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Summary 

Peroxyesters are an important class of organic peroxides. They are used as 

initiators for the polymerization of acrylics, polyethylene, poly(vinyl chloride) 

and styrenics. Peroxyesters are usually produced in the industry with a series 

of batch or semi-batch operations. The synthesis is the first process step, 

followed by product purifications. All batch processes suffer from a series of 

limitations e.g. high operational costs, low productivity and inefficient mixing 

and temperature control. High liquid holdups of sensitive organic peroxides 

make it necessary to adopt reliable and expensive safety measures, resulting in 

high capital costs. In addition, dosing of reactants is often needed for a proper 

temperature control of the batch. The result is a decrease in productivity. 

The goal of this PhD project was to intensify the main process steps of 

peroxyester production to overcome the drawbacks of the batch process. The 

intensification was achieved by switching from batch to continuous, using high-

shear high-gravity reactors/extractors, adding catalysts and changing process 

conditions. 

Since all process steps are liquid-liquid reactions/extractions, the 

intensification approach was similar. First the kinetics were studied using 

continuous capillary slug-flow microreactors, which allowed for an excellent 

control of the reaction conditions. With the acquired information it was possible 

to identify the best ways to intensify the process steps and plan the following 

experiments. 

The kinetic study of the first process step, peroxyester synthesis, in the slug-

flow microreactor is presented in Chapter 2. Peroxyesters are formed by the 
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liquid-liquid reaction between an acid chloride (organic phase) and an alkaline 

aqueous solution of an alkyl hydroperoxide (aqueous phase). The main side 

reaction is hydrolysis of the acid chloride. It was found that the 

peroxyesterification rate increased with liquid-liquid interfacial area and 

temperature and was not affected by mass-transfer. Therefore, it probably 

occurs only in the organic phase film. Hydrolysis was only affected by 

temperature, indicating that it is kinetically limited. Use of KOH instead of NaOH 

as base in the aqueous phase resulted in a faster peroxyesterification rate. 

However, the highest improvement was obtained by adding a very small 

amount of a quaternary ammonium salt with long alkyl chains as phase transfer 

catalyst (PTC). Use of KOH and addition of PTC only accelerated peroxyester 

formation and not the hydrolysis, leading to a higher selectivity. 

Peroxyester synthesis was intensified in a three-stage rotor-stator spinning-

disc reactor (rs-SDR), as shown in Chapter 3. The peroxyesterification rate was 

much higher than in the microreactor because of the larger liquid-liquid 

interfacial area. It also increased with the rotational speed of the discs. The 

higher the rotational speed, the higher the shear-force exerted and the resulting 

liquid-liquid interfacial area. Even in the rs-SDR it was difficult to reach full 

conversion. The solution was a large increase of hydroperoxide and alkaline 

concentration in the aqueous phase, which also suppressed the acid chloride 

hydrolysis thanks to the higher ionic strength. Because of the very low 

hydrolysis rate, it was possible to increase the temperature to further accelerate 

the peroxyesterification without affecting selectivity. 

The second process step investigated was the hydroperoxide reduction, 

described in Chapter 4. After the synthesis, a small amount of unreacted 

hydroperoxide stays in the peroxyester and is removed by reducing it with an 

aqueous bisulfite solution. The kinetic mechanism was similar to the one for 

peroxyester synthesis. The reaction probably occurs in the boundary layer of 

the aqueous phase and its rate increases with the liquid-liquid interfacial area 
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and temperature. Mass-transfer did not have any effect. Also this reaction was 

more than 17 times faster in the rs-SDR compared to the microreactor and the 

rate increased with the rotational speed.  

Chapter 5 concerns the last step of the production process of peroxyesters: 

drying. It is usually carried out in industry using magnesium sulfate. However, 

to make it continuous it was decided to use a liquid desiccant as drying agent. 

The best result was obtained using a 45 wt% lithium chloride solution, which 

was able to extract 85 – 90 % of the water of saturation from different esters. 

Esters were used as model compounds instead of peroxyesters for safety 

reasons. After a kinetic study in a slug-flow microreactor drying was scaled-up 

in a counter-current multistage spinning-disc extractor (MSDE). With this 

device it was possible to independently control the mixing of two liquid phases 

and their separation by changing the operating parameters. Phase separation 

was mainly dependent on the casing rotational speed, while mixing intensity 

mainly depended on the rotational speed difference between the casing and 

impeller. However, the volumetric mass-transfer coefficient obtained in the 

MSDE was lower than in the microreactor. Since the extraction capacity of the 

liquid desiccant does not change because of the low amount of water extracted, 

a counter-current extraction is not needed and it would be better to use a rotor-

stator spinning-disc reactor for  better mixing, followed by a continuous liquid-

liquid separator. Another option could be the use of a zeolite bed to adsorb 

water. 

