewed and an in-depth analysis of the catalysis, kinetics and process 

aspects related to the epoxidation via the Prilezhaev method is presented. The literature from 

the last decades has been carefully analyzed to give a paramount view about the epoxidation 

reaction of vegetable oils, addressing a particular attention to publications of high significance 

in the development and intensification of the process in terms of operating conditions as well 

as reactor configurations, such as the use of cavitation, sonochemistry and microwaves in batch 

or semibatch configurations. At last, continuous reactor configurations proposed will be 



addressed, to compare the advantages and disadvantages which have not allowed a commercial 

application yet. Finally, some discourse will be presented to make a continuous process 

feasible. 

 

  



 

2. Epoxidation processes 

Considering the aim of the present review, the in-situ percarboxylic acid method, namely the 

Prilezhaev approach, is examined deeply. This reaction pathway will be discussed later in this 

chapter, pointing out the main aspects discovered over the years, which influence the reaction 

kinetics, and which are the proposed attempts to intensify as well as to realize a safer process 

in order to eliminate the downside related to it. However, for the sake of completeness, the 

other synthesis pathways through which the epoxidation could be performed are briefly 

summarized. The epoxidation synthesis can be carried out also with the pathways reported in 

Figure 1, such as (i) epoxidation with either an organic or an inorganic peroxide, (ii) 

epoxidation by chemo-enzymatic catalysis, (iii) epoxidation with molecular oxygen; (iv) 

epoxidation with halohydrins.  

Figure 1: Reaction pathways for the epoxidation synthesis. 

Generally, despite the Prilezhaev method is the most used concept both in industrial and 

laboratory practice, an increasing interest has been devoted during the last decade to the 

epoxidation with either an organic or inorganic peroxide in the presence of a heterogeneous 

catalyst, where the peroxide is the direct oxidant.  Commercially, hydrogen peroxide and t-

butyl hydroperoxide are the most common oxidizing agents. The use of hydrogen peroxide as 

the oxidant for the epoxidation reaction in the presence of a heterogeneous catalyst has become 

attractive with the development of titanium silicate (TS-1) catalysts. The process is very 

suitable from an environmental viewpoint, being more safe, green, and less expensive than in 



 

the presence of t-butyl hydroperoxide. In the last decades, researchers have screened the 

activity of many Ti-zeolite catalysts mainly in the epoxidation of fatty acid alkyl esters (FAEs) 

and unsaturated fatty acids (UFAs) and, to a less extent, on vegetable oils (VOs).  However, 

these catalysts gave a poor efficiency in the epoxidation of bulky molecules such as 

triglycerides due to diffusion limitations for their large mean molecular diameters. Other 

promising heterogeneous catalysts have been tested, such as metal catalysts and metal-

complexes 55,64–73, commercial alumina 52,74–77, polyoxometalates 78–81, and mesoporous 

molecular sieves 82–88. Unfortunately, although good double bond conversions and epoxy 

selectivity have been obtained using these catalysts, most of them have strong limitations, such 

as separation problems and activity decline over time. Moreover, the high preparation cost, the 

need of a solvent to homogenize the reaction medium, and both the low selectivity and 

conversion in reactions with vegetable oils compared to the conventional method are the major 

drawbacks of this approach. Furthermore, most of the published studies have concerned the 

aforementioned heterogeneous catalysts in the presence of a peroxide mainly on vegetable oil 

derivatives and only a few investigations have addressed vegetable oils 55,56,65,66,68–70,73,77,83–

85,87. It is important to underline that the derivatives of vegetable oils suffer from diffusion 

limitations inside the pores of the above-mentioned catalysts, but to a lesser extent than the 

VOs, in fact, due to the higher dimension of the latter ones, not equal results could be obtained 

with these catalysts. Finally, an initial reactive step to pass from VOs either to FAEs or UFAs 

is required, thus negatively influencing the economy of the overall process. For more detailed 

information about the epoxidation of vegetable oils and its derivatives in the presence of either 

organic or inorganic peroxides on heterogeneous catalysts, detailed reviews are available 89,90.  

The chemo-enzymatic method is an eco-friendly pathway where an enzyme is used as a 

biocatalyst for the epoxidation process. The reaction proceeds through two in-series steps as 

well as for the epoxidation via the Prilezhaev method. In the first step, the organic substrate 

reacts with hydrogen peroxide forming a peracid, and after the perhydrolysis reaction, the 

peracid reacts with the double bonds present in the fatty chain to form the epoxide. Concerning 

fatty acids (FAs), the perhydrolysis reaction leads to the formation of water as the 

stoichiometric co-product, for alkyl esters as well as for triglycerides the by-products are an 

alcohol and either mono or di-glycerides, respectively. Candida antarctica lipase B (CALB) is 

generally used as the catalyst, and it can also be immobilized onto silica (CALB-silica) or onto 

an acrylic resin (Novozym 435) 91–95. The reaction can take place either in the presence of a 

solvent, generally toluene, acetonitrile or ethyl acetate, or under solvent-free conditions. 



 

However, in the latter case, along with the double bond conversion, the system becomes more 

viscous because of the higher viscosity of the epoxide, thus affecting the mass transfer in the 

system. Even though the method is greener than the other ones and does not need a high 

temperature (Tmax = 50 °C), it has a poor industrial application compared to the Prilezhaev 

method due to low economic advantages related to the long reaction time (around 24 h working 

under comparable conditions with the traditional method), low activity to vegetable oils due to 

the narrow active sites on the enzyme, catalyst deactivation after few successive experiments 

without any possibility of regeneration  and the high enzyme price.  

The epoxidation with molecular oxygen is noteworthy inexpensive and eco-friendly and it is 

largely used in the commercial epoxidation of the shortest olefins, i.e. ethylene oxide, with 

promoted silver catalysts 96. However, in the presence of VOs, the process has shown very low 

epoxide yields, preferring the cracking of the hydrocarbon chains to low molecular weight 

compounds such as dicarboxylic acid, aldehydes, and ketones 46 making the process 

unattractive from the viewpoint of VOs.  

The epoxidation with halohydrins is performed with hypohalous acids (XOH) and their salts 

as epoxidizing agents in the presence either of alkali or alkaline-earth hydroxides 96. The 

olefinic compound is at first converted by a halogen in the presence of water into halohydrins, 

which is later converted to epoxide.  Halogen ethers and halogen are by-products of the process 

making it environmentally unfriendly. For this reason, this reaction pathway is no longer used.  

  



 

2.1.  Prilezahev reaction method 

2.1.1. Stoichiometry and mechanism 

The most common synthetic pathway, the percarboxylic acid-based method, proceeds through 

the Prilezahev concept where the epoxidation reaction is carried out in the presence of an 

organic percarboxylic acid that acts as an oxygen carrier. The reaction can be carried out with 

pre-formed, or in-situ generated organic percarboxylic acid. Pre-formed percarboxylic acid has 

some drawbacks, such the handling problems and the risk of an explosive mixture since the 

percarboxylic acid is highly concentrated 47,96,97. For these reasons, the in situ method is widely 

used in the industrial practice 98. The in-situ percarboxylic synthesis generally occurs in the 

presence of two immiscible phases, and it consists of multiple steps as illustrated in Figure 2.  

 

The first step is a reversible reaction that proceeds either in an autocatalytic mode or in the 

presence of a Brønsted acid, it goes in the aqueous phase between the carboxylic acid and 

hydrogen peroxide to give the correspondent percarboxylic acid and water (perhydrolysis). The 

backward reaction between the percarboxylic acid and water is a hydrolysis reaction. Due to 

its low solubility in the organic phase, hydrogen peroxide acts only as an oxidizing agent in the 

percarboxylic acid formation, meanwhile, the percarboxylic acid, which presents a higher 

solubility in the organic phase, is the oxygen carrier that brings the oxygen from the aqueous 

phase to the organic one. The last step (epoxidation) occurs spontaneously in the organic phase 

between the percarboxylic acid and the oil double bonds, after the partial migration of 

Figure 2: Epoxidation reaction mechanism via the Prilezhaev method. 



 

percarboxylic acid from the aqueous phase to the organic phase.  The epoxy group and the 

carboxylic acid are the reaction products, the latter one then migrates back into the aqueous 

phase restarting the reaction cycle. Therefore, the mass transfer phenomena between the two 

immiscible phases are mandatory for the epoxidation step. However, the reaction network is in 

fact more complicated than described above, indeed the decomposition of the percarboxylic 

acid in the aqueous phase as well as side reactions occurring in both the phases and at the 

interphase, have to be considered. This aspect will be discussed later in the next paragraph (In 

situ percarboxylic acid formation with homogeneous catalyst).  

 

Concerning the epoxidation reaction, the reaction mechanism proposed by P.D. Bartlett 99 is 

generally accepted and is depicted in Figure 3. 

 

 

The reaction starts with an electrophilic attack on the double bond by the oxygen atom present 

in the peroxide. This is pointed out by the observation that nucleophilic substituents on the 

double bond increase the reaction rate, on the other hand, electron-withdrawing groups 

considerably decrease the reaction rate 96. The electrophilic nature of the oxygen atom is 

promoted by the intramolecular hydrogen-bond conformation of the percarboxylic acid 

adopted in the solution. In the transition state, oxygen is added at the unsaturation and the 

hydrogen is shifted simultaneously leading to the epoxide product and the regeneration of the 

carboxylic acid through a concerted intramolecular process 96,99,100. The concerted step was 

confirmed also by the higher performance obtained with non-ionic solvents instead of ionic 

ones, which excludes an anionic intermediate. Moreover, for the same reason as the double 

bond substituents, the best carboxylic acid in terms of the reaction rate is that with higher 

electron-withdrawing groups 101, thus promoting the electrophilic oxygen attack on the double 

bond. m-Chloroperbenzoic acid is the most reactive percarboxylic acid 96 but due to its 

corrosivity and cumbersome separation, formic and acetic acids are preferred. Formic acid 

Figure 3: Double bond epoxidation mechanism 



 

presents a high epoxidation reaction rate but a lower selectivity to the epoxy group and it can 

be easily used within a temperature range of 40 and 60 °C. However, its percarboxylic acid, 

performic acid, easily decomposes even at room temperature 97,102–105. Acetic acid is more 

selective towards the epoxy group even though it is less reactive in the temperature range 

adopted in the presence of formic acid. Thus, an operative temperature range exceeding 60 °C 

is required. The higher temperature needed for the acetic acid leads to peracetic acid 

decomposition, which happens at temperatures exceeding 60 °C 47, leading to a high energy 

consumption, runaway reactions as well as ring-opening reactions. For this purpose, several 

studies have focused on the best operating temperature range with either acetic or formic acid 

in the presence of both homogeneous and heterogeneous catalysts 46. Moreover, another 

important aspect that must be faced is the use of an acid catalyst in the percarboxylic acid 

formation. Indeed, as acetic acid is characterized by a low pKa value (pKa = 4.76), the 

autocatalytic extent could be small, thus acid catalysts are necessary to improve the 

perhydrolysis rate. On the other hand, formic acid shows a higher acidity (pKa  = 3.75), thus, 

added acid catalysts are not strictly necessary in case of formic acid 106–109.  

 

Hydrogen peroxide plays an important role as an oxygen donor, but due to the high 

temperature, it can decompose. Thus, an excess of this reagent with respect the oil, which is 

considered as a reference, is inevitable. According to some articles where the decomposition 

of hydrogen peroxide has been investigated under real operating conditions, this reaction 

proceeds either in an alkaline reaction environment or at temperatures exceeding 90 °C 103,110–

112. Cai et al. 113,114 have found that an excessive hydrogen peroxide-to-double bond molar ratio 

leads to an increasing formation of by-products, thus impairing the oxirane yield. Conversely, 

the carboxylic acid is required in a lower quantity, as it acts as the oxygen carrier between the 

oil and aqueous phases and, after the epoxidation reaction, it is regenerated and migrated back 

in the aqueous phase where it can react with hydrogen peroxide again. Nevertheless, the 

percarboxylic acid decomposition must be carefully taken into consideration as it indirectly 

consumes both the hydrogen peroxide and the carboxylic acid, thus decreasing the amount of 

the reactants available in the reaction system. 

Keeping in mind the above-mentioned aspects, the hydrogen peroxide-to-double bond molar 

ratio is generally kept from 1 to 1.5, whereas the carboxylic acid-to-double bond molar ratio is 

kept from 0.25 to 0.75, not only because of the reaction needs and economic reasons, but also 

because it can contribute negatively to the selectivity, promoting the formation of by-products 



 

98. These molar ratios are generally accepted independently of the acidic catalyst used as well 

as the carboxylic acid. 

2.1.2. In situ percarboxylic acid formation with homogeneous catalysts 

Acid catalysts are useful to improve the rate of the perhydrolysis reaction, and therefore the 

very strong mineral acids H3PO4 and H2SO4 are mainly employed in the industrial practice. 

Dinda et al. 46 focused the attention on several aspects which influence the epoxidation of 

cottonseed oil in the presence of acetic acid, as well as of the mineral acid activity on the 

percarboxylic acid formation. They investigated some common and commercially available 

inorganic acids such as H3PO4, H2SO4, HCl and HNO3. They found that HNO3 and HCl lead 

to a lower oxirane yield than H3PO4 and H2SO4 at the same temperature, demonstrating the low 

activity of the former two in the peracid formation. The effect of the mineral acid on the system 

was studied by varying it from 1 to 3 % on the total weight using H2SO4 as the benchmark 

because it has shown the best activity towards the epoxide. The results showed that the higher 

the amount of mineral acid loaded, the faster and higher the conversion of the double bond has 

been achieved. However, a high amount of a mineral acid catalyst resulted in a low yield, by 

enhancing the ring-opening reaction. Thus, the optimal amount of the mineral acid, within a 

good degree of conversion and an acceptable yield was found to be at 2 %.  From the results 

obtained by varying the acid catalyst concentration, it is also possible to understand that the 

percarboxylic acid formation in the epoxidation via the Prilezhaev method results to be slower 

than the epoxidation reaction itself. Goud et al. 115 carried out the epoxidation of mahua oil 

studying the influence of the operating conditions on the reaction system. Sulfuric and nitric 

acids were used as catalysts. It was discovered that H2SO4 is always more active than HNO3 at 

any given acid concentration. Furthermore, the acid catalyst concentrations were measured, 

too, obtaining results in a complete agreement with the ones found by Dinda et al. 46. Table 4 

shows the best results in terms of the conversion and selectivity about the epoxidation of several 

vegetable oils using different oxidizing agents and mineral acids as homogeneous catalysts.  

 

The main advantage of using a mineral acid as a catalyst in the percarboxylic acid formation is 

the improved double bond conversion over a shorter period of time compared to the 

autocatalytic mode. This is more pronounced when acetic acid is used as the reaction carrier. 

However, some disadvantages are present as the mineral acid affects negatively to the 

epoxidation selectivity leading to a strongly acidic environment, and consequently, in a high 

extent of side reactions, such as oxirane ring opening. Side reactions can take place, decreasing 



 

the yield of the epoxy group, comprising principally the epoxy group cleavage with the 

formation of glycols, acylation to hydroxy esters and polymerized products 5. The latter one is 

detrimental because it leads to high-weight molecular species increasing the viscosity of the 

reaction medium. To investigate this problem, Campanella et al. 116–118 worked on the oxirane 

ring cleavage caused by acid hydrolysis, H2O2, acetic acid and peracetic acid. The studies were 

conducted to understand the impact of the main process parameters on the degradation of the 

oxirane ring, such as pH, temperature, reactants molar ratio and stirring rate. The authors 

carried out the study on epoxidized soybean oil in the presence of H2SO4 as the mineral acid. 

Moreover, they studied separately the ring-opening caused by acid hydrolysis, H2O2, acetic 

acid and peracetic acid. The results show that the higher acidic is the environment, the faster 

the epoxy ring cleavage is in all the cases. Finally, the contribution of each compound to the 

oxirane ring cleavage was compared and, they found that the rate of ring-opening caused by 

peracetic acid is tenfold higher than that of a carboxylic acid. Hydrogen peroxide and water 

contributions are less profound with respect to the former two. Cai et al. 113 studied the ring-

opening reactions of epoxidized cottonseed oil in a system with acetic acid and its 

percarboxylic acid, peracetic acid, hydrogen peroxide, and sulfuric acid. The results are quite 

similar to those reported by Campanella et al. 116–118 and Dinda et al. 46. The ring-opening 

reactions are enhanced by lowering the pH of the reaction system, so increasing the amount of 

acid species, and increasing the amount of acetic acid and hydrogen peroxide. Furthermore, 

Cai et al. 113 and Campanella et al. 116–118,  reported an induction time in the ring-opening 

reaction that diminished by increasing the protonic concentration. The reason is that the 

protonic species acts lowering the surface tension allowing a better contact between the 

immiscible species. Recently, Santacesaria et al. 119 have focused the attention on several 

operating conditions which influence the ring-opening reactions, such as stirring rate, 

temperature, Brønsted acidity, and nucleophilic agent concentrations. They pointed out the 

different ways by which sulfuric acid and phosphoric acid promote the epoxy group ring 

cleavage. Using sulfuric acid as the catalyst, the reaction rate is strongly dependent on the 

stirring rate, temperature, acid catalyst amount, and formic acid concentration. On the contrary, 

using phosphoric acid, only the temperature and the formic acid amount strongly influenced 

the ring-opening rate. The authors explained this behavior by considering a high interaction 

between the phosphoric acid and epoxy group which lead to a complex with good surfactant 

properties, also at low stirring rates; the interfacial area is higher than in case of sulfuric acid. 

Moreover, the way the ring-opening reactions take place changes with sulfuric and phosphoric 

acids. In the presence of the stronger mineral acid, the ring-opening reactions occur only at the 



 

interphase, but with phosphoric acid, the ring-opening reactions proceed simultaneously both 

at the interphase and in the organic phase.  

 

In the literature 5,113,119, two reaction mechanisms have been proposed through which the ring-

opening reactions can take place: i) protonic attack on the epoxy oxygen atom with the 

formation of a carbocation and successive nucleophilic attack; ii) direct nucleophilic attack on 

the partially positive (δ+) carbon atom on the epoxy group, formation of an intermediate with 

a negative charge and the abstraction of a proton from another nucleophilic species. The former 

mechanism is dominant when a strong mineral acid is used, namely sulfuric acid, in which the 

high dependence on the formic acid concentration promotes the nucleophilic attack on the 

carbocation as the rate-determining step. Contrarily, when a weaker mineral acid catalyst is 

employed, the second mechanism seems to be competitive 119. 

 

Figure 4: Ring-opening reaction mechanisms 

Considering the several aspects discussed so far, it is easy to understand the necessity of 

separation steps that are required at the end of the reaction to stop the side reactions and to 

neutralize the final product. They are carried out in batch mode, which results in prolonging 

the overall reaction time, high process costs, and a huge amount of disposal. Nevertheless, the 

homogeneous pathway is more suitable in an industrial scale due to the high epoxidation rate, 

less expensive acid catalysts (sulfuric and phosphoric acids), and high oxirane yields. However, 

a more selective, eco-friendly, and safer alternative is expected. For this purpose, several 

heterogeneous catalysts have been studied for the peracid formation. It is a matter of fact that 

the use of a heterogeneous catalysts allows a simpler separation step, improving the 

profitability of the overall process and a simpler transition from batch to continuous reactor 



 

operation, even if the catalyst cost negatively influences the overall process economy. A review 

of heterogeneous catalysts is the topic of the next chapter. 

 

  



 

Table 2: In situ epoxidation of some Vegetable Oils in the presence of mineral acid catalysts.  

(IV = Iodine Value; X = Conversion; Y = Yield.) 

Organic 

Substrate 

Carboxylic 

Acid  

[%wt.] 

Catalyst 
H2O2 

[%wt.] 

T 

[°C] 

Time 

[h] 

 IV0 

[gI2/100gOIL] 
X [%] 

Y 

[%] 
Reference 

Soybean Oil 
Acetic Acid 

Glacial 
H2SO4 30 70 8 130.6 92 74 Rangarajan120 

Mahua Oil  

Acetic Acid 

Glacial 
H2SO4 30 65 8 

88.0 

82 63 

Goud115  Acetic Acid 

Glacial 
HNO3 30 30 10 36 23 

Cottonseed 

Oil 

Formic 

Acid (85) 
H2SO4 50 60 6 

105.5 

94 60 

Dinda46  

Acetic Acid 

Glacial 
HCl 50 60 10 - 41 

Acetic Acid 

Glacial 
HNO3 50 60 10 - 45 

Acetic Acid 

Glacial 
H3PO4 50 60 10 - 68 

Acetic Acid 

Glacial 
H2SO4 50 60 6 93 72 

Soybean Oil 
Formic 

Acid (96) 
H2SO4 60 70 5 128.0 94 71 Santacesaria45 

Jatropha Oil Acetic Acid H2SO4 30 57 24 80.0 87 80 Rios121 

Rice Bran 

Oil 

Formic 

Acid (80.5) 
H2SO4 50 80 3 96.3 90 79 Nihul44 

Grape Seed 

Oil 

Acetic Acid 

Glacial 
H2SO4 50 60 6 141.5 84 69 de Haro122 

Perilla Oil 
Formic 

Acid (96) 
H2SO4 30 60 8 196.9 95 88 Kousaalya123 

Cardoon Oil 
Formic 

Acid (96) 
H3PO4 55 65 5 125.0 99 78 Turco124 

Soybean Oil 
Formic 

Acid 
H3PO4 55 70 4 128.0 94 87 Santacesaria125 

Linseed Oil 
Formic 

Acid 
H3PO4 60 45 7 174.0 95 73 Turco126 

Chia Seed 

Oil 

Acetic Acid 

Glacial 
H2SO4 30 75 8 197.0 93 75 Dominguez127 

Safflower 

Oil 

Acetic Acid 

Glacial 
H2SO4 30 60 6 - 100 94 Polese128 

High-oleic 

Palm Oil 

Acetic Acid 

Glacial 
H2SO4 50 66 2.3 72.9 93 80 Bohórquez129 

  



 

2.1.3. In situ percarboxylic acid formation with heterogeneous catalysts 

There are many benefits correlated with the use of heterogeneous catalysts instead of 

homogeneous ones. For instance, heterogeneous catalysts are non-toxic, non-corrosive and can 

be easily separated from the reaction medium. These reasons as well as the reusability of 

heterogeneous catalysts permit to reduce the costs on both chemical reactors and separation 

equipment as well operation costs. Moreover, side reactions are strongly suppressed, improving 

the selectivity and therefore the quality of the target product, as the ring opening reactions are 

less favored thanks to the lower acid concentration in the aqueous phase 119,130. For these 

reasons, in the last decades, the epoxidation via the Prilezhaev method, has been mainly studied 

in the presence of heterogeneous catalysts than the homogeneous ones, and most studies 

addressing the use of heterogeneous catalysts have been conducted in the presence of Acidic 

Ion Exchange Resins (AIERs). Thus, about the epoxidation via the Prilezhaev method in the 

presence of ion exchange resins, other reviews are available, too 6,89,92,107,131. The reaction 

mechanism, similar to the homogeneous one, involves the formation of  the percarboxylic acid 

inside the pores of the AIER comprising consecutive steps: (i) diffusion of the oxidant mixture 

(H2O2 and carboxylic acid) inside the pores of the resin; (ii) adsorption of the reagents on the 

surface of the resins; (iii) reaction with the formation of the peroxyacid and water; (iv) diffusion 

of the products from the surface of the resin to the liquid bulk.  Finally, the peracid migrates 

from the aqueous to the organic phase, where the epoxidation reaction takes place. The porous 

structure of the resin prevents the migration of the oil inside it, mitigating the ring-opening 

reactions and enhancing the shape selectivity of the epoxidation process.  

 

Therefore, the results in terms of the double bond conversion and the epoxy yield are mainly 

governed by the physicochemical properties of the catalysts. The AIERs consist of styrene and 

divinylbenzene (DVB) copolymer matrices having either sulfonic or carboxylic acids as 

functional groups to provide Brønsted acidity, where DVB acts as cross-linkage. They differ 

from each other for the particle and pore sizes, matrix composition and crosslink percentage. 

Generally, they comprise two categories: gel type, presenting a microporous structure, a lower 

DVB content (2 – 8 % wt.) and swelling phenomena; macroreticular, characteristic for a 

mesoporous structure and a higher content of DVB compared to the gel type (> 10 % wt.). 

Therefore, the suitable catalyst, in terms of selectivity, should be a gel-type, as due to the small 

porous dimension only hydrogen peroxide and carboxylic acid might enter inside the pores and 

react in the presence of the acidic site, thus suppressing the side reactions as the epoxy group 



 

cannot see the acid sites. However, swelling phenomena could affect negatively the shape 

selectivity increasing pore dimension and allowing the oil molecules to interact with the acid 

sites.  

 

Benaniba et al. 132 studied the epoxidation process with an ion exchange resin (Bayer K-1411) 

of the sunflower oil in the presence of peracetic acid and hydrogen peroxide, finding higher 

conversions and selectivities than the epoxidation in the presence of a homogenous mineral 

acid catalyst. Generally, the best-operating conditions for resin-based catalysts are similar or 

converge to that for the homogeneous system. Sinadinović-Fišer et al. 133,134, investigated the 

in situ epoxidation of soybean oil and castor oil in the presence of Amberlite IR-120 as the acid 

catalyst, acetic acid, and hydrogen peroxide (30 % wt.). For soybean oil as the organic 

substrate, they focused the study on the effect of the experimental conditions such as acetic 

acid-to-double bond molar ratio, catalyst concentration, and temperature. The acetic acid-to-

double bond molar ratio was investigated in the range 0.5, 1, and 5, finding the best results at 

0.5, yielding the high oxirane content, even though it required a longer reaction time with 

respect to the other molar ratios. The catalyst concentration in the system was changed by 

modifying the amount of the resin over the total weigh amount of the reactants from 2 to 15 % 

wt. The higher the catalyst concentration, the faster the reaction rate was, but at the same time, 

the side reactions were enhanced, too. However, since the yield to the epoxy group by using a 

catalyst amount equal to 5 % wt. was comparable with the yield obtained with a 15 % wt., the 

former represents a better amount to be used in the reaction system. In the study conducted in 

the presence of castor oil 133, the reaction was carried out using benzene as the solvent, an 

option that should suppress the side reactions. In this case, the operating parameters were 

investigated, seeking to find the best ones. The results were similar to the ones obtained in the 

presence of soybean oil 134, but in this case, the hydrogen peroxide-to-double bond molar ratio 

was investigated, finding the best ratio being 1.5. The epoxidation rate and the selectivity were 

found higher at a low molar ratio. It is important to underline that the high viscosity 

characterizing the castor oil, due to the presence of intermolecular hydrogen bonds among the 

hydroxyl groups present in the fatty acids, is detrimental for the liquid-liquid mass transfer.   

Several authors have studied different kinds of resins and their effect on the epoxidation in 

terms of yield, selectivity, and suitability for a continuous process. Table 5 shows the results 

for the epoxidation reaction of some vegetable oils in the presence of AIERs. Rios et al. 121, 

compared the properties of four different resins in the Jatropha oil epoxidation reaction, such 

as Dowex 502, Amberlite IR-120, Amberlyst 15 and SAC 13. The former two represent gel-



 

type resins with a DVB content of 2 % and 8 % respectively. Amberlyst 15, instead, is a 

macroreticular resin with 20 % of DVB. Finally, SAC 13, is a composite material made of 

Naflon nanoparticles entrapped into a silica matrix provided by DuPont. The specific acidities 

of the first three resins are quite similar, equal to 4.30, 4.50 and 4.72 meqH+/g, respectively. 

Conversely, SAC13 has a specific acidity equal to 0.22 meqH+/g but it presents the highest 

acid strength. Similar conversion values have been obtained for Dowex 502, Amberlyst 15 and 

Amberlite IR-120. However, the double-bond conversion was slightly higher, the lower the 

DVB content was in the resin, which is related to the higher specific surface of the gel type 

resins, resulting in higher peracid concentration available for epoxidation. Different results 

were obtained for SAC 13 (50 % of conversion at the same reaction time) probably due to the 

lower specific acidity. It should be pointed out that the amount of catalyst added to the reaction 

system was based on weight percentage (% wt.) with respect the oil amount. Thus, the acid 

concentration apported by the both the gel type resins and the macroreticular one was higher 

than the amount from the SAC13 catalyst. Then, it was observed that the selectivity strongly 

depended on the DVB content; between the gel type resins, the higher the DVB amount, the 

more selective the resin was observed. However, considering the macroreticular one, which 

presented the highest DVB amount, the selectivity was as low as for the gel type with the lowest 

DVB content, which is related to the pore size and the swelling phenomena. Concerning the 

macroreticular resin, due to the mesoporous structure, the oil can partially diffuse inside the 

pores where the acid sites exist. Conversely for the gel type, the swelling phenomena are more 

pronounced in the resin with the lowest DVB amount, thus enlarging the pores and allowing 

diffusion to the oil inside the catalyst pores. Turco et al. 135, has studied the epoxidation of the 

soybean oil with formic acid in the presence of two catalytic macroreticular resins, i.e. 

Amberlyst 16, Amberlyst 15 and a gel-type, namely Amberlite IR-120. Comparable 

conversions were obtained for the resins due to the similar acid strengths. The selectivity 

achieved in the presence of Amberlite IR-120 (DVB  8 % wt.) was higher than in the presence 

of the macroreticular ones. These results agree with the ones obtained by Rios et al. 121. It must 

be pointed out that among the resins investigated, Amberlyst 16 and Amberlyst 15 being 

macroreticular do not suffer from mechanical stress mainly due to swelling phenomena, so they 

can be preferred for the continuous applicability. Furthermore, Amberlyst 16 performed better 

than Amberlyst 15 in terms of the double bond conversion and epoxide yield and did not show 

any significant decline in the activity after four recycles. Polese et al. 128 screened several ion 

exchange resins in the epoxidation of safflower seed oil using acetic acid as the percarboxylic 

acid source and toluene as the solvent. Two gel-type resins, namely Amberlite IR-120 and 



 

Dowex 50WX2 (H), a macroreticular resin, Amberlyst 15, and a perfluorosulfonic acid resin, 

namely Aquivon PW79S, were used as acid catalysts. Concerning the former of the three resins, 

the gel type resins have shown a higher degree of conversion than the macroreticular one 

(Amberlyst 15). Between the gel type resins, Dowex 50WX2, which is characterized by a lower 

DVB content, was more active at any acid concentration in the reaction system than Amberlite 

IR-120. However, as the latter presents a higher degree of cross-linking, the selectivity to the 

target product was higher. This observation is in agreement with the results obtained by both 

Rios et al. 121 and Turco et al. 135, on the screening of AIERs. The Aquivon PW79S catalysts 

which present the lower specific acidity (1.2 – 1.3 meqH+/g), always showed a better activity 

and selectivity in experiments where the acid concentration in the reaction system was the same 

as the other resins. The optimization of the reaction conditions has brought to a quantitative 

conversion with an excellent yield to the epoxide by using an amount of Aquivon PW79S 

which developed an acid concentration equal to 33 meqH+. Freites Aguilera et al. 136 studied 

the epoxidation of oleic acid as an organic model molecule with different ion exchange resins. 

The gel type catalysts, namely Amberlite IR-120, Dowex 50WX2-100, Dowex 50WX8-100 

and Dowex 50WX8-50, showed the best performance with similar degrees of conversion 

achieved. Obviously slight differences in terms of the conversion and yield were observed in 

line with the DVB content, as reported by Rios et al. 121, Turco et al. 135 and Polese et al. 128. 

Even though fatty acids have a lower viscosity than the triglycerides allowing the reaction to 

be carried out without the presence of any solvent, the study is of great interest to understand 

the effect of the resin properties on the epoxidation reaction in terms of the conversion and 

selectivity to the target product. Finally, a macroreticular resin, such as Amberlyst 15, and 

Naflon NR40 catalyst, which presents a different polymer structure than the others and a 

perfluorosulfonic acid as the active group were tested. Amberlyst 15 showed comparable 

conversion degrees with the gel type but, as expected, a selectivity comparable with the Dowex 

50WX2-100 which has the lowest DVB content among the gel type resins. Concerning Naflon 

NR40, as the catalysts were added to the reaction system in an amount equal to 12 % wt. with 

respect the oil mass, the acid concentration was lower than the acid concentration with other 

resins, due to the lower specific acidity (1 meqH+/g). Thus, a lower activity than for the other 

resins was obtained.  

 

Studies on the side reactions, namely ring-opening reactions, have been performed as well in 

the presence of heterogeneous catalysts. Campanella et al. 137–139, dedicated a particular 

attention to the ring-opening reactions in the epoxidation via the Prilezhaev method in the 



 

presence of hydrogen peroxide, acetic acid, and Amberlite IR-120 as the heterogeneous 

catalyst. They found that the chemical reaction proceeds in the same way as in the 

homogeneous system 116–118. Moreover, the partitioning of acetic acid allows working under 

kinetic control independently of the stirring rate, while hydrogen peroxide is affected by mass 

transfer limitations to stirring rate less than 1300 rpm. In each case, either with acetic acid or 

hydrogen peroxide, the contribution of Amberlite IR-120 is the same, i.e., either increasing the 

catalyst amount or diminishing the particle size, thus providing more external surface available 

which gives a higher surface-to-volume ratio, the ring-opening rate increases, because more 

free protons on the external surface of the resins are available to catalyze the ring-opening 

reactions. Thereafter, a difference between the homogeneous catalyst (H2SO4) used in a 

previous study 116–118 by the same research group and the heterogeneous one was demonstrated. 

Although the ring opening reaction is chemically proceeding in an analogous way, by carrying 

out a reaction where the amount of free protons into the system were equivalent, the rate 

constant in the presence of the resin was found to be always slower at similar operating 

conditions. However, the amount in weight of resin, needed to provide the same amount of free 

protons, was higher. Thus, by using resins, the side reactions in the organic phase are reduced.  

 

Generally, it is possible to conclude that the conversion and yield are strictly related to the 

amount of DVB, namely cross-linking degree, and as well as on the nature of the resin. Gel 

type resins, due to the microporous structure, present a high surface area, allow obtaining a 

high conversion value, but they present swelling phenomena in the presence of polar media. 

Customarily, the higher the DVB content the lower the swelling. The swelling effect on the gel 

type resins seems to enlarge the pore size allowing to the oil molecule to diffuse, even if in 

small amounts, inside the pores where the acid sites are available. This explains the decreasing 

trend of the selectivity for the gel type with the decrement of the DVB amount. Macroreticular 

resins give a comparable double bond conversion with the gel type. However, even though they 

do not present swelling phenomena thanks to the high DVB amount (>20 % wt.), the selectivity 

is low due to the macroporous structure, which allows a partial diffusion of the oil molecule 

inside the pores. Finally, it is important to consider the mechanical resistance of the different 

resins for their application in either batch or continuous stirred tank reactors and continuous 

tubular reactors. Resins with a high degree of swelling (low DVB %) suffer from a higher 

mechanical stress than the resins with either low swelling or none (macroreticular) effect, 

limiting their use in a continuous application. Thus, considering what was presented above 

about the performance of the ion-exchange resins in the epoxidation of vegetable oil via the 



 

Prilezhaev method, as well as discussed concerning the mechanical properties, the gel-type 

resins with a high degree of crosslinking seem to be the most suitable for this kind of 

application.  



 

Table 3: In situ epoxidation of some Vegetable Oils in the presence of acidic ion exchange resins.  

(IV = Iodine Value; X = Conversion; Y= Yield) 

Organic 

Substrate 

Carboxylic 

Acid 
Catalyst 

H2O2 

[% 

wt.] 

Solvent 
T 

[°C] 

Time 

[h] 

IV0 

[gI2
/100g

OIL
] 

X 

[%] 

Y  

[%] 
Reference 

Soybean Oil 
Acetic Acid 

Glacial 

Amberlite IR-120 

30 

Benzene 75 8 

130.0 

92 80 
Sinadinović-

Fišer 134 
Amberlite IR-120 - 75 8 91 79 

Dowex 50X - 75 9 90 78 

Soybean Oil 

Acetic Acid 

Glacial 
Amberlite IR-120 

30 Toluene 
80 6 

125.0 
99 93 

Petrović140 

Formic Acid Amberlite IR-120 80 6 97 90 

Jatropha Oil 

Acetic Acid 

Glacial 

Amberlite IR-120 

30 

Toluene 50 5 

105.0 

60 77 

Goud141 
Amberlite IR-120 - 50 5 56 74 

Formic Acid 
Amberlite IR-120 Toluene 50 5 63 82 

Amberlite IR-120 - 50 5 63 78 

Sunflower Oil 
Acetic Acid 

Glacial 
Bayer K-1411 30 Toluene 57 3.5 130.0 98 84 Benaniba 132 

Soybean Oil 
Acetic Acid 

Glacial 

Amberlyst 15 
30 Toluene 

60 6 
127.6 

63 52 Sienkiewicz 
142 Zerolit 325 60 6 63 55 

Canola Oil 

Acetic Acid Amberlite IR-120 

30 

- 75 5 

112.0 

86 78 

Mungroo143 Formic Acid 

(88 %) 
Amberlite IR-120 - 55 7 77 73 

Jatropha Oil Acetic Acid 

Amberlist 15 

30 Toluene 

57 8 

80.0 

80 26 

Rios121 
SAC13 57 6 26 80 

Amberlite IR-120 57 8 89 68 

Dowex 50WX2 57 8 85 5 

Castor Oil Acetic Acid Amberlite IR-120 30 Benzene 50 8 81.5 93 78 
Sinadinović-

Fišer 133 

Soybean Oil Formic Acid 

Amberlite IR-120 

60 

- 55 3 

128.0 

96 85 

Turco 135 Amberlyst 15 - 55 3 93 74 

Amberlyst 16 - 55 3 98 77 

Linseed Oil Acetic Acid Amberlite IR-120 30 - 75 9 171.5 99 84 Janković 144 

Cardoon Oil Formic Acid Amberlyst 16 60 - 65 5 125.0 99 73 Turco 124 

Safflower 

Seed oil 

Acetic Acid 

Glacial 

Amberlite IR-120 30 Toluene 60 6 

- 

99 95 

Polese128 

Amberlyst 15 

30 Toluene 

60 6 90 87 

Dowex 50WX2 60 6 99 94 

Aquivon PW79S 60 6 100 91 

Aquivon PW79S 60 6 100 94 

Hemp Seed 

Oil 

Acetic Acid 

Glacial 

Dowex 50WX2 
30 Toluene 

60 6 
- 

95 89 

Aquivon PW79S 60 6 100 91 

 

  



 

The use of alternative heterogeneous catalysts in the Prilezhaev epoxidation has been motivated 

by the weak mechanical strength and the narrow temperature range applicable for the AIERs 

which limit their use in continuous operation. The main advantages of these catalysts, 

compared to the AIERs, are higher mechanical resistance, thermal stability, negligible activity 

drop after re-use, low cost and smaller amounts needed (4 - 7 % wt.) than the resins (10 - 15 

%wt.), thus influencing positively the process economy. However, hydrogen peroxide and 

percarboxylic acid decomposition might be present even at low temperatures. Thus, a 

significant amount of hydrogen peroxide is consumed compared to the homogeneous method 

and the heterogeneous method with AIERs. Although a heterogeneous catalyst could be a 

profitable solution to overcome the problems related to the use of homogeneous mineral acid 

catalysts as well as the downsides of the ion-exchange resins.  From a literature survey we have 

noticed that the number of publications addressing this topic is relatively low. For this reason, 

studies concerning both vegetable oils and their derivatives are considered here. 

 

Turco et al. 130 used commercial H-Y zeolites in the epoxidation of soybean oil obtaining a 

good conversion and selectivity in the presence of formic acid. The mechanism is the same of 

AIERs, the shape selectivity of the solid materials is exploited to avoid the contact between the 

Brønsted acid sites and the oil. After the first use, a higher selectivity was obtained in 

comparison to the homogeneous catalyst (90 %) even though, the double bond conversion was 

lower (60 %). The results were a consequence of the higher performic acid and hydrogen 

peroxide decomposition that occurred in the reaction system. Subsequently, after the first use, 

H-Y Zeolite was filtered and separated from the reaction mixture and used four times more. 

Surprisingly, the activity of the catalyst improved in successive experiments. The authors 

explained this behavior considering partial adsorption of the oil on the external surface of the 

catalyst which limited both the percarboxylic acid and hydrogen peroxide decomposition 

reactions, resulting in a better activity through the epoxidation.  

 

Recently, Khokhar et al. 145 studied the epoxidation of soybean oil in the presence of three 

different zeolites, namely HZSM-5, HY, and Hβ. Relatively high degrees of conversion and 

selectivity were achieved even after five re-uses, i.e. around 80 %, with a slight difference 

between them in accordance with the acidic strength (HZSM5 > Hβ > HY).   Yuan et al. 146,147 

studied the epoxidation of castor oil in the presence of formic acid and heterogeneous catalysts, 

namely sulfated titanium oxide (SO4
2-/TiO2) and zirconia (SO4

2-/ZrO2). The effect of 

calcination, sulfuric acid impregnation content and operating conditions were changed during 



 

the catalyst synthesis and their effects were evaluated in the epoxidation reaction via the 

Prilezhaev method. Calcination on both classes of catalysts, i.e. titanium-based and zirconia-

based ones, showed that increasing the calcination temperature, from 400 to 600 for SO4
2-/TiO2 

and 700 °C for SO4
2-/ZrO2, the catalysts presented an increase of superacid sites. However, the 

total amount of acid sites as well as the specific surface decreased due to partial pore collapse, 

from a total amount of NH3 desorbed at STP of 30.82 to 20.42 cm3/g and a specific area of 172 

to 102 m2/g for the SO4
2-/TiO2 catalyst calcinated at 400 °C and 600 °C, and from 33.09 to 

12.26 cm3/g and 133 to 12 m2/g for the SO4
2-/ZrO2 catalyst calcinated at 400 °C and 700 °C, 

respectively.  

 

Thus, better results in terms of the double bond conversion and the epoxy yield were obtained 

with catalysts calcined at lower temperatures, 400 to 600 °C. Concerning titanium oxide-based 

catalysts 147 along with the reaction time and the loaded catalyst, the conversion increased, too. 

Conversely, the best reaction temperature was at 65 °C where a good compromise between 

epoxidation and peracid decomposition was obtained. However, no information about yield 

and selectivity to epoxide was declared. The effect of sulfuric acid impregnation content was 

investigated as well for the sulfate titanium oxide-based catalysts. Generally, the trend of total 

acid sites presents on the catalyst increased along the sulfuric acid solution concentration, while 

the amount of strong acid sites decreased over a 0.5 mol/L impregnation solution. Thus, 

concerning the activity of the catalysts in the epoxidation process, the best results were obtained 

in the presence of the catalyst impregnated with a 0.5 mol/L sulfuric acid solution. Zirconia 

oxide-based catalysts 146 were tested in catalytic reaction mainly changing the reaction 

temperature up to 65 °C and varying the reaction time. The double bond conversion increased 

with increasing temperature and reaction time, but the epoxide yield increased to a maximum 

value at 60 °C and remained constant after 6 h of reaction. The stability of the zirconia oxide-

based catalyst was studied through several cycles, up to 5, with a good stability concerning 

both activity and selectivity. 

 

Wei et al. 148 studied the epoxidation of soybean oil on Al2O3–ZrO2–TiO2 catalysts in the 

presence of hydrogen peroxide (30 %wt.) and formic acid. The catalysts, after synthesis and 

impregnation, were calcined at 400 °C. The effect of operating conditions, i.e., temperature, 

reaction time, catalyst amount and hydrogen peroxide-to-oil molar ratio were studied.  Higher 

relative conversions to oxirane were obtained increasing the reaction time, the reaction 

temperature as well as the hydrogen peroxide-to-oil molar ratio. The best result, changing the 



 

aforementioned conditions were obtained at 4 h, 70 °C and 2.5:1 mol/mol, respectively. 

Conversely, the relative conversion to oxirane along with the catalyst amount showed a 

different trend. A sharp increase in the conversion was observed from 0.4 to 0.8 %wt.  

However, further increasing of the catalyst amount resulted in a lower conversion. Increasing 

the acid sites till 0.8 %wt. is a consequence of the increment of acid sites in the reaction 

medium. However, according to the authors, although a further increment of acid sites 

exceeding 0.8 % wt., higher amounts of the catalyst increase the viscosity of the reaction system 

and mass transfer limitations between the phases become predominant. Catalyst re-use 

experiments showed a small loss of the activity after the second use, but still comparable with 

the results obtained under identical conditions in the presence of sulfuric acid. 

 

Mohd Yunus et al. 149 tested commercial titanium dioxide (TiO2) and zeolites (ZMS-5) in the 

epoxidation of palm oil with formic acid via the Prilezhaev method. However, because the 

reactions were carried out no longer than 40 min, very low relative conversions to oxirane were 

obtained in the presence of both catalysts. In fact, the highest conversion value was 5.5 % in 

the presence of TiO2 at 45 °C.  

 

Finally, Sienkiewicz and Czub 142 compared the efficiency of a modified zeolite (HY-Zeolite) 

with different types of catalysts in the epoxidation of soybean oil via the Prilezhaev method. 

The other studied catalysts were sulfuric acid (H2SO4), two ion exchange resins, Amberlyst 15 

(macroreticular) and Zerolite 325 (gel type), and a chemo-enzymatic one (Novozym 435). 

However, between the whole set of catalysts, the former (Zeolite) showed the lowest activity 

(44 %) and selectivity (9 %) to the epoxide. These results are not even comparable with the 

ones obtained in other studies with the same class of catalysts. Concerning the other catalysts, 

Novozym 435 was the more active one, even though the reaction time in this case was 24 h 

instead of 6 h. Sulfuric acid brought to a lower activity but a slightly higher selectivity to the 

epoxide than Novozym 435. The results can be related to the presence of toluene as the solvent 

even in the presence of a homogeneous catalyst, in order to homogenize the immiscible oil and 

aqueous phases.  Finally, the two resins were almost as selective as sulfuric acid but less active. 

As discussed before, the selectivities of the two catalysts were related to their nature, with the 

gel type (Zerolite 325) slightly active than Amberlyst 15 (macroreticular).   

 

In conclusion, for the epoxidation via the Prilezhaev method in the presence of heterogeneous 

catalysts, it is possible to notice that the main effort has been devoted to the ion-exchange resins 



 

more than other classes of heterogeneous catalysts. This is reasonable considering the results 

obtained from the studies where the ion-exchange resins have shown to be more active and 

selective in the epoxide formation.  

  



 

Table 4: In situ epoxidation of Vegetable Oils in the presence of heterogeneous catalysts.  

(IV = Iodine Value; X = Conversion; Y=Yield) 

Organic 

Substrate 

Carboxylic  

Acid 
Catalyst 

H2O2  

[% wt.] 

T 

[°C] 

Time 

[h] 

IV0 

[gI2
/100g

OIL
] 

X 

[%] 

Y 

[%] 
Reference 

Soybean Oil Formic Acid HY-Zeolite 60 70 3 128.0 85 82 Turco 130 

Soybean Oil Formic Acid 

HZSM-5-Zeolite 

30 70 4 124.0 

80 66 

Khokhar145 HY-Zeolite 77 62 

Hβ-Zeolite 79 63 

Castor Oil Formic Acid 
SO4

2-/TiO2 
30 

65 10 
84.9 

38 - 
Yuan 146,147 

SO4
2-/ZrO2 45 8 61 45.8 

Soybean Oil 
Acetic Acid 

Glacial 
HY-Zeolite 30 65 6 127.6 44 4 Sienkiewicz142 

Soybean Oil Formic Acid 
Al2O3–ZrO2–

TiO2 
30 70 4 123.6 RCO% = 86.6 Wei148 

Palm Olein Formic Acid 
TiO2 

30 45 <1 - 
RCO% = 5.5 Mohd 

Yunus149 ZSM-5-Zeolite RCO% = 3 

 



 

3. Modelling of kinetic and transport phenomena  

During the years, a lot of work has been devoted to the operating conditions to improve the in 

situ commercial percarboxylic process, the Prilezhaev method. However, to change the process 

configurations and to provide tools for further optimization and control the process, reliable 

kinetic models of the system must be coupled with the process improvements. This approach 

also helps to obtain a product with the required commercial characteristics. As discussed 

before, the reactions take place in a two-phase system constituted by an aqueous phase and an 

organic phase. The percarboxylic acid is formed from hydrogen peroxide and carboxylic acid 

in the aqueous phase. Thereafter, the percarboxylic acid shuttles the oxygen to the organic 

phase, where it spontaneously reacts with the double bond of the oil giving the epoxy group, 

and the original carboxylic acid is released and migrates back to the aqueous phase restarting 

the reaction cycle. Moreover, percarboxylic acid and hydrogen peroxide can undergo 

decomposition, and side reactions such as ring-opening proceed in the organic phase impairing 

the epoxy yield, thus the system is very complex. To optimize the process, it is mandatory to 

know the reactions in detail and how they are influenced by heat and mass transfer effects. Due 

to the high number of consecutive and parallel reactions, which proceed simultaneously in the 

system, it is advantageous to study the main reactions in an independent way. The main 

reactions in the system can be summarized as follows: i) percarboxylic acid formation and 

decomposition, ii) epoxidation and iii) ring-opening. 

 

Starting from the aqueous phase, where the percarboxylic acid formation via perhydrolysis 

takes place, the generally accepted reaction network is displayed in Figure 5.  

 

Figure 5: Reaction network in the aqueous phase. 



 

The percarboxylic acid formation (1) is a reversible reaction composed by the perhydrolysis 

and hydrolysis semi-reactions, taking place between the carboxylic acid and hydrogen peroxide 

(perhydrolysis) and water and percarboxylic (hydrolysis) either in an autocatalytic mode or in 

the presence of an added acid catalyst. The forward reaction (perhydrolysis) is enhanced by 

increasing the hydrogen peroxide concentration or decreasing the water amount; this can be 

done by using a concentrated hydrogen peroxide solution, by keeping an almost constant ratio 

between hydrogen peroxide and carboxylic acid, thus shifting the reaction equilibrium to the 

product side 97,150,151. The acid concentration also plays a crucial role; despite that the reaction 

might occur in an autocatalyzed mode thanks to the acid strength of the carboxylic acid, the 

presence of an added acidic catalyst improves the peroxyacid formation rate and consequently 

the epoxidation rate 97,103,150–152. The reaction mechanism is initiated by a protonic attack on 

the electrophilic carbon atom of the carboxylic acid which leads to a carbocation. Then the 

hydrogen peroxide is involved in a nucleophilic attack to the carbocation, which is considered 

to be the rate-determining step of the forward reaction 150,151,153. The same mechanism takes 

place in the reverse reaction (hydrolysis). The mechanisms are displayed in Figure 6. 

 

Figure 6: Reaction mechanism for percarboxylic acid hydrolysis and carboxylic acid perhydrolysis. 

Based on this mechanistic reasoning, the following kinetic law for the percarboxylic acid 

formation, in which the reaction rate is of first order with respect to the compounds and both 

the forward and reverse reactions consider the protonic species concentration, is generally 

accepted for both acetic and formic acids 154,155,  

       1 1 2 2 2

1+  
 = −  

 
Aq Aq Aq AqAq

E

r k H FA H O PFA H O
K

     (3.1) 

On the other hand, the percarboxylic acid decomposition reactions (2 – 3, Figure 5) take place 

spontaneously, even at room temperature for performic acid. They are both detrimental for the 

epoxidation process, because the percarboxylic acid and indirectly the carboxylic acid and 

hydrogen peroxide are consumed. The gas developed in the reaction system, oxygen in the 



 

decomposition reaction by ionic mechanism (3), can be hazardous for the process safety. 

Moreover, hydrogen peroxide might also undergo decomposition (4) developing oxygen. 

However, this reaction is generally negligible because it is promoted by alkaline environment 

and high temperature (T > 90 °C) 103,110–112,156, i.e., operating conditions not generally used in 

the epoxidation via the Prilezhaev method.  

 

De Filippis et al. 103 studied the peroxyformic acid synthesis in an autocatalytic mode, 

following the progress of the reaction by a gas-chromatographic method to discriminate which 

of the decomposition reactions in the reaction network take place in reality. From the chemical 

analysis, only carbon dioxide was detected in the gas-phase analysis, thus the peroxyformic 

acid decomposition with an ionic mechanism (3) and the hydrogen peroxide decomposition (4) 

can be excluded from the aqueous reaction network. Santacesaria et al. 105 studied the 

peroxyformic acid formation and decomposition kinetics by mainly focusing on the 

decomposition reaction. This study revealed that by changing the mineral acid concentration 

in the reaction system, the amount of gas developed, due to the decomposition reaction, was 

almost the same. Thus, the decomposition reaction rate is independent of the acid concentration 

following equation (3.2).     

 2 2=
Aq

r k PFA           (3.2) 

The percarboxylic acid formation has also been studied starting from acetic acid and propionic 

acid 152,157–160 and both are used in the epoxidation process via the Prilezhaev method 114. The 

perhydrolysis and hydrolysis reactions proceed with the same reaction mechanism as for formic 

acid, thus the forward and reverse reactions are both of first-order with to respect to the protonic 

and reactant concentrations. Thus, the same kinetic law as for the peroxyformic acid production 

is generally applied in case of acetic and propionic as carboxylic acids. The results suggested 

that the longer the alkyl chain, the less reactive is the corresponding percarboxylic acid in the 

epoxidation process (formic > acetic > propionic acid). However, the longer the alkyl chain, 

the more stable thermally is the percarboxylic acid 97,104. Recently, in an article of our group 

we reported a correlation between the stabilizers present in the hydrogen peroxide solution and 

the thermal decomposition rate, by studying the performic acid formation and decomposition 

kinetics 102. Thus, this aspect might be considered in the rate equation (3.2). 

 

After the portioning of the percarboxylic acid in the two immiscible phases, the epoxidation 

reaction takes place spontaneously in the organic phase. It is useful to remind that the 



 

triglycerides in the oil present a number of unsaturations on their fatty chains, where the 

epoxidation proceed. In this way, the unsaturated triglycerides become functionalized ones, 

namely epoxidized as displayed in Figure 7.  

 

Figure 7:Epoxidation of an unsaturation with percarboxylic acid. 

The epoxidation reaction is expressed by the following kinetic law, which holds for all the oils, 

and their derivatives, namely fatty acids and fatty acid alkyl esters 110,122,161,162. 

   =
Org Org

DB PFAr k          (3.3) 

However, as discussed in connection of the epoxidation reaction mechanism, steric and 

electronics factors play crucially important role. Thus, fatty acids might react in the presence 

of the percarboxylic acid with different rates. La Scala and Wool 163 have proposed a different 

kinetic constant for trienes, dienes and monoenes. They found that trienes react two-fold faster 

than dienes, whose reactivity is similar to monoenes. However, for the evaluation of kinetic 

constants, La Scala and Wool 163 adopted a pseudo-first order kinetic law for the epoxidation 

reactions due to the higher rate of the percarboxylic acid formation with respect to the 

epoxidation process. Nevertheless, only few authors have considered a different reaction rate 

based on the unsaturations in oil fatty acid chains 45,163. 

 

As widely discussed above, the side reactions which impair the epoxide yield are the main 

bottleneck of the epoxidation process. These side reactions take place mainly at the interface 

5,113,116–119,137–139,164  and they are acid catalyzed. The side reactions are summarized below.  



 

 

Figure 8: Ring-opening reactions. 

 

In a pioneering work conducted by Zaher et al. 164, ring-opening reactions were investigated 

for a commercial epoxidized soybean oil at different temperatures in the presence of acetic acid 

as the reaction carrier. First-order reaction kinetics with respect to the oxirane concentration 

and second-order kinetics with respect to acetic acid concentration was found. Campanella et 

al. 116–118,137–139 also proposed a similar rate law in the presence of either mineral acid or acidic 

ion exchange resin (AIER). The second order kinetics, as explained by Pocker et al. 165, is due 

to the concerted attack of two nucleophilic molecules on the epoxy ring. Santacesaria et al. 119, 

have found a similar rate law in the presence of phosphoric acid. However, in the presence of 

a stronger mineral acid, i.e., sulfuric acid, a different rate law was proposed. In this last case, 

the higher influence of the formic acid concentration on the ring-opening rate could be 

explained by a reaction mechanism in which the nucleophilic attack on the carbocation is the 

rate-determining step. Thus, the kinetic law for the ring-opening reaction can be expressed as 

first-order with respect to the epoxide concentration, protonic concentration, and the 

nucleophile concentration. Evidently, under some operating conditions the ring-opening 

reactions can operate with both mechanisms. Some other authors have considered the ring-

opening reaction as a first-order process with respect to the oxirane ring concentration and the 

protonic concentration, assuming the ring-opening to carbocation step as the rate determining 

step 63,109,113,162,166,167. At last, the following rate expression for the ring-opening reactions is 

generally used,  

   
2

=
OrgOrg

r k Ep Nu           (3.4) 



 

From the consideration exposed, the kinetic study and reactor modelling of the present system 

is quite demanding, due to the high number of reactions to be considered in the biphasic system, 

and because of the presence of mass and heat limitations affecting the reaction system. When 

a mineral acid is substituted by an ion exchange resin as the catalyst, third solid phase, the 

reaction system becomes even more demanding. Starting from the kinetic modelling in the 

presence either of a homogeneous acid catalyst or in autocatalytic mode, the approaches must 

be distinguished between homogeneous 46,115,140,143,168–171, pseudo-homogeneous 

106,133,134,141,155,161,164,172, and two-phase kinetic models 45,120,144,162,167,173,174. For the sake of 

simplicity, a brief overview on the former two approaches is presented here, describing the 

main differences from the two-phase model. Then, the latter one will be addressed more in 

detail as it is the most rigorous approach describing faithfully the entire reaction system. This 

detailed information allows the applicability of rigorous two-phase kinetic modelling for 

process design and scale-up as well as for technical and economic assessments. 

 

The homogeneous kinetic approach is an oversimplification of the overall system. Herein the 

perhydrolysis reaction is considered to be rapid enough to be at the steady state, allowing a 

simple mass balance only in the organic phase. Thus, the peracid concentration is considered 

constant, leading to a pseudo-first order rate law for the epoxidation reaction. The main 

advantage of this modelling approach is the easy derivation of the epoxidation kinetic constant 

through a simple graphical method. Furthermore, the concentrations of the species are 

considered only in one phase, the aqueous one for the hydrophilic compound, and the organic 

one for the hydrophobic compound. However, the disadvantages related to this approach are 

manifold; for instance, the ring-opening as well as the performic acid decomposition reactions 

are neglected, even though they are significant along the increase of temperature. Due to the 

lack of information about physicochemical characteristics on the reaction system, the 

homogeneous approach cannot be considered a useful tool either for the process scale-up or 

improvement of the vegetable oil epoxidation via the Prilezhaev method.  

 

The pseudo-homogeneous kinetic modelling is the most used approach. It is a simplification 

of the two-phase model, where the mass transfer phenomena between the immiscible phases 

are considered fast enough with respect to the reaction rate to be neglected (kinetic regime), 

which simplifies the mass balance equations. This approximation is supported by the evaluation 

of the Hatta number (Ha) which has been found lower than 1 in the epoxidation of oleic acid, 

suggesting that the kinetic regime prevails 155,175. Conversely from the homogeneous one, for 



 

the species portioned between the two phases, the concentration is evaluated in both of them, 

thus all the reactions in the reaction system are considered. Although this approach is a valid 

representation of the real reaction system, the mass transfer phenomena can be crucial for the 

epoxidation reaction via the Prilezhaev method, thus the approximation makes this modelling 

approach not completely reliable for a possible scale-up.       

 

The two-phase kinetic model describes the reaction system by taking into account all the 

physicochemical aspects of the reaction system. The concentration of the species partitioning 

between the two immiscible phases are considered, the mass-transfer phenomena are 

addressed, and mass-transfer coefficients are expressed either through correlations or empirical 

estimations 45,109,120,174.  

 

Rangarajan et al. 120, firstly proposed a two-phase model for the epoxidation of soybean oil in 

the presence of acetic and sulfuric acids. The liquid-liquid partition coefficient of acetic acid 

was obtained experimentally from partitioning tests with soybean oil and an aqueous phase 

containing acetic acid only. The results showed a more profound dependence from the mixture 

composition than the temperature. The peracetic acid partition coefficient was considered to be 

about three times larger than the acetic acid coefficient due to its higher solubility in the organic 

phase. This approach has been later used by other authors 109,114. The model takes into account 

the perhydrolysis in the aqueous phase, and the epoxidation and the ring-opening reactions in 

the oil phase. The following approximations were applied in the model development: i) the 

reaction system is well-stirred and isothermal; ii) no reactions take place at the interphase, the 

ring-opening reactions are considered in the organic phase; iii) only acetic acid allows the 

epoxy ring cleavage; iv) mass-transfer effects between the two phases were considered for the 

acetic acid and its percarboxylic acid. From experimental data collected at different stirring 

rates, no changes in the epoxidation rate were detected, so the mass transfer coefficients were 

considered equal for acetic and peracetic acid and high enough to ensure the experiments within 

the kinetic regime.  

 

In order to evaluate appropriately the intrinsic epoxidation kinetic constant, the percarboxylic 

acid formation, which was considered as the rate-determining step was evaluated separately, 

then the obtained kinetic constant was used in the estimation of the epoxidation kinetic 

constant. The kinetic model proposed by Rangarajan et al. 120 is surely a milestone in the kinetic 

study of the epoxidation process, even though thermal effects were excluded. This is a lack of 



 

information for the proposed kinetic modelling due to the runaway reaction that can occur in 

the system.  

 

Santacesaria et al. 45, proposed a two-phase model for the epoxidation of soybean oil in the 

presence of formic acid and phosphoric acid via the Prilezhaev method. The model considered 

both mass and energy balances. The integration of the energy balance coupled with the mass 

balance is important for a good thermal assessment. The reaction network in the aqueous phase 

took into account the perhydrolysis reaction, and the hydrogen peroxide decomposition, 

neglecting the performic acid decomposition. The ring-opening reactions were assumed to take 

place between the two immiscible phases. Finally, in the organic phase, the epoxidation 

reaction with different rates for trienes, dienes and monoenes, according to the reactivity order 

proposed by La Scala and Wool 163 were included. For the mass transfer phenomena between 

the two immiscible liquid phases, the SPARC online calculator 176 was used for evaluating the 

partition coefficients of formic acid, performic acid and hydrogen peroxide. However, this 

calculator considered only the dependence along the temperature. On the other hand, 

Whitman’s two-film theory 177 was adopted for the mass transfer rate in which the gradients 

are confined in the two films. As a first approximation they considered the product between 

the mass transfer coefficient and the interfacial surface area being constant in the aqueous phase 

(βaq = kaq*aaq), whereas in the organic phase, the product between the mass transfer coefficient 

and the interfacial surface area (βorg) was expressed as a product of the coefficient in the 

aqueous phase and the ratio between the aqueous and organic volumes (βaq = βaq*Vaq/Vorg). 

Finally, by considering the fluxes between the phases at the steady state, the interfacial 

concentrations were determined. Concerning the energy balance, the heat transfer coefficient 

(U) was also estimated through a linear correlation (U = U0 + αXDB) which describes the 

dependence of the overall heat transfer coefficient on the double bond conversion. The linear 

(U0) and angular (α) coefficients were estimated with an optimization method. Finally, the heat 

capacity of the oil phase was determined according with the relation of Noor Azian Morad et 

al. 178. The same research group 174 applied a two-phase kinetic model on the epoxidation of 

soybean oil in a continuous reactor configuration. Mass and energy balances were considered 

as well, and the proposed model was almost like the former one 45 with the main differences 

related to the mass transfer phenomena and reactor modelling, semibatch and tubular 

configurations, respectively. The specific surface area (ai) was determined in each phase by a 

correlation between the total volumetric flow rate and a ratio between the volumetric flow rates 

of the phases. The mass transfer coefficient (ki) for each phase was evaluated at first using the 



 

Wilke-Chang correlation 178, after which the ratio between the mass transfer coefficients was 

adjusted with a corrector factor (σ) estimated with an optimization method. The two-phase 

model proposed by the research group of Santacesaria has been adopted by other authors and 

enriched with minor details 126,162. Olivieri et al. 162 as well as introducing the percarboxylic 

acid decomposition in the reaction network, improved the description of the heat transfer in the 

energy balance by evaluating the heat transfer coefficient (U) as a function of the viscosity and 

the impeller stirring rate. The apparent kinematic viscosity was predicted using a modified 

expression of the Andrade equation 179. Moreover, the specific interfacial surface area (ai) was 

calculated assuming that the dispersed phase is present in the continuous one as small spherical 

droplets whose diameters can be approximated by the Sauter mean diameter 180.   

 

Wu et al. 109 proposed a two-phase kinetic model for the epoxidation of soybean oil in an 

autocatalysed reaction system in the presence of formic acid. The partition coefficients as well 

as mass transfer coefficients were determined experimentally. Conversely from Rangarajan et 

al. 120, the formic acid partition coefficient was determined by adding epoxidized soybean oil 

in the mixture. Also in this case, the partition coefficient slightly changed with temperature, 

whereas a substantial change was observed with the soybean oil-to-epoxidized soybean oil 

ratio. An empirical equation for the formic acid partition coefficient, a polynomial of the 

epoxide concentration, between the two phases was introduced. For performic acid, due to its 

higher solubility, its partition coefficient was considered three times higher compared to that 

of formic acid. The formic acid mass transfer coefficient was determined in an improved Lewis 

cell. This coefficient decreased with the soybean oil epoxidation degree at a fixed temperature, 

due to the higher viscosity of the system. On the other hand, the higher the temperature, the 

larger the mass transfer coefficient. Furthermore, as the specific surface area (ai) was roughly 

estimated, in a successive study from the same research group 181, this parameter was evaluated 

by measuring the dispersed phase Sauter mean diameter (D32) by using a high-speed camera. 

By correlating the Sauter mean diameter to the physicochemical properties of the system as 

well as the double bond conversion through an equation proposed by Khakpay et al. 180, a good 

agreement was obtained between the experimental data and the values estimated from the 

correlation. Finally, the specific interfacial area was expressed as the ratio between the 

dispersed phase volume (aqueous) and the Sauter mean diameter. Although the mass transfer 

coefficient, the specific surface area as well as the partition coefficient were determined 

experimentally, the two-phase kinetic models proposed by Wu et al. 109,181 did not take into 



 

account the energy balance, which limits the applicability of the models for process design, 

scale-up as well as technical and economic assessment.  

 

Freites Aguilera et al. 166 developed a heterogeneous two-phase model consisting of the mass 

balances for the aqueous and oil phases, where the interfacial mass transport was taken into 

account. The aqueous phase-oil mass transfer coefficients were eliminated from the model by 

assuming rapid interfacial mass transport between the phases. By adding the aqueous and 

organic phase balances, the model was reduced to a system, where the kinetic constants and 

partition coefficients remained as adjustable parameters. The perhydrolysis, epoxidation, and 

ring opening reactions were described by mechanistic kinetic models, taking into account both 

the homogeneously and heterogeneously catalyzed steps. The loop reactor system was 

described with a dynamic continuous stirred tank model and the kinetic parameters were 

determined with non-linear regression analysis. The model gave a very good description of the 

experimental data on oleic acid epoxidation in the presence of solid resin catalysts, but its 

application is limited to a relatively slow processes, where the system is operated under kinetic 

control and under isothermal conditions.  

  



 

Table 5: Overview of the two-phase models.  

Two-Phase 

Model 
Assumptions Essential features Simplifications 

Rangarajan 

et al. 120 

• Isothermal and perfectly 

mixed reaction system. 

• No reactions at the 

interphase. 

• Acetic acid is the only 

responsible for the 

nucleophilic attack in the 

ring-opening reaction. 

• Performic acid partition 

coefficient considered 

three times higher than 

formic acid. 

• Experimental 

determination of the 

formic acid partition 

coefficient. 

• Independent kinetic 

study on the 

percaroxylic acid 

reaction rate. 

• Mass-transfer 

coefficient 

experimentally 

determined for formic 

and performic acids. 

• Decomposition 

reactions not 

considered in the 

aqueous phase. 

• Simplification of the 

ring-opening 

reactions. 

• Absence of energy 

balances equations. 

Santacesaria 

et al. 45 

• Perfectly mixed reaction 

system. 

• Different reaction rates 

for mono-, di- and trienes 

as well as mono-, di- and 

triepoxide. 

• Whitman´s two-film 

theory for mass transfer 

rate at the interphase. 

• Overall heat transfer 

coefficient depended on 

the double bond 

conversion degree. 

• Mass and energy 

balances considered. 

• Hydrogen peroxide 

decomposition 

considered. 

 

• No experimental 

determination of the 

partition coefficients 

and mass transfer 

coefficients.  

• Performic acid 

decomposition 

neglected. 

Olivieri et 

al. 162 

• Perfectly mixed reaction 

system. 

• Interfacial surface area 

obtained approximating 

the dispersed phase as 

rigid droplets.   

• Overall heat transfer 

coefficient function of 

the impeller rate and 

viscosity. 

• Mass and energy 

balances considered. 

• Performic acid 

decomposition 

considered. 

 

 

• Droplets 

coalescence/breakup 

neglected. 

Wu et al. 
109,181 

• Perfectly mixed reaction 

system. 

• Performic acid partition 

coefficient considered 

three times higher than 

formic acid. 

• Interfacial area evaluated 

from the dispersed phase 

droplets. 

• Experimental 

determination of the 

partition coefficient and 

mass transfer 

coefficient for formic 

acid. 

• Dispersed phase droplet 

size determined 

experimentally. 

• Energy balance 

equations neglected. 



 

Freites 

Aguilera et 

al. 166 

• Isothermal and perfectly 

mixed semibatch reactor 

system. 

• Separate mass balance 

equations for oil and 

aqueous phases. 

• Model for both 

homogeneous and 

heterogeneous catalysis. 

• Oleic acid was used as 

model compound for 

VOs. 

• Rapid interfacial mass 

transfer assumed. 

• Addition of mass 

balances to remove 

mass transfer 

coefficients. 

• Local equilibrium 

assumed at the oil-

aqueous interphase. 

• Detailed description of 

reaction mechanism 

and kinetics under 

silent conditions and in 

the presence of 

microwave irradiation. 

• Energy balance 

neglected under 

silent conditions. 

 

It should be pointed out that when the epoxidation via the Prilezhaev method is carried out in 

the presence of a heterogeneous catalyst, i.e. ionic-exchange resins, the description of the 

system is no longer possible through the two-phase modelling, because a third phase, the solid 

catalyst phase, is present in the reaction system and modelling becomes more demanding. 

Herein the approach could be the same as for the cases in the presence of either a homogeneous 

catalyst or in an autocatalytic mode, where a pseudo-homogeneous kinetic model can be 

considered 114,115,133,134,144,166,182. The different approaches applied in the modelling of such a 

system are briefly discussed below.  

 

Sinadinović-Fišer et al. 134 concerned the epoxidation of soybean oil via the Prilezhaev method, 

using a heterogeneous catalyst, namely Amberlite IR-120, proposed a set of  kinetic models 

where the heat and mass transfer phenomena between the phases, i.e. at the liquid-solid and 

liquid-liquid interfaces, were negligible. The kinetic models included only the elementary steps 

on the solid catalyst, namely reactant adsorption, chemical reaction and product desorption. 

The Langmuir-Hinshelwood-Hougen-Watson approach 177,182 was adopted to develop overall 

reaction rate equations, thus reducing the number of rate and equilibrium constants. 

Furthermore, the kinetics was simplified by considering one of the mentioned steps as rate 

determining. The differences between the kinetic models were about which reaction to 

consider, which reactant is able to adsorb on the catalyst surface, which step is rate-determining 

and which one is reversible.  Among the set of kinetic models proposed, the model which best 

described the experimental data considered the whole reaction network, namely perhydrolysis, 

epoxidation and ring opening-reactions, and on the catalyst surface only acetic acid and 



 

peracetic acid were assumed to be adsorbed and desorbed, respectively. Moreover, these two 

steps were presumed to be at quasi-equilibria, thus the surface reaction is the rate-determining 

step. Di Serio et al. 110 proposed a liquid-liquid-solid kinetic model for the epoxidation of 

soybean oil in the presence of Amberlyst 16 via the Prilezhaev method. Assumptions were 

made based on the experimental observations as well as literature evidences. Among others, 

they considered the perhydrolysis reaction and the percarboxylic acid decomposition taking 

place in both aqueous and solid phases, thus the perhydrolysis kinetic constant in the solid 

phase is different from the aqueous phase. Furthermore, as the catalyst particles were wetted 

only by the aqueous solution, epoxidation and ring-opening reactions were considered to take 

place exclusively in the organic phase. Finally, the liquid-liquid and external solid-liquid mass 

transfer coefficients were considered to have high values thanks to the good mixing of the 

system. Mass transfer limitations between the different phases could thus be neglected. 

Partitioning of the components between the two immiscible liquids, i.e., aqueous and organic 

phases, for the formic and performic acid were calculated using the SPARC equations 176, 

whereas the effective diffusivities inside the catalyst pores were estimated by the Wilke-Chang 

correlation 183. However, in the proposed model, some simplifying assumptions were made, 

and the energy balance was not taken into account, but considering the diffusion inside the 

solid particle represented a good starting point for the development of further models 

addressing the epoxidation via the Prilezhaev in the presence of heterogeneous catalysts. 