The results of this project demonstrate the feasibility of a continuous 

production of peroxyesters. Thanks to its high mixing intensity, the rotor-stator 

spinning-disc reactor is a powerful intensification option since all process steps 

are liquid-liquid reactions and extractions and their rate increases with the 

specific interfacial area and/or mass-transfer. The next step is the connection 

of the spinning-disc reactors in a pilot plant, with liquid-liquid separation units 

between them. In addition, the knowledge acquired on the investigated 
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processes has a general validity because it applies to similar liquid-liquid 

systems and liquid-liquid processes in general.



 

1. Introduction 

1.1.  Process intensification 

Process intensification (PI) means to produce more with less. This principle 

exists and has been applied before it was given a name in the 70s of the last 

century. While its main area of application is chemical processing, it has also 

been used in other sectors e.g. nuclear reprocessing, food and drink, aerospace 

and photography [1]. The first publications on PI date back to 1925 [2]. One of 

the first examples of PI application is the Podbielniak centrifugal extractor, a 

compact device that uses centrifugal force to contact and separate two liquid 

phases, an operation traditionally carried out in big extraction columns or 

mixer-settler vessels. Other examples are rotating heat pipes developed by the 

National Aeronautics and Space Administration (NASA) for spacecraft thermal 

control and the production of high-grade photographic plastic roll by mean of a 

spinning disc, developed by Kodak.  

Process intensification is one of the major strategies in chemical engineering to 

cope with the need of environmentally sustainable processes and the steadily 

increasing demands to reduce emissions and improve energy efficiency. The 

aim of PI is the drastic reduction, typically by two orders of magnitude, of the 

volume of reactors, separation technologies and other unit operations. This goal 

can be achieved by modifying either the devices used or the methodology [3]. 



2 Introduction 
 

 

The most commonly used PI strategies include: switching to continuous 

processes, enhancement of heat- and mass-transfer rates, integration of process 

tasks and operation at high temperature, pressure and concentration 

conditions. Although at the beginning the primary goal was to reduce capital 

costs, other additional benefits became evident. The most important ones are: 

increased process safety, lower production of wastes, reduction of energy 

consumption, higher degree of control of the process, reduced operational costs 

and higher productivity [4]. 

PI is about creating innovative ideas [5]. The development of such ideas and 

their industrial implementation is often a long and difficult process, which 

requires intensive investigation and validation, both at fundamental and 

applied level.  

In this thesis we investigate the intensification of the production process of 

peroxyesters, an important class of organic peroxides used as initiators in 

radical polymerizations. The intensification involved both the methodology and 

the devices used. The PI devices that were investigated are the capillary 

microreactor, rotor-stator spinning-disc reactor and the multistage spinning-

disc extractor. The last two belong to the category of high-shear and high-

gravity equipment, presented in the next section. 

1.2. High-shear high-gravity reactors 

This thesis is part of the HIGHSINC (HIgh-Gravity High-Shear for INtensified 

Chemical production) project, which aims to develop the science and 

technology needed for the design of intensified chemical plants for a sustainable 

production. The project is in close collaboration with Nouryon, a major 

producer of specialty chemicals with leading positions in many markets, e.g. 

organic peroxides. The program focuses on both the fundamental study and the 

application of the spinning-disc technology, which uses high-shear and high-

gravity conditions to boost mass- and heat-transfer rates, enabling a reduction 
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of chemical plant sizes [6–9]. The smaller equipment size allows for the use of 

exotic construction materials and coating procedures, making operations at 

higher concentration, temperature and pressure possible. 

The high-shear forces present in the spinning-disc equipment are induced by 

high-gravity (HIGee) conditions or high velocity gradients and lead to a rapid 

mixing of fluid and refreshment of the interface shared by the aggregation 

phases involved in the process [10]. In this thesis the spinning-disc equipment 

was used to intensify the production process of peroxyesters. The two devices 

employed were the rotor-stator spinning-disc reactor (rs-SDR) and the 

multistage spinning-disc extractor (MSDE).  

The rs-SDR [2,11] consists of a rotating disc (the rotor) in a stationary 

cylindrical housing (the stator), as depicted in Figure 1.1.  