 

Salmi et al. 184 developed a rigorous model which took into account all the mass transfer 

resistances between the phases, namely inside the pores of the catalyst particles, in the stagnant 

liquid surrounding the solid, inside the dispersed phase droplets and in the stagnant liquid 

surrounding the disperse phase droplets. The model was developed considering the organic 

phase as the dispersed one, and it was represented as rigid spheres of the equal diameters, but 

the diameter of these spheres could change because of the change of physical properties along 

the chemical reactions. Equal solid particle sizes and the mean transport pore model (MTPM) 

185 were used to tackle the diffusion inside the solid particle, thus individual diffusion 

coefficients could be used. This is a first simplification of the model but a particle size 

distribution for both the dispersed phase and catalyst particles can easily be integrated in the 

model. Finally, a correlation equation for the mass transfer coefficients in the fluid films which 

related the dimensionless numbers of Sherwood (Sh), to Reynolds (Re) and Schmidt (Sc) was 

adopted. The model was used for simulating different cases in the epoxidation reaction by 

varying the catalyst particle diameter, the diameter of the spheres representing the dispersed 



 

phase, the effective diffusion coefficient inside the catalyst, the oil phase diffusivity  and the 

total amount of it.  Herein, the attention is focused on the oil phase diffusivity (D) and the 

effective diffusion coefficient (Dc) inside the solid catalyst, to point out the importance of 

considering the mass transfer phenomena when dealing with such a kind of systems. Starting 

from the former one, by varying its numerical value, the concentration profiles inside the 

dispersed phase particles changes profoundly, whereas the aqueous-phase concentration 

profiles are affected less. Then, concerning the effective diffusion coefficient, by increasing its 

value the perhydrolysis reaction as well as the whole epoxidation process are accelerated as 

perhydrolysis is the rate determining step of the epoxidation via the Prilezhaev method. 

  



 

4. Process improvement and intensification efforts 

The in-situ percarboxylic acid process, the Prilezhaev method, with either a homogeneous or a 

heterogeneous acid catalyst is usually carried out in a fed-batch reactor. The reactor is initially 

filled with oil, catalyst and solvent (if used), after which, the oxidant mixture is gradually added 

to the system due to the highly exothermic character of the epoxidation reaction (ΔHr = - 264 

kJ/mol) which leads to a temperature increase and a risk of a runaway, which influences the 

product yield and implies severe safety risks. Thus, commercially two main process steps are 

applied. The first one, is called adding time, in which the oxidant mixture is added dropwise 

into the reactor, and the second one, called digestion time, represents the main time during 

which the epoxidation takes place. According to de Quadros and Giudici 186, it is important to 

focus on the oxidant mixture addition and the heat removal to enhance the adding period in the 

industrial scale which leads to a shorter overall reaction time. They found that a pulse-wise 

addition with 10 or 20 separate pulses brings to a small temperature increase. On the other 

hand, working at 60 °C, the maximum temperature obtained in a single addition, in a system 

with highly effective heat removal, was less than 80 °C, a temperature that is considered safe 

for industrial practice, enables a shorter reaction time. The higher the operating temperature, 

the quicker epoxidation reaction was achieved in a shorter reaction time, but side reactions and 

hydrolysis were enhanced, too, lowering the epoxy yield. Recently, Olivieri et al. 162 studied 

the effect of the reactant ratio, the stirring rate, and the reaction temperature on the epoxidation 

of soybean oil in autocatalytic mode working with a single addition of hydrogen peroxide. 

According with de Quadros and Giudici 186, they found that working with a single addition it 

is possible reduce the epoxidation time, namely to 4 h. Generally, a low initial temperature, 

which means slow reaction rates, a high stirring speed, which enhances the mass and heat 

transfer, and a small amount of the carboxylic acid resulted in a controlled temperature rise. In 

addition, a low reaction temperature brought to a higher epoxide yield since the ring-opening 

reactions were suppressed. Nevertheless, it must be pointed out that working with an industrial 

reactor system, the heat removal from the reaction medium is not as efficient as working with 

a laboratory scale reactor. Thus, in our opinion, even though the reaction time is considerably 

shortened by working with a single addition, the safety of such a reaction modality is not 

guaranteed in large scale. For this reason, the improvement of the epoxidation via the 

Prilezhaev reaction method could be achieved by adding an intensification element engineered 

for this purpose, i.e., microwaves or ultrasound irradiation or hydrodynamic cavitation, to 

exceed the limit of the current semibatch reaction process. Mass and energy transfer are 



 

important in the reaction system as the former one allows the percarboxylic acid to shuttle the 

oxygen atom from the aqueous phase to the organic one, and the latter one allows a good heat 

removal avoiding runway reactions. Therefore, either in batch or semibatch configurations, the 

stirring rate plays an important role, improving the mass and energy transfer by mixing the two 

immiscible phases well. Customarily, high stirring rate and a high volumetric ratio between the 

phases is needed to have a good dispersion of one phase, in tiny droplets, in the other phase, 

enhancing the specific contact surface area between the two phases and allowing the operation 

under kinetic control 46,121,161. The currently applied industrial vegetable oil epoxidation 

process has some drawbacks leading to long reaction times as well as difficult and cumbersome 

separation steps. It is worth mentioning that the intensification and improvement of a process 

does not necessarily mean a shift to a continuous configuration, but the main goals are to 

increase the epoxide productivity and selectivity, to obtain less to none wastes, to decrease the 

operating costs and to provide a safer process. To reach these goals, in the last decade, several 

articles have been published addressing the intensification and improvement of the epoxidation 

process based on the Prilezhaev method. Although some of the attempts have already been 

discussed in previous paragraphs, where the Prilezhaev reaction and mechanism have been 

tackled in terms of best operating conditions, such as heterogeneous catalysts, the reactor 

configurations and technologies aimed to the intensification of the semibatch process are 

briefly addressed and a more detailed description of continuous configuration is presented. In 

fact, the main aim of the present review is to update the scientific community about the 

development related to the epoxidation reaction via the Prilezhaev method, guiding the 

researchers to the choice of the best operating conditions and reactor configurations with a 

particular emphasis on continuous configurations.  

Among the different synthesis pathways, the epoxidation via the Prilezhaev method and the 

direct epoxidation reaction in the presence of homogeneous and heterogeneous catalysts have 

been studied extensively in the recent years. However, although the use of heterogeneous 

catalysts presents in principle a greener process, especially if hydrogen peroxide is used as 

oxidizing agent, it has shown good results mainly in the epoxidation of model molecules, 

typically unsaturated fatty acids and fatty acid esters. Conversely, despite the epoxidation via 

the Prilezhaev method has some disadvantages, it gives better results in terms of conversion 

and yield for vegetable oils, as well as waste cooking oil, and their derivatives. Thus, many 

attempts to find the best reaction operating conditions, to cut the adding time of the oxidizer, 

and to replace homogeneous catalysts by heterogeneous ones have been made. Among these 



 

attempts, most of the effort has also been devoted to the improvement and intensification of 

the fed-batch reaction system, paying a particular attention on boosting the perhydrolysis 

reaction and the enhancement of mass and heat transfer.  

 

Sonochemistry relates the use of high-energy ultrasound with chemical reactions in liquid 

media. Applying ultrasound irradiation on reaction media generates acoustic cavitation effects 

which lead to local hot-spots and increased turbulence, thus enhancing the chemical activity 

between the two phases 187. Chavan et al. 188,189, investigated the epoxidation via the Prilezhaev 

method using both homogeneous and a heterogeneous catalysts in the presence of direct (horn) 

and indirect (bath) ultrasound treatment, Figure 9. Both studies showed that along with the 

dissipation power increment, the double bond conversion, the epoxide yield and the impact of 

side-reactions increased, too. Similar results have been obtained by other authors in studying 

the effect of sonochemistry as an improvement technique for different chemical reactions 

190,191. However, it is worth mentioning that along the temperature, only an incremental 

improvement, when compared with the reaction without the application of ultrasound, has been 

obtained for the double bond conversion and the relative conversion to epoxide for both 

homogeneous and heterogeneous catalytic systems. The reasons behind the minor effect on the 

conversion and yield is due to counteracting phenomena, i.e., the presence of local high 

temperature (hot spots) and the formation of vapor cavities which decrease the cavitation 

activities. The hot-spots, along with forming vapor cavities, enhance the side reaction rates, 

too, namely percarboxylic acid hydrolysis and decomposition, as well as ring-opening 192. 

Nevertheless, the disadvantages at high temperatures, the use of sonication in the reaction 

system shows more clear advantages at lower temperatures, i.e. 50°C. Competitive conversions 

and yields compared to the common semibatch system have been obtained in the presence of 

both homogeneous and heterogeneous catalysts, which apports several advantages for the 

process economy as lower temperatures minimize the ring-opening reactions and decrease the 

operating costs and enable safer process conditions.  

Recently Maia and Fernandes 193 studied the epoxidation of soybean oil under conventional 

and ultrasound-assisted modes in the absence of a catalyst and in the presence of a 

homogeneous catalyst, i.e. H2SO4. Sonication was provided using a horn into the reaction 

system, and applied in pulses of five minutes to keep the reactor temperature under safe 

conditions. The carboxylic acid effect was evaluated as well, comparing formic and acetic acids 

as reaction carriers. Improved results in terms of conversion and selectivity were obtained using 



 

formic acid and the best results were obtained working in the presence of both ultrasound and 

acid catalyst with a yield of 98 % in almost 2.5 hours of reaction at 50 °C.  

Silva et al. 194, carried out a comparative study between conventional and ultrasound-assisted 

epoxidation of tung oil following the research concept of Maia and Fernandes 193. In this study, 

the effect of the reactant concentrations was evaluated by varying the carboxylic acid and 

hydrogen peroxide-to-oil molar ratio and no acid catalyst was used. As obtained in a previous 

work 193, formic acid showed better results than acetic acid, in terms of the double bond 

conversion and the yield. However, the effect of carboxylic acid and hydrogen peroxide-to-oil 

molar ratio was studied in the presence of acetic acid. The best results were obtained using an 

acetic acid and hydrogen peroxide-to-oil molar ratio equal to 0.66 and 1.5, with an oil 

conversion and yield to epoxide equal to 96.4 and 81.0 %, respectively during three hours of 

reaction. Of real interest is the higher performance obtained by applying ultrasound on the tung 

oil compared to the soybean oil 193, according to the authors, this is mainly due to the presence 

of a higher amount of conjugated double bonds in the fatty acid chains of the tung oil. In 

conclusion, the epoxidation reaction carried out in presence of ultrasound has brought better 

results, compared to traditional methods, especially at lower temperatures, e.g., 50 °C. Both in 

the presence and the absence of an added catalyst, formic acid has shown a better performance 

than acetic acid. Finally, the total reaction time needed to achieve a good conversion is two 

times shorter than the general time used in the laboratory practice, representing the main point 

of strength of the epoxidation reaction in the presence of ultrasound irradiation.  

 

Figure 9: Experimental set-up adopted by Chavan et al.188,189 . 



 

On the other hand, by working in the presence of microwave irradiation, the electromagnetic 

energy is converted into thermal energy by dielectric loss of the substances 195. This loss is 

related to the intensity and frequency of the magnetic field as well as on the ratio between the 

dissipative and capacitive behavior of the matter (tanδ). By defining ε’, the real part and ε’’, 

the imaginary part of the dielectric constant, the first one is responsible for the capacitive effect, 

whereas the second for the dissipative behavior. Thus, the ratio between the imaginary (ε’’) 

and the real (ε’) is defined as tanδ. For example, the tanδ values of oil and water are 0.05 and 

0.25, respectively 195. Thus, the aqueous solution feels the presence of the microwave and by 

dissipating the energy increases locally the temperature, thus boosting the perhydrolysis 

reaction. Conversely, the organic phase is almost transparent to electromagnetic irradiation.  

 

Leveneur et al. 196 compared in a pioneering work conventional and microwave-assisted heating 

in the epoxidation of oleic acid in the presence of different carboxylic acids working in 

autocatalytic mode. The reactions were carried out in a isothermal glass batch reactor. The 

study of Leveneur et al. 196, revealed that by increasing the impeller stirring speed under 

conventional heating, no increase of reaction rate was detected. Conversely, when using 

microwave irradiation and the aqueous phase as the continuous one, an enhancement of the 

reaction rate was recorded. According to the authors, this effect is obtained thanks to a more 

efficient heat transfer. 

 

Freites Aguilera et al. 197 studied the effect of conventional and microwave-assisted heating in 

the epoxidation of oleic acid via the Prilezhaev method in a batch-loop reactor. The 

experimental configuration was equipped with a jacketed glass-batch reactor kept at the 

operating temperature, and a heat exchanger and a microwave irradiator along the loop-line. 

Thus, according to the type of energy source adopted during the experiment, the loop stream 

was heated either by the conventional element or by the microwave one.  Experiments at 

different temperatures, acetic acid amounts and stirring rates were performed using 

conventional and microwave assisted heating. The results revealed that the microwave-assisted 

configuration enhanced the epoxidation process by selective heating of the aqueous phase, 

which was confirmed by experiments with a larger amount of aqueous phase compared to the 

organic one. Finally, by decreasing the pumping speed, thus the exposure to the heating 

elements, the epoxidation was further enhanced proving the superiority of the microwave-

assisted heating compared the conventional one.  



 

The same experimental set-up has been recently applied by Freites Aguilera et al. 198, in the 

study of the epoxidation of oleic acid in the presence of heterogeneous catalysts. The effect of 

the microwave-assisted heating as well as the different resin catalysts were analyzed. The 

difference between this experimental set-up and the one used in the previous study by Freites 

Aguilera et al. 197, was the batch reactor. A SpinChem batch reactor was used in the epoxidation 

in the presence of heterogeneous catalysts, where the catalyst was confined inside a basket of 

the SpinChem structure. The results in terms of activity, selectivity and yield for the different 

ion-exchange resins has been already discussed Section 2.1.2. Here the differences between the 

conventional and microwave-assisted heating in the presence of the different solid catalysts are 

addressed. It should be remembered that microwave radiation enhances the perhydrolysis 

reaction which takes place in the aqueous phase between a carboxylic acid and hydrogen 

peroxide. This reaction, in the presence of a resin catalyst, proceeds mainly in the pores of the 

catalyst, where a higher density of acid active sites is available, as well as on the external 

surface of the resin catalyst. The comparison between microwave and the conventional heating 

in the presence of a heterogeneous catalyst was made to see if microwave-assisted heating is 

still able to increase the epoxidation process and how effective it is compared to the epoxidation 

system either in autocatalytic mode or in the presence of a homogeneous mineral acid catalyst. 

From the experimental data obtained, it was noticed that microwave irradiation did not enhance 

the reaction rate. Conversely, in most of the cases the activity and selectivity were lower 

compared to the experiments carried out under conventional heating.  

 

Figure 10: Reactor configuration adopted by Freites Aguilera et al.197 
. 



 

Piccolo et al. 195 carried out the epoxidation of soybean oil via the Prilezhaev method in the 

presence of microwave-assisted heating in a batch reactor, looking for the best operating 

conditions to achieve a high conversion to oxirane. The results obtained with the microwave-

assisted set-up were compared by working with a conventional heating set-up. Conversely from 

Freites Aguilera et al. 197, the microwave irradiation was applied inside the reaction system by 

immerging it into a microwave oven. Firstly, the effect of stirring velocity on the reaction 

system was investigated. By working with conventional heating, the increase of the stirring 

speed increased the mass transfer until a threshold point, after which the reaction system 

proceeded in the kinetic regime and almost a constant value of the relative conversion to 

oxirane was obtained. On the other hand, by working with the microwave-assisted set-up even 

at lower stirring rates, where the two phases in case of conventional heating were completely 

segregated, a good conversion to oxirane was achieved. These results were enabled thanks to 

the better mixing between the two phases induced by the electromagnetic field. According to 

the authors 195, this effect can be obtained due to the reducing surface tension of the aqueous 

phase by the isolated heating provoked by microwave radiation in the aqueous phase. 

Furthermore, an increase of the stirring speed in the microwave-assisted set-up resulted in 

detrimental results in terms of the relative conversion to oxirane, due to the enhancement of 

the coalescence between the dispersed phase droplets, thus decreasing the interfacial area. Later 

on, the effect of the temperature was screened; the presence of the microwave-assisted 

operation allowed to achieve the highest conversion to oxirane in half of the time compared to 

conventional heating at both 70 and 60 °C.  

In conclusion, better results in terms of double bond conversion and relative conversion of 

oxirane have been obtained in the presence of microwave irradiation. Microwave irradiation 

has a double effect on the reaction medium, by enhancing the perhydrolysis reaction in the 

aqueous phase, which mainly feels the presence of the magnetic field, and by decreasing the 

surface tension of the aqueous phase, thus improving the mixing between the two immiscible 

liquids. Conversely from the sonochemical apparatus where the presence of a solid catalyst 

does not affect the ultrasound radiation, in the presence of microwaves, a heterogeneous 

catalyst shields the electromagnetic field and the overall epoxidation process, as the 

perhydrolysis process takes place mainly inside the catalyst pores. 

 

Klein and Hinrichsen 199 carried out the epoxidation reaction of methyl esters in a rotor-stator 

spinning disc reactor (RSSDR). This kind of device is categorized as an intensification element 

as it enhances the mass and heat transfer, thus very suitable for exothermic liquid-liquid 



 

systems, such as the epoxidation via the Prilezhaev method. The reactor set-up consisted of a 

jacketed batch reactor connected through a pump to a rotor-stator element. The reaction 

medium was pumped in a loop from the batch system to the top of the rotor-stator and it flowed 

spontaneously into the batch system from the bottom of the RSSDR. The reaction temperature, 

the disc speed, and the recycle throughput were the main parameters varied in screening the 

best operating conditions to achieve a good conversion and yield. An incremental improvement 

of the conversion and yield was obtained by increasing the temperature, the disc speed and the 

recycle throughput. The side reactions, the dissipative power and the short residence time 

affected negatively the epoxidation reaction. Finally, TiO2 was used as a heterogeneous catalyst 

by coating the disc surface of the rotor-stator spinning disc reactor, and the reaction was carried 

out by working under the best possible conditions obtained in the autocatalytic mode. However, 

no improvement in terms of the double bond conversion was achieved, conversely a slight 

decrement of the yield and the selectivity was observed compared to the reaction in an 

autocatalytic mode. According to the authors, the catalysts promoted the formation of one or 

more by-products. The performance obtained with the reaction set-up in the presence of the 

RSSDR was compared with a recycled batch reactor, to check if the rotor-stator spinning disc 

reactor really enhanced the epoxidation process due to mass and heat transfer effects. The 

results showed that the set-up in the presence of the RSSDR performed the epoxidation reaction 

giving a conversion and yield almost 3 and 7 times higher than the set-up without the RSSDR, 

respectively. Thus, the presence of the RSSDR element improved the heat and energy transfer 

phenomena intensifying the epoxidation reaction.  

Wu et al. 200, in order to improve the heat and mass transfer in the epoxidation process added a 

hydrodynamic cavitation element to a circulatory reaction set-up. The cavitation is generated 

by flowing a liquid through an element, which is characterized by different sections, i.e., a 

venturi tube. When the liquid moves from a larger to a smaller section, the liquid flashes 

generating cavities and the heat and mass transfer is improved by turbulence 201. The 

experimental setup consisted of a jacketed glass tube reactor filled with a static mixer made of 

PTFE, connected to a ball valve, opened with a certain angle to ensure a pressure inside the 

circulatory reaction system according with the experimental conditions, a pump and a tundish, 

where the oil and the oxidant mixture were introduced. The droplet size distribution and the 

heat-transfer coefficient were determined in the experimental set-up and compared with the 

values obtained in a conventional semibatch reaction system. The Sauter mean diameter was 

almost ten times smaller and the heat transfer coefficient three times larger, respectively, 

proving the intensification of mass and heat transfer in the proposed reaction system. Finally, 



 

the two set-up configurations, cavitation-aided and conventional ones were compared in the 

epoxidation process. The results revealed comparable double bond conversions and epoxide 

yields for the two techniques. However, significantly shorter reaction times and an efficient 

heat removal even with a single addition of the oxidizing mixture were demonstrated by the 

hydrodynamic cavitation-aided system, making the reaction set-up suitable for a large-scale 

application of the epoxidation process. 

 

 

  

Figure 11: Experimental set-up adopted by Wu et al.200. 



 

5. Continuous reactor configurations 

It is well known that a continuous process is economically superior to a batch process, 

particularly at high production volumes, so switching from either batch or semibatch 

configurations to a continuous one is highly desirable. Process intensification allows increasing 

the productivity by reducing the reaction time, improving the thermal control of exothermic 

reactions and implementing inherent operation safety. Some authors, aiming at the 

intensification and improvement of the epoxidation via the Prilezhaev process, have proposed 

continuous reactor configurations. The advantage in using a continuous configuration is that 

the volume-to-surface area increases, thus increasing the contact surface area improving the 

heat and mass transfer between the two immiscible phases, by working with the same reactor 

size. Furthermore, continuous operation could significantly reduce the residence time inside 

the reactor, increasing the target product productivity and improve the economy of the 

operation as well as bring to a product uniformity. Finally, a continuous operation modality 

does not lead to accumulation inside the reaction chamber, improving the safety, in this case 

related to the presence of percarboxylic acid. A survey of continuous configurations in the 

epoxidation of vegetable oils and their derivatives is provided in this section.  

 

Chadwick et al. 202, studied the epoxidation via the Prilezhaev concept in the presence of a ion-

exchange resin and compared different continuous set-ups, i.e. column and cascade reactors, 

which are displayed in Figure 12.  

 

Figure 12: Experimental set-ups from Chadwick et al. 202.  

a) Tubular reactor; b) Recycled tubular reactor; c) Cascade tank reactors. 

The experiments were carried out by working with the organic phase as the continuous one and 

the aqueous phase as the dispersed one. The first reaction set-up was a single column packed 

with a resin catalyst. However, due to the short contact time, a satisfactory conversion was not 



 

achieved. To overcome the short contact time, a recirculation system was added to the main 

column. Nevertheless, with this modality the resin at the inlet of the column disintegrated after 

a short period of reaction, plugging the column. This phenomenon was pronounced in the 

presence of soybean oil. Thus, the continuous operation in the presence of a packed column, 

either with or without a recycle, did not give satisfactory results in the epoxidation of soybean 

oil and methyl oleate. Subsequently, a cascade reactor set-up was investigated. Three 

continuous stirred tank reactors were connected in series. In the first tank, a certain amount of 

oil, acetic acid and resin were loaded. Next, after heating the mixture to a desired temperature, 

hydrogen peroxide was added dropwise. Then, after a certain hold-up time in which the 

reaction was going on, a mixture of glacial acetic acid and hydrogen and the organic phase 

were added continuously to the first tank. The reaction mixture from the first tank overflowed 

to the second tank and finally to the last one at the same volumetric rate of the two streams, i.e. 

acetic acid and hydrogen peroxide and the organic phase, added to the first tank. A make-up 

stream for the resin was present in the first tank as well. Finally, the outlet stream was collected 

from the last tank and analysed. The cascade process showed better results compared to the 

tubular reactor, with almost 90 % conversion of methyl oleate at the stationary state, achieved 

after 4.5 h from the addition of hydrogen peroxide to the first reactor. Similar results were 

achieved also working with a lower amount of resin but with a longer reaction time. Analogous 

results in terms of the conversion were obtained also in the presence of soybean oil working at 

the same operating conditions as for methyl oleate, however the stationary state was achieved 

after 6 h. 



 

 

Figure 13:Cascade reactors configuration adopted by Dieckelmann et al. 203. 

Similar multistage reaction processes as Chadwick et al. 202  have been proposed by 

Dieckelmann et al. 203 and Hang and Yang 60, which mainly differ for the number of reactor 

tanks and the inlet position at the feed. The study conducted in a multistage process by Hang 

and Yang 60 did not differ so much, in terms of configuration and operating conditions, from 

the one proposed by Chadwick et al. 202, as illustrated in Figure 13. However, the authors tested 

the reaction configurations by adopting several operating modalities and conditions compared 

with the study of Chadwick et al. 202, thus exploiting a different combination. However, the 

best results were obtained when the reaction was carried in the same modality as applied by 

Chadwick et al. 202, the only difference was a gradient temperature increment from the first 

reactor to the last one, namely 60, 70 and 80 °C, respectively. In the multistage process 

proposed by Dieckelmann et al. 203, the organic phase always passes from the first to the last 

reactor, whereas the hydrogen peroxide and the carboxylic acid can be continuously fed either 

to the first tank or to different inlet points, where the main one is located at the second-to-last 

reactor. In this way, the organic phase goes in countercurrent flow with respect the aqueous 

one. The best results were obtained by working in the countercurrent flow modality, achieving 

95 % conversion and 80 % yield to the target product with an operating temperature of 70 °C 

in the five reactor tanks. To stabilize the aqueous phase, hydroxyethane-1,2-diphosphonic acid 

(HEDP) was added. This approach, however, represents a bottleneck in the separation step 

economy as a further step is needed to separate the stabilizer from the final product. 



 

The use of a multistage reaction set-up has shown good results in terms of conversion and yield, 

of the same order of magnitude of the semibatch reaction process as soon as the stationary state 

was reached. Furthermore, after the stationary state has been reached, the reaction can continue 

without stopping the process, increasing the productivity and improving the final product 

uniformity. Moreover, the operating conditions adopted from the literature references are the 

same as the conditions typically used in the industrial practice. Nevertheless, some bottlenecks 

arise in applying these multistage tank in-series reaction processes, mainly related to the large 

amount of investment needed and to the safety issues. When several reactors are connected in 

series, a large investment in both the process and plant costs are inevitable, first because the 

purchase and the maintenance of all the elements, then also because of the large surface needed. 

Furthermore, higher requirements for the control and safety in all the process elements, 

especially the reactors due to the exothermicity of the reaction, are needed.  

 

Other continuous reaction configurations have been proposed along the years, an example is 

related to the use of microreactors 30,61,204–207. As for the rotor-stator spinning disc reactor, the 

hydrodynamic cavitation and the use of electromagnetic waves, namely ultrasound and 

microwaves, the microreactors have been engineered with the aim to intensify chemical 

processes. The advantages of these inventions are the rapid mixing and efficient heat transfer 

thanks to the high surface-to-volume ratio the as well as the lower investment and operation 

costs.   

He et al. 205, studied the epoxidation of soybean oil in a continuous microflow system (MFS), 

by investigating the effect of different parameters, namely carboxylic acid, temperature, 

residence time, and catalyst. As for the batch process, formic acid showed better results than 

acetic acid, and the presence of a stabilizer, namely EDTA-2Na, improved the reaction up to a 

concentration value of 3 %, and after this value the results were almost constant along the 

concentration. The use of microreactors allows to work under more extreme conditions 

compared with the fed-batch process. However, the best results were obtained by working at 

an operating temperature of 75 °C, a hydrogen peroxide-to-double bond molar ratio equal to 

1:8 and in the presence of sulfuric acid as the mineral acid catalyst. Thus, the operating 

conditions are not so far from the ones adopted in the fed-batch process. Nevertheless, the 

residence time inside the reactor was only 6.7 min compared to the 10 – 12 h in the fed-batch 

process, thus showing the superiority of the microreactor technology.   

He et al. 30 studied the epoxidation of soybean oil in a microflow system in the presence of α-

alumina as the acid catalyst. The reaction set-up consisted of a micromixer, where the organic 



 

and aqueous phases were at first brought in contact, and a fixed bed reactor coated with the 

heterogeneous catalyst. However, no information was provided by the authors concerning the 

geometry of the fixed bed reactor. Good results were not obtained in the reaction set-up under 

the best operating conditions obtained from the study of the reaction in a conventional reaction 

process. Thus, a second micromixer and a fixed reactor were added in-series to the first two 

elements, as shown in Figure 14. The second configuration allowed better results especially in 

the presence of LH 25 micromixer units.  

 

Figure 14:Reaction configurations adopted by He et al.30.  

a) Single micromixer and coated tubular reactor; b) In-series micromixers and coated tubular reactors. 

Recently, Olivieri et al. 207 conducted the soybean oil epoxidation via the Prilezhaev method in 

both micro- and millireactor. Double bond conversion and epoxide selectivity of 84 and 77 %, 

respectively were obtained in the microreactor with a residence time of 12 min only. 

Furthermore, under any operative conditions microreactor showed superior performance with 

respect to the millireactor.   

The use of microreactors as well as microunits has increased drastically in the last years. 

Nevertheless, these devices present as the main drawback a lower productivity. Of course, a 

microreactor process can be either scaled-up or numbered-up. In the first case, the mixing 

phenomena as well as reaction control guaranteed inside the microsystem are not ensured in 

the scale-up unit. Furthermore, epoxidation via the Prilezhaev method is a medium rate reaction 

which needs long reaction time. Thus, the advantages of lower investment and operation costs 

are no longer present because higher pressure drop are generated increasing drastically the 

operation costs. In the numbering-up, several microreactors work in parallel ensuring the 

performances. However, the control of such a number of units as well as the high costs do not 

make this second route very enticing.  

 

Finally, the attempts devoted to a continuous configuration in the presence of tubular reactors 

are described. This configuration has been the most frequently proposed in the epoxidation of 



 

vegetable oils via the Prilezhaev method. The different configurations differ each from each 

other for the different operating conditions, column length, mixing and intensification elements 

within the reaction set-up. As a matter of fact, it is important to remember that the results 

obtained by Chadwick et al. 202 in a packed bed reactor were not at all satisfactory. However, 

mass transfer limitations between the liquid-liquid reaction medium and the solid catalyst 

might be the main reason for the discouraging results. 

 

In a pioneering study, Latourette et al. 208, proposed a countercurrent epoxidation process in 

which acetic acid was fed from the bottom of the column, hydrogen peroxide from the top and 

a mixture of acetic acid with a mineral acid from the side. The mixing of the reactants takes 

place due to the different densities; the heavier phase, comes from the top to the bottom of the 

column and the oil in the other way around. Even though the process is a continuous one, the 

phases move from the bottom to the top and vice versa only by diffusion. Thus, the mass 

transfer as well as the heat transfer are slow, making the configuration proposed by Latourette 

et al. 208 only a good starting point for the epoxidation reaction in a continuous mode.  

 

Santacesaria et al. 174 studied the epoxidation of soybean oil via the Prilezhaev method in a 

continuous modality, by comparing two tubular reactors of different sizes. The reaction set-

ups, unless the reactor size, were identical as shown in Figure 15. Two different streams, one 

with the oil and the other with a mixture of formic acid, hydrogen peroxide and sulfuric acid, 

were fed at the bottom of the column. The organic phase, before mixing the aqueous phase and 

entering the column, was warmed up by a heat exchanger to the desired operating temperature. 

Both reactors were filled with stainless steel spheres to guarantee a good mixing between the 

two phases along the reactor length. Similarly to the results obtained by Chedwick et al. 202, 

the results obtained in the present study were not so encouraging in terms of the double bond 

conversion and the yield to the target product. However, the kinetic experiments performed in 

the two-reactor configuration were mainly aimed to validate a kinetic model proposed by the 

same authors in a semibatch system 45. Thus, thanks to the good interpretation of the 

experimental data by the proposed kinetic model, the authors simulated the epoxidation process 

in the reaction set-up to find the best operation conditions. According to the authors, these 

performances can be obtained by working with two tubular reactors in series at a reaction 

temperature of 90 °C in only 45 min residence time.  



 

 

Figure 15: Experimental configuration adopted by Santacesaria et al. 174. 

Rahim et al. 209, proposed a continuous system using a mesoscale oscillatory baffled reactor 

(meso-OBR), a moving-mixer tubular reactor displayed in Figure 16, for the epoxidation of 

rapeseed oil in the presence of hydrogen peroxide, acetic acid and sulfuric acid. The main 

characteristics of the reactor is its capability to generate and maintain the plug flow behaviour 

at low net flows 209,210, thus eligible to perform continuous operations which require high 

residence times, as the epoxidation via the Prilezhaev process due to the several in-series 

reaction steps. A comparative study between the conventional semibatch operation and 

continuous operation in the meso-OBR reactor was conducted. The continuous tubular reactor 

was 0.87 m long and equipped with a sharp-edge helical baffles with a central rod and fed by 

four syringe pumps. A comparison showed that, as well as for the fed-batch operation, also in 

the continuous one, the system operated under kinetic regime after a threshold limit. At low 

temperatures, the fed-batch system performed better than the continuous one, probably due to 

the viscosity of the reaction medium. Nevertheless, at higher temperatures, namely 70 and 80 

°C, the results were comparable in short reaction times. Finally, the effect of the reactant molar 

ratio was studied only in the meso-OBR to demonstrate its capability to enhance of the heat 

and mass transfer. A yield up to 75 % was achieved with an acetic acid-to-double bond and 

hydrogen peroxide-to-double bond molar ratios equal to 20:1 and 70.4:1, respectively. Even 

though the ratios used are extremely high, the meso-OBR showed a good heat removal 

demonstrating an enhancement of the energy transfer.  

 

Figure 16: Reaction configuration adopted by Rahim et al. 209. 



 

Wu et al. 211 studied the hydrodynamics and the size distribution of a liquid-liquid reaction 

system in a packed bed reactor equipped with orifice plates. The tubular reactor was a PTFE 

tube with an inner diameter of 1 cm, filled with theta rings and equipped with orifice plates at 

different reactor lengths. The concept is shown in Figure 17. It was noticed that the presence 

of the orifice plates does not affect the axial dispersion, as the Péclet numbers were almost the 

same in the conventional tubular reactor and the one equipped with the orifice plates, as 

confirmed by residence time distribution experiments. However, the droplet size distribution 

varied highly in the presence of the orifice plates compared with the conventional tubular 

reactor. In the latter case, the droplet sizes were almost constant along the whole reactor length. 

On the other hand, in the presence of the orifice plates, the droplet size at the inlet of the reactor, 

after the first plate, were smaller and they increased from the inlet of the reactor towards the 

outlet, because of the variation of the dissipation energy along the reactor, which has a 

significant influence on the break-up and coalescence phenomena. Smaller particle diameters 

were also achieved with smaller orifice holes at any reactor length and by increasing the flow 

velocity. Thus, it is easy to understand the improvement of the energy and mass transfer 

characteristics as the contact surface area between the two phases in the presence of the orifice 

plates is larger.  

Figure 17: Experimental configuration adopted by Wu et al. 211. 

Out of the best operating conditions and reactor configuration found in the former study211, Cai 

et al. 212 carried out the epoxidation of fatty acid methyl esters via the Prilezhaev concept and 

compared the performances with a conventional tubular reactor and a stirred tank reactor. The 

results showed that the tubular reactor equipped with orifice plates guarantees a good double 

bond conversion and epoxide selectivity in a shorter reaction time, namely 8 min, when 

compared with the time needed for conventional tubular reactor and a semibatch reactor, of 20 

min and 1 h, respectively. 



 

In conclusion, the continuous configurations proposed for the improvement of the vegetable 

oil epoxidation process are very diversified. The possibility of working with a tubular reactor 

seems to be the most promising alternative because the heat and energy transfer enhancement 

thanks to the high surface-to-volume ratio is coupled to low operation and plant costs and easy 

operation modality. The modality should be exploited more by working with operating 

conditions different from the ones used in the traditional methods and even coupling two and 

more reactors in-series. These kind of equipment could also be attached to mass and heat 

transfer intensification devices, such as hydrodynamic cavitation, orifice, moving mixers, as 

well as microwave and ultrasound irradiation.  

  



 

6. Summary 

A survey on the use of the epoxidized vegetable oils and the different reaction pathways applied 

on the synthesis of them was given. Traditional methods as well as new promising ones were 

presented and discussed considering the main advantages and downsides. Continuous reactor 

configurations proposed in the literature were reviewed, comparing them, and trying to 

understand the reason why they are not applied industrially yet. The adopted configurations 

tried to enhance both the mass and heat transfer by increasing the liquid-liquid interfacial 

contact area by using of cavitation, orifice plates, moving mixers and microreactors. The 

importance of mass and heat transfer phenomena was emphasized in order to carry out the 

process under safe and reproducible conditions. Therefore, an extensive recapitulation on the 

mathematical models was presented; the reason behind it is the possibility to use them as a 

powerful tool to predict the behavior of the reaction system under different operating conditions 

and to employ them in the scale-up of semibatch configurations and in the shift to continuous 

operation. An overview on the semibatch configurations equipped with engineered devices for 

process intensification was presented compared with the conventional semibatch process. From 

the survey it was possible to notice that the continuous configurations were based on the 

Prilezhaev concept only, thus the kinetics of the epoxidation process via the Prilezhaev method 

in the presence of both homogeneous and heterogeneous acid catalysts was deeply addressed. 

The epoxidation via the Prilezhaev concept proceeds as a  series of consecutive reactions, 

where the percarboxylic acid formation is crucial. Percarboxylic acid formation and 

decomposition, epoxidation, and ring-opening reactions were carefully considered, comparing 

the different results presented in the literature. From the survey, it was possible to notice that 

the use of mineral acid catalysts allows a faster production of percarboxylic acid and in turn 

double bond conversion to epoxide. Sulphuric acid has shown to be the most efficient and used 

mineral acid catalyst. However, side effects, because of the higher acidity brought to the 

reaction system compared to the self-catalyzed and heterogeneously catalyzed ones, lead to a 

lower epoxide selectivity, by enhancing the ring-opening reactions as well as increasing the 

operation costs due to more cumbersome separation steps. Heterogeneous catalysts, especially 

acidic ionic exchange resins, have shown good performances in terms of double bond 

conversion and epoxide yield, providing thus a valid alternative to mineral acid catalysts. Best 

performances have been obtained with gel-type resins with an intermediate degree of cross-

linking. Gel-type resins have a larger surface area and a microporous structure, which guarantee 



 

a high activity and selectivity as it limits the oil to diffuse into the catalyst particles, where it 

can undergo ring-opening reactions. 
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ABSTRACT: Linseed oil is characterized by an elevated concen-
tration of highly unsaturated fatty acids such as linolenic and linoleic
acids. This work has the objective to evaluate the effect of the high
unsaturation of linseed oil on the reactivity and selectivity of the
epoxidation reaction. For this purpose, different kinetic experiments
of linseed oil epoxidation with performic acid, produced in situ, and
phosphoric acid as catalyst, have been performed and interpreted
with a biphasic kinetic model previously tested on soybean oil
epoxidation. This model considers the contribution of the main
reactions involved in each phase, including the side reactions such as
performic acid decomposition and ring opening reactions. The
experiments made have been simulated, with the mentioned kinetic
model, after the evaluation by mathematical regression of the kinetic
and thermodynamic parameters of the model. Then, the obtained
results have been compared with those described in the literature for soybean seed oil, considering, in particular, the effect of the
different unsaturated fatty acids composition on activity and selectivity.

■ INTRODUCTION

In the growing demand for higher sustainability of industrial
chemical processes, vegetable oils represent the most
promising bioresources due to their renewability, affordable
costs, and the potential for obtaining a wide range of
products.1 In fact, vegetable oils, due to their high reactivity,
are susceptible to considerable chemical modifications,
expanding the window of applications. One of the most
common strategies for the functionalization of vegetable oils is
to epoxide the unsaturated fatty acids. Nowadays, epoxidized
oils are applied as PVC plasticizers and stabilizers,2,3 and they
are also employed as raw materials for the synthesis of
lubricants, polyols, additives for polymers, and coatings. For
these reasons, their market is expected to grow over the next
decade.4−8

Several methods for epoxidation of vegetable oils have been
proposed in the past, but the “Prileschajew route”, based on
the use of peracids formed in situ, remains the most widely
used industrially.9,10 Performic and peracetic acids are
commonly used as oxidizing agents. The formation of
percarboxylic acid occurs in situ, in semibatch reactors,
through the Bronsted acid-catalyzed reaction between a
carboxylic acid and hydrogen peroxide. The Bronsted acid
can be homogeneous, such as sulfuric and phosphoric acid, or
heterogeneous, such as ion exchange resins and zeolites.11−14

The epoxidation process is quite complex involving several
reactions, some occurring in the aqueous phase, others in the

organic phase, or at the water−oil interphase. We have, in
particular:

(1) The reaction of peracid formation (aqueous phase):

+ ↔ +H O RCOOH RCOOOH H O2 2 2 (1)

This reaction, promoted by an acid catalyst, is fast and rapidly
reaches the equilibrium condition. Performic acid, moderately
soluble in the oil phase, as opposed to hydrogen peroxide,
moves into the organic phase and begins the desired
epoxidation reaction of double bonds of the oil molecules.

(2) Peracid acid decomposition (aqueous phase): Peracids are
unstable, and performic acid, for example, decomposes
according the reaction:15−18

→ +HCOOOH CO H O2 2 (2)

This reaction is undesirable as it consumes the peracid and
indirectly both hydrogen peroxide and formic acid. This
decomposition negatively affects the entire epoxidation
process, as it depletes the reagents necessary for the
epoxidation. To compensate for this loss and sustaining the
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epoxidation reaction, both the reactants, hydrogen peroxide
and formic acid, are usually employed in excess.
Reaction 3 takes place in the oil phase, between the

performic acid, migrated from the aqueous phase, and the oil

unsaturations, through the formation of epoxide and formic
acid. The latter returns to the aqueous phase, closing the
reaction cycle.10 This reaction is very exothermic with a ΔH
falling in the range of 200−250 kJ/mol. Therefore, to avoid
thermal runaway in the industrial process, reduced amounts of
both reactants are fed as pulses to reactors containing oil and
acid catalyst. Differently, a semibatch operation can also be
adopted with a slow feed rate of both the mentioned reactants.
The reaction normally requires industrially 8−10 h to be
completed. Despite the described prudent operative con-
ditions, it is very difficult to maintain an isothermal system in
laboratory-scale reactors. Therefore, to study the kinetics of
this reaction it is opportune to follow, along the time, the
profiles of both the concentration of all the involved
components and the temperature. An alternative to the
described procedure, adopted in different works reported in
the literature, is to add hydrogen peroxide to the mixture of oil,
carboxylic acid, and catalyst. In any case, when hydrogen
peroxide is mixed with carboxylic acid, in the presence of an
acid catalyst, percarboxylic acid is promptly produced and the
epoxidation suddenly starts with a large heat release. Many
attempts have been made for reducing the overall reaction time
through the use of nontraditional methods such as continuous
operation, process intensification, and use of ultrasonic and
microwaves, but none of these techniques has had an industrial
development, as the product post-treatments, separation, and
purification are rather complicated operations.In addition to
the main reactions, undesirable side reactions occur, which
degrade the epoxy rings. One of these reactions occurs at the
interphase, in the presence of a strong Bronsted acid, normally
insoluble in the oil phase, that favors the oxygen protonation
followed by the reaction with a nucleophilic agent according to
reaction 4.Another possibility of ring-opening is a direct attack

by a powerful nucleophilic agent, like for example formic acid
(see reaction 5). This last reaction occurs mainly inside the oil
phase where formic acid is partially dissolved.

Both mentioned mechanisms probably occur simultane-
ously, with the prevalence of one reaction mechanism on the

other, according to the acidity of the aqueous phase, the formic
acid concentration, and the adopted operative conditions.
Therefore, it would be difficult to define exactly the relative
contribution of the two mechanisms.
More precisely, the proton concentration significantly

changes during the reaction due to the dilution effect from
feeding hydrogen peroxide and formic acid. Moreover, formic
acid with its acidity gives a contribution to the change of
protonic concentration. Phosphoric acid is an acid of medium
strength with the first dissociation constant KE1 = 7.11 × 10−3

at 25 °C. The other two dissociation constants are very low,
therefore, can be neglected. The dissociation constant of
formic acid at 25 °C is KE2 = 1.77 × 10−4. Performic acid is
poorly dissociated and its contribution, therefore, can be
neglected, too. Hence, for evaluating the pH of the aqueous
mixture of formic and phosphoric acid a reasonable
approximation is to consider only these two dissociation
equilibria. Despite these simplifications, the solution of
algebraic equations at any integration step determines long
calculation times. An alternative is to consider the two
occurring ionization reactions as very fast equilibrium
reactions, adding their kinetic laws to the aforementioned
five reactions. This is possible by assuming very high values for
the kinetic constants that bring promptly all the ionization
reactions to equilibrium in a very short time. So, the number of
differential equations to be integrated increases and the
calculation times are strikingly reduced.
We will have, therefore

(6) Reaction of phosphoric acid dissociation:

++ −H PO H H PO3 4 2 4V (6)

(7) Reaction of formic acid dissociation:

++ −HCOOH H HCOOV (7)

The epoxidation reaction is very exothermic being ΔH =
−55 000 cal/mol for each reacted double bond. For this
reason, to avoid a sudden increase in temperature15−18 in the
reactors, in the industrial process, the addition of hydrogen
peroxide and formic acid, to the oil with the catalyst, takes
place slowly employing pulses over time of a certain quantity in
the mixture or separately, operating in semibatch modality. In
the case of soybean oil, the reaction requires 8−10 h to be
completed, keeping the temperature in the range of 60 and 70
°C. Initially, the reaction is very fast and gives place to a
sudden increase of the temperature, then the reaction slows
down, and the oxirane products can be degradated by ring-
opening side reactions.10,22−24 Therefore, optimization of the
process requires detailed information about both the kinetics
of all reactions involved and the effects of heat and mass
transfer. Alternative “nontraditional methods” based on the use
of ultrasonics or microwaves have been proposed in the
literature to optimize the yields and reduce reaction times.25,26

Different papers appear in the literature dealing with the
kinetics of the epoxidation of vegetable oil,27,28 applying an
oversimplified pseudo-monophasic kinetic model to describe
the complex process of the epoxidation and all the occurring
reactions. Few biphasic kinetic models, reported in the
literature,19−21,29−34 considered all the occurring mentioned
reactions and the physical phenomena such as (i) mass and
heat transfer of the reagents between the two immiscible
phases, (ii) solubilities of carboxylic and percaboxylics acids in
the oil phase, and (iii) partition equilibria in the two phases.

(3) Epoxidation reaction (oil phase):

(4) Ring-opening reaction (occurring mainly at the
interphase):

(5) Ring-opening reaction (occurring mainly inside the oil
phase):
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To individualize so many chemical and physical parameters, it
is opportune, when possible, to make independent experiments
with the scope of reducing the correlation of the parameters.
For this purpose, in our recent paper, a new biphasic model
was developed to describe the epoxidation of soybean oil with
in situ formed performic acid, promoted by phosphoric acid as
a catalyst. This model was used for interpreting the
epoxidation experiments in which all the chemical and physical
parameters were imposed as a consequence of independent
investigations with the exclusion of the epoxidation rate (rate
law, pre-exponential factor, and activation energy). In this
work, we employed the same kinetic model for interpreting a
set of epoxidation kinetic experiments performed on linseed
oil. Linseed oil has the peculiarity of a high unsaturation due to
its composition rich in linolenic acid. Therefore, epoxidized
linseed oil (ELO) has a higher Oxirane Number than
epoxidized soybean oil (ESBO).35,36

Moreover, in the study of the reactivity of different vegetable
oils in epoxidation with peracids, it was shown that the
reactivity depends on the degree of unsaturation of the fatty
acid chains of the triglycerides. La Scala and Whool,37 for
example, reported that linolenic acid, having three conjugated
double bonds for the trygliceride chain, was about three times
more reactive than monounsaturated oleic acid. In our
previous work,38 a biphasic kinetic model has been developed
for the study of soybean oil epoxidation with performic acid
produced in situ. Soybean oil is characterized by a large
prevalence of monounsaturated oleic acid. On the contrary,
linseed oil is characterized by the presence of a high
concentration of polyunsaturated fatty acids such as linolenic
and linoleic acids. For this purpose, linseed oil was chosen, in
this work, as a substrate for the epoxidation, with the scope to
evaluate the effect of a high concentration of polyunsaturated
fatty acids on the epoxidation activity and selectivity, in
comparison with soybean oil. As it will be seen, only two
parameters, respectively, related to the epoxide group
formation and opening, have underwent mathematical
regression evaluation, assuming all the other parameters
equal for the two considered oil systems.
At last, an attempt has been made to elaborate some

experimental kinetic experiments, reported in the literature, on
the epoxidation of perilla oil, which is an oil rich in linolenic
acid, like linseed oil, with the scope to validate our biphasic
model.

■ EXPERIMENTAL SECTION

Materials, Apparatus, and Methods. Materials. The
linseed oil, with Iodine Number 174 (gI2/100 gsample) was
purchased at a local store. Its fatty acid composition,
determined by gas-chromatographic analysis, was (% wt)
palmitic = 6, stearic = 3, oleic = 17, linoleic = 14, linolenic =
60. Hydrogen peroxide (60% wt) was provided by Solvay SpA.
Formic acid (96% wt), phosphoric acid (85% wt), and all the
other reagents were furnished by Merck at the highest level of
purity available and used without pretreatment.
Experimental Apparatus. The kinetic experiments were

performed in a jacketed glass reactor (volume of 500 mL)
having on the top a thermocouple, a reflux condenser, and a
system to control the evolution of the gas. The reagent mixture
was blended by a magnetic drive stirrer (>750 rpm), obtaining
a good water−oil emulsion. The temperature was controlled by
thermostating the water inside the reactor jacket. The thermal

profiles of the reaction mixture in the reactor and of the water
in the jacket were continuously monitored and recorded.
Before the reaction, the reactor was suitably characterized from
the thermal point of view, by heating and cooling the oil with a
thermostated fluid. No significant delay was found between the
oil temperature, the inlet, and the outlet temperature of the
thermostat fluid. Therefore, the heat transfer in the reactor was
concluded to be fast, so a high heat transfer coefficient was
assumed to simulate the temperature profile for the experi-
ments performed. Formic acid and hydrogen peroxide were fed
to the reactor separately by a two-pump system: a single
syringe infusion pump (KD Scientific, 100 series) with a glass
syringe (Micromate Popper & Sons, 20 cc) and an HPLC
pump (Jasco, PU2086i series).

Methods. The epoxidation experiments discussed in this
work were performed following the procedure described
below. A weighed amount of preheated linseed oil (about
200 g) was initially put in contact with 1.2 g of phosphoric acid
solution (85%) and well stirred (700 rpm). Then, hydrogen
peroxide solution (108 g at 60 wt %) and formic acid solution
(13.2 g at 96 wt %), were slowly fed to the reactor separately at
constant flow rates, at room temperature. Hydrogen peroxide
solution was fed with a flow rate of 1.45 cm3/min and the
formic acid solution was added with a flow rate of 0.18 cm3/
min. The overall feeding time was always about 1 h, and the oil
during this operation was heated at about 45 °C. The
successive time and temperature were variable, in the digestion
phase, as reported in Table 1. However, considering the high

Iodine Number of linseed oil, conditions were chosen that
would allow performing the epoxidation safely, limiting
secondary reactions and runaway phenomena.
Samples of 9−10 cm3 of the reaction mixture containing

both the two phases were withdrawn at different times. Each
sample was instantly quenched in an ice−water bath, then
neutralized by the addition of a sodium bicarbonate solution
(10 wt %), using a separating funnel to safely remove the
gaseous carbon dioxide from the treated product. Then, the
sample thus treated was centrifuged for 10 min (350 rpm), and
the oil phase was dried with anhydrous magnesium sulfate.
Each final sample thus treated was further centrifuged and then
analyzed to determine the Iodine (IN) and the Oxirane (ON)
Numbers. The Iodine Number, determined with the Wijs39

method, is generally expressed as grams of iodine fixed by 100
g of oil; it measures the moles of unsaturation that disappear
during the reaction. The Oxirane Number, expressed as grams

Table 1. Experimental Conditions Applied for the
Epoxidation Experiments

digestion

experiments
overall reaction

time (h)
temp during oxidant

feeding (°C)
temp
(°C)

time
(h)

1 5 45 46 4
2 8 50 46 7
3 7 45 48 2

60 4
4 7 45 48 2

46 4
5 7 45 46 6
6 9 45 48 2

46 6
7 7 45 46 6
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of bound oxygen per 100 g of oil, was determined by
potentiometric titration with the standard method.40

■ RESULTS AND DISCUSSION

Description of the Employed Kinetic Model, Mass,
and Heat Balance. The kinetic model, used in this work, has
already been described in detail by us in a previously published
work.38 Therefore, here are briefly reported only the main
aspects. In Table 2, for example, the kinetic laws and related
kinetic parameters for the reactions 1, 2, and 4 are reported. In
the same table also the kinetic laws of the reactions 3 and 5 are
reported, while the parameters are the ones evaluated from the
analysis of the performed experiments.
As before mentioned, epoxidation occurs as a certain

quantity of performic acid, formed by the oxidation reaction
of formic acid with hydrogen peroxide, moves to the oil phase
and reacting there with the oil unsaturations forming the
oxirane groups. Formic acid, resulting from this reaction,
counter diffuses toward the aqueous solution to restart a new
reaction cycle. Therefore, two physical phenomena must be
considered in the kinetic model: the partition of both formic
and performic acids between two phases (oil and aqueous) and
the mass transfer rates of the latter from a phase to another.
Only formic and performic acids are assumed to be partitioned,
all the other components are nonsoluble.
The partition coefficients of formic and performic acids have

been estimated with the SPARC online calculator, as described
in previously published works.31−41 The obtained values were

interpolated with the equations reported in Table 3. As it can
be seen, from data reported in Table 3, the partition

coefficients of performic formic and formic acids between
the aqueous and oil phases were determined with the SPARC
calculator for different temperatures, neglecting the depend-
ence of these parameters on the conversion of double bonds.
βJ

i, parameters are the product of the mass transfer
coefficients times the interfacial surface area related to the
component J in phase i. This parameter was assumed constant
for the aqueous phase (βJ

aq), while, for the organic phase, the
interfacial area grows with the aqueous volume, and βJ

org can
be derived from the following equation:

β β= = =k a k a
V
V

V
Vi L L i

org org aq
aq

org
aq

aq

org (8)

The same value of βJ
aq was assumed for both formic and

performic acid. Then, assuming the steady-state conditions the

Table 2. Kinetic Laws Adopted in the Model and Imposed Parameters

reaction kinetic laws and parameters
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+r k
K

H HCOOH H O 1
1 HCOOOH H O
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Table 3. Physical Phenomena Occurring during Epoxidation
and Related Parameters

formic acid partition HFA = 9.0 × 10−7T2 − 5.0 × 10−5T +
0.0046, Hi = [i]aq*/[i]org*

performic acid partition HPFA = 4.0 × 10−6T2 − 4.0 × 10−5T
+ 0.04022, Hi = [i]aq*/[i]org*

mass transfer rate of FA or PFA (i)
from the aqueous phase to oil

Ji
aq = βi

aq × ([i]aq − Hi[i]org* )

mass transfer rate of FA or PFA (i)
from oil to the aqueous phase

Ji
org = βi

org × ([i]org* − [i]org
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concentrations of both formic and performic acid at the
interface can be calculated:

=J V J Vi i
aq

aq
org

org (9)

It results:

β β

β β
[ ]* =

[ ] + [ ]
+

V V

V V
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FA FA

Horg
aq FA

aq
aq org FA

org
org

org FA
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aq FA
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V V

V V H
PFA

PFA PFA
org

aq PFA
aq

aq org PFA
org

org

org PFA
org

aq PFA
aq

PFA (11)

The biphasic kinetic model, applied to simulate all the
performed experiments, is composed by 19 differential
equations, related to the evolution with time of 19 variables,
as follows:

(a) Moles in the aqueous phase: (1) nH3PO4 (not
dissociated); (2) nH2PO4

−; (3) nH+; (4) nHCOOH
(not dissociated); (5) nHCOO−; (6) nH2O; (7) nH2O2;
(8) nHCOOH (overall in aqueous phase); (9)
nHCOOOH (in aqueous phase).

(b) Moles in the oil phase: (10) nHCOOHoil (dissolved in
oil); (11) nHCOOOHoil (dissolved in oil); (12) nDB
(double bonds amount); (13) nDEGESBO (opened
oxirane rings); (14) nESBO (moles of oxirane ring
produced).

(c) Other variables: (15) VL (overall liquid volume in the
reactor); (16) nCO2 (moles of CO2 derived by
decomposition of HCOOOH); (17) T (reaction
temperature); (18) Moil (mass of oil) remaining in the
vessel; and (19) Vorg (volume of linseed oil residual into
the reaction vessel after the withdrawn).

The generic mass balances for respectively aqueous and oil
phases are reported below. The details are reported in the
Supporting Information.
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Remind that FA and PFA are assumed the unique species
being parted between the two phases.
Other Variables. The volume of the aqueous phase

corresponds to the catalyst volume and increases with the
addition of the oxidizing mixture. Therefore, we have

=
t

Q
dVL

d vol (14)

where Qvol is the volumetric flow rate (L/min).
The number of moles of CO2 released is determined by the

following expression:

=
n

t
r

d

d
VLCO

2
2

(15)

The last equation, to be considered for the integration, is
related to the energy balance and considers both the heat
released by the occurring reactions and the heat lost from the
reactor walls.

= − − ‐
T
t

Q Q Q C w
d
d

( )/( )pr sc col average TOT (16)

Qr is the heat generated by the reaction (cal/min); therefore,
ΔH3 = −55 000 cal/mol, ΔH4 = ΔH5 = −21 000 cal/mol, ΔH2
= −23 000 cal/mol, and it can be possible to write

= Δ − + Δ − −

+ Δ −

−Q H r V H r r V

H r

( ) ( )

( )VL

r 3 3 org 4 5 4 5 org

2 2 (17)

Cp‑average (cal/(g °C)) is an average value between Cp of the oil
phase and of the aqueous phase:

= +‐ ‐ ‐C wf C wf Cp p paverage ORG oil aq aq (18)

where wf ORG expresses the weight fraction of oil in the reaction
mixture and wfaq the weight fraction of the aqueous solution
according to the equations:

=

= = + =
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M
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M w M M
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oil
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(19)
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Qsc is the heat exchanged with the reactor (cal/min) and is
determined as

= −( )Q T TUAsc R J (22)

where UA is the heat transfer coefficient, TR and TJ are the
reactor and jacket temperature, respectively.
Qcol (cal/min) is the heat exchanged between two phases

during the addition of the oxidizing mixture. The oxidizing
mixture is normally charged at room temperature (20−25 °C),
while the oil is preheated at the desired temperature value of
the reaction (40−65 °C).
Qcol can be calculated as follows:

= + +

−

Q w Cp w Cp w Cp

T T

( )

( )R

col H O H O H O H O HCOOH HCOOH

feed

2 2 2 2 2 2

(23)

where wi are the mass flow rates in g/min, respectively,
corresponding to

=w F y PMH O TOT H O H O2 2 2 2 2 2 (24)

=w F y PMHCOOH TOT HCOOH HCOOH (25)

= · ·w F y PMH H HO TOT O O2 2 2 (26)

A rigorous energy balance requires evaluating the thermal
effects related to the change of specific heat with both
temperature and composition, but as the entity of these effects
is small if compared with the effect of the reaction enthalpy it is
reasonable to assume an average value of this parameter.
This assumption is supported by a work published by Cai et

al.42 in which it is reported that the change of specific heat of
linseed oil with temperature and composition is less than 10−
15%.
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When different samples are withdrawn from the reactor, at
different times, the residual values of the volume and the mass
in the reactor change along the time and must be opportunely
considered for integration. Therefore, two further variables,
(variable 18) Moil (mass of oil) and (variable 19) Vorg (volume
of organic phase), are added. The initial conditions (t = 0)
were set for all the components to the simulations. In detail,
the initial value for the variables nHCOOH, nHCOO‑, nH2O2w,
nH2Ow, nCFAw, nCPFAw, nCFAoil, nCPFAoil, nDEGESBO, nESBO, and nCO2
are always equal to zero, as there is only the oil in contact with
the catalysts (a concentrated solution of H3PO4) in the reactor
at zero time. The analysis of some of the initial conditions
requires the solution of a system of algebraic equations.
Experiments Simulation and Kinetic Parameters

Estimation. To do the simulation of the experiments, we
assumed, as an initial value for the fitting, the same kinetic
parameters found for soybean oil38 epoxidation and ring-
opening reaction, that are
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Then, each experiment has been submitted to mathematical
regression analysis for determining the best fitting parameters
values. In Table 4, the best kinetic parameters obtained related
to each run are reported, while, in Figures 1−7 examples of the
obtained fittings are reported, too.

The sharp change of temperature profile reported in Figures
1−7 is due to the external change of the thermostat set point
for differentiating the average feeding temperature from the
digestion one, while the temperature increase due to the
reaction resulted in a smoother effect.
In Figure 8 parity plots related to the agreement obtained in

the simulations for, respectively, the iodine and the oxirane
numbers, are reported.
As it can be observed from the parameters reported in Table

4, the epoxidation reaction of linseed oil is moderately more
active than that of soybean oil. Considering an average
constant at the reference temperature of 333 K of 0.18 L/mol

minute, the activity is larger by a factor of about 1.5. This is in
agreement with the findings of La Scala and Wool37 that found
a reactivity ratio between linseed and soybean oil of 1.45. On
the contrary, the difference in the ring-opening reaction
dramatically increases by a factor of about 4. This behavior
explains why the epoxidation of linseed oil must be performed
at a temperature (40−50 °C) lower than the ones used for the
epoxidation of soybean oil (60−70 °C) to avoid both the
increase of the temperature into the reactor due to the higher
initial activity and the successive lowering of the yield for the
higher activity of the ring-opening rate. An attempt to explain
the differences of reactivities between soybean and linseed oil
experimentally observed would derive from the relative
amounts of unsaturated fatty acids groups that are present in
the two oils. Compositions and structures for the two
mentioned oils are reported in Figure 9.
If we consider the overall double bonds in the two cases, we

have for soybean oil 23 + 56 × 2 + 5 × 3 = 150, while, for
linseed oil we have 17 + 14 × 2 + 60 × 3 = 225. Therefore we
have a concentration of double bonds in the linseed oil that is
225/150 = 1.5 times the concentration in soybean oil. This
justifies the higher reaction rate observed in the case of the
linseed oil epoxidation but this effect is already contemplated
by the kinetic equation that is first order with respect to the
double bonds concentration. Therefore, we can conclude that
the reactivity of the linolenic fatty acids is intrinsically higher
than that of the linoleic and oleic. Probably, the reactivity is
enhanced by the inductive effect due to a vicinal oxirane of an
already reacted double bond. In conclusion, we believe that
any single double bond has the same reactivity for different
fatty acid chains, when no conjugated double bonds are
present, while the double bond near an oxirane group seems to
be more prone to react. On the other hand, the large difference
observed for the opening ring rate, in the secondary reactions,
can be explained, on the contrary, as a consequence of the
inductive effects of two vicinal oxirane groups.
It is difficult to find an agreement and make a comparison

with the existing literature on the subject, because very few
papers have been published on the epoxidation of vegetable
oils containing a prominent amount of linolenic acid.31,36

Moreover, these papers used a different catalyst or no catalyst
and different operative conditions. Kousaalya et al.,31 for
example, studied the epoxidation of perilla frutescence oil that
was characterized by a very high concentration of linolenic acid
(62−65%) and linoleic (13−15%), while, oleic was 12−15%.
The Iodine Number of perilla oil used in the study was 197
and the theoretical Oxirane Number was 11.04. These authors
performed kinetic experiments at three different temperatures
of, respectively, 40, 50, and 60 °C. A 200 cm3 sample of perilla
oil (average molecular weight 870) preheated at the desired
temperature was mixed with 0.7 mol of HCOOH (99% b.w.).
Then, 2.13 mol of hydrogen peroxide (30% b.w.) containing
5.48 g of dissolved sulfuric acid was added dropwise. The
authors do not specify the time that occurred for adding all the
oxidant solution and considered as reaction zero time the end
of hydrogen peroxide addition. The reaction started and
continued also during the hydrogen peroxide addition.
Therefore, at the zero time defined by the authors, the Iodine
Number cannot be 197 and the Oxirane Number cannot be 0,
as reported in their plot. We reinterpreted their kinetic
experiments by assuming a hydrogen peroxide addition time of
30 min, at a uniform feed rate, assuming a heat transfer
coefficient U = 80 (cal/min °C), which is reasonable for a glass

Table 4. Best Fitting Obtained Parametersa

experiments k3−323K k5−333K ×107

1 0.13 12.0
2 0.23 10.1
3 0.12 8.3
4 0.14 9.2
5 0.33 10.3
6 0.13 4.0
7 0.21 6.7
avg 0.18 ± 0.07 8.6 ± 2.4

aIn the case of soybean oil the parameters were: k3‑323K = 0.120 ±
0.007 L/(mol min) k5‑333K = (2.5 ± 0.045) × 10−7 (L2/(mol2 min)).
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jacketed reactor. In this way also the transient period has been
simulated. This value of U has been chosen considering that
the authors mentioned that the increase of temperature due to
the occurring reaction was kept below 120 °C. In Figure 10,
the simulation of the Iodine Number with time for the three
experiments, respectively, performed at 40, 50, and 60 °C are
reported. In Figure 11 are reported the corresponding
estimated thermal profiles by assuming U = 80 (cal/min
°C). A direct comparison with the kinetic analysis made by the

authors is not possible, because their approach was an
oversimplified pseudo-single phase model that considered the
epoxidation a pseudo-first-order reaction. On the contrary, in
these simulations, we used the previously described biphasic
kinetic model with all the parameters reported in Table 2 and 3
with the exclusion of k3‑323K and k4‑333K that were determined
by mathematical regression analysis. The term k5‑333K related to
the ring-opening reaction, promoted by the nucleophilic attack,
resulted always very low, in agreement with the large

Figure 1. Simulation of Experiment 1 with the parameters of Table 4 and temperature profile.

Figure 2. Simulation of Experiment 2 with the parameters of Table 4 and temperature profile.

Figure 3. Simulation of Experiment 3 with the parameters of Table 4 and temperature profile.
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preeminence, for the sulfuric acid as catalyst, of the reaction
mechanism characterized by the proton attack to the epoxide
ring occurring at the oil−water interface. As a first
approximation, we have employed the same parameters of
the soybean oil epoxidation performed using sulfuric acid
instead of phosphoric acid, that is k3‑323K = 0.15 L/mol minute
with activation energy 24 890 calories/mol and k4‑333K = 1.42 ×
10−6 (L2/mol2 min).

As it can be seen, the agreement is satisfactory for the iodine
number profile in time and the parameter k3‑323K related to the
epoxidation rate falls between 0.10 and 0.15, that is, similar to
the one found for soybean oil. As it can be seen from Figure
10, the system was never isotherm and a correct determination
of the kinetic parameters requires evaluation and taking into
account the temperature profile.
Concerning the oxirane numbers simulations, the agreement

is worse, because the experimental data seem unreliable. After

Figure 4. Simulation of Experiment 4 with the parameters of Table 4 and temperature profile.

Figure 5. Simulation of Experiment 5 with the parameters of Table 4 and temperature profile.

Figure 6. Simulation of Experiment 6 with the parameters of Table 4 and temperature profile.
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all, despite the long reaction time, a maximum value of the
oxirane number is never reached. However, for this purpose,
we can just give some important qualitative results. In the
presence of sulfuric acid, we can neglect the k5‑333K
contribution, because, results were always very low. The values

of k4‑333K, on the contrary, would be larger than the 1.42 ×
10−6 found for soybean oil in the presence of the same catalyst
for at least 1 order of magnitude, confirming that the high-
epoxide-number rings obtained from oil-rich linolenic acid are
prone to disperse at the oil−water interface where they are
promptly protonated by a strong acid such as sulfuric acid
before giving place to the opening reaction.

■ CONCLUSIONS

The kinetics of linseed oil epoxidation with performic acid,
produced situ, in the presence of phosphoric acid as a catalyst
has been studied. A biphasic kinetic model considering all the
reactions respectively occurring in the aqueous phase
(oxidation of formic to performic acid and decomposition of
this last), in the oil phase (epoxidation, oxirane degradation),
and at the water/oil interphase (epoxide ring-opening
reaction) has been developed and applied.
The adopted kinetic model is characterized by the use of

seven kinetic parameters with the corresponding activation
energies and enthalpy changes, which means 14 kinetic
parameters. Then, we have to consider also the physical
properties parameters such as specific heats, densities, and
partition coefficients. All these parameters have been assumed
equal to the ones determined by the authors in previous
works10,21,38 devoted to soybean oil epoxidation with the

Figure 7. Simulation of Experiment 7 with the parameters of Table 4 and temperature profile.

Figure 8. Parity plots for respectively the iodine (A) and the oxirane number (B).

Figure 9. Compositions and structures of the fatty acids group in,
respectively, soybean and linseed oils in mol %.

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.1c02212
Ind. Eng. Chem. Res. 2021, 60, 16607−16618

16615

https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.1c02212?fig=fig9&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.1c02212?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


exclusion of the two parameters reported in Table 4 that have
been determined by mathematical regression analysis on the
linseed oil performed experiments. Despite the span between
the value obtained in experiments 3 and 5 of Table 4, on a
statistical basis the obtained results are quite satisfactory.
However, in comparison with soybean oil, a higher reactivity of
about 1.5 times has been observed for linseed oil as a
consequence of the higher unsaturation of the linseed oil
molecules.
The reactivity of epoxidized linseed oil, in the oxirane ring-

opening reaction, is at least 4 times higher than soybean oil and
this is probably due to the reciprocal inductive effects exerted
by the vicinal oxirane groups. This explains well why the
epoxidation of linseed oil must be conducted at temperatures
lower than that for soybean oil to avoid as much as possible the
occurrence of the ring-opening undesired side reactions.
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■ LIST OF SYMBOLS
am = Specific surface area [m2/m3]
Cp = Specific heat [cal/(°C g)]
Eaj = Activation energy of reaction j [cal/mol]
FTOT = Total molar feed rate [mol/min]
Hi = Partition coefficient [-]
[i] = Concentration of component i [mol/L]
[i]* = Concentration of component i at liquid−liquid
interface [mol/L]
Ji = Mass transfer rate [mol/(L min)]
kj = Kinetic constant of reaction j [units dependent on the
rate]
kj(Tkref) = Kinetic constant of reaction j at Tref [units
dependent on the rate]
Kj = Equilibrium constant of reaction j [-]
Kj(Tkref) = Equilibrium constant of reaction j at Tref [units
dependent on the rate]
Kej = Dissociation constant of reaction j [-]
kL = Mass transfer constant [m/min]
Kw = Water dissociation constant [-]
Maq = Aqueous phase mass [g]
Moil = Oil mass [g]
ni = Amount of substance of component i [mol]
PMi = Molecular weight of component i [g/mol]
Qcol = Heat exchanged by the feed of fresh reactants to the
reactor [cal/mol]
Qr = Heat released by the reaction [cal/mol]
Qsc = Heat exchanged between reactor and its jacket [cal/
mol]
Qvol = Feed volumetric flow rate [L/min]
rj = Rate of reaction j [mol/(L min)]
t = Time [min]
T = Temperature [°C]
TJ = Jacket temperature [°C]
Tref = Reference temperature [°C]
UA = Heat transfer coefficient [cal/(min °C)]
VL = Liquid volume [L]
Vorg = Organic phase volume [L]
wi = Mass of component i [g]
wfm = Weight fraction of phase m [-]
wtot = Total mass of reactive solution [g]
XZ1, XZ2 = Fractions of not dissociated HCOOH and
HCOO− with respect to the total amount of HCOOH in
the aqueous phase [-]
yi = Molar fraction of component i [-]

Greek Symbols
αx = Ring opening mass transfer parameter [-]
βi
m = Mass transfer coefficient for component i in the phase

m [1/min]

γx = Ring opening mass transfer parameter [-]
ΔHj = Enthalpy variation of reaction j [cal/mol]

Abbreviations
aq = Aqueous solution
DB = Double bonds
DEGESBO = Ring-opening product
ESBO = Epoxidized soybean oil
IN = Iodine number [g of iodine bonded/100 g of oil]
oil = Oil phase
org = Organic phase
ON = Oxirane number [g of oxygen bonded/100 g of oil]
w = Aqueous phase
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to different decomposition rates.
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gen peroxide used as a reactant, so we focused on the idea that stabilizing agents present in the hydrogen
peroxide solutions affect the reaction rate, inhibiting the peracid decomposition. The nature of the stabi-
lizing agents and the concentration used might in fact change from a supplier to another. A kinetic model
was proposed, in which the decomposition model takes into account this effect and, as a first approxima-
tion, the stabilizing agent concentration is quantified indirectly through the initial concentration of
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1. Introduction

Percarboxylic acids, also called peracids or peroxyacids, have
gained interest as chemicals during the last decades thanks to their
wide range of applicability in bleaching, disinfection, and hygiene.
Their high oxidant potential makes peracids very useful agents;
industrially they are mainly used in bleaching of pulp and paper,
as disinfectants for drinking water, oxidation of aqueous pollutants
and sludge treatment, to cite just a few examples (Klenk et al.,
2000; Luukkonen and Pehkonen, 2017). Furthermore, they can also
be used as oxidizing agents in chemical synthesis, for example the
Baeyer-Villiger oxidation of esters to ketones (Renz and Meunier,
1999). Moreover, another wide applications are in epoxidation of
unsaturated hydrocarbon chains in apolar substrates such as oils
and fatty acid methyl esters, in substitution of the environmental
unfriendly process with halohydrins. In that process, thanks to
their higher solubility in the apolar media, peracids act as oxygen
carriers between two immiscible phases, namely the aqueous
one where they are formed and, the organic one where the unsat-
urations are present (de Haro et al., 2016; Santacesaria et al., 2020,
2011; Turco et al., 2021).

Peracids are commonly prepared in situ by bringing the corre-
sponding carboxylic acid in contact with a solution of hydrogen
peroxide in presence of homogeneous or heterogeneous acid cata-
lyst. The formation of peracid is (Fig. 1) a reversible reaction, mean-
while the thermal decomposition of it is irreversible.