 

Figure 1.1. Schematic representation of a rotor-stator spinning-disc reactor. 

The distance between the rotor and the stator is typically in the range 0.5 – 2 

mm. This narrow gap, together with the high tangential velocity difference 

between the rotor and the stator, exerts a large shear force on the reactive 

media. This force leads to higher surface renewal rates, therefore enhanced 

mass- and heat-transfer rates, and to very large interfacial areas for multiphase 

flows. Multiple discs can be connected to the same shaft to form a multistage 

rotor-stator spinning-disc reactor. 
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The spinning-disc extractor [12,13] is a variation of the rs-SDR where the disc 

is replaced by an impeller, analogous to the impeller of a centrifugal pump, and 

the casing is rotating in the same direction as the impeller at a higher rotational 

speed. It is depicted in Figure 1.2.  

 

Figure 1.2. Schematic representation of the spinning-disc extractor. 

The spinning-disc extractor is designed for liquid-liquid extractions/reactions 

and allows for a counter current flow of two phases. The device is based on both 

high-gravity and high-shear. The contact between the two phases takes place in 

the narrow gap between the top disc of the impeller and the weir of the casing, 

where high shear forces are created by the tangential velocity difference 

between the impeller and the weir. After the contacting, the two phases 

separate thanks to the high centrifugal force. As for the rs-SDR, also the 

spinning-disc extractor can be multistage. 
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1.3. Production of peroxyesters 

Organic peroxides (OP) [14,15] are organic compounds characterized by the 

presence of one or more oxygen-oxygen bonds. They are derivatives of 

hydrogen peroxide (H2O2) where both hydrogen atoms are substituted by an 

organic group. The O-O bond can be introduced in organic compounds by direct 

air oxidation or by reaction with peroxidic materials e.g. hydrogen peroxide, 

alkali metal peroxides and other organic peroxides. Organic peroxides are 

divided into several classes depending on the nature of the groups linked to the 

oxygen-oxygen bond: organic hydroperoxides, dialkyl peroxides, diacyl 

peroxides, peroxycarboxylic acids, peroxyesters, peroxycarbonates, 

peroxyketals, ketone peroxides and others. The oxygen-oxygen bond in OP is 

weak and easily cleavable, with a ∆𝐻 in the range of -84 to -184 kJ mol-1 [15]. 

This low bond enthalpy makes the majority of organic peroxides sensitive to 

heat exposure. The thermal decomposition rate of OP is affected by the chemical 

structure and decomposition conditions. Some of them can decompose so 

violently that they must be stored and used only in diluted form. Certain 

peroxides are sensitive to shock, friction and the presence of impurities. 

 The production of benzoyl peroxide (BPO) was the first synthesis of an organic 

peroxide reported in the literature in 1858. BPO was initially used as bleaching 

agent for edible oils and grain flours. However, it was with the development of 

the plastic industry during World War II that organic peroxides gained a 

fundamental importance. They were needed as a source of free radicals to 

produce a variety of vinyl polymers such as poly(methyl methacrylate) 

(PMMA), poly(vinyl chloride) (PVC), low-density polyethylene (LDPE), and 

polystyrene (PS). Because of the increasing demand of organic peroxides, they 

started to be produced on industrial scale. As they became more available, they 

found a number of new applications such as grafting of monomers onto 

polymers, curing agents for unsaturated resins, rubbers and elastomers, cross-

linking of thermoplastics, modification of polymers and epoxidations. Organic 
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peroxides are also employed in chemical synthesis and as bleaching agents, 

flame retardant synergists and antibacterial components in acne medications.  

250,000 t of organic peroxides were produced in 2016 [14]. Figure 1.3 gives an 

overview of the worldwide consumption of OP per region and by peroxide type.  

 

Figure 1.3. Organic peroxides consumption in 2016 a) per continent; b) by peroxide 

type [14]. 

By observing Figure 1.3 it is evident that peroxyesters (PE) are among the most 

used organic peroxides, accounting for one fourth of the global production. 

Their structure is shown in Figure 1.4. 

Peroxyesters with a primary or secondary carbon atom linked to the peroxo 

group (R2) easily undergo decomposition. Tertiary PE are more stable and for 

this reason the most commercialized ones.  

 

Figure 1.4. General structure of peroxyesters. 

They are synthesized in industry by the reaction of tertiary hydroperoxides 

with carboxylic acid halides, carboxylic acid esters or acid anhydrides. The 

synthesis is typically carried out in batch or semi-batch reactors. The synthetic 
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route used in this thesis for the intensification of the production process of 

peroxyesters is the reaction of hydroperoxides with carboxylic acid chlorides. 