The forward reaction is promoted by the hydrogen peroxide
concentration, and the equilibrium can be shifted towards the
products by increasing carboxylic acid/hydrogen peroxide molar
ratio relative amount. The acid concentration plays also a crucial
role; despite the reaction can take place in an auto-catalyzed mode
thanks to the acidic strength of the carboxylic acid, the presence of
an added acidic catalyst (Santacesaria et al., 2017; Zhao et al., 2008,
2007) improves considerably the peroxyacid formation rate. The
first step in the peroxyformic acid reaction mechanism is the pro-
tonation of the oxygen atom of the carboxylic acid and the forma-
tion of a carbocation. The protonation with the formation of the
carbocation and its back and forward reaction are in equilibrium

and are considered fast enough. (Zhao et al., 2008, 2007) Subse-
quently, the second step is the nucleophilic attack of the hydrogen
peroxide to the electrophilic carbocation which brings to the reac-
tion intermediate which is in equilibrium with a tertiary carboca-
tion by expelling water. This latter step is generally considered as
the rate-determining step of the forward reaction (Osovsky et al.,
1996; Rubio et al., 2005; Zhao et al., 2008, 2007). Finally, the last
step is the fast decay of the reaction intermediate to peroxyformic
acid (Fig. 2).

In the reverse reaction too (Fig. 3), the rate determining step of
the reaction is the nucleophilic attack of the water at the carboca-
tion, meanwhile its formation, and its decay to the products is
rapid and considered to be a quasi-equilibrium.

Peracid decomposition proceeds through two main pathways, a
spontaneous one in which the corresponding carboxylic acid and
oxygen are the by-products and, a radical one, where an alcohol
and carbon dioxide are the main products (Fig. 4) (Sun et al.,
2011). Generally, the stability of a peracid depends on the alkyl
chain length; the longer the chain the more stable is the peracid
(Klenk et al., 2000).

Peracetic acid (PAA) and performic acid (PFA) are industrially
the most relevant peracids because they have the highest oxidation
potential (Klenk et al., 2000). Both peracetic and performic acid are
thermodynamically unstable and can decompose spontaneously or
explode in highly concentrated solutions. However, performic acid
has shown to be a more active reagent than peracetic acid, making
it a more popular oxidizing agent despite its easier decomposition
even at room temperature (Klenk et al., 2000). Due to the wide use
of this compounds, several articles have been published during the
last years concerning percarboxylic acid formation and decomposi-
tion (Ebrahimi et al., 2012, 2011; Koubek et al., 1963; Leveneur
et al., 2007; Monger and Redlich, 1956; Osovsky et al., 1996; Sun
et al., 2011; Zhao et al., 2008, 2007). However, only few articles
available are focused on the peroxyformic acid decomposition
(Leveneur et al., 2012; Osovsky et al., 1996; Santacesaria et al.,
2017; Sun et al., 2011; (De Filippis et al., 2009). For this reason, a
reliable kinetic study was the motivation of the present work,
especially about the decomposition process. From a survey of the

Nomenclature

Ci i-Species concentration [mol/m3]
Ea,i i-Reaction activation energy [kJ/mol]
k+ Forward acid-base equilibrium constant [1/s]
Ka,i i-Species acid-base equilibrium constant [–]
Keq,ref Reference equilibrium constant [–]
ki i-Reaction kinetic constant [s�1C(1�n)] where n is the

reaction order
Ki,eq i-Reaction equilibrium constant [–]
ki,ref i-Reaction reference constant [s�1 (mol/m3)(1�n)] where

n is the reaction order
Kw Water dissociation constant [–]
R Gas constant [kJ/ K mol]
ri i-Species reaction rate [m3/mol s]
T Temperature [K]
Tref Reference temperature [K]
VCO2 Volume of CO2 developed [m3]

VL Volume of liquid in the reactor [m3]
VM Molar volume of gases [m3/mol]

Greek Letters
hD,PFA Fraction of performic acid able to undergo decomposi-

tion
hS,PFA Fraction of performic acid stabilized by hydrogen perox-

ide stabilizer

Abbreviations
FA Formic acid
HP Hydrogen peroxide
PAA Paracetic acid
PFA Performic acid
S Hydrogen peroxide stabilizer

Fig. 1. Percarboxylic acid formation reaction; (R = H, Alkyl, Aryl).
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available literature on the topic, and from experiments performed
in the presence of peroxyformic acid, especially in the epoxidation
process, we considered the possibility that stabilizing agents pre-
sent in the hydrogen peroxide solution can affect the decomposi-
tion reaction rate (Santacesaria et al., 2017; Turco et al., 2021).
Commercial hydrogen peroxide solutions are stabilized to prevent
or, at least, reduce H2O2 decomposition. The commonly used stabi-
lizers are of several types: mineral acids to keep the solution acidic
(stability is at a maximum at pH 3.5–4.5), complexing/chelating
agents to inhibit metal-catalyzed decomposition or colloidal to
neutralize small amounts of colloidal catalysts or adsorb/absorb
impurities (https://echa.europa.eu/, 10/01/2022 ECHA). Although,
the information related to the chemical nature of the stabilizer is
usually omitted by the suppliers. Indeed, different stabilizing
agents are used in these solutions, i.e. acetanilide, urea, uric acid,
and they can differ in concentration. So, the aim of the present
work is to propose a new approach to the study of the performic
acid formation and decomposition taking into account the effect
of stabilizing agents on the decomposition rate.

2. Materials and methods

2.1. Materials

Formic acid (FA, 99%, by Carlo Erba), hydrogen peroxide (HP,
50 wt% by Across Organics and Sigma-Aldrich, 60 wt% by Solvay)
and phosphoric acid (H3PO4, >85%, by Honeywell) were used in
the experiments without further purification. However, to carry
out experiments under identical operation conditions and with
the same concentrations, the hydrogen peroxide obtained from
Solvay was diluted with distilled water to get a 50 wt% solution.

2.2. Experimental set-up

Decomposition experiments were carried out via a gas-
volumetric system, consisting of a three-neck jacketed glass reac-
tor. A thermocouple immersed into the reactive solution was used
to measure the reaction temperature. The reactor was at first filled
up with the amount of hydrogen peroxide solution and then a mix-
ture of formic and phosphoric acid was added at once. The system
was stirred at 750 rpm with a magnetic bar and, each experiment
was left to react by 1 h. The gas developed from the decomposition
reaction was conveyed and measured into a gas-volumetric system
through a condenser to avoid any loss of water by evaporation.

2.3. Analytical methods

Iodometric titration (Kolthoff et al., 1993) was made to check
the hydrogen peroxide concentration of all the solutions used, sul-
furic acid (96%, by Fluka), ammonium molybdate, potassium
iodide, sodium thiosulphate (0.1 N) and a starch solution (all by
Carlo Erba) were used without further purification.

2.4. Physico-chemical properties

The protonic acid concentration catalyzes both the forward and
reverse reaction of the formic acid formation, playing a crucial role
in the reaction system, so its amount and the rate of dissociation, at
the adopted operating temperature, for the species present in the
reactive system must be take into account. The reaction environ-
ment become acidified by the combined effect of the protonic dis-
sociation of the different compounds present, namely catalyst
(when used), formic acid and water.

Fig. 2. Peroxyformic acid reaction mechanism.

Fig. 3. Peroxyformic acid hydrolysis reaction mechanism.

Fig. 4. Percarboxylic acid decomposition reactions; (I) radicalic (II) ionic process.
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In case of phosphoric acid, three different dissociation equilibria
are present, the pKa values are referred at 298 K (https://pubchem.
ncbi.nlm.nih.gov/compound/1004, 17/07/2021):

H3PO4 �Hþ þ H2PO
�
4Ka;H3PO4 ¼ 7:11� 10�3 ð1Þ

H2PO
�
4 �Hþ þ HPO2�

4 Ka;H2PO
�
4
¼ 6:31� 10�8 ð2Þ

HPO2�
4 �Hþ þ PO3�

4 Ka;HPO2�
4

¼ 4:80� 10�13 ð3Þ

Then, formic acid and water dissociation constant must be take
into account, also in this case the dissociation constants are
referred at 298 K:

HCOOH�Hþ þ HCOO�Ka;FA ¼ 1:77� 10�4 ð4Þ

H2O�Hþ þ OH�Kw ¼ 1:00� 10�14 ð5Þ
A rigorous calculation would require the temperature depen-

dence of all the dissociation equilibria. Concerning phosphoric acid,
the dependence of Ka;H3PO4 from the temperature was calculated
using the relationship determined by Bates (Bates, 1951):

�logKa;H3PO4 ¼ 799:31
T

� 4:55þ 0:01 T ð6Þ

However, due to their low values at 298 K, the diprotic and
triprotic dissociation equilibria constants dependence over tem-
perature are negligible.

Concerning formic acid, the correlation proposed by Kim (Kim
et al., 1996) was used:

�logKa ¼ �57:53þ 2773:90
T

þ 9:12lnðTÞ ð7Þ

Finally, the water dissociation constant dependence over tem-
perature was evaluated applying the following semiempirical rela-
tion, fitted on KW values obtained in a wide range of temperatures
(Bandura and Lvov, 2006; Lide and Weast, 1989):

KW ¼ 8:75� 10�10exp
�1:01� 106

T2

 !
ð8Þ

For every correlation related to the dissociation constants, the
authors used activity values, while in our model we used concen-
trations, thus the non-ideality of the solutions was not taken into
consideration. The activity coefficients are embedded within the
kinetic constants fitted on the experimental data.

2.5. Numerical methods

The parameter estimation is made using MatLab (version
R2021a) as software, the lsqnonlin built-in function was used to
find out the value of the different kinetic constants and the nlparci
built-in function was used in the determination of their 95% confi-
dence interval.

3. Results and discussion

3.1. Screening of H2O2 samples in peroxyformic acid synthesis and
decomposition kinetics

Kinetic experiments were carried out with hydrogen peroxide
solutions purchased from three different companies (Section 2.1)
at the same concentrations; these experiments were conducted
to verify that the stabilizing agents can affect the decomposition
reaction inhibiting in this way the performic acid decomposition

reaction. Operating conditions and experimental results obtained
from the three kinetic experiments are reported in Table 1 and
Fig. 5 respectively.

It is possible to note that all the kinetic experiments had an
induction time, in which the performic acid formation occurs, then
the detected gas volume increases due to the decomposition reac-
tion. The first part of the reaction is more or less similar for all
experiments, during this period the performic acid formation and
decomposition are consecutive processes. This behaviour is
expected as the formation reaction is not influenced by the hydro-
gen peroxide stabilizers. Later on, as the decomposition reaction
becomes predominant, the trend of each experiment differs in
the slope confirming that the stabilizing agents can inhibit the
decomposition reaction. Furthermore, it should be pointed out
how the experiment performed with a solution of hydrogen perox-
ide supplied by Sigma Aldrich seems to slightly decrease in slope,
indicating that the performic acid in the solution was running
out. By looking at the obtained results, it is easy to understand that
the decomposition kinetics depends on the hydrogen peroxide
solution used, thus the nature of the inhibitors, so this effect on
the decomposition rate, detected in experiments carried out using
different source of hydrogen peroxide, must be taken into account
in future studies. Thus, from these results and the information
retrieved from literature, we propose a kinetic model in which
these phenomena are taken into account to rearrange the experi-
mental data presented in previous literature.

3.2. Description of the kinetic model

Before describing the kinetic model, the following assumption
should be taken into account:

a. decomposition of hydrogen peroxide does not occur under
the operation conditions used as verified by Santacesaria
et al. (Russo et al., 2014; Santacesaria et al., 2017), thus it
can be neglected;

b. the protonic concentration was calculated from the protonic
dissociation equilibria of each compound at the operative
temperature adopted as they catalyze both the forward
and backward formation reaction of performic acid;

c. the pKa of performic acid (7.77 at 298 K) (https://pubchem.
ncbi.nlm.nih.gov/compound/66051, 17/07/2021) and hydro-
gen peroxide (11.62 at 298 K), are much larger with respect
to the value of the other compounds, so their dissociation
equilibria are considered negligible;

d. by examining the work of De Filippis et al. (De Filippis et al.,
2009) on the analysis of the gas phase, only carbon dioxide
was detected, thus the performic acid decomposition reac-
tion occurs via a radical mechanism (De Filippis et al.,
2009; Sun et al., 2011) in which CO2 and H2O are the
products;

e. the reaction enthalpy was evaluated as a sum of the heat of
formation of each compound present in the performic acid
formation reaction (De Filippis et al., 2009).

f. the liquid-phase reaction volume was assumed constant
during the reaction at a fixed temperature;

Thus, in the present system, the reversible reaction of formic to
performic acid (9) and the performic acid decomposition (10) are
considered as follows,

HCOOH þ H2O2 ¡
Hþ

HCOOOH þ H2O ð9Þ

HCOOOH!k2 H2Oþ CO2ð"Þ ð10Þ
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Concerning the performic acid decomposition, the effect of
the stabilizing agent must be taken into account as observed
from the experiments shown in the previous Section 3.1. Thus,
the kinetic law proposed for the decomposition is based on the
idea that the performic acid can react in a reversible way with
the stabilizing agents (S), responsible of performic acid decom-
position inhibition, leading to a stabilized form of performic acid
(HCOOOH*), as depicted in the following reaction:

HCOOOH þ S�
k3

k3�
HCOOOH� ð11Þ

The kinetic law used for the percarboxylic acid formation (12) is
an overall third order reaction, generally used by some previous
authors for both performic acid and acetic acid formation (De
Filippis et al., 2009; Santacesaria et al., 2017; Zhao et al., 2008,
2007), and based on the reaction mechanism proposed by them.
The generally accepted reaction mechanism is based on the idea
that both the formation and the hydrolysis of the percarboxylic
acid have as the rate determining step the reaction of the carboca-
tion with hydrogen peroxide and water, respectivily, meanwhile its
formation from the protonic attack on the carboxylic acid or per-
carboxylic acid, and its decay to the products are rapid and consid-
ered to be a quasi-equilibrium. The third order originates from the
proton concentration which catalyzes both the forward and
reverse reaction.

r1 ¼ k1½Hþ� ½FA�½H2O2� � 1
Keq

½PFA�½H2O�
� �

ð12Þ

Considering reactions (10) and (11) in which performic acid is
involved, the following kinetic laws are respectively assumed:

r2 ¼ k2½PFA�hD;PFA ð13Þ

r3 ¼ k3½PFA�hD;PFACS � k3� ½PFA�hS;PFA ð14Þ

where hD,PFA is the fraction of performic acid able to undergo
decomposition, hS,PFA is the fraction stabilized by the stabilizing
agents, and CS is the stabilizers concentration. The kinetic law
(13) for the decomposition is not promoted by the free acidity, a fact
that has been experimentally proved by Santacesaria (Santacesaria
et al., 2017) who carried out experiment with different sulfuric and
phosphoric acid amounts without observing any significant changes
in the amount of evolved gas.

By applying the quasi-equilibrium hypothesis on reaction (14)
it is possible to write

hS;PFA ¼ k3
k3�

hD;PFACS ð15Þ

Considering that the sum of the molar fractions of the two per-
formic acid species (i.e., hD,PFA and hS,PFA) is equal to 1, Eq. (15)
becomes:

hD;PFA ¼ 1
1þ Keq;3CS

ð16Þ

where Keq,3 is the ratio between the forward (k3) and backward (k3�)
kinetic constants of the reaction between the performic acid and the
stabilizer agents in Eq. (11).

By substituting the value of hD,PFA found above and shown in Eq.
(16), the final form of the kinetic law useful in describing the per-
formic acid decomposition which accounts for the inhibiting phe-
nomena by stabilizing agents is the following one:

r2 ¼ k2½PFA�
1þ K 0

eq;3½H2O2�0
ð17Þ

In this expression, the initial hydrogen peroxide concentration
at time zero is used to quantify the concentration of the stabiliz-
ers, as they are considered not to be consumed during the reac-
tion. Concerning the acid-base equilibria, they are considered to
be in equilibrium at time zero, after which their concentrations
are evaluated over time in a dynamic way, by considering them
in the set of ODEs. The kinetic laws which account for the acid-
base equilibria of the species are given below (18)–(22); the
magnitude of the direct dissociation constant (k+) for all the spe-
cies is set high enough to guarantee the equilibrium at the time
zero of reaction:

rH3PO4 ¼ kþ ½H3PO4� � 1
Ka;H3PO4

½Hþ�½H2PO
�
4 �

� �
ð18Þ

rH2PO
�
4
¼ kþ ½H2PO

�
4 � �

1
Ka;H2PO

�
4

½Hþ�½HPO2�
4 �

 !
ð19Þ

rHPO2�
4

¼ kþ ½HPO2�
4 � � 1

Ka;HPO2�
4

½Hþ�½PO3�
4 �

 !
ð20Þ

rFA ¼ kþ ½FA� � 1
Ka;FA

½Hþ�½FA��
� �

ð21Þ

rH2O ¼ kþ ½H2O� � 1
KW

½Hþ�½OH��
� �

ð22Þ

Table 1
Operation conditions adopted in the experimental runs, T = 333 K, Wtot = 0.05 kg.

Test Supplier CFA [mol/m3] CH2O2 [mol/m3] CH2O [mol/m3] CH3PO4 [mol/m3]

1 Sigma Aldrich 3274 15,078 28,462 160
2 Solvay 3279 15,077 28,459 158
3 Across Organics 3278 15,078 28,461 158

Fig. 5. Experiments performed using different hydrogen peroxide solutions,
purchased by Sigma Aldrich, Solvay and Across Organic. The experiments were
conducted using 50% wt�H2O2 solution, fixing T = 333 K, and Wtot = 0.05 kg.
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According to the proposed kinetic model, the following set of
ordinary differential equations for the mass balances are solved
to evaluate the evolution over time of all the compounds present
in the reactive system, where the ri refers to the rate of reversible
dissociation of the i-species (18)–(22):

d½FA�
dt

¼ �r1 þ r2 � rFA ð23Þ

d½H2O2�
dt

¼ �r1 ð24Þ

d½PFA�
dt

¼ r1 � r2 ð25Þ

d½H2O�
dt

¼ r1 þ r2 � rH2O ð26Þ

d½CO2�
dt

¼ r2 ð27Þ

d½H3PO4�
dt

¼ �rH3PO4 ð28Þ

d½H2PO
�
3 �

dt
¼ þrH3PO4 � rH2PO

�
4

ð29Þ

d½HPO2�
3 �

dt
¼ þrH2PO

�
4
� rHPO2�

4
ð30Þ

d½PO3�
4 �

dt
¼ þrHPO2�

4
ð31Þ

d½FA��
dt

¼ þrFA ð32Þ

d½OH��
dt

¼ þrH2O ð33Þ

d½Hþ�
dt

¼ rH2O þ rH3PO4 þ rH2PO
�
4
þ rHPO2�

4
þ rFA ð34Þ

The effective volume of carbon dioxide produced during each
experiment is obtained from the following calculation, where the
VM corresponds to the molar volume of the gas and VL is the liquid
volume in the reactor,

VCO2 ¼ ½CO2�VMVL ð35Þ
The solution of the set of ODEs requires the knowledge of sev-

eral kinetic parameters, namely the formic to performic acid reac-
tion rate constant and its temperature dependence (k1 and Ea1), the
equilibrium constant (Keq) and, the decomposition constants (k2,
Ea2 and Keq,3). The adopted strategy is the following: the kinetic
constants of the formic acid formation were estimated from the
experimental data published by De Filippis (De Filippis et al.,
2009), where the same hypothesis as listed above were applied.
Then the kinetic constants of formic acid formation obtained were
fixed and the decomposition kinetic parameters were estimated
from the experimental data published by Santacesaria
(Santacesaria et al., 2017). The temperature dependence of the dif-
ferent kinetic constants are taken into account using the modified
Arrhenius equation (36) while van’t Hoff equation (37) is used for
the equilibrium constant:

ki ¼ ki;refexp � Eai

R

� �
1
T
� 1
Tref

� �� �
ð36Þ

Keq ¼ Keq;ref exp �DHr

R

� �
1
T
� 1
Tref

� �� �
ð37Þ

The zero time concentration of the species which give protonic
dissociation are considered at the equilibrium and calculated find-
ing the roots of the following Eqs. (38)–(46) as already enounced
above, then their concentrations as function of time were calcu-
lated in a dynamic way solving the system of ODEs. The approach
is acceptable as the forward dissociation constant are much higher
with respect to the backward for each species. Taking into account
the temperature dependence of all the dissociation equilibria
involved in the reaction system, the following algebraic equation
system which define the initial concentrations of all the species
present in the reactive system were solved,

½HCOO��½Hþ� � Ka;FA HCOOH½ � ¼ 0 ð38Þ

½HCOOH�� � ½HCOO�� þ ½HCOOH�ð Þ ¼ 0 ð39Þ

½Hþ�½OH�� � KW ¼ 0 ð40Þ

½H2PO
�
4 �½Hþ� � Ka;H3PO4 ½H3PO4� ¼ 0 ð41Þ

½HPO2�
4 �½Hþ� � Ka;H2PO

�
4
½H3PO

�
4 � ¼ 0 ð42Þ

½PO3�
4 �½Hþ� � Ka;HPO2�

4
½HPO2�

4 � ¼ 0 ð43Þ

H3PO4½ �� � H3PO4½ � þ ½H2PO
�
4 � þ ½HPO2�

4 � þ ½PO3�
4 �

� �
¼ 0 ð44Þ

½Hþ� � ½H2PO
�
4 � þ 2½HPO2�

4 � þ 3½PO3�
4 �þ

þ½HCOOH�� þ ½OH��

 !
¼ 0 ð45Þ

Obviously, in the autocatalyzed system the equations related to
the phosphoric acid dissociation (41)–(45) was not taken into
account and, Eq. (45) becomes:

½Hþ� � ½HCOOH�� þ ½OH��ð Þ ¼ 0 ð46Þ

3.3. Parameter estimation of kinetic constants from the experimental
data publieshed by De Filippis

De Filippis et al. (2009) carried out four kinetic experiments in
autocatalyzed mode loading 16 mL of hydrogen peroxide (50% wt.)
and 8 mL of formic acid (98% wt.) in a two-necked glass reactor.
The experiments were performed at a different temperatures,
namely 30, 40, 50 and 60 [�C], checking over periodically the
hydrogen peroxide and peroxyformic acid concentrations to follow
their trend during the experiments. The experimental data pub-
lished by De Filippis (De Filippis et al., 2009) were elaborated by
applying the kinetic model presented above to find out the kinetic
constants for both the peroxyformic acid formation and decompo-
sition. However, it is important to point out that, the experiments
conducted by De Filippis (De Filippis et al., 2009) were all made at
the same concentration of reactants this hiding the stabilizing
effect of hydrogen peroxide. Thus, the kinetic law which describes
the peroxyformic acid decomposition was considered to be:

r2 ¼ k�2½PFA� ð47Þ
where k2* is an observed kinetic constant which includes the ratio
between the intrinsic kinetic constant (k2) and the term about the
inhibiting effect of the hydrogen peroxide stabilizer (Keq,3).

k�2 ¼ k2
1þ Keq;3½H2O2�0

ð48Þ
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The results from the estimation of kinetic constants from the
experimental data published by De Filippis (De Filippis et al.,
2009) are summarized in Table 2.

As revealed, the fitted parameters are characterized by high sta-
tistical significance, due to the low confidence intervals, and low
correlation.

The agreement between the experimental data and calculated
ones are shown in Figs. 6–7 and evaluated by a statistical analysis,
where the coefficient of determination (R2) was estimated to 0.98.

The order of magnitude of the activation energies (Ea) for both
the formation and decomposition of peroxyformic acid are quite
similar to the ones found by De Filippis (43.5 and 72.6 [kJ/mol],
respectively) (De Filippis et al., 2009). Moreover, the activation
energy of the formation (Ea1) is also in good agreement with the
one found by Shapilov (41.5 [kJ/mol]) (Shapilov and Kostyukovsii,
1974). Concerning the equilibrium constant, De Filippis et al.
(2009) used a fixed value, equal to 0.8 at 298 [K]. However, the
value obtained by us at 298 [K] is 1.45, higher compared to the
value used by De Filippis (De Filippis et al., 2009) and the one
found by Benassi (Benassi & Taddei, 1994).

The agreement between the estimated and experimental data is
shown in the parity plot (Fig. 7). It is possible to note most of the
data fall in the 10% error, except few data concerning the performic
acid. However, the result is satisfactory as also confirmed by the
high value of the coefficient of determination (R2).

3.4. Parameter estimation of the PFA decomposition constant based on
the experimental data publieshed by Santacesaria (Santacesaria et al.,
2017)

Santacesaria et al. (2017) carried out several kinetic experi-
ments to evaluate the kinetics of peroxyformic acid formation
and decomposition. The tests were performed in the presence of
two mineral acid catalysts (H3PO4 and H2SO4) and in the autocat-
alyzedmode, where the acid strength of formic acid allows the per-
acid formation. For each case, the operation conditions such as
temperature, acid content and amount of reactants were changed
to check their effect on the reaction system, in order to do a rigor-
ous kinetic investigation. All the experiments were conducted in a
jacketed reactor and by measuring, with a gas-volumetric

Table 2
Parameters estimated from the experimental data of De Filippis (De Filippis et al., 2009). C.I.: confidence intervals.

Value C.I. 95% Unit Correlation matrix

k1,ref Ea1 Keq,ref k2,ref Ea2

k1,ref 1.730 � 10�6 0.004 � 10�6 (m3)2/(mol2 s) 1
Ea1 40.7 0.2 kJ/mol 0.4 1
Keq,ref 11.04 0.06 – �0.3 0.4 1
k2,ref 4.48 � 10�7 0.02 � 10�7 m3/(mol s) 0.1 0.1 0.1 1
Ea2 72.2 0.2 kJ/mol 0.1 0.1 �0.1 0.6 1

Fig. 6. Comparison of experimental data (scatters) and calculated data (lines) at different temperatures; A: Performic acid (PFA) B: Hydrogen peroxide (HP).

Fig. 7. Parity plot of the experimental and estimated data.
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technique, the gas evolved. As done for the data of De Filippis (De
Filippis et al., 2009), the data published by Santacesaria
(Santacesaria et al., 2017) were used to estimate the kinetic con-
stants. However, in this case, the kinetic parameters of the forma-
tion reaction were fixed equal to the ones obtained from De Filippis
data (De Filippis et al., 2009), reported in Table 2. Meanwhile, the
decomposition ones were estimated by applying the kinetic model
shown above. We adopted the described strategy because Santace-
saria (Santacesaria et al., 2017) along with the study of the decom-
position reaction in a wide range of operating conditions collected
also gas-volumetric analyses which are useful for the determina-
tion of the decomposition kinetic constants as they measure

directly the decomposition product. The values of the estimated
parameters are reported in Table 3.

The agreement between the experimental and calculated data is
depicted in Figs. 8–10. As a general comment, it must be consid-
ered that the induction period is due to the performic acid synthe-
sis kinetics. As the related parameters were fixed, the description
of the induction period corresponds to a pure simulation, where
no additional parameters were adjusted. As the mentioned param-
eters are characterized by a confidence interval, it is possible to
consider the agreement in the first part of the curves satisfactory.

First the experiments carried out in the presence of H3PO4 are
reported (Figs. 8 and 9) then, the ones in the autocatalyzed mode

Table 3
Parameter estimated from Santacesaria experimental data (Santacesaria et al., 2017).

Value I.C. 95% Unit Correlation matrix

k2,ref Ea2 Keq,3

k2,ref 2.90 � 10�7 0.24 � 10�7 m3/(mol s) 1
Ea2 102.0 1.0 KJ/mol 0.4 1
Keq,3 5 � 10�2 1 � 10�2 – 0.6 0.6 1

Fig. 8. Experiments performed in presence of H3PO4 as catalyst: A: Formic acid effect B: Hydrogen peroxide effect.

Fig. 9. Experiments performed in presence of H3PO4 as acid catalyst; A: Temperature effect B: Acid catalysts concentration effect.
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Fig. 10. Experiments performed in autocatalyzed mode; A: Temperature effect B:Hydrogen peroxide effect C: Formic acid effect.

Fig. 11. Overall parity plot of experimental and calculated data.

Fig. 12. Arrhenius diagram; (j) Decomposition kinetic constant obtained from the
regression of Santacesaria’s experimental data (Santacesaria et al., 2017); (▲)
Decomposition kinetic constant found by Leveneur (Leveneur et al., 2012); (d)
Decomposition kinetic constant found by Sun (Sun et al., 2011).

T. Cogliano, V. Russo, R. Turco et al. Chemical Engineering Science 251 (2022) 117488

9



(Fig. 10). As revealed, in every case a good fit was obtained. The
agreement between them is evaluated also with a parity plot
(Fig. 11) and by a statistical analysis in which a coefficient of deter-
mination (R2) equal to 0.96 was calculated. The agreement
between the estimated and experimental data published by San-
tacesaria (Santacesaria et al., 2017) is depicted in the overall parity
plot (Fig. 11). Most of the data fall in the 15% error except for the
ones in which the hydrogen peroxide concentration in the system
was 12 [kmol/m3], as shown also in Fig. 8B.

The activation energy (Ea2) of decomposition obtained from the
regression of Santacesaria’s experimental data is quite close to the
value reported by Leveneur and Sun (95.1 and 95.4 [KJ/mol]
respectively) (Leveneur et al., 2012; Sun et al., 2011). The compar-
ison between the result obtained from us and available in the liter-
ature is illustrated by an Arrhenius diagram (Fig. 12), where it is
possible to notice the similar temperature dependence of the
decomposition kinetic constants (k2) along with the reciprocal
temperature.

4. Conclusions

The regression of experimental data on both the formation and
decomposition of peroxyformic acid were satisfactorily interpreted
with the proposed kinetic model in which the effect of stabilizing
agents present in the hydrogen peroxide solutions, on the decom-
position reaction, is considered. A good agreement between the
experimental and calculated data was found with a coefficient of
determination of 0.98 in the De Filippis’ data (De Filippis et al.,
2009), and a value of 0.96 in the Santacesaria’s one (Santacesaria
et al., 2017). These results are very useful for a processes where
performic acid is used as a reactant. The epoxidation of vegetable
oils is mainly carried out throught the Prilezhaev reaction, where
the oxidizing agent used for the epoxidation reaction is a percar-
boxylic acid. The process consists of two main steps, an adding
time, where the reactants for the percarboxylic acid formation
are added drop-wise because of safety criteria and a digestion time,
where the percarboxylici acid is left to react with the oil to produce
the epoxide. As demonstered in the present work, different hydro-
gen peroxide solutions result in different decomposition reaction
rates thus, the percarboxylic acid might disappear more quickly
than expected. In this case, when the process is in the digestion
time, which lasts from 5 to 8 h, letting the oil in contact with the
aqueous phase for all this time could be detrimental for two main
reasons. The first one is that time is wasted and production costs
increase, while the second one, which is more important, is that
without the reactant in the system the epoxidized oil undergoes
ring-opening reaction, getting into an undesidered product.
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ABSTRACT: The formic acid partition coefficients in soybean
oil/water biphasic system were determined experimentally in a
Lewis cell apparatus and modeled mathematically. The effect of
different operation conditions on the mass transfer parameters was
investigated, i.e., temperature, water-to-soybean oil weight ratio,
and formic acid-to-soybean + water weight ratio. The experimental
results revealed that the temperature and water-to-soybean oil ratio
bring the most relevant influence on the partition coefficient. The
results were interpreted with an empirical mathematical model and
two thermodynamic models, UNIQUAC (Universal Quasichem-
ical) and NRTL (Non-Random Two Liquid). This investigation
has relevance for the epoxidation of vegetable oils via the
Prilezhaev concept. The approach can also be extended to other
carboxylic acids, too.

1. INTRODUCTION
Epoxidized Vegetable Oils (EVOs) have been largely employed
to synthesize substances of interest as biolubricants, plasticizers,
polyurethanes, and polymers.1−9 Nevertheless, despite the high
research interest in new synthesis pathways,10−19 both the
industrial production as well as the laboratory practice still rely
on the Prilezhaev reaction concept. The reaction is performed in
a biphasic system, where the polar phase, aqueous solution, is
brought in contact with an apolar one, either a vegetable oil or its
derivatives. The epoxidation synthesis takes place through a few
series of steps, depicted in Figure 1.
First, a carboxylic acid reacts in the aqueous phase in the

presence of either a homogeneous or heterogeneous acid
catalyst with hydrogen peroxide to a percarboxylic acid. Next,
the percarboxylic acid migrates from the aqueous phase to the
organic phase, where it reacts with the double bonds present in
the fatty acid chains of the triglyceride to epoxide. Then,
carboxylic acid migrates back to the aqueous phase and reacts
again with hydrogen peroxide, restarting the reaction cycle. Side
reactions occur in the reaction system as well, such as
decomposition of the organic peracid, and ring opening of the
epoxy groups.20−25 Thus, in the epoxidation process via the
Prilezhaev reaction method, a percarboxylic acid, generally
formed in situ from a carboxylic acid, is employed as an oxidizing
agent thanks to its higher solubility/partition in the organic

phase with respect to the hydrogen peroxide. Commonly, either
acetic acid is used as a carboxylic acid. In the present paper,
formic acid will be used, as the shorter the alkyl chain the faster is
the percarboxylic acid formation,26,27 thus leading to a
shortening of the reaction times. In this scenario, the mass
transfer from one phase to the other for both the carboxylic acid
and its corresponding peracid might play a crucial role in the
epoxidation process, and its impact is affected by the mass
transfer coefficient and the phase equilibrium. The physical
property that quantifies how a chemical component is
partitioned into two either immiscible or hardly miscible phases
is the partition coefficient (m), which is typically defined as the
concentration ratio of the ith compound in each phase.
Therefore, a rigorous mathematical modeling of such a system,
namely, epoxidation via the Prilezhaev concept, needs several
parameters to be evaluated, among others the partition
coefficient. Thus, when it is possible, the experimental
determination of some of these parameters is highly preferable
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and convenient, as it decreases the number of adjustable
parameters to be estimated simultaneously in mathematical
modeling. The correlation between the adjustable parameters is
suppressed, leading to a more reliable set of parameters.
Generally, in the mathematical treatment of the epoxidation
system using a biphasic approach, where the partitions of the
compounds in the immiscible phases is considered, the partition
coefficients have been mainly estimated28,29 or predicted
through the use of an online calculator, namely, SPARC.30−34

Generally, the experimental determination of the partition
coefficients in the epoxidation system has been carried out
seldomly. Operating conditions similar to the ones used in the
reaction conditions have been applied, and the effects of
temperature, component ratio, and composition on the
partitioning ratio have been evaluated.35−40 Rangarajan et al.38

determined the partition coefficient of acetic acid in a soybean
oil/water system. The mixture was at first vigorously mixed for a
certain time and then allowed to separate for a time as long as the
mixing one. Sinadinovic-́Fisěr and Jankovic3́5 measured the
acetic acid partition coefficient in soybean oil/water using the
same experimental procedure as Rangarajan et al.38 A wider
range of temperature was investigated (i.e., from 20 to 80 °C),
and the experimental data were used for predicting the partition
coefficient through the use of Universal Quasichemical
(UNIQUAC) as the thermodynamic model. A similar study
was made from the same research group evaluating similar
operating conditions but in the epoxidized soybean oil/water
system.39 From the comparison between these two inves-
tigations, it turned out that the acetic acid concentration at the
equilibrium conditions increases in the oil phase in the presence
of epoxidized soybean oil. A higher concentration in the oil
phase in the presence of epoxidized oil was obtained also by Wu
et al.40 in the study of the formic acid partitioning ratio in a
soybean-epoxidized soybean oil−water system. According to the
authors, this observation is related to the presence of polar
groups, namely, the epoxy group and the hydroxyl group,
byproduct from the ring opening of the epoxy group which
enhanced the solubility of a polar compound in the organic
phase. Recently, Jankovic ́ et al.41 determined the partitions of
acetic acid in a system containing linseed oil, epoxidized linseed
oil, water, and hydrogen peroxide. Once again, the experimental
data were used for predicting the partition coefficient with the
use of a thermodynamic model.

The present study had the goal of experimentally measuring
the partition coefficients of formic acid in a model system,
containing soybean oil and water, at different temperatures and
component proportions. The experimental apparatus was a
Lewis cell, which guarantees a well-defined interfacial area
between the two phases and allows one to analyze the
concentration of the formic acid in the aqueous phase
thoroughly along time. After the liquid−liquid equilibrium was
reached, the amount of formic acid in the organic phase was
analyzed. The experimental concentration profiles of formic acid
in the aqueous phase were used in dynamic modeling to obtain
an equation to predict the numerical value of the partition
coefficient. The equation considered all of the operating
parameters that affect the partition of formic acid between the
two immiscible fluids. The same was done by using
thermodynamic models (Non-Random Two Liquid (NRTL)
and UNIQUAC). Finally, the experimental results, in terms of
the absolute partition coefficient value, were compared with the
values obtained by using the equation from the dynamic model
developed and the value obtained from the thermodynamic
models.

2. MATERIALS AND METHODS
2.1. Materials. Soybean oil (iodine value of 124 [gI2/100

goil]) was purchased in a local food store; formic acid
(Honeywell ≥98 [wt %]), sodium hydroxide (Carlo Erba,
solid pellets), ethanol (Carlo Erba, 96% [wt %]), phenolph-
thalein (Merck), and distilled water were used without further
purification.
2.2. Liquid−Liquid Lewis Cell. The liquid−liquid Lewis

reactor consisted of a 500 mL jacketed glass reactor with an
internal diameter (ID) of 6.5 × 10−2 [m], providing to a liquid−
liquid interphase area (A) equal to 3.3 × 10−3 [m2]. The reactor
was equipped with a mechanical and magnetic stirrer to agitate
the upper (oil) and lower (aqueous) phases, respectively. The
velocity used in each experiment for both phases was kept at 50
rpm to not perturbate the liquid−liquid interphase but,
meanwhile, guarantee the homogeneity in both phases. During
each experiment, the reactor was at first filled up with the specific
amounts of water (wW) and formic acid (wFA), and next soybean
oil (wSBO), according to conditions adopted for each experiment
(Table 1), was added carefully to the top of the aqueous phase
avoiding any mixing between the two phases. Then, the system

Figure 1. Reaction scheme of vegetable oil epoxidation via Prilezhaev.
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was set at the operating temperature, and the two impellers were
switched on. Each experiment was conducted in an isothermal
mode because of the high sensitivity of the partition coefficient
to temperature. The operating conditions analyzed (Table 1)
were temperature (Tr), water-to-soybean oil mass ratio (wW/
wSBO), and formic acid-to-soybean oil + water mass ratio (wFA/
(wSBO+wW)). The parameter values were chosen as they
reproduce typical conditions for the epoxidation reaction of
vegetable oil (soybean oil).
2.3. Analysis of Formic Acid. Several samples were

withdrawn from the aqueous phase and analyzed via acid−
base titration. The collected aqueous phase (≈0.1 [g]) was at
first diluted in 10 [mL] of distilled water, and next two droplets
of phenolphthalein solution were added as the indicator. The
solution was titrated with a 0.1M standardized aqueous solution
of sodium hydroxide. The concentration of formic acid (CFA,
[mol/m3]) was determined according to eq 1

=C
C f V

wFA
NaOH NaOH NaOH sol

sample (1)

where cNaOH is the sodium hydroxide solution concentration,
fNaOH is its correction factor, VNaOH is the titrant volume needed,
ρsol is the sample solution density, and wsample is the sample
weight. A similar analysis was carried out to measure the formic
acid concentration in the organic phase (CFA,org) just at the end
of each experiment as a double-check of the real component that
migrated from the aqueous phase to the organic one. A good
match was obtained in every case. The procedure is practically
identical with the main difference being that the titration
solution was sodium hydroxide in ethanol. eq 1 was used as well
to obtain the amount of formic acid in the oil phase.
2.4. Mass Balances for the Liquid−Liquid Batch

System. The physical description of the system requires the
solution of the mass balance equations for formic acid in both
phases. As the experiments were conducted in a batch vessel, in
the absence of chemical reactions, the mass balance in the
aqueous and organic phases is defined, addressing exclusively
the mass transfer from one phase to the other. Moreover, as the
volume of each phase can be considered constant during the
experimental tests, as the sample withdrawn is not affecting
strongly the liquid volume, it is possible to describe the mass
balance in both phases with eqs 2 & 3.

=
C

t
J

d

d
FA,aq

FA,aq (2)

=
C

t
J

d

d
FA,org

FA,org (3)

The two-film theory of Whitman was considered at the liquid−
liquid interphase42 where the limitations to the diffusion from
one phase to another are limited in the boundary layers in each
phase. Starting from this assumption, it is possible to write the
molar flux equations for formic acid in each phase.

=
*i

k
jjjjjj

y

{
zzzzzzJ k a C

C

mFA,aq FA,aq sp FA,aq
FA,org

(4)

= *J k a C C( )FA,org FA,org sp FA,org FA,org (5)

Here, kFA,i is the formic acidmass transfer coefficient in the phase
“i”, and asp is the specific area, equal to the ratio between the
reactor cross-section area (A) and the volume in the phase “i”
(Vi), as described in eq 6.

=a
V
A

i
sp

(6)

The partition coefficient (m) is defined as the ratio between the
concentration of formic acid at the interphase in the organic
phase divided by the formic acid concentration at the interphase
in the aqueous phase, according to eq 7.

=
*
*m

C

C
FA,org

FA,aq (7)

Considering the steady-state condition at the interphase
between the formic acid molar flux to and from the organic
phase, the balance reported in eq 8 can be assumed valid

=J V J VFA,aq aq FA,org org (8)

from which it is possible to calculate the formic acid
concentration at the interphase in the organic phase (CFA,org* )
in agreement with eq 9.

* =
+

+
C

k a V C k a V C

k a V
k a V

m

FA,org
FA,aq sp aq FA,aq FA,org sp org FA,org

FA,org sp org
FA,aq sp aq

(9)

In order to solve the system of ordinary differential equations
(ODEs) (2) & (3), the value of the mass transfer coefficients
(kFA,i) and the partition coefficient (m) must be obtained by
parameter estimation analysis based on the experimental data.
The partition coefficient was considered dependent on both
temperature and volume ratio, according to eq 10.

= + +
i
k
jjjjjj

y
{
zzzzzzm a bT c

V

V

d

1 aq

org (10)

According with experimental evidence obtained in the present
work, as well as in the following works available on the
literature,43,44 partition coefficients have shown a strong
influence on the phase volumetric ratio. Supporting this data
as well as the used equation, namely, 10, it is possible to refer to
Cratin45 where, by considering the chemical potential of a
compound portioned between two immiscible phases which
behave ideally, it is possible to obtain the partition coefficient as
a function of the ratio between the molar volumes of the two
phases.
Concerning the mass transfer coefficients, we considered the

mass transfer coefficients in both phases equal. Supporting this
approximation, one can consider the viscosities of the two fluids.
Indeed, in the temperature range investigated, the viscosities of

Table 1. Experimental Conditions Were Adopted during the
Tests

Experiment
Tr

[°C]
wW/
wSBO

wFA/
(wW +
wSBO) Experiment

Tr
[°C]

wW/
wSBO

wFA/
(wW +
wSBO)

1 30 1.00 0.03 9 70 0.33 0.03
2 30 0.50 0.03 10 30 1.00 0.05
3 30 0.33 0.03 11 30 0.50 0.05
4 50 1.00 0.03 12 50 1.00 0.05
5 50 0.50 0.03 13 50 0.50 0.05
6 50 0.33 0.03 14 70 1.00 0.05
7 70 1.00 0.03 15 70 0.50 0.05
8 70 0.50 0.03

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c01562
Ind. Eng. Chem. Res. 2023, 62, 13825−13836

13827

pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


the aqueous phase and the organic phase are slightly different.
Ultimately, the concentration of formic acid in the organic phase
([FA]org) was set equal to zero as time zero condition.
2.5. Numerical Strategies. The system of ODEs (2) & (3)

was solved with MatLab R2022b as software using the ode23s
built-in function. The parameter estimation activities were
conducted by using the deterministic minimization algorithm
lsqnonlin. For each parameter, the confidence interval at 95%was
calculated with the nlparci built-in function. Finally, the
covariance matrix (V) and the correlation matrix (Corij) were
evaluated to check the correlations between the adjustable
parameters, according to eqs 11 and 12.

=V s JJ( )ij
2 1

(11)

Here, s denotes the standard deviation of residues, and J and J′
are the Jacobian matrix and its transpose, respectively. The
elements of the correlation matrix are evaluated according to eq
12.

=
V

V V
Corij

ij

ii jj (12)

Finally, the agreement between the experimental and predicted
data is evaluated by statistical analysis based on the adjusted
coefficient of determination (RAdj

2)

= =

=

R n
n k

y y

y y
1

1
1

( )

( )
i
N

i i

i
N

i
Adj

2 1
2

1
2

(13)

where n denotes the number of experimental observations, k is
the number of adjustable parameters, N is the number of
experimental tests, y̅ is the average value of the experimental
observation, and yi and ŷi are the values of the experimental and
calculated observation at the ith experiment, respectively.
2.6. Thermodynamic Modeling. Two thermodynamic

models for activity coefficients were employed to adjust the
partition coefficient results: UNIQUAC (Universal Quasichem-
ical) and NRTL (Non-Random Two Liquid).46 In order to do
that, the partition coefficients calculated by the models followed
eq 14

=m
x

x
m

m

,org FA,org

,aq FA,aq (14)

where xFA,j is the molar fraction of formic acid and ρm,j is the
molar density of the j phase.
The molar densities of each phase were approximated to the

molar densities of water (for the aqueous phase) and soybean oil
(for the organic phase)

=
Mm,aq

W

W (15)

=
Mm,org

SBO

SBO (16)

in which MW and MSBO are the molar masses of water and
soybean oil, respectively, and the mass densities (ρW and ρSBO)
were expressed as a function of the temperature (Tr), based on

Figure 2. Fit of the mathematical model to the experimental data at different water-to-oil volume ratios (A) 30 [°C], (B) 50 [°C], (C) 70 [°C].
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literature data.47,48 The molar mass of soybean oil was estimated
as 862 g/mol.
A phase equilibrium relation is introduced in eq 17, in order to

correlate the molar fractions and the activity coefficients (γ) of
formic acid in each phase.46

=x xFA,aq FA,aq FA,org FA,org (17)

The substitution of eq 17 into (14) leads to eq 18.

=m m

m

,org FA,aq

,aq FA,org (18)

The Supporting Information section details the equations
employed by the models considered. In the present study,
UNIQUAC uses four adjustable parameters (characteristic
energies Δu), while NRTL works with four adjustable
parameters (characteristic energies Δg) and two parameters α
related to the nonrandomness of the mixtures that were
considered as constant values equal to 0.3.46 The adoption of
this value for the nonrandomness parameters also occurred in
similar studies in the literature.49−51

The estimation of the parameters considered the following
objective function (OF)

=
=

y yOF min ( )
i

N

i iparameters 1

2

(19)

where N is the number of experimental tests, yi and ŷi are the
values of the experimental and calculated observation of the
partition coefficients at the ith experiment, respectively.
The adjusted coefficient of determination was calculated for

both models according to eq 13.

3. RESULTS AND DISCUSSION
3.1. Results of the Partition Experiments. The first set of

experiments was devoted to the investigation of the water-to-
soybean oil weight ratio effect, keeping constant both the
temperature and formic acid-to-soybean+water weight ratio
(Table 1, entries 1−3). This set of experiments was conducted at
higher temperatures, too, at 50 and 70 [°C] to verify how the
temperature influences the partition coefficient (Table 1, entries
4−9). Finally, the formic acid-to-soybean+water weight ratio
was increased, and experiments were conducted at 30, 50, and 70
[°C] with an amount of water-to-oil weight ratio equal to 1 and
0.5, respectively (Table 1, entries 10−15).
As the total amount of water and soybean oil (in weight) was

kept constant and equal to 0.40 [kg], by decreasing the water-to-
oil weight ratio with a fixed amount of formic acid-to-soybean
+water, the concentration of formic acid in the aqueous phase
increased. Consequently, the initial concentration of formic acid
in the aqueous phase (CFA,aq) at zero time increases with a lower
water-to-oil weight ratio. Indirectly, when the water-to-oil
weight ratio is changed, the volume ratio between the two phases
changes as well.

Figure 3. Fit of the mathematical model to the experimental data at different water-to-oil volume ratios (A) 30 [°C], (B) 50 [°C], (C) 70 [°C].

Industrial & Engineering Chemistry Research pubs.acs.org/IECR Article

https://doi.org/10.1021/acs.iecr.3c01562
Ind. Eng. Chem. Res. 2023, 62, 13825−13836

13829

https://pubs.acs.org/doi/suppl/10.1021/acs.iecr.3c01562/suppl_file/ie3c01562_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01562?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.iecr.3c01562?fig=fig3&ref=pdf
pubs.acs.org/IECR?ref=pdf
https://doi.org/10.1021/acs.iecr.3c01562?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


At first sight, revealed by Figures 2 and 3, it is possible to
notice how the concentration of formic acid in the aqueous
phase with time decreases from the initial concentration to a
plateau. In the first stage of the experiment, in the decrement of
the formic acid concentration, the mass transfer effect is the
main player in the process. As the system was stirred at low rate
(50 [rpm]), to guarantee homogeneity in each phase, the mass
transfer coefficient obtained from these experiments can be
considered to be the real coefficient for the water-soybean oil
system at the operating conditions adopted in the present study.
At the plateau, equilibrium conditions prevail in the system, and
the difference of the formic acid concentration between the
initial time and the plateau time is the amount which has left the
aqueous phase and migrated to the organic one.
In order to reveal how the temperature and the water-to-oil

weight ratio (indirectly volume ratio) influence the partition
coefficient, the values of the experimental partition coefficients
are displayed in parametric curves of the volume ratio and
temperature (Figures 4 and 5). Starting from Figure 4, where the
formic acid-to-soybean+water ratio is equal to 0.03 [gFA/
(gSBO+gW)] (Table 1, entries 1−9), it is easy to recognize the
linear decrement of the partition coefficient along the temper-

ature as well as the increasing of its value with the increase of the
volume ratio.
Figure 5 shows the results for the second set of experimental

results where the weight amount of formic acid was equal to 0.05
[gFA/(gSBO + gW)] (Table 1, entries 10−15). It is possible to see
that the trend in both cases remains.
The first interesting aspect to be observed from the

experimental results is the absolute value of the partition
coefficient (m) always being lower than 1, indicating the major
tendency of formic acid to dissolve in water more eagerly than in
soybean oil. The trend along the temperature decreases linearly
independent of the volume ratio. This observation is quite
unexpected compared to the empirical results obtained from
SPARC,31 as it implies that the amount of formic acid which
migrates to the organic phase increases with temperature,
despite that the solubility generally increases with temperature.
Nevertheless, the observed behavior can be explained in terms of
the relative solubility, and simply the relative solubility of formic
acid in water increases more than the solubility of formic acid in
soybean oil with temperature.
Rangarajan et al.38 andWu et al.40 reported a decrement of the

partition coefficient along with temperature measuring exper-

Figure 4. Experimental results obtained with a weight ratio of 0.03 [gFA/(gSBO + gW)]. (A) Partition coefficient along temperature in parametric curves
of volume ratio. (B) Partition coefficient along volume ratio in parametric curves of temperature.

Figure 5. Experimental results obtained with a weight ratio 0.05 [gFA/(gSBO + gW)]. (A) Partition coefficient along temperature in parametric curves of
volume ratio. (B) Partition coefficient along volume ratio in parametric curves of temperature.
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imentally the acetic acid and formic acid partition coefficient in
the water/soybean oil system, respectively. The volumetric ratio
between the two phases seems to affect the partition coefficient
more than the temperature. The related values increase by
increasing the volume ratio of the two phases; similar behavior
has been observed by other authors, too.43,44 Furthermore, the
order of magnitude obtained for the partition coefficient
experimentally determined in the present work falls in the
same range of the previous works dealing with a similar system,
namely, soybean oil, water, and a carboxylic acid.35,38,40 More
specifically, by considering the work of Wu et al.,40 where formic
acid partition coefficient in a soybean oil/water system was
experimentally determined, it is possible to notice the formic
acid partition coefficient profiles along the temperature are the
same, thus an equal temperature profile dependence Figure 6.
Concerning the partition coefficient values, they present the
same order of magnitude; the differences could be due to the
differences in the adopted experimental conditions.

From the experimental data collected by us and displayed in
the previous figures, it is possible to obtain an empirical
expression for the partition coefficient in eq 10, where the
dependence of the coefficient on the temperature is linearly
decreasing and its dependence on the volumetric ratio of the
phases is increasing. The agreement between the experimental
and calculated data is depicted in Figures 2 & 3. Figure 2 shows
how the mathematical model (continuous lines) describes the
experimental data (discrete points) for the experiments at fixed
formic acid-to-soybean+water weight ratio equal to 0.03 [gFA/
(gSBO+gW)] at different water-to-oil volume ratio (or weight
ratio, Table 1 entries 1−9). Figure 3 shows the very good

agreement but at a formic acid-to-soybean+water weight ratio
equal to 0.05 [gFA/(gSBO+gW)] (Table 1, entries 10−15). It is
possible to see that themathematical model fits the experimental
data in a very accurate way considering both the temperature
effect and the volume ratio dependency. The numerical values of
the adjustable parameters obtained from the regression analysis
are collected in Table 2, where both the 95 [%] confidence
intervals and the correlation matrix are reported.
From the values of the confidence intervals, it is possible to see

that the estimated parameters are associated with a very small
error. The correlation matrix suggests that the correlation
between the parameters is very minor. Finally, the overall
agreement between the experimental data and the calculated
value is shown in the parity plot displayed in Figure 7. The whole

set of data fall within the error boundary of 5%, and the adjusted
coefficient of determination (RAdj

2) exceeds 0.99. Thus, in
support of the parity plot also the estimation statistics indicates a
good agreement between the experimental and predicted data.
3.2. Elaboration of the Partition Coefficients. The

partition coefficients of formic acid between water and soybean
oil determined according to the procedure described in sections
2.4 and 2.6 are summarized in Table 3.
The agreement between them is illustrated in Figure 8 where

the value of partition coefficient is compared with temperature
and volume ratio when the formic acid-to-soybean+water
weight ratio is fixed to 0.03 and 0.05 [gFA/(gSBO+gW)],
respectively. The statistics is coupled also in this case, and a
coefficient of determination (R2) has been calculated and found
equal to 0.80.
Table 3 also presents the results of the fits of the

thermodynamic models UNIQUAC andNRTL to experimental

Figure 6. Experimental data sets comparison. (■)Wu et al.:40 0.06 gFA/
(gSBO + gW) and 0.64 [m3

AQ/m3
SBO]. (●) Present work: 0.05 gFA/(gSBO

+ gW) and 0.45 [m3
AQ/m3

SBO].

Table 2. Adjustable Parameters Are Estimated from Experimental Data

Correlation matrix

Parameter Value I.C. 95 [%] Unit a b c d kaq
a 1.29 0.10 [-] 1.00
b 0.19 0.03 [1/°C] 0.44 1.00
c 5.80 0.50 [-] −0.43 −0.81 1.00
d 1.22 0.05 [-] −0.63 −0.39 0.22 1.00
km 0.08 0.02 [1/min] −0.43 0.09 0.07 0.13 1.00

Figure 7. Parity plot for the empirical model results using both
experimental and calculated concentrations.
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values of partition coefficients. The adjustable parameters of
these models are summarized in Table 4, jointly with the
coefficients of determination.

Figure 9 graphically expresses the results of the thermody-
namic fits, with the partition coefficients also described as a
function of the temperature and the volume ratio. Figure 10
presents a parity plot associated with the adjustment of the
thermodynamic models.
The results from the fits of both thermodynamic models were

quite similar and successful, with high values for the coefficients
of determination: 0.99 (NRTL) and 0.97 (UNIQUAC). The
visual tendency of the fits expressed in Figure 9 also corroborates
the conclusion that both models fit very satisfactorily the data
presented here, following the tendency of the experimental data.

Table 3. Comparison between the Experimental Numerical
Values of the Partition Coefficient and Calculated Ones

Experiment HExp ± I.C. 95% AHCalc
a BHCalc

a CHCalc
a

1 (7.4 ± 0.4) × 10−2 7.4 × 10−2 7.2 × 10−2 7.4 × 10−2

2 (6.3 ± 0.3) × 10−2 4.5 × 10−2 6.0 × 10−2 6.4 × 10−2

3 (3.3 ± 0.2) × 10−2 3.2 × 10−2 3.4 × 10−2 3.3 × 10−2

4 (6.0 ± 0.3) × 10−2 5.7 × 10−2 5.8 × 10−2 5.8 × 10−2

5 (4.5 ± 0.2) × 10−2 3.8 × 10−2 4.3 × 10−2 4.6 × 10−2

6 (2.8 ± 0.2) × 10−2 2.8 × 10−2 2.8 × 10−2 2.9 × 10−2

7 (4.4 ± 0.3) × 10−2 4.7 × 10−2 4.8 × 10−2 4.2 × 10−2

8 (3.6 ± 0.2) × 10−2 3.3 × 10−2 3.7 × 10−2 3.6 × 10−2

9 (2.6 ± 0.1) × 10−2 2.5 × 10−2 2.6 × 10−2 2.6 × 10−2

10 (9.1 ± 0.6) × 10−2 7.3 × 10−2 9.5 × 10−2 9.3 × 10−2

11 (3.7 ± 0.2) × 10−2 4.5 × 10−2 4.2 × 10−2 3.8 × 10−2

12 (4.9 ± 0.3) × 10−2 5.8 × 10−2 4.5 × 10−2 4.9 × 10−2

13 (3.5 ± 0.2) × 10−2 3.9 × 10−2 3.3 × 10−2 3.4 × 10−2

14 (3.9 ± 0.5) × 10−2 4.7 × 10−2 3.7 × 10−2 3.9 × 10−2

15 (3.2 ± 0.2) × 10−2 3.3 × 10−2 2.8 × 10−2 3.0 × 10−2

a(A) MatLab; (B) UNIQUAC Thermodynamic model; (C) NRTL
Thermodynamic model.

Figure 8. Experimental and predicted value of partition coefficient for a formic acid-to-soybean + water mixture with a weight ratio 0.03 (A, C) and
0.05 (B, D).

Table 4. Binary Adjustable Parameters Are Estimated from
the Fit of Thermodynamic Models to Experimental Data

Parameter Value I.C. 95 [%] Unit

UNIQUAC
ΔuFA‑W,aq −2488 97 [J·mol−1]
ΔuW‑FA,aq 10815 636 [J·mol−1]
ΔuFA‑SBO,org −3151 54 [J·mol−1]
ΔuSBO‑FA,org 13949 74 [J·mol−1]
NRTL
ΔgFA‑W,aq −3617 129 [J·mol−1]
ΔgW‑FA,aq 14333 111 [J·mol−1]
ΔgFA‑SBO,org −3351 161 [J·mol−1]
ΔgSBO‑FA,org 12613 213 [J·mol−1]
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The literature showed that both NRTL and UNIQUACmodels
were able to correlate satisfactorily the partition coefficient
values for acetic acid in systems containing soybean oil and
water,35 and olive oil, epoxidized olive oil, hydrogen peroxide,
and water.37 Particularly, the NRTL model tends to a good
agreement with experimental data for systems that present
partially miscible substances.
The two models resulted in both positive and negative values

for the characteristic energies. It is notable that the characteristic
energies agree in terms of signal and order of magnitude for both
thermodynamic models tested, considering the same pair of

substances. The results obtained here agree substantially with
the UNIQUAC parameters from Jankovic ́ et al.,37 in which the
characteristic energy between acetic acid and water, and
between acetic acid and olive oil, are both negative (−4950
and −2399 J/mol, respectively), while the characteristic energy
between water and acetic acid, and between olive oil and acetic
acid, are both positive (15164 and 6073 J/mol, respectively).
The present results also agree with the signals of the
characteristic energies presented in the literature, only for the
organic phase: Jankovic ́ et al.37 reported, for the NRTL model,
−1796 J/mol for the characteristic energy between acetic acid
and olive oil and 239 J/mol for the characteristic energy between
olive oil and acetic acid; Sinadinovic-́Fisěr and Jankovic3́5

reported, for UNIQUAC, −5278 J/mol for the characteristic
energy between acetic acid and soybean oil and 10669 J/mol
between soybean oil and acetic acid.
Although the signals of the characteristic energies of the

NRTL and UNIQUAC models could suggest the behavior of
interactions between two different molecules compared with
two molecules of the same substance, these values need to be
interpreted carefully. For example, in the aqueous phase, there
are several possible complexes derived from interactions
through hydrogen bonds between formic acid and water
molecules, and the interaction energy between them depends
on the structure of the complex formed.52

However, the fit of the partition coefficients through models
for activity coefficient shows great importance to enable the
prediction of other thermodynamic properties related to the
studied system, as well as the possibility to insert the binary
parameters into process simulators typically used in the chemical
industry.

Figure 9. Experimental and predicted value (thermodynamicmodels) of partition coefficient for a formic acid-to-soybean+water mixture with a weight
ratio 0.03 (A, C) and 0.05 (B, D).

Figure 10. Parity plot for the thermodynamic model results using both
experimental and calculated partition coefficients.
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4. CONCLUSIONS
Experimental determination of the formic acid partition
coefficient in the soybean oil/water system was carried out in
the present work. The influence of the main parameters, the
temperature, the water-to-soybean oil weight ratio, and the
formic acid-to-soybean+water weight ratio on the partition
coefficient was investigated. The experimental results revealed a
higher solubility of formic acid in water compared to that of the
soybean oil. This behavior is pronounced at higher temperatures
where the absolute value of the partition coefficient decreased,
showing an increase of a more profound solubility in water than
in soybean oil. Conversely, by increasing the water-to-oil volume
ratio (or weight ratio), the partition coefficient increased. This
might be addressed with regard to the maximum solubility of
formic acid in soybean oil. Finally, the proportion of formic acid-
to-soybean oil+water appeared to have a minor effect. The
experimental data collected during the different sets of
experiments were successfully described by the mathematical
model proposed, and an equation to predict the partition
coefficient of the formic acid in the water/soybean oil system
was proposed. The former equation takes the effect of the
temperature and volume ratio into account. The results of both
the empirical model and the partition coefficient equation are
supported by estimation statistics. The thermodynamic models
UNIQUAC and NRTL were also applied to fit the partition
coefficient values, with estimation of binary parameters and
satisfactory fits from both models.
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■ NOTATION
A = Lewis cell cross-section area, [m2]
a, b, c, d = Adjustable parameters
asp = Specific interfacial area [m2/m3]
C*i,j = Concentration compound “i” at the interphase in the
phase “j”, [mol/m3

j]
Ci,j =Concentration compound “i” in the phase “j”, [mol/m3

j]
fNaOH = Correction factor, [-]
Gi‑k,j = Binary parameter between the compounds “i” and “k”
in the phase “j”, [-]
m = Partition coefficient [-]
ID = Internal diameter of the Lewis cell, [m]
Ji,j = Compound “i” molar flux in the phase “j”, [mol/(m3

j ×
min)]
kFA,i = Formic acid mass transfer coefficient in the phase “i”,
[m/min]
li, qi, q’i, ri = Parameters related to the size and surface area of
the molecules of the compound “i”, [-]
Mi = Molar mass of compound “i”, [kg/mol]
wi = Mass weigh of compound “i”, [kg]
R = Universal constant for gases, [J/(mol × K)]
Tr = Reactor temperature, [°C or K]
Vi = Volume of phase “i”, [m3]
xi,j = Molar fraction of the compound “i” in the phase “j” [-]

■ GREEK LETTERS
αi‑k,j = Binary parameter associated with the nonrandomness
between the compounds “i” and “k” in the phase “j”, [-]
γi,j = Activity coefficient of the compound “i” in the phase “j”,
[-]
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Δui‑k,j, Δgi‑k,j = Characteristic energies between the com-
pounds “i” and “k” in the phase “j”, [J/mol]
θi,j, θ’i,j = Area fractions of the compound “i” in the phase “j”,
[-]
ρi = Phase “i” density, [kg/m3]
ρm,i = Phase “i” molar density, [mol/m3]
τi‑k,j =Binary parameter between the compounds “i” and “k” in
the phase “j”, [-]
Φi,j = Segment fraction of the compound “i” in the phase “j”,
[-]

■ STATISTICAL PARAMETERS
Corij =Correlationmatrix of the adjustable parameters “i” and
“j”
J = Jacobian matrix
k = Number of adjustable parameters
n = Number of experimental observation
N = Number of experimental tests
OF = Objective function
R2 = Coefficient of determination
R2

Adj = Adjusted coefficient of determination
s = Standard deviation
Vij = Covariance matrix of the adjustable parameters “i” and
“j”
y̅ = Average value of the experimental observation
ŷi = Value of the calculated observation during the experiment
“i”
yi = Value of the experimental observation during the
experiment “i”
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A B S T R A C T   

The present work aims to propose a 1H NMR-based method for a rapid determination of conversion, yield, and 
selectivity in the epoxidation of organic substrates. Several experiments were carried out on different substrates 
and analyzed with both the proposed 1H NMR method and the volumetric traditional ones for a useful com-
parison. The results obtained with the traditional methods were deeply studied to find a mathematical corre-
lation between the absolute analytical error and the double bond or oxirane ring concentration. The same was 
done for the conversion and yield derived from the analytical determinations. Finally, the results obtained with 
the proposed 1H NMR-based method on the epoxidation of methyl-oleate, as a model molecule, were compared 
with the results obtained by the traditional methods. A good agreement was obtained between the two classes of 
methods validating the proposed 1H NMR method.   

1. Introduction 

Nowadays, the use of vegetable oils and their derivatives, such as 
fatty acid methyl esters (FAMEs) or fatty acids (FAs), as raw materials 
for the production of several commodities is a well-known reality in the 
chemical industry (Biermann et al., 2021; Gui et al., 2008; Hill, 2001). 
The main benefits of using this kind of materials are their renewability 
compared to the corresponding fossil sources, their low cost, and 
availability worldwide. Among the wide range of products, epoxidized 
oils are the most attractive as they can act as intermediates for the 
production of other compounds or find application in several fields, like 
secondary plasticizers of PVC as an alternative of the toxic phthalates, 
lubricants, coatings, and diluents (Abbasov et al., 2018; Datta and 
Włoch, 2014; Desroches et al., 2012; Hosney et al., 2018; Li and Li, 2014; 
Wang et al., 2017b). From the point of view of the industrial production 
process, several synthetic routes are available: a) Prilezhaev reaction 
either with a homogeneous catalyst (mineral acid) or heterogeneous 
catalyst (acid ion-exchange resins), using a percarboxylic acid as oxidant 
produced in-situ for safety reasons (Aguilera et al., 2019; Campanella 
et al., 2008; Petrović et al., 2002; Rios et al., 2011; Santacesaria et al., 
2020, 2011; Turco et al., 2021, 2013); b) metal-catalyzed reaction with 
organic and inorganic hydroperoxides (Di Serio et al., 2012; Farias et al., 

2010; Perez-Sena et al., 2021; Praserthdam et al., 2020; Turco et al., 
2020, 2017, 2016; Wei et al., 2021); c) chemoenzymatic epoxidation 
with lipase and hydrogen peroxide (Hilker et al., 2001; Rios et al., 2011; 
Törnvall et al., 2007). It’s possible to note that a lot of efforts have been 
done, to make the process more eco-friendly, safer and cheaper, giving a 
product with suitable market specifications. To this purpose, the oper-
ating conditions, such as oxidizing agents and catalysts type, have been 
deeply investigated to find the best ones. However, during the reaction 
the quantitative analysis, in terms of conversion of double bonds and 
yield in epoxidized groups, are still carried out with methods that have 
shown to be efficient even if they are laborious, time-consuming, and 
lead to a lot of lab waste. Double bond conversion is generally deter-
mined by measuring the Iodine Number (IN) or Iodine Value (I.V.), 
either Wijs or Hanus method (ASTM D5554-95, 1995; David Firestone, 
2002) based on the iodometric titration of residual iodine after reaction 
with an appropriate reagent. The oxirane yield (ASTM D1652–11, 
2019) is evaluated similarly, measuring the Epoxy Content (E.C.). The 
latter is generally determined by potentiometric titration with 
perchloric acid in glacial acetic acid, using cetyl trimethylammonium 
bromide (CTAB) as a reagent. 

The protonic nuclear magnetic resonance (1H NMR) is a handy 
analytical technique used in many chemical laboratories and applica-
tions to analyze several organic compounds. Concerning oils and their 
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derivatives, 1H NMR has found a lot of uses mainly for the character-
ization of different oils (Guillén and Ruiz, 2003; Miyake et al., 1998a), in 
terms of fatty acids compositions and iodine value (Brosio et al., 1981; 
Guillén and Ruiz, 2003; Johnson and Shoolery, 1962; Matsui et al., 
1995), and of several reaction products such as biodiesel from trans-
esterification (Gelbard et al., 1995). In particular, Johnson and 
Schoolery (Johnson and Shoolery, 1962) and Matsui et al. (1995) 
studying a 1H NMR method for the analysis of the unsaturated organic 
substrates, found a linear relation between the signal of olefinic protons 
in oils, determined by 1H NMR, and the Iodine Value. An error of less 
than 1 % was obtained by Guillén and Ruiz (2003) by analyzing the 
composition of different oils and the unsaturation content with an 1H 
NMR based method. An attempt in the quantitative analysis of the 
epoxidized system was made too. Xia et al. (2015) proposed a 1H 
NMR-based method to quantify the amount of epoxide in an organic 
substrate also at a very low concentration of epoxide rings. They pre-
pared several samples of epoxidized soybean oil with different concen-
trations. The 1H NMR signals of a sample were compared with the value 
they obtained by titration with HBr; the signals of the protons on the first 
(sn-1) and third (sn-3) methylene on the glycerol backbone of a TAG 
(4.18, 4.33 ppm) were considered as standard. Farias et al. (2010) 
studied the epoxidation of soybean oil (SBO) in presence of a Mo-based 
catalyst [Mo-O2(acac)2] and ter-butyl hydroperoxide as the oxidizing 
agent. 1H NMR analysis was used to calculate the conversion degree of 
both the mono- and di-unsaturation of the oil, to determine the average 
molar mass and the number of double bonds in the oil. Téllez (2009) 
followed the epoxidation via lipase of linseed oil with several techniques 
such as 1H NMR, NIR, and Raman spectroscopy. The former was used as 
a semi-quantitative analytical technique, the latter as qualitative anal-
ysis to check on the formation of side reactions. Wang et al. (2017a) 
studied the epoxidation of soybean oil catalyzed by choline 
chloride-carboxylic acid deep eutectic solvents. The final conversion, 
selectivity, and yield were calculated by 1H NMR analysis, and 
compared with the ones obtained by the Wijs method, for the iodine 
value, and by the Chinese National standard method (GB/T 1677-2008), 
for the epoxy content. An error of less than 1 % was obtained for all the 
analyses. 

In this work, a method based on the 1H NMR technique is proposed to 
follow the progress of the epoxidation reaction. The standard volumetric 
methods, described by the epoxide number and iodine value, are useful 
for ascertaining the quality of the final product, however, considering 

the plethora of reagents used and the quantities required for each 
analysis, they are not very useful for the kinetic study where many 
samples and analyzes are required for the result to be valid. For this 
purpose, several samples of oil and epoxidized oil, derived from 
different sources such as soybean, cardoon, grapeseed, were analyzed 
and quantified with the method described in this work. The results were 
matched against what was obtained by traditional volumetric methods, 
based on standard ones. The epoxidized samples were obtained by 
epoxidation reaction with performic acid, following the procedure 
described by Santacesaria et al. (2020). The data collected were statis-
tically analyzed to set the error associated with the proposed method 
and to evaluate and predict the validity of this in real applications. 

2. Materials and methods 

2.1. Materials 

Formic acid (96 % wt) by Sigma Aldrich, and phosphoric acid (85 % 
wt) by Honeywell, were used as reactants for the in-situ formation of the 
percarboxylic acid. Hydrogen peroxide with a concentration of 60 wt% 
was used to replicate the industrial operative conditions of the epoxi-
dation process and it was kindly supplied by Solvay. 

Soybean oil (I.V. = 127 [gI2/100 goil]) was purchased in a local store, 
the fatty acid composition of this oil, determined by gas-cromatographic 
analysis, was (% wt) palmitic = 11, stearic = 4, oleic = 23, linoleic 
= 56, linolenic = 5, others = 1. Cardoon oil (I.V. = 122 [gI2/100 goil]) 
was kindly provided by Novamont, the fatty acid composition of this oil 
was ( % wt) palmitic = 11.2, stearic = 3.4, oleic = 25.4, linoleic = 58.7, 
linolenic = 0.3, and others = 1.0. Grapeseed oil (I.V. = 137 [gI2/ 
100 goil] had the following a fatty acid composition ( % wt) saturated 
= 30.6, oleic = 19.5, linoleic = 49.9. Methyl-oleate (70 %wt, I.V. = 112 
[gI2/100 goil]) by Across Organics were used as organic substrate in the 
experiments without any further purification. For the Iodine value, 
Chloroform (≥ 99.9 %) and KI A.C.S. grade by Sigma Aldrich, Wijs so-
lution, sodium thiosulfate solution (0.1 N) USP grade and, a starch so-
lution by Supelco were purchased without further purification. For the 
epoxy content, glacial acetic acid (≥ 99 %) and hexadecyl-
trimethylammonium bromide, CTAB (≥ 98 %) by Sigma Aldrich, and a 
perchloric acid (HClO4) solution in glacial acetic acid (0.1 M) by 
Supelco, were used without any further purification. 