The acid chloride is added to an excess of hydroperoxide in an aqueous alkaline 

solution, as shown in Scheme 1.1.  

 

Scheme 1.1. Synthesis of peroxyesters from an acid chloride and a hydroperoxide. 

The reaction is heterogeneous and involves an organic phase consisting of pure 

or diluted acid chloride and an aqueous phase containing the hydroperoxide 

and a strong base. After mixing for the time required to achieve complete acid 

chloride conversion, the organic phase consisting of the product and the 

aqueous phase are separated by gravity. The peroxyester is then washed with 

an alkaline aqueous solution to remove some of the impurities present in it, in 

particular the unreacted hydroperoxide [16]. After washing and phase 

separation, the peroxyester still contains a small amount of hydroperoxide, 

which must be completely removed since it can affect the stability of the 

product. The removal is achieved by mixing the peroxyester with an aqueous 

solution of a reducing agent, e.g. sodium hydrogensulfite, that reduces the 

hydroperoxide to the corresponding alcohol [16,17]. The hydroperoxide-free 

peroxyester is separated again by gravity. This operation is usually followed by 

a product wash with an acidic/alkaline aqueous solution to remove the alcohol 

and other impurities [16]. The final process step is drying, needed since water 

is detrimental for the polymerization reactions initiated by the peroxyester 

[16–18]. It is usually performed with anhydrous magnesium sulfate. A 

simplified scheme of the production process of peroxyesters is provided in 

Figure 1.5.  
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Figure 1.5. Scheme of the production process of peroxyesters. 

The synthesis of organic peroxides is usually exothermic. The heat of reaction 

for the synthesis of peroxyesters from hydroperoxides and acid chlorides is 

about 𝑄𝑅  = 125 – 135 kJ mol-1 [19]. Also, the hydroperoxide reduction is 

exothermic, but the heat generated is less because of the low hydroperoxide 

amount present in the peroxyester. Given the heat sensitivity of both the alkyl 

hydroperoxide, and the peroxyester, the temperature must be carefully 

controlled during each phase of the production process. For this reason, batch 

and semi-batch processes have always been the favourite option for the 

industrial synthesis of PE. Most of the times, cooling jacket and coils alone are 

not sufficient for a proper control of the reactor temperature and the acid 

chloride must be slowly fed. However, the batch technology suffers from a series 

of limitations: scarce productivity, high holdups of dangerous organic peroxide 

and high operational costs. Also, the mixing is less intense and not 

homogeneous, leading to easier formation of stagnant zones and hot spots, 

which must be avoided during the handling of sensitive organic peroxides. 

These drawbacks could be eliminated by switching to an intensified continuous 

process. 

 

1.4. Scope of the project and structure of the thesis 

The goal of this PhD project was to intensify the production process of 

peroxyesters to make it safer, more efficient and economic. The study was 

conducted with peroxyesters because they are the most employed organic 

peroxides. However, the findings of this study can also be useful for the 
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synthesis of other classes of organic peroxides which have a similar production 

process.  

The main intensification strategies used were:  

 switching from a batch to a continuous process;  

 use of high-shear and high-gravity equipment to increase heat- and mass-

transfer;  

 catalysis;  

 use of harsher reaction conditions e.g. higher concentration and 

temperature. 

The most important and complex steps of the production process of 

peroxyesters were studied and intensified separately. They are PE synthesis, 

hydroperoxide reduction and final drying. The washing steps are simpler and 

vary depending on the PE. Therefore, they were excluded from this study.  

The strategy used to intensify the three process steps was similar. The 

reaction/extraction kinetics were first investigated in a continuous capillary 

microreactor [20]. This reactor was chosen because it is continuous, has a very 

small holdup and allows for a very good control of the reaction conditions. 

Kinetic models were developed and the kinetic parameters determined by 

fitting the experimental data. The knowledge and the kinetics obtained from the 

experiments in the microreactor were used to scale-up the process steps in the 

rotor-stator spinning-disc reactor or multistage spinning-disc extractor.  

The first two experimental chapters of the thesis, Chapters 2 and 3, concern the 

study of the peroxyester synthesis. Since there many peroxyesters, the choice 

was made to use tert-butyl peroxy ethylhexanoate (TBPEH) as model 

compound. In Chapter 2, TBPEH was synthesized in a continuous slug-flow 

microreactor. The effect of temperature, base type, reactants concentration, 

liquid-liquid interfacial area and slug-flow velocity on the reaction rate and 

product selectivity was investigated. Later on, different phase transfer catalysts 
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(PTC) [21] were added to the system to check how the reaction was affected and 

find the best ones. A kinetic model for both the uncatalyzed and the catalyzed 

peroxyesterification in the microreactor is presented. In Chapter 3, the 

synthesis of TBPEH was intensified using a three-stage rotor-stator spinning-

disc reactor. A kinetic study was performed with this reactor as well and the 

operating parameters were optimized to reach the highest reaction rate and 

product selectivity. Chapter 4 is about the intensification of the hydroperoxide 

reduction. A preliminary kinetic study was carried out in a slug-flow 

microreactor. The reaction was then scaled-up and intensified in the same rs-

SDR used for the TBPEH synthesis. A kinetic model for the hydroperoxide 

reduction was developed as well. Chapter 5 concerns the study of the 

peroxyester drying, the last step of the production process. The use of solid 

magnesium sulfate, as in the industrial batch process, can be an issue for a 

continuous process. Therefore, it was chosen to use a liquid desiccant [22]: a 

concentrated salt solution with low vapour pressure that is able to extract water 

from an organic liquid. The liquid-liquid drying was studied and optimized in a 

slug-flow microreactor at first and then scaled-up in a multistage spinning-disc 

extractor (MSDE). The influence of different operating parameters of the MSDE 

on the phase separation efficiency and water extraction kinetics was 

investigated. A thermodynamic model for the prediction of the equilibrium 

water content was developed and kinetic models for the water extraction in 

both the microreactor and MSDE were created. In the last chapter, Chapter 6, 

the main results and conclusions of the project are summarized. Suggestions are 

also given on the best intensification methods for each process step investigated 

and how to couple them together to create a continuous intensified process for 

the production of peroxyesters and other organic peroxides. 

  



 11 
 

 

References 

[1] D.C. Boffito, D. Fernandez‐Rivas, Process intensification connects scales 

and disciplines towards sustainability, Can. J. Chem. Eng. (2020) 1–18. 

https://doi.org/10.1002/cjce.23871. 

[2] J. Van Der Schaaf, J.C. Schouten, High-gravity and high-shear gas-liquid 

contactors for the chemical process industry, Curr. Opin. Chem. Eng. 1 

(2011) 84–88. https://doi.org/10.1016/j.coche.2011.08.005. 

[3] T. Grützner, D. Ziegenbalg, R. Güttel, Process Intensification - An 

Unbroken Trend in Chemical Engineering, Chemie Ing. Tech. 90 (2018) 

1823–1831. https://doi.org/10.1002/cite.201800032. 

[4] K. Boodhoo, A. Harvey, Process Intensification: An Overview of Principles 

and Practice, in: Process Intensif. Green Chem., John Wiley & Sons, Ltd, 

Chichester, UK, 2013: pp. 1–31. 

https://doi.org/10.1002/9781118498521.ch1. 

[5] D. Eimer, N. Eldrup, Process Intensification in a Business Context: 

General Considerations, in: Process Intensif. Green Chem., John Wiley & 

Sons, Ltd, Chichester, UK, 2013: pp. 355–367. 

https://doi.org/10.1002/9781118498521.ch13. 

[6] M. Meeuwse, S. Lempers, J. van der Schaaf, J.C. Schouten, Liquid−Solid 

Mass Transfer and Reaction in a Rotor−Stator Spinning Disc Reactor, Ind. 

Eng. Chem. Res. 49 (2010) 10751–10757. 

https://doi.org/10.1021/ie1003366. 

[7] M. Meeuwse, J. Van Der Schaaf, B.F.M. Kuster, J.C. Schouten, Gas – liquid 

mass transfer in a rotor – stator spinning disc reactor, Chem. Eng. Sci. 65 

(2010) 466–471. https://doi.org/10.1016/j.ces.2009.06.006. 

[8] F. Visscher, J. van der Schaaf, M.H.J.M. de Croon, J.C. Schouten, Liquid-



12 Introduction 
 

 

liquid mass transfer in a rotor-stator spinning disc reactor, Chem. Eng. J. 

185–186 (2012) 267–273. https://doi.org/10.1016/j.cej.2012.01.002. 

[9] M.M. de Beer, L. Pezzi Martins Loane, J.T.F. Keurentjes, J.C. Schouten, J. 

van der Schaaf, Single phase fluid-stator heat transfer in a rotor–stator 

spinning disc reactor, Chem. Eng