Nomenclature 

Ai i-Species peak area [-]. 
CFA Formic acid Concentration [mol/m3]. 
CH2O2 Hydrogen peroxide concentration [mol/m3]. 
CH3PO4 Phosphoric acid concentration [mol/m3]. 
CMO Methyl oleate concentration [mol/m3]. 
DB(t) Normalized area produced by the protons near the olefinic 

group at time t. 
DB0 Normalized area produced by the protons near the olefinic 

group at time 0. 
Epox(t) Normalized area produced by the protons near the epoxy 

group at time t. 
ER Relative error [%]. 
I.V. Iodine value [gI2/100 goil]. 
MWeq,i i-Species equivalent molecular weight [g/equivalent]. 
N Number of sample [-]. 
Ni i-Specie Normality [N]. 
NH,i Number of a protons responsible for a peak at the i-position 

[-]. 
E.C. Epoxy Content [gO/100 goil]. 

S Selectivity [-]. 
Taddition Addition Temperature [◦C]. 
Tdigestion Digestion Temperature [◦C]. 
tdigestion Time of Digestion [min] 
Vi i-Species volume [m3]. 
Qadd Addition Volumetric Flow [cm3/min]. 
X Conversion [-] 
xi i-Sample [-]. 
x Mean value of a measurement [-]. 
Y Yield [-]. 
wi i-Species weight [g]. 

Greek letters 
σ Standard deviation [-].  
σ95 % Variance coefficient [-]. 

Abbreviations 
EMO Epoxidized methyl-oleate. 
FAMEs Fatty acid methyl esters. 
FAs Fatty acids. 
1 H NMR Protonic nuclear magnetic resonance.  
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2.2. Epoxidation reaction 

The epoxidation experiments were carried out via Prilezhaev method 
in a 500 mL three-necks jacketed glass reactor, equipped with a stirrer 
and a thermocouple. For the epoxidation experiment, the reactor was 
initially filled up with the amount of oil (100 g) and phosphoric acid 
(1.16 g). Then the system was heated until the desired reaction tem-
perature (60 ◦C) was reached. At this temperature, the oxidizing mixture 
(5.38 g of formic acid and 37.00 g of hydrogen peroxide) was added 
slowly through a syringe pump at constant flow (Qadd = 0.34 cm3/min). 
The molar ratio H3PO4:H2O2:HCOOH was kept equal 105:1:9 along all 
the tests. Finally, after the adding time, the reaction temperature was 
increased to the digestion temperature (Tdigestion, 70 ◦C) and the mixture 
was let to react for a variable time. The reaction time ranged from 2 to 
8 h, to obtain samples characterized by different contents of unsatura-
tions and oxirane groups. To vary the value of double bonds conversion 
and epoxy content, the products samples have been collected at different 
reaction times and diluting the epoxidized products with neat oil. 

Samples withdrawn from the system were quenched in an ice-water 
bath, then placed into a separating funnel and neutralized with a 10 % 
wt solution of sodium bicarbonate. Next, the sample was centrifuged at 
350 rpm for at least 20 min; the bottom phase was discharger and the 
upper phase, mainly composed of oil, was dried with anhydrous mag-
nesium sulfate. Then, it was centrifuged again. Finally, the product was 
used for the analysis of the iodine value, epoxy content, or 1H NMR. 

2.3. Wijs method 

The content of double bonds present in each substate was measured 
through the determination of the iodine value using the Wijs method 
(ASTM D5554-95, 1995). 

An amount of the sample, completely dried, was weighted in a 
300 mL flask. Next, 15 cm3 of chloroform was added using a glass 
pipette to dissolve the sample and then, 25 cm3 of Wijs solution. The 
flask was stirred to ensure good mixing between the sample and the Wijs 
solution. Then, the flask was let to react in a dark place for at least 1 h. 
After this time, 20 mL of KI solution (0.1 N in distilled water) and 
100 mL of distilled water were added, the solution was then titrated 
under a well-stirrer condition with sodium thiosulfate solution (0.1 N) 
until the disappearance of the yellow color; then, the starch solution was 
added, and the titration continued until the obtaining of a colorless 
solution. The iodine value (I.V.), which indicates the amount of double 
bonds, is expressed as grams of iodine per 100 g of oil [gI2/100 goil] was 
calculated by the following equation, according to the ASTM method 
(ASTM D5554-95, 1995): 

I.V. =

(
VB − VS

)
NNa2S2O3 MWeq,I

wS
(1)  

Where, VB is the titration volume of the blank, VS is the titration volume 
of the sample, NNa2SO3 is the normality of Na2S2O3 solution, MWeq,I the 
iodine equivalent molecular weight and wS is the weight of the sample. 

2.4. Epoxy content 

The epoxy content was determined according the method ASTM 
D1652–11 (2019) by potentiometric titration using the 905 Titrando 
instrument by Metrohm. 

An amount of sample was weighted in a 100 mL glass beaker then, 
50 cm3 of glacial acetic acid and 10 ml of CTAB solution in glacial acetic 
acid, prepared by dissolving under agitation at room temperature 100 g 
of CTAB in 400 mL of glacial acetic acid, were added with glass pipettes 
at the solution. Finally, the solution was titrated with a HClO4 solution. 
The epoxy content (E.C.), expressed as grams of oxygen in 100 g of oil 
[gO/100 goil], was determined by the following equation : 

E.C. =
VHClO4 NHClO4 MWeq,O

wS
(2)  

Where, V is the volume of HClO4, NHClO4 is the normality of HClO4 so-
lution, MWeq,O the oxygen equivalent molecular weight and wS is the 
weight of the sample. 

2.5. 1H NMR analysis 

The 1H NMR spectra were recorded using a Varian Inova 500 MHz 
spectrometer, the acquisition parameters were: number of scan 8, 
relaxion delay 1 s, pulse width 45◦(Melchiorre et al., 2021). The 1H 
NMR spectra were recorded preparing the samples by dissolving 0.2 g of 
oil in 2 mL of deuterated chloroform (CDCl3 99.8 % atom D) by Sigma 
Aldrich, this quantity was chosen considering that for a good quantita-
tive analysis the volumetric ratio oil/CDCl3 must be at least 5 % (Miyake 
et al., 1998b). Then, an amount of sample was placed in a Pyrex NMR 
samples tube of 5 mm internal diameter. 

The spectra were elaborated using MestReNova Ver. 6.0.2, the 
assignament of signal characteristic of oils and FAMEs are already 
extensively reported in literature (Goicoechea and Guillen, 2010; 
Guillén and Ruiz, 2003; Ruiz, 2003; Xia et al., 2015). The double bonds 
conversion and the yield in oxirane were determined considering the 
signals shown in Fig. 1. These are, the signal at 5.4 ppm, characteristic of 
the olefinic protons [-CH=CH-] and colored in blue in Fig. 1; the signal 
at ~ 4.3 ppm, characteristic of sn-1 and sn-3 glycerol protons 
[-CH2OCOR] and colored in orange; the signal at 2.9 ppm characteristic 
of protons on the epoxy group [-CHOCH-] and colored in green; and the 
signal at 2.3 ppm characteristic of α-carbonyl protons [-COCH2CH2] and 
colored in red. 

The value of conversion (X), yield (Y) and selectivity (S) from the 1H 

Fig. 1. Triolein (up) and Epoxidized triolein (down) 1H NMR signals.  
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NMR were calculated with the following equations: 

X =
DB0 − DB(t)

DB0
(3)  

where DB0 and DB(t) represents the ratio between the area produced by 
the olefinic protons (A5.4) and the area of the reference (Aref) of the 
organic substrate before the reaction and during the reaction time, 
respectively. 

DB(t) =
NH,ref A5.4,(t)

NH,5.4Aref
(4) 

It is well known that each peak area is proportional to the number of 
hydrogen atoms responsible for it, thus each area is divided by the 
number of protons. NH,ref is equal to 4 when the sn-1 and sn-3 glycerol 
protons peaks are used as reference, and equal to 2 when the α-carbonyl 
protons peak is used as reference. 

Y =
Epox(t)

DB0
(5) 

The yield is expressed as reported in the Eq. (5), where the DB0 is the 
amount of double bonds of the starting material, while the Epox(t) is 
expressed as the ration between the area at around 2.9 ppm along time, 
typical of protons by the epoxy group, and the area of the reference. 
NH,2.9 is equal to 2. 

Epox(t) =
NH,ref A2.9,(t)

NH,2.9Aref
(6) 

Finally, the selectivity is expressed as the ratio between the yield and 
the conversion. 

S =
Y
X

(7)  

2.6. Numerical methods 

The data fitting was performed using Matlab 2020 as software, the 
lsqnonlin built-in function and adopting the Levenberg-Marquardt 
algorithm. 

2.7. Data representation 

Each sample, analyzed by the traditional methods or by 1H NMR, was 
at least analyzed three times, and each value obtained of iodine value, 
epoxy content, conversion, selectivity, and yield was always expressed 
as the mean value of the samples analyzed coupled with its 95 % con-
fidence interval. The mean value of the sample was calculated as: 

x =

∑N

i=1
xi

N
(8)  

the standard deviation was calculated as: 

σ =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1
N

∑N

i=1
(xi − x)2

√
√
√
√ (9)  

the variance coefficient (σ) evaluated at 95 % was calculated as: 

σ95% =
2σ̅̅
̅̅

N
√ (10)  

thus, the experimental data is represented as x ± σ95%. 
The percentage relative error (Er) was evaluated and expressed as the 

ratio between the absolute error (σ95 %) and the value of the measure. 

Er =
σ95%

x
(11)  

3. Results 

3.1. Iodine value evaluated by Wijs method 

In the following section the iodine value obtained from the analysis 
performed by the Wijs method on both starting organic substrates, 
namely cardoon, grapeseed and soybean oil, and their products after the 
epoxidation, are discussed. 

Fig. 2A shows the range of iodine value explored, each point repre-
sents the value obtained as the mean between, at least, three analyses on 
the same sample and its absolute error calculated as shown before (Eq. 
10). 

It is possible to note, from Fig. 2B, the roughly higher the iodine 
value, the lower the percentage relative error was found. Conversely, 
higher relative percentage errors were found for the samples with lower 
iodine values. The data were then elaborated to fit an equation useful to 
predict, measuring only once the iodine value, its relative and absolute 
error. The proposed equation is in the form: 

Er = A(x)b→[%] (12) 

The value of A found is 19.21, the value of b is − 0.52. 
From the data fitting, reported in the Fig. 2B, it is evident that the 

fitting curve starts from a high value of relative error, closer to the value 
obtained experimentally, and then its trend to a plateau for high iodine 
value. It should be emphasized that the goodness of fit is not the purpose 

Fig. 2. A- Range of iodine value analyzed; B- Fitting analysis of the percentage relative error against the iodine value.  
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of this elaboration, but it serves only as a general trend. 

3.2. Epoxy content evaluated by potentiometric titration 

The procedure followed for the iodine value, calculated by the Wijs 
method (ASTM D5554-95, 1995), was also done for the epoxy content 
method (ASTM D1652–11, 2019) analyzed by potentiometric titration. 
A high number of samples from the experiments performed on grapeseed 
and cardoon oil were analyzed at least three times obtaining a mean 
value and its error (σ95 %) as explained in the paragraph 2.7. The samples 
have been chosen to cover all the available range of epoxy content of 
interests. 

Fig. 3A shows the range of epoxy content explored, as for the iodine 
value, each point represents the mean value obtained on a sample 
analyzed at least three times and its absolute error. The relative per-
centage error (ER), for each epoxy content explored, was calculated here 
too, and the results are shown in Fig. 3B as relative percentage error as a 
function of the epoxy content. The lower the epoxy content, the higher 
the relative error. Then, the data were fitted to find an equation useful to 
determinate the relative and absolute error of a sample. 

The value of A and b found in the case of the epoxy content data 
fitting are 4.52 and − 0.98 respectively. 

Subsequently, for each sample the value of conversion and yield was 
calculated at least three times and as done for the iodine value and the 
epoxy content, the percentage relative error (ER) was reported as a 
function of the mean value obtained on a sample. 

The aim is to obtain a mathematical equation that allows the 
determination of the conversion and yield and their statistical error (σ95 

%) by analyzing a sample only once. Fig. 5 shows the trend of the per-
centage relative error obtained for conversion (A), yield (B) and selec-
tivity (C). The error associated at the conversion values is flatter than the 
error of the yield values and ranging around the value of 2.5 %. The 
value of the equation coefficients for the conversion and yield obtained 
are reported in Table 1. 

About the selectivity, as it is expressed as ratio between the yield and 
the conversion, its error (σ95 %) is calculated trough the error propaga-
tion and the following equation: 

σ95%,S

S
=

σ95%,Y

Y
+

σ95%,X

X
(13)  

4. Discussion 

4.1. 1H NMR analysis comparison 

The references used in the quantitative 1H NMR analysis of organic 
substrate are generally the glycerol peaks (4.18, 4.33 ppm), as they are 
well separate from the other peaks. However, the use of this reference 
limits the application of the method to oils only. To allow the present 
method to be applied independently on several organic substrates, such 
as vegetable oils, fatty acids or fatty acids methyl esters, the value of 
conversion, yield, and selectivity are calculated adopting the Eqn 3, 4, 5, 
6 and 7. Firstly, the values are calculated considering the sn-1 and sn-3 
glycerol protons peaks as reference, then, adopting the α-carbonyl pro-
tons peak as a reference (~2.3 ppm). The peak produced by the 
α-carbonyl protons is present in both oils and their derivates allowing 
the application of the methods on several organic substrates. 

Each oil was analyzed before and after the reaction at least three 
times, and two different organic substrates, grapeseed oil and cardoon 
oil, were used. The value of conversion, yield and selectivity are 
expressed in Table 2. 

It is possible to note from Table 2 that for both the analysis the results 
obtained are quite similar, it must be pointed out that a higher value of 
the conversion is obtained in both cases using the α-carbonyl peak as 
reference. However, considering the error associated with the values, 
the results overlap. Thus, it is reasonably used in the 1H NMR quanti-
tative analysis of the α-carbonyl peak as reference. 

Fig. 3. : A: Range of Epoxy content explored; B: Fitting analysis of the percentage relative error against the epoxy content.  

Table 1 
"A" and "b" coefficients obtained from the mathematical fitting about 
conversion (X) and yield (Y) data.  

Er [ %] A b 

X 2.88 -0.10 
Y 39.23 -0.93  

Table 2 
Comparison of results by 1H NMR quantitative analysis using two different 
references.  

Value Glycerol peaks as ref. α-carbonyl peak as ref. 

Grapeseed oil 
X[ %] 73.6 ± 1.4 74.5 ± 1.2 
Y[ %] 45.5 ± 1.7 45.5 ± 1.2 
S[ %] 62.5 ± 4.2 61.9 ± 3.6 
Cardoon oil 
X[ %] 83.9 ± 1.5 84.9 ± 1.0 
Y[ %] 81.6 ± 2.5 81.1 ± 1.6 
S[ %] 97.2 ± 3.9 95.5 ± 3.9  
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4.2. Comparison of the 1H NMR-based analysis with the traditional ones 
in the epoxidation of methyl-oleate 

Finally, to validate the proposed 1H NMR-based method, an epoxi-
dation test with methyl oleate was performed, adopting the experi-
mental conditions reported in Table 3. Several samples were withdrawn 
during the epoxidation runs and analyzed three times by the 1H NMR 
spectroscopy, and once by the traditional analysis. The results are 
expressed as mean value with its variance at 95 % (Eq. 5) for the analysis 
by the 1H NMR-based method, while for the traditional ones, they are 
expressed as single value with the error calculated from the mathe-
matical equation found in the previous section. 

The 1H NMR spectra of the methyloleate, before and along the 
experiment time are compared and reported in Fig. 4. 

The Fig. 4 highlights the presence of the characteristic peak at 
3.7 ppm of the methyl ester protons [CH3OCOCH2R]. Then, it is possible 
to appreciate the disappearance over time of both the peaks of the 
olefinic protons [-CH=CH-] (5.4 ppm) and of the allylic protons [=CH- 
CH2-] proving the reaction was happening. The formation of the epoxy 
group is confirmed by the rising along the time of the peaks at 2.9 ppm 
characteristic of protons on the epoxy group [-CH-O-CH-] and the peak 
at ~ 1.5 ppm of the α-epoxy protons [-CH2-CH-O-CH-CH2-]. Neverthe-
less, tough the organic substrate epoxidized is methyl oleate, other un-
saturated compounds were present, in fact, the peaks at 2.7 – 2.84 ppm 
and around 1 (0.83 – 0.93) ppm are characteristic of the bis-allylic 
protons[=CHCH2CH= ] and terminal methyl by an ω-3 [=CH-CH2- 
CH3] acyl group protons, respectively (Guillén and Ruiz, 2003). Thus, 
di- and tri-unsaturated acyl groups are present. The presence of these 
groups leads to a formation of a peak at 3.1 ppm produced by protons on 
carbon atom bonded to the diepoxy group [-CH-O-CH-CH2-CH-O-CH-]. 
At the same time, a peak at 1.7 ppm rises for the shift of the bis-allylic 
protons due to the formation of vicinal epoxy [-CH-O-CH-CH2--
CH-O-CH-] (Wang et al., 2017). Finally, the presence of side products is 

confirmed by the formation of peaks at 3.2 and 3.4 ppm of the dihydroxy 
acyl group. 

The results obtained from the elaboration of the sample with the 
traditional and the 1H NMR analysis are reported and compared in  
Fig. 5. By looking at the results it is possible to appreciate that the value 
is in agreement in all the samples collected during the epoxidation 
experiment. 

Moreover, the parity plot Fig. 5D also confirms the agreement of the 
results obtained by analyzing the samples with two analytical methods, 
in fact the values of conversion, selectivity and yield calculated fall all in 
a 5 % error. 

5. Conclusions 

In the present work, a 1H NMR-based method for the calculation of 
conversion, yield and selectivity for the epoxidation of organic sub-
strates was presented and compared with the results obtained by the 
traditional one. To this end, firstly the traditional methods were deeply 
investigated; several samples obtained from epoxidation experiments 
carried out on grape seed oil, cardoon oil and soybean oil in a fed-batch 
modality were analyzed to calculate statistically the error associated to 
the methods. Next, the same was done for the conversion and yield 
calculated from them. These steps aimed to avoid, in the future, more 
than one analysis with these methods. Then, to apply the proposed 1H 
NMR-based method independently on oils and their derivatives, the 
results obtained on two different epoxidized products, cardoon and 
grapeseed epoxidized oil, were calculated using the glycerol and 
α-carbonyl peaks as internal standard. This is because, in the literature, 
the reference peak for the quantitative analysis on oils is the glycerol 
one. However, this limits the application of the method to oils only. 
Finally, an epoxidation experiment carried out on methyloleate as an 
organic substrate was analyzed with both the 1H NMR-based method 
and the traditional one and, the results obtained are strongly in agree-
ment. Thus, the proposed 1H NMR-based method can be used to calcu-
late the conversion, yield and selectivity on epoxidation experiments on 
oil, FAMEs and FAs in a rapid way. 
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Abstract 

Epoxides are an attracting class of molecules thanks to their highly reactivity given by the strain 

three-terms ring. For this reason, epoxides are important intermediates for the synthesis of 

several organic compounds, e.g., di- or polyalcohol, β-hydroxether, β-hydroxesters and, 

carbonates. In this scenario, Epoxidized Vegetable Oils (EVOs) obtained from biomass, 

represent a noteworthy source to produce chemicals. Epoxides originating from vegetable oils, 

as well as from derivates of vegetable oils, have already been successfully applied as 

plasticizers in PVC, replacing phthalates, as well as intermediates to produce polyurethane, 

representing an environmentally friendly synthesis route. However, the industrial production 

EVOs still relies on a cumbersome and dangerous semibatch technology, limiting the 

productivity of this platform chemical. Most of the epoxides obtained from vegetable oils are 

synthetized starting from edible vegetable oils, representing not an elegant raw material as it 

competes with food supply. A new, continuous and safe technology for the production of EVOs 

from non-edible vegetable oils was developed in this work. Cardoon seed oil was used as a 

model system. A continuous reactor configuration consisting of a packed column, was 

constructed and its performance was successfully demonstrated, leading to double bond 

conversions exceeding 95% and epoxide selectivities 90% at 40oC, clearly exceeding the 

performance of the current semibatch process. The reaction system was studied in detail and a 

dynamic liquid-liquid reactor model was developed, based on the intrinsic kinetics, interfacial 

mass transfer and axial dispersion effects. The model gave a good interpretation of the 

experimental observations and it has a perspective in the process scale up. 

Keywords: Epoxidation, Biphasic System, Continuous Reactor, Prilezhaev Reaction, Reactor 

Modelling, Vegetable Oil. 
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1. Introduction 

N. Prilezhaev first proposed a method for epoxidation of organic compounds in 1909 1. 

Nowadays, this reaction pathway is extensively applied in the industrial practice to the 

epoxidation of vegetable oils and their derivatives, namely fatty acids, and alkyl esters. The 

concept is based on a liquid-liquid reaction where a reaction carrier, typically a short-chain 

carboxylic acid such as formic or acetic acid is perhydrolyzed with hydrogen peroxide to give 

a percarboxylic acid in the aqueous phase. This peracid is transferred to the oil phase, where it 

reacts with the double bond of the fatty acid or its ester. The epoxide is formed and the reaction 

carrier, the carboxylic moves back to the aqueous phase, where it again undergoes 

perhydrolysis. The reaction cycle is completed. The process is schematically illustrated in 

Figure 1. 

 

Figure 1: Epoxidation via the Prilezhaev concept. 

Besides this main reaction, side reactions such as ring-opening can take place, which impair the 

epoxide (oxirane) yield. Side reactions take place at the interphase between the two phases and 

are mainly caused by the acid environment in the presence of a mineral acid catalyst (sulphuric 

or phosphoric acid) used to boost the perhydrolysis 2. According to the recent literature on the 

topic, it is thought that depending on the strength of the acid, the ring-opening reaction could 

also take place inside the organic phase due to the nucleophilic attack of the carboxylic acid to 

one of the oxirane carbons 3. In several applications, such as biodiesel additives, carbonates for 

polyurethane synthesis, lubricants, and thermosetting resins, the ring-opening product is the 

desired one 4–7.  



Why is this old reaction still so exciting? The Prilezhaev process belongs definitely to the 

category of green chemistry and green process technology, since non-edible oils (i.e., cardoon 

seed oil and tall oil) can be used as raw materials, and hydrogen peroxide is an efficient, 

selective and environmentally friendly oxidant, because only water is formed as a 

stoichiometric co-product in the use of it. The perhydrolysis process can be enhanced by 

employing a homogeneous or heterogeneous acid catalysts, such as a mineral acid or an acidic 

ion exchange resin (AIER) 8,9. Numerous catalysts have been screened by scientists, as the shift 

from homogeneous catalysts to heterogeneous ones is very desirable because it would decrease 

the ring-opening reactions, make the catalyst separation process much more simple and avoid 

corrosion problems in the process equipment. From the political viewpoint, the shift from 

homogeneous to heterogeneous catalysis would follow the green chemistry principles 

proclaimed by Anastas and Warner. Finally, if one can survive without any added catalyst, it is 

a great benefit. 

From the viewpoints of chemical engineering and process intensification, the Prilezhaev 

process has kept its fascination, because it is a complex multiphase system. We have to 

understand the interfacial transport phenomena between the aqueous and the organic phases 

and, eventually, the transport phenomena inside the solid catalyst. The mass and heat transfer 

processes and phase equilibria between the liquid phases and inside the catalyst phase have a 

crucial impact on the process efficiency, indeed.  

In the typical two-phase system, the oxygen donor, the percarboxylic acid, must efficiently 

migrate to the organic phase in order to epoxidize the organic substrate in a large amount. When 

it comes to use a third solid phase, as a catalyst, the reaction system turns even more 

complicated as the diffusion phenomena of the aqueous compounds at the surface and inside 

the catalyst are crucial to obtain the percarboxylic acid which shuttles the oxygen from the 

aqueous phase to the organic one. Moreover, independently from the number of phases, due to 

the exothermicity of the epoxidation reaction, the heat generated must be removed in an 

efficient way to avoid the temperature increase and consequently runaway reaction due the 

presence of thermally unstable compounds, namely percarboxylic acid and hydrogen peroxide. 

Therefore, the interfacial transport phenomena of both mass and heat in the process are crucial. 

The semibatch modality allows to feed the aqueous phase stepwise to keep the reaction 

temperature close to the desired operating value wanted. Furthermore, good mixing between 

the two phases is obtained thanks to the presence of the impeller. However, this is true in a 

laboratory-scale system more than an industrial one, thanks to the small size of the former. In 



fact, moving to the industrial reaction system, despite the reactants are added either drop-wise 

or step-wise, the temperature ranges of ± 10 °C from the desired reaction temperature because 

of less efficient mixing between the phases which in turn affects the heat removal.  

Because of these challenges, several process intensification methods as well as reactor 

configurations have been tried. Generally, the approached strategy to tackle the intrinsic 

bottlenecks of the reaction system is either the intensification of the semibatch technology, 

using engineered intensification reactors, i.e., rotor-spinning disc reactor, sonochemical 

reactors and reactor under microwave irradiations 10–14. or use continuous reactor configuration, 

such as micro, milli or tubular reactors 5,15–20.  

In the former approach, in most of the cases, the traditional semibatch operation is enhanced by 

applying either acoustic or microwave irradiations. The application of ultrasound irradiation on 

reaction media generates acoustic cavities which lead to the production of local hotspot and 

turbulence, boosting the mixing between the phases and triggering the chemical reactions. On 

the other hand, in the presence of microwave irradiation, the electromagnetic energy is 

converted into thermal energy only in the aqueous phase as the organic phase in almost 

transparent to the electromagnetic irradiation. Chavan et al. 12,21 investigated the epoxidation 

via Prilezhaev in the presence of acoustic irradiation and both homogeneous and heterogeneous 

catalysts, competitive double bond conversion and epoxide selectivity were obtained at 50 °C 

with a significant reduction of the ring-opening reactions. Maia et al. 22 performed the 

epoxidation under conventional and ultrasound-assisted modes, obtaining the best results in the 

presence of ultrasound and an acid catalyst in only 2.5 h at 50 °C. Recently, Freites Aguilera et 

al. 23 carried out the epoxidation of oleic acid in the presence of immobilized lipase Novozym 

435 and under silent and ultrasound-assisted conditions. In the latter case, the initial reaction 

rate was improved of a factor two compared to the silent conditions with good value of 

conversion and selectivity. Leveneur et al. 13 studied the epoxidation of oleic acid under 

conventional and microwave-assisted heating under self-catalyzed conditions revealing an 

improvement of the reaction rate along the impeller stirring speed under microwave irradiation 

and aqueous as continuous phase because of a more efficient heat transfer. Freites Aguilera et 

al. 24–26 investigated the effect of microwave-assisted heating in different reactor configurations  

compared to a conventional heating, revealing the beneficial effect of the assisted configuration 

in the epoxidation reaction.       

Concerning the continuous operation, the adopted strategy mainly relies on the minimization 

of the reactor with a substantial improvement of the heat and mass phenomena by using micro- 



and millireactors. However, studies concerning the application of the epoxidation via the 

Prilezhaev concept in tubular reactors have showed a good applicability of this reactor 

configuration. He et al. 16 studied the epoxidation of soybean oil in a continuous microflow 

system obtaining a product with an epoxy number of 7.3 gO/100gOIL in only 6.7 min, showing 

the superiority of the microreactor technology. Recently, Olivieri et al. 20  compared the soybean 

epoxidation in micro- and millireactors. Double bond conversion and epoxide selectivity of 84 

and 77 %, respectively were obtained in the microreactor with a residence time of 12 min only. 

Furthermore, under any operative conditions microreactor showed superior performance with 

respect to the millireactor. Santacesaria et al. 15 carried out the epoxidation of soybean oil in a 

continuous tubular reactor, obtaining the best results working with an organic-to-aqueous 

volumetric flow ratio of 3:2 at almost 80 °C and a total residence time of 2 min. A kinetic and 

reactor model describing the reactive system was proposed which showed the feasibility of the 

epoxidation in such kind of system at 90 °C with a residence time of 45 min. Rahim et al. 18 

carried out the epoxidation of rapeseed oil in a mesoscale oscillatory baffled reactor (meso-

OBR) obtaining better results, compared with a traditional semibach operation, at temperature 

ranging between 70 and 80 °C. Recently Cai et al. 27 proposed a packed bed reactor with orifice 

plates (PBR@OP) for the epoxidation of FAMEs via the Prilezhaev method. The 

hydrodynamics of the reactor as well as the droplet size distribution of the dispersed phase were 

studied carefully 28. The reactor configuration ensures a wider droplet size distribution and 

smaller droplet mean diameters compared to a traditional packed bed tubular reactor enhancing 

the contact area between the two immiscible phases. Therefore, the heat transfer performance 

of the PBR@OP reactor was improved compared a traditional packed tubular reactor.  

In this work, we present a concept for continuous operation of the Prilezhaev process to obtain 

epoxidized vegetable oils with a high conversion and high selectivity in a tubular reactor. The 

benefits of the concept are continuous and safe operation, good temperature control as well as 

high double bond conversion and epoxide selectivity, comparable to the semibatch technology. 

An extensive set of experiments was conducted in the liquid-liquid reactor system, varying the 

operation conditions to maximize the conversion and selectivity and, to run the reaction safely. 

Liquid flow rates, inlet concentrations and temperatures were varied to explore the limits and 

strengths the proposed reaction configuration. The flow pattern of the reactor system was 

confirmed with step response experiments. Temperature profiles were recorded along the axial 

coordinate during the experiments. Cardoon oil was chosen as raw material for the epoxidation 

reaction as it presents characteristics comparable with the soybean oil, a comparable double 



bond content (I.V. 110 – 130 gI2/100goil) and, on top of that, it does not compete with food 

resources as it is originated from the seed of the Cynara Cardunculus plant, growing in marginal 

lands in the Mediterranean area.  

 

  



2. Experimental procedure  
 

2.1. Material and methods 

Cardoon seed oil (Iodine Value = 122 gI2/100gOIL) was kindly provided by Novamont, Italy. 

The fatty composition was (wt. %) palmitic = 11.2, stearic = 3.4, oleic = 25.4, linoleic = 58.7, 

linolenic = 0.3, and others = 1.0. Hydrogen peroxide (30 – 50 wt. %), formic acid (99 wt. %) 

and phosphoric acid (86 wt. %) were purchased from Sigma-Aldrich Finland and used without 

any further purification.  

1H-NMR analysis was used to determine the double bonds conversion and selectivity to oxirane, 

through a Bruker 500 MHz spectrometer, according to our previous publication 29. Furthermore, 

the Greenspan and MacKeller method 30 and the acid-base potentiometric titration were used to 

analyse hydrogen peroxide and percarboxylic acid, and carboxylic acid at the output of the 

reactor column, respectively. D-Chloroform (> 99.9 %), sulphuric acid (65%), cerium-

ammonium sulphate (0.1 N), ferroin indicator, potassium iodide, and sodium hydroxide (0.2 M) 

were purchased by Sigma-Aldrich Finland and used without any further purification. Sodium 

chloride and Sudan black were used as inert tracers for the characterization of the fluid 

dynamics inside the reactor. They were purchased from Sigma-Aldrich Finland and used 

without any further purification.     

2.2. Reactor configuration  

Experiments were performed in a heat exchanged tubular reactor. The reactor, made of glass, 

was 0.65 m long and with an inner diameter of 0.015 m and placed vertically. Glass beads of 

two different size, respectively 0.006 and 0.003 m of diameter, were used as static mixer to 

enhance the contact between the two phases and to obtain a random packaging inside the reactor 

to avoid channelling. A service fluid circulating in the outer shell surrounding the reactor 

ensured the desired operating temperature. Therefore, a moving thermocouple placed in the 

middle of the reactor, was used to monitor the temperature, at the steady state, in several points 

along the reactor axial coordinate.   

An extensive set of experiments was conducted in the liquid-liquid reactor system, adopting the 

above-mentioned configuration, looking for the best operating conditions in order to maximize 

conversion and selectivity, and run the reaction safely. Liquid flow rates, inlet concentrations 

and temperatures were varied to explore the limits and strengths of the proposed reaction 

configuration. The experimental matrix is summarized in Table 1.  



Table 1: Matrix of experiments performed. 

Experiment T 
[K] 

QTOT 
[m3/s] 

Ratio 
[m3Org/m3Aq] 

Ratio 
[molH2O2:molDB] 

1 313 1.67E-8 1:2 1:0.20 
2 313 1.67E-8 1:3 1:0.15 
3 313 1.67E-8 1:5 1:0.09 
4 313 1.67E-8 1:9 1:0.05 

5(S-C) 313 1.67E-8 1:2 1:0.20 
6(S-C) 313 1.67E-8 1:5 1:0.09 
7(S-C) 313 1.67E-8 1:9 1:0.05 

8 313 1.25E-8 1:9 1:0.05 
9 313 8.33E-9 1:9 1:0.05 

10 308 8.33E-9 1:9 1:0.05 
11 318 8.33E-9 1:9 1:0.05 
12* 313 8.33E-9 1:9 1:0.04 

13** 313 8.33E-9 1:9 1:0.03 
S-C: Self-Catalyzed experiment; * [H2O2] = 40 % wt.; **[H2O2] = 50 % wt. 

Figure 2 displays the reaction configuration adopted in the present study.  

During an experiment, the different streams were fed to the reactor with the aid of three high 

precision pumps (Fig. 2, 2). The streams were at first brought in contact at the bottom of the 

reactor, in a T-junction (Fig. 2, 4), and then fed to the reactor (Fig. 2, 5). The oil stream, in the 

left hand-side in Figure 2, was eventually heated-up in a heat-exchanger (Fig. 2, 3) before the 

T-junction. This was done on the organic phase when the volumetric ratio between the two 

phases was ranging between 1:2 and 1:3 (m3
ORG/m3

AQ) to obtain the stream at the inlet section 

of the reactor already at the desired reaction temperature. After the reactor, the output stream 

was collected in a tank (Fig. 2, 8). A sampling point (Fig. 2, 7) was present along the pipeline 

Figure 2: Reactor configuration. 



at the outlet section, between the reactor and the tank. Samples were collected along the time, 

quenched, centrifugated and then the two phases analysed with the methods mentioned above.   

2.3. Characterization of fluid dynamics 

The residence time distribution of fluid elements in the reactor (τ), reactor void fraction (ϵ) and 

axial dispersion coefficient (Dz) were measured by conducting step response experiments at 

different total volumetric flow rates, entries 1 to 3, Table 2, and varying the liquid-liquid hold-

up (ϕi), entries 1, 4 and 5, Table 2. The fluid dynamic characterization was carried out by feeding 

both phases at the same time and analysing them, along the time, at the reactor outlet section. 

For the aqueous phase, a sodium chloride solution was used as the inert tracer and a 

conductometer as the detector. For the organic phase, a solution of Sudan black powder in oil 

was used as the inert tracer and UV-vis as the detector. For both phases the tracer solutions were 

0.01 M in order to do not affect the physical properties of the two fluids. The samples withdrawn 

from each experiment, were centrifuged to ensure a better separation between the two phases 

and analysed. Table 2 summarises the experimental matrix of the fluid dynamic tests. 

Table 2: Fluid dynamics experiments. 

Exp. 
T 

[K] 
QTOT 
[m3/s] 

Ratio 
[m3Org/m3Aq] 

1 298 1.67E-8 1:1 
2 298 1.25E-8 1:1 
3 298 8.33E-9 1:1 
4 298 1.67E-8 1:2 
5 298 1.67E-8 1:4 

 

  



3. Experimental results
3.1. Multiphase reactor performance

The first set of experiments was devoted to the investigation of the organic-to-aqueous phase 

volumetric ratio, entries 1 to 4, Table 1. Conversely from the generally adopted operating 

conditions, we preferred to study the reactor configuration performance by dispersing the 

organic phase into the aqueous phase. The reason behind this choice is the higher specific heat 

coefficient of the aqueous phase which guarantees a faster energy transfer and efficient heat 

removal, avoiding sharp temperature increments.

The results, depicted in Figure 3, represent stationary conditions. From the experimental results, 

it is possible to appreciate the double bond conversion increment along the increment of the 

volumetric ratio. 

This behaviour was expected because, as well as the molar ratio between the reactants in the 

aqueous phase and the double bonds increases, the organic phase had a longer residence time 

inside the reactor. Furthermore, generally by decreasing the dispersed phase hold-up the 

interfacial area is increased because of the smaller droplet size of the dispersed phase 28. 

Nevertheless, the selectivity to the target product does not present the expected trend but seems 

to reach a maximum. In general, it could be concluded that the selectivity is practically constant 

or falling within the error bar for the experiments with a conversion lower than 10 %, as can be 

seen on the right-hand side in Figure 3, but then decreases to a lower value in the experiment at 

the highest volumetric ratio. Similar experiments was carried out under self-catalyzed 

conditions, entries 5 to 7, Table 1. It is well known that the acidity brought by the mineral acid 

catalyst contributes to the ring-opening reactions impairing the epoxide selectivity. 

Figure 3: Double bond conversion and selectivity to epoxide at different volumetric ratios.
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Furthermore, its neutralization enlarges the time and costs in the downstream separation steps. 

For these reasons a reaction process in the absence of mineral acid catalysts is highly desirable. 

The results obtained, and displayed in Figure 4, show a similar trend to the results obtained in 

the presence of the mineral acid catalyst (H3PO4). A comparison between the two cases, under 

identical conditions, is displayed in Figure 5. From the figure, it is possible to notice that at the 

reaction conditions where the organic-to-aqueous phase volumetric ratio was equal to 1:2 (entry 

5, Table 1) the experiment, in the absence of the mineral acid catalyst gave a comparable 

conversion with the experiment performed in the presence of the mineral acid catalyst, but it 

presented a considerably higher selectivity. However, during the experiment at the organic-to-

aqueous volumetric ratio equal to 1:9 (entry 7, Table 1), the selectivity obtained in the self-

Figure 4: Conversion and selectivity in self-catalyzed experiments.
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Figure 5: Comparison of the results in terms of A) Conversion and B) Selectivity between the experiments in the 
presence of H3PO4 and in auto-catalyzed modality.
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catalyzed experiment is equal to the one obtained in the presence of the mineral acid catalyst,

despite the conversion in the latter case is higher than in the former. The reason behind this 

observation could be addressed to the enhanced perhydrolysis reaction rate because of the 

presence of the mineral acid catalyst, which in turn improves the conversion, because of a higher 

amount of performic acid in the system. On the other hand, concerning the selectivity, due to 

the higher amount of the aqueous phase inside the system, the system is acidic enough even in 

the absence of the mineral acid catalyst to contribute to the ring-opening reaction with the same 

magnitude as in the experiment conducted in the presence of the mineral acid catalyst. Because 

of these results, we decided to continue the experiments working with a mineral acid catalyst.  

The effect of the total volumetric flow rate was studied keeping the organic-to-aqueous 

volumetric flow ratio 1:9 and having phosphoric acid as the mineral acid catalyst (entries 4, 8 

– 9, Table 1). Generally, the turbulence intensity inside a packed tubular reactor is proportional 

to the flow velocity which in turn affects the droplet size distribution of a liquid-liquid 

system28,31,32. The higher the turbulence, the smaller the droplet size diameter and consequently 

the higher the interface surface area. In this way, the experiment at the highest total volumetric 

flow should develop the highest surface area and give the highest degree of conversion. 

However, in the results depicted in Figure 6 is possible to notice that the double bond conversion 

increases along the residence time inside the reactor, reaching a value of 30 % at a total 

volumetric flow of 8.33E-9 m3/s (entry 9). It is interesting to notice how the epoxide selectivity 

obtained was almost constant in the whole set of experiments. The obtained results point out 

the complexity of the reactive system, indeed. The epoxidation via the Prilezhaev method is 

Figure 6: Effect of the total volumetric flow on the conversion and selectivity.
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characterized by medium to low reaction rates, where both the intrinsic kinetics and 

mass/energy transfer rate strongly affect the reactive system.

The operating temperature was varied in the range between 308 and 318 K (entries 9 to 11, 

Table 1). The experiments were conducted with a total volumetric flow of 8.33E-8 m3/s and an 

organic-to aqueous volumetric ratio equal to 1:9. Phosphoric acid was used as the mineral acid 

catalyst. The experimental results obtained are depicted in Figure 7. The conversion degree 

increased substantially along with the operating temperature because both kinetics and diffusion 

are increased. As expected, the selectivity decreased due to the enhancement of the ring-opening 

reactions. 

Despite the experiment at the highest operating temperature gave the highest degree of 

conversion, the decomposition of performic acid at this temperature was too pronounced, 

producing a considerable amount of gas inside the reactor. The presence of gas can lead to 

unsafe conditions in the system as it can accumulate on the topside of the tubular reactor and 

push the liquid phase to the bottom, thus increasing the pressure. Gas development inside the 

reactor has been experienced also by other authors working on the same reactive system in 

continuous configuration 20,27. For this reason, the temperature of 313 K was selected as the 

highest operating temperature for safe operation. In fact, despite the decomposition was present 

at this temperature too, the amount of gas never formed a layer at the outlet section of the 

reactor, allowing the liquid phase to flow out regularly. 

Figure 7: Conversion and selectivity at different operating temperature.
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Finally, the last operating parameter to be investigated was the hydrogen peroxide concentration 

(entries 12 – 13, Table 1). The previous experiments were all conducted in the presence of a 30 

% wt. hydrogen peroxide solution. It must be pointed out that for safety reasons, the molar ratio 

between the reactants in the aqueous phase, namely hydrogen peroxide, formic acid, and 

phosphoric acid, was kept always as in the previous experiments. What was basically changed 

was the amount of water that, in the performic acid formation reaction shifts the equilibrium to 

the left-hand side, thus limiting the performic acid formation. From the results obtained with 

different hydrogen peroxide solutions, depicted in Figure 8, it is possible to notice the limiting 

effect of water. In fact, by increasing the solution concentration, indirectly decreasing the 

amount of water inside the system, the double bond conversion reached almost a value of 100 

%. Furthermore, also the selectivity increased along with the hydrogen peroxide concentration. 

This behavior could be related to the low amount of water as well, because it was the

nucleophilic compound with a larger amount that can take part in the ring opening reaction and 

its concentration was decreased considerably. 

Because of the exothermicity of the epoxidation reaction it is of crucial importance to check, 

and if possible, to control the temperature profile inside the reactor, along the axial coordinate. 

As already mentioned, in order to enhance the heat dissipation of the reaction mixture, the 

organic phase was dispersed in the aqueous one. Nevertheless, a thermocouple was placed 

inside the reactor to record the temperature profile along the reaction time and the reactor 

length. Temperature measurements were done for each experiment. Figure 8 shows the 

temperature profile, under stationary conditions, for the experiment where the highest double 
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Figure 8: Effect of the H2O2 concentration on the conversion and selectivity.



bond conversion was achieved, namely entries 13, Table 1. It is possible to notice from the 

figure that the temperature profile was practically constant along the axial coordinate of the 

reactor. A small increment of temperature, less than 0.2 K, was observed soon after the inlet 

section of the reactor where fresh reagents were mixed. However, it is possible to conclude that 

the reactor operated under isothermal conditions. Furthermore, it is possible to notice that at the 

inlet section of the reactor, the reaction mixture presents a temperature lower than the operative 

temperature because the aqueous reagents, in larger amount than the organic, were fed to the 

system at room temperature.
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Figure 8: Temperature profile inside the reactor under steady state condition (entry 13, Table 1).



3.2. Fluid dynamics 

The fluid dynamics experimental results were elaborated using Equation 1 where φT is the 

dimensionless concentration of the tracer in the ith phase, defined as ratio between the 

concentration at the outlet (cT,j(t)) and inlet (cT,j0) sections. τT is the residence time of the tracer 

in the ith phase in the reactor without any static mixer, calculated as ratio between the reactor 

volume over the phase volumetric flow (Qi). Closed-closed vessel conditions, Equations 2 and 

3, were applied as boundary conditions because of the smaller volume of the pipes at both inlet 

and outlet sections of the reactor which did not influence the flux before the reactor.  

2
, , ,

2
1 1T i T i T i

T i Tt Pe
  (1) 

0
, ,0T j T j   (2) 

,

1

0T j   (3) 

The experimental data were elaborated through regression analysis adopting the deterministic 

function lsqnonlin in Matlab. 95 % confidence intervals were obtained using the nlparci 

function. The coefficient of determination in the experimental data ranged between 0.97 to 0.99 

confirming the suitability of the adopted equation and boundary conditions. The obtained values 

are summarized in Table 3. 

Table 3: Parameters from the characterization of fluid dynamics. 

Experiment 
PéAq PéOrg ϕAq/ϕOrg 

Value C. I. 95 % Value C.I. 
95% Theoretical Experimental 

1 11.21 1.01 25.18 2.32 1.00 0.90 
2 6.96 1.35 10.41 1.53 1.00 1.19 
3 3.71 0.93 3.88 1.23 1.00 1.22 
4 2.73 0.80 2.87 0.75 2 1.46 
5 0.89 0.43 2.27 0.97 4 2.56 

Figure 9 displays the experimental and calculated results for the experiments performed with a 

fixed volumetric ratio, namely 1:1 m3
Org:m3

Aq, under different total volumetric flow rates 

(entries 1 to 3, Table 2). It is possible to appreciate how, at the adopted conditions, the two 

phases spent the same residence time inside the reactor during the experiments at a higher total 

volumetric flow (Entry 1, Table 2, Fig. 9, A). However, by decreasing the total volumetric flow, 

the two phases showed different behaviours, presenting differences in the residence time despite 



the same volumetric flow. Furthermore, the shape of the step response curve changes along the 

total volumetric flow. At the highest value, namely 1.67E-8 m3/s, the step response curve was 

symmetrical for both phases, which is characteristic for a system with small axial dispersion 

effects. This condition was no longer achieved at lower total volumetric flows, namely 1.25E-

8 and 8.33E-9 m3/s. Furthermore, the residence time of the organic phase was shorter than the 

aqueous phase residence time. These observations could be related to the more rapid diffusion 

over the convective phenomena for the oil phase, which, because of the lower density with 

respect the aqueous phase, tends to move faster upward at low volumetric flows.
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Figure 9: Experimental (scatter) and simulated (line) results from the fluid dynamic experiments.



Finally, the experiments at different volumetric flow ratios (entries 4 and 5, Table 2) are reported 

in Figure 10.

What is interesting to notice from the experiments at different volumetric flow rates is that the 

residence time of the organic phase is shortened compared to the theoretical residence time, 

which is related to the large amount of the aqueous phase that dragged the organic one along 

the reactor, resulting in a shorter residence time. This aspect is pointed out by both the

experimental ratio between the phase hold-ups as well as by the Péclet number in Figure 11. In 

fact, by evaluating the experimental hold-up ratio, the obtained values are smaller than the 

theoretical ones (entries 4 and 5, Table 3), indicating a lower time inside the reactor for the 

organic phase. As far as we know, fluid dynamic studies about liquid-liquid systems in packed

tubular reactors are generally conducted by studying experimentally the two phases separately 
27,28 or theoretically approximating the problem to a single droplet in a quiescent continuous 

phase 33–35, thus a direct comparison with literature data is not possible. However, a general 

discussion is still possible to explain the trend obtained for the Péclet number at different 

dispersed phase hold-ups. The Péclet number trend along with the decreasing dispersed phase 

hold-up (ϕOrg) is simply related to the lower viscosity of the mixture, due to the lower amount 

of the organic phase, and consequently higher degree of axial dispersion is obtained. The effect 

of the higher viscosity of the organic phase affecting the axial dispersion phenomena is also 

visible by considering the Péclet numbers for both phases at the volumetric flow ratio 1:1, where 

the Péclet number for the organic phase is larger than the value for the aqueous phase.
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Figure 10: Experimental (scatter) and calculated (line) data from the fluid dynamic experiments at different 
volumetric ratios.



On the other hand, the dragging effect of the continuous phase, water, on the dispersed one, oil, 

is related to the drag coefficient (CD) which is an important parameter to consider in the 

characterization of the fluid dynamics of a dispersed phase into a continuous one, i.e., fluid-

fluid and solid-fluid systems. The drag coefficient depends on both Reynolds number and the

viscosity ratio (μD/μC = μ*), indeed. Generally, by considering a liquid-liquid system, the drag 

coefficient increases at lower Reynolds numbers, which is the case of our experiments as the 

volumetric flow of the dispersed phase, hence the Raynolds number, decreased. Furthermore, 

for certain values of Reynolds number the particle starts to deform resulting in a sharp 

increment of the drag coefficient. This transition is generally evaluated through the critical 

Weber number (We) 35. Thus, it is easy to understand that the interfacial tension between the 

disperse and continuous phase also plays a crucial role in the particle shape and drag effect.

Customarily, it is possible to calculate these parameters under operative conditions when the 

system is the Stokes regime (Re < 1) or the dispersed phase particles can be approximated to 

rigid speres (μ* → ꝏ) 35. However, for such a liquid-liquid system, where the contact surface 

is mobile, the use of correlations is possible only after the determination of the droplet size 

distribution (DSD).

Figure 11: Péclet number for aqueous and organic phase at different volumetric ratios, (entries 1, 4 - 5, Table 
2)
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4. Reaction mechanism and rate equations 

As extensively discussed above, the reaction system comprises two immiscible liquid phases, 

the aqueous and the organic phase. In the aqueous phase there are two main reactions which 

take place, the reversible perhydrolysis reaction between the carboxylic acid and hydrogen 

peroxide to the percarboxylic acid and water (I) and the thermal decomposition of the 

percarboxylic acid (II).  

H
Aq 2 2 Aq 2FA H O PFA H O    (I) 

Aq 2 2PFA CO H O   (II) 

The perhydrolysis reaction can take place either in auto-catalytic mode or in the presence of an 

acid catalyst, homogeneous or heterogeneous 2. From previous studies carried out on this 

reaction system, it has been pointed out that the perhydrolysis reaction is well described by an 

overall third order reaction rate 36, as displayed in Equation 1, derived from the reaction 

mechanism where in both the forward and backward reactions, the rate determining step is the 

nucleophilic attack on the carbocation, by hydrogen peroxide and water, respectively 37. The 

reaction mechanism, as well as rate law, holds for different carboxylic acids.  

1 1 , , , ,,

1
FA Aq HP Aq PFA Aq W AqH Aq

E

r k c c c c c
K

  (4) 

However, the percarboxylic acid decomposes thermally to water and alcohol, water and carbon 

dioxide for performic acid (II), decreasing the amount of the oxygen carrier and the oxygen 

donor, carboxylic acid and hydrogen peroxide, respectively. Concerning the thermal 

decomposition reaction, only a few articles deal with performic acid 36,38–40. Starting from the 

considerations and results on the topic from these articles, and the evidence from experiments, 

we have recently proposed, for the decomposition of performic acid, a reaction rate where the 

role of stabilizers present in the hydrogen peroxide solution is considered too 41, as described 

by Equation 2. 

2 ,
2 01

PFA Aq

s HP

k c
r

k c
  (5) 

Subsequently, after the partial migration of the percarboxylic acid to the organic phase, the 

epoxidation reaction spontaneously takes place forming the epoxide ring and the corresponding 

carboxylic acid as the stoichiometric co-product of the reaction (III), in our case formic acid. 



However, side reactions, namely ring-opening reactions take place impairing the selectivity of 

the target product (IV).   

Org OrgPFA DB C(O)C FA   (III) 

HC(O)C Nu BP   (IV) 

The mechanism proposed by P. D. Bartlett 42 is generally accepted for the epoxidation reaction 

between the percarboxylic acid, migrated to the organic phase, and the unsaturated site present 

on the fatty acid. Furthermore, the reaction rate is expressed by second order kinetics, Equation 

3, which holds for vegetable oils and derivatives, e.g., alkyl esters, fatty acids and waste-

cooking oil. 

3 3 , ,DB Org PFA Orgr k c c   (6) 

Concerning the ring-opening reaction, the generally accepted mechanism is considered to take 

place at the interphase between the two phases and it occurs in two steps, protonation of the 

oxygen on the oxirane ring and successive nucleophilic attack by one of the nucleophilic agents, 

namely formic acid, water, performic acid and hydrogen peroxide (V) 43. This mechanism is 

predominant when a strong mineral acid is used as catalyst for the perhydrolysis reaction (I). In 

this case, the reaction rate, expressed in Equation 4, is obtained by considering the nucleophilic 

attack to the protonated oxirane ring as the rate determining step.  

* * *
4 4

1
i

n

E i NuH
i

r k c c c   (7) 

The concentration at the phase interphase can be generally expressed equal to the concentration 

in the bulk in case of rapid mass transfer, for example, when the reaction is carried out in a well-

mixed system, e.g., semibatch system. For those compounds able to migrate between the two 

phases, in case of fast mass transfer, the contribution at the interphase is the sum of the moles 

in both the liquid bulks. Conversely, for those compounds limited by immiscibility in one phase 

only, namely water, hydrogen peroxide and epoxides, the contribution at the interphase is equal 

to the mole in the bulk where they are present. Finally, the proton concentration at the interphase 

can always be always approximated equal to the concentration in the bulk as ions are able to 

diffuse easily thanks to the reduced dimensions.   



5. Kinetic and reactor modelling  

5.1. Description of the adopted kinetic model  

The reaction system comprises several consecutive reactions taking place in the two immiscible 

liquids and at the interphase between them. Furthermore, protonic equilibria and mass 

phenomena between the two phases must be considered to address the kinetics of the reaction 

system thoroughly. The adopted kinetic model comprises all the phenomena and reaction rates 

described in the Reaction Mechanism and Rate Equations section, namely Equations 1 - 4. 

Nevertheless, the following assumptions are considered: 

 The hydrogen peroxide decomposition is not occurring at the adopted operation conditions 
9,36. 

 Performic acid and formic acid are the only species able to diffuse between the two 

immiscible phases. 

 Protonic concentration is evaluated from the dissociation equilibria of H3PO4, FA and H2O 

at the operative temperature as the rate equations of the performic acid formation and 

hydrolysis (1), and the ring-opening reaction (4) are functions of the protonic 

concentration. 

 Performic acid and hydrogen peroxide dissociation constants are much larger than H3PO4, 

FA and H2O, so their dissociation equilibria are considered negligible.    

Starting from the perhydrolysis and the carboxylic acid decomposition reaction (I, II), the 

kinetic parameters, namely the Arrhenius pre-exponential factors (k1,ref and k2,ref) the activation 

energies (Ea1 and Ea2), the equilibrium constant (KE) and the stabilizers effect constant (ks), are 

imposed and derived from previous works aimed at the independent study of the reaction 

system41. Thus, it is possible to define the constants (k1, KE and k2) as follows, where the 

formation enthalpy of performic acid was evaluated as sum of the heat of formation of the 

species taking part to the reaction (∆HrE,1 = 54900 J/mol): 
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Considering the epoxidation reaction (III), the Arrhenius pre-exponential factor (k2
ref) and the 

activation energy (Ea2) are imposed and considered equal to the one obtained from the work on 

the epoxidation of soybean oil 44. This approximation is possible because the two oils present 

similar characteristics in terms of the iodine number and the fatty acid composition 45. Thus, it 

is possible to define the kinetic constant for the epoxidation reaction rate (k3) as follows:  

6
3

(104040 1540) 1 1(3.00 0.29) 10 exp
323

k
R T

 (11) 

Finally, the ring-opening reactions happening at the interphase are addressed. In this case, the 

activation energy (Ea4) is imposed from previous independent studies on the ring opening 

reactions 3. However, the Arrhenius pre-exponential factors (k4
ref) must be re-evaluated because 

the one obtained in the previous work intrinsically incorporated the liquid-liquid surface area 

between the two phases which is, in this case, different from the case of the semibatch reactor.  

4 4,
(88000 3930) 1 1exp

298refk k
R T

  (12) 

Furthermore, as stated in the assumptions, the proton dissociation equilibria inside the aqueous 

phase must be calculated as they catalyze the perhydrolysis and hydrolysis reaction (I) and the 

ring-opening reaction (IV). In the presence of phosphoric acid (H3PO4) three different 

dissociation equilibria are present (V – VII). 

H3PO4 H2PO4 - + H+  (V) 

H2PO4 -  HPO4 2- + H+  (VI) 

HPO4 2-  PO4 3- + H+  (VII) 

The temperature dependence of the dissociation equilibrium constants is evaluated for the first 

dissociation constant considering the relationship determined by Bates 46 according to Equation 

13. Concerning the second and third dissociation constants (Ka2 Ka3), because of their low 

magnitude, the temperature dependence is considered negligible.   

3 4,
799.31 4.55 0.01a H POpK T

T
  (13) 

Concerning formic acid, the protonic dissociation (VIII) takes place, the temperature 

dependence of the dissociation constant is evaluated according to the correlation proposed by 

Kim et al. 47 according to Equation 14. 

HCOOH HCOO- + H+  (VIII) 



,
2773.9057.53 9.12ln( )a FApK T

T
  (14) 

Finally, the protonic dissociation of water (IX) is considered. The temperature dependence 

along the temperature is evaluated through the semi-empirical Equation 15 48, obtained by 

measuring the Kw at different temperatures. 

H2O OH- + H+  (IX) 

6
10

2
1.01 108.75 10 expWK

T
  (15) 

To consider the protonic dissociations at the equilibrium at the inlet of the reactor already, the 

forward rate constant (k+) values was set high enough. Thus, the generation laws which account 

for the acid equilibria of the species are given according to Equations 16 – 20.  

3 4 3 4 2 4
3 4

, , ,
,

1
H PO H PO Aq H Aq H PO Aq

a H PO

r k c c c
K

  (16) 

2
2 4 2 4 4

2 4

, , ,
,

1
H PO H PO Aq H Aq HPO Aq

a H PO

r k c c c
K

  (17) 

2 2 3
4 4 4

2
4

, , ,
,

1
HPO HPO Aq H Aq PO Aq

a HPO

r k c c c
K

  (18) 

, , ,
,

1
FA FA Aq H Aq FA Aq

a FA

r k c c c
K

  (19) 

2 2 , , ,

1
H O H O Aq H Aq OH Aq

W

r k c c c
K

  (20) 

Later on, the concentrations of all the protonic species were evaluated in a dynamic way along 

the axial coordinate of the reactor, according with the mass balance equations presented in the 

Appendix A. 

5.2. Mass balances for multiphase tubular reactor 

Based on the experimental data, a mathematical model was developed for the liquid-liquid 

reactor system. It is based on the following fundamental concepts: 

 Separate mass balance equations for the organic and aqueous phases. 

 The energy balance equations of both phases are neglected as constant temperature profiles 

were observed.  



 Interfacial mass transfer take place between the phases. 

 Application of the axial dispersion concept is used for the flow model. 

 Both transient and stationary states are considered, therefore the model is written in a 

completely dynamic form including the concentration derivatives (dc/dt ). 

 The pressure drop in the column reactor is neglected. 

Based on these fundamental assumptions, the mass balance for the aqueous (Aq) and organic 

(Org) phases are written according to Equations 21 and 21. 

2 n
i,Aq i,Aq i,Aq i,Aq

Aq Aq i, j j,Aq2
j 1 Aq

c c c J
u Dz r

t z z
 (21) 

2 n
i,Org i,Org i,Org i,Org

Org Org i, j j,Org2
j 1 Org

c c c J
u Dz r

t z z
 (22) 

The two-film theory of Whitman 49 was adopted at the liquid-liquid interphase to define the 

mass flux of the portioned compound in the two phases, Equations 23 and 24,  

' *
i,Aq i,Aq i,Aq i,AqJ k (c c )    (23) 

' *
i,Org i,Org i,Org i,OrgJ k (c c )    (24) 

where, the mass transfer coefficient of the ith species in the jth phase (ki,j’), is a merged mass 

transfer coefficient and equal to the product between the mass transfer coefficient, of the same 

component in the same phase, and the liquid-liquid interfacial area (asp). Furthermore, by 

considering that the partition coefficient (mi) is defined as the ratio between the concentration 

at the interphase of the ith compound in the organic phase (ci,Org
*), over the concentration at the 

interphase of the same compound in the aqueous phase (ci,Aq
*), it is possible to analytically 

define the concentration at the interphase, as expressed in Equations 25 and 26, by considering 

a local steady-state condition. 

' '
, , , ,*

, '
,'

,

Aq FA Aq FA Aq Org FA Org FA Org
FA Org

Aq FA Aq
Org FA Org

FA

V k c V k c
c
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   (25) 

' '
, , , ,*

, '
,'

,

Aq PFA Aq PFA Aq Org PFA Org PFA Org
PFA Org

Aq PFA Aq
Org PFA Org

PFA

V k c V k c
c

V k
V k

m

  (26) 



The partition coefficients represent important chemical parameters for the description of a 

liquid-liquid system as they define the concentration ratios at the interphase, of compounds able 

to diffuse between the two phases, and they are needed to evaluate the mass transfer regime. 

For these reasons, the experimental determination of such parameters is necessary. Generally, 

they are either estimated via mathematical regression or evaluated by using correlations 50. 

However, considering the importance of such parameters, we determined experimentally the 

formic acid partition coefficient obtaining a semi-empirical equation, Equation 27, to evaluate 

its magnitude under different operating conditions 51. Concerning the performic acid, evaluation 

of its partition coefficient is not possible because of its reactivity with the double bond. Thus, 

because of the higher affinity with the organic phase, it is generally accepted 52 to consider its 

partition coefficient three-folder larger than the formic acid partition coefficient as depicted in 

Equation 28. 

*
,

*
,

1FA Org
FA d

FA Aq Aq

Org

c
m

c V
a bT c

V

   (27) 

3PFA

FA

m
m

   (28) 

Finally, the determination of the species concentrations at the interphase is needed to evaluate 

the effect of the ring-opening reactions. Concerning formic and performic acids, as they are 

portioned between the two phases, they present two concentrations at the interphase in 

equilibrium, one it the aqueous side and the other in the oil side, as shown in Equations 25 and 

26. The contribution to the ring-opening reactions is the sum of both concentrations at the 

interphase for each of them. Other species diffuse to the interphase and take part to the ring 

opening reaction. By considering steady-state conditions at the interphase, according to 

Equation 29, we can analytically define the interfacial concentrations for the ith species in the 

jth phase as described in Equation 30. 

' *
, , , 4i j i j i j ik c c r    (29) 

* 4
, , '

,

i
i j i j

i j

r
c c

k
   (30) 

The system of equations to define the interfacial concentration of the species that take part in 

the ring opening reaction, namely water, hydrogen peroxide, epoxide and by-products, together 



with the system of equations needed to define the ionization equilibria, represent the algebraic 

equations. The latter ones, coupled with the system of partial differential equations needed to 

solve the mass balance equations, form the system of differential-algebraic equations (DAEs). 

The detailed description of the whole set of equations is shown in Appendix A.  

The solution of the system of the differential algebraic equations (DAEs) requires the estimation 

of some parameters. The adopted strategy in this case was to estimate only the ring-opening 

reaction constant and the aqueous phase mass transfer coefficient. Furthermore, the mass 

transfer coefficients in one phase were considered equal for the species diffusing in that phase. 

The mass transfer coefficient in the organic phase was evaluated according to the Equation 31, 

since the mass transfer coefficient is proportional to the square root of the diffusion coefficient 

and the diffusion coefficient is proportional to the reciprocal value of the viscosity. 

' ' Aq
Org Aq

Org

k k    (31) 

The parabolic partial differential equations (PDEs) were discretized with finite differences to 

obtain ordinary differential equations (ODEs), which were solved as an initial value problem 

(IVP) to obtain a complete picture as the function of the reactor length and the real time. In 

order to find the best possible values, the computations were repeated with different values of 

the kinetic and transfer coefficients to obtain the minimum of the objective function defined by 

2

1

ˆ( )
Ns

i i
i

O y y   (32) 

where y denotes the concentrations. The optimization process was carried out with the 

commercial software gPROMS. As it is possible to see, the mathematical model was able to 

interpret the experimental data at the stationary state for all the experiments. However, it is 

evident from Figure 13 that the prediction of the transient state in not very well described by 

the model. For this reason, further studies on the reactive system could be performed, especially 

at the transient state. Furthermore, a deeper dynamic study, including droplet size distributions 

under different operation conditions would be useful to understand the behaviour of the system. 

It is well known, in fact, that such kind of systems, namely liquid-liquid systems, are not trivial 

and several parameters influence the coalescence/breakup of the dispersed phase, determining 

a wide difference in the development of the interfacial area, which is a crucial parameter. 

Finally, it is important to point out that the simulation of the experimental data has been obtained 

by adjusting two parameters only, keeping almost the whole set of kinetic parameters fixed. 



Thus, at least for the stationary state, the proposed reactor and kinetic model is able to predict 

the behaviour of the reactive system. The estimated parameters for each experiment are 

summarized in Table 4, and the obtained values for the aqueous mass transfer coefficient are 

reported graphically along the variation of some operative variable, Figures 12. 

Table 4: Estimated parameters. 

Experiment 

kW k4,ref 

Value  

[m/s] 
C.I. 95 % 

Value 

[(m3)2/(mol2 s)] 
C.I. 95% 

1 5.3E-4 0.1E-4 6.1E-11 0.6E-11 

2 6.5E-4 0.2E-4 4.7E-11 0.6E-11 

3 7.7E-4 0.2E-4 2.6E-11 0.7E-11 

4 15.5E-4 0.6E-4 5.1E-11 0.7E-11 

5 9.0E-4 0.3E-4 2.6E-11 0.3E-11 

6 4.0E-4 0.1E-4 1.1E-11 0.1E-12 

7 2.0E-4 0.01E-4 1.6E-11 0.2E-11 

8 6.8E-4 0.3E-4 7.1E-12 0.1E-12 

9 3.6E-4 0.01E-4 1.2E-11 1.0E-11 

10 14.7E-4 0.3E-5 5.8E-11 0.8E-11 

11 1.11E-4 0.4E-5 5.1E-11 0.8E-11 

12 6.4E-4 0.4E-5 5.3E-12 0.9E-12 

13 60.0E-4 200.0E-4 0.9E-12 0.8E-12 



In Figure 12-A, the obtained mass transfer coefficients in the aqueous phase (kW) are reported 

along the volumetric ratio, hence decreasing the dispersed phase hold-up (ϕOrg). The increasing 

trend of the aqueous mass transfer coefficient is related to the increment of the interfacial area 

because of the lower disperse phase hold-up 28,35. Figure 12-B displays the trend of the aqueous 

mass transfer coefficient by keeping the organic-to-aqueous volumetric ratio fixed and equal to 

1:9 and varying the total volumetric flow. Once more, the mass transfer coefficient presents an 

increasing trend, which is related to the higher energy dissipation inside the system, hence 

turbulences, which in turn lead to smaller droplet size and bigger interfacial area 28,34,35.  Finally, 

in Figure 12-C the aqueous mass transfer coefficient is reported along the operative 

temperature, and similarly to the previous cases, the trend increases along the temperature 

which is mainly correlated to a higher mobility of the species inside the reactive medium as 

well as to the higher fluidity of the phases, which could increase the developed interfacial area.    

Figure 12: Estimated aqueous mass transfer coefficient (k
W

) at A) different dispersed phase hold-up and B)
different total volumetric flows, C) different temperatures, (entries 1 to 4, 8 to 11 Table 4).
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6. Conclusions

The epoxidation via the Prilezhaev method was carried out in continuous operation in the 

presence of cardoon oil as the organic substrate. The reaction was performed by dispersing the 

organic phase into the aqueous one. This operative condition ensured good results in terms of 

the double bond conversion and the epoxide selectivity as well as efficient energy transfer. 

Almost a complete double bond conversion with a selectivity to the target product close to 95 

% was obtained by working at 313 K with a total volumetric flow of 8.33E-9 m3/s and an

organic-to-aqueous volumetric flow ratio 1:9. The thermal profile inside the reactor under these 

conditions was recorded and the reactor showed an isothermal behaviour. The fluid dynamics 

of the reactive system was studied by feeding both phases at the same time. It was noticed that 

when the oil was highly dispersed inside the continuous aqueous phase, the former was dragged 

by the latter resulting in a lower residence time. Because of the complexity of the system, deeper 

studies concerning the fluid dynamics are needed to describe its behaviour in detail. Finally, 

kinetic and reactor modelling was conducted where all the reactions were considered. Because 

of the diffusion limitation at the oil-water interface, the ring-opening reaction rate was evaluated 

by calculating the concentration at the interface for all the species taking part to the reaction. 

The model was able to describe well the experimental data at stationary conditions. However, 

the transient behaviour is not well predicted. This could be related to several phenomena which 

do exist inside the liquid-liquid system and that could affect the interfacial area between the 

two phases.    

Figure 13: Experimental (scatter) and simulated (line) data of the experiments performed in the reactor 
configuration I, Table 6.
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Notation  

[i]  Concentration of the ith species, mol/m3 

A  Area, m2 

asp  Surface specific area, m2/m3 

c*
i,j  Concentration at the interface of the ith compound in the jth phase, mol/m3

j 

ci,j  Concentration of the ith compound in the jth phase, mol/m3
j 

Dzi  Dispersion coefficient of the ith phase, m2/s 

Eai  Energy of activation of the ith reaction, kJ/mol 

Ji,j  Mass transfer coefficient of the ith compound in the jth phase, mol/(m2 s) 

Ka,i  Ionization constant of the ith compound 

KE,i  Equilibrium constant of the ith reaction 

ki  Kinetic constant of the ith reaction, s-1 (m3/mol)1-n with n overall reaction order 

ki,ref  Arrhenius pre-exponential factor, s-1 (m3/mol)1-n with n overall reaction order 

L  Reactor length, m 

mi  Partition coefficient of the ith compound, - 

Pe  Pèclet number, - 

Qi  Volumetric flow, m3/s 

R  Gas constant, J/(K mol) 

R2  Coefficient of determination, - 

ri  ith Reaction rate, mol/(m3 s) 

S  Selectivity, % 

T  Temperature, K 

t  Time, s 

Tj  Jacket temperature, K 

Tref  Reference temperature, K 

X  Conversion, % 

Y  Yield, % 

z  Tubular reactor axial coordinate, m 

Greek letters 

k’i,j  Merged mass transfer coefficient of the ith compound in the jth phase, m/s 



∆rH  Reaction enthalpy, kJ/mol 

ε  Reactor void degree, - 

μ  Viscosity, cP 

τ  Residence time, s 

υi,j  Stoichiometry of the ith compound in the jth reaction, - 

ϕi  Hold-up of the ith phase, m3
i/m3

TOT 

φT,i  Dimensionless concentration of the tracer in the ith phase, - 

χ  Dimensionless axial coordinate, - 
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Annex A 

The kinetic constants were evaluated according to the Arrhenius modified equation, displayed 

in Equation A.1, van’t Hoff equation was applied for the equilibrium kinetic constant (A.2). 

,
1 1exp i

i i ref
ref

Ea
k k

R T T
   (A.1) 

,
1 1exp i

i i ref
ref

r H
K k

R T T
   (A.2) 

Tabel A.1: Kinetic parameters adopted in the biphasic kinetic model. 

Reaction Parameters Dimension 

1 

k1,ref = 1.73E-9 [(m3)2/(mol2 s)] 

Ea1  =  40.7 kJ/mol 

Tref,1   = 323 K 

KE1,ref = 11.04 [m3/(mol s)] 

∆r1H  =  54.90 kJ/mol 

Tref,E1   = 298 K 

2 

k2,ref = 1.04 [m3/(mol s)] 

Ea2  = 102.0 kJ/mol 

Tref,2 = 323 K 

Ks = 0.43 - 

3 

k3,ref = 3.00E-6 [m3/(mol s)] 

Ea3  = 104.04 kJ/mol 

Tref,3 = 323 K 

4 

k4,ref [(m3)2/(mol2 s)] 

Ea4  = 87.86 kJ/mol 

Tref,4 = 333 K 

k4,ref was the only kinetic adjusted parameter, the estimated values are presented in Table 4. 

 

 



The system of algebraic equations was solved in order to define the initial concentrations of the 

species active in the dissociation equilibria.  

 , 0a FA FAFA H
c c K c    (A.3) 

0 0FA FAFA
c c c    (A.4) 

0WH OH
c c K    (A.5) 

3 4 3 42 4
, 0a H PO H POH PO H

c c K c    (A.6) 

2
4 2 4 2 4,

0
HPO H a H PO H PO

c c K c    (A.7) 

3 2 2
4 4 4,

0
PO H a HPO HPO

c c K c   (A.8) 

2 33 4 3 4 2 4 4 4

0 0H PO H PO H PO HPO PO
c c c c c   (A.9)

2 3
2 4 4 4

2 3 0
H H PO HPO PO FA OH

c c c c c c  (A.10) 

In case that the performic acid synthesis was carried out in self-catalytic mode, the system of 

algebraic equations did not include the Equations A.6 – A.9, and Equation A.10 becomes: 

0
H FA OH

c c c  

Further system of algebraic equations is related to the determination of the interfacial 

concentration of the species that take part in the ring-opening reaction: 

* 4
, , 'HP Aq HP Aq

Aq

r
c c

k
   (A.11) 

* 4
, , 'W Aq W Aq

Aq

r
c c

k
   (A.12) 

* 4
, , 'E Aq E Org

Org

r
c c

k
   (A.13) 

* 4
, , 'PB Org BP Org

Org

r
c c

k
   (A.14) 

The system of partially difference equations describing the mass balance in the aqueous phase 
are: 



2
FA,Aq FA,Aq FA,Aq FA,Aq

Aq Aq 1 a,FA2
Aq

c c c J
u Dz ( r r )

t z z
 (A.15) 

2
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Aq Aq 1 22
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2
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Concerning the oil phase, the mass balance equations are: 
2

FA,Org FA,Org FA,Org FA,Org
Org Org 32

Org

c c c J
u Dz (r )

t z z
 (A.32) 

2
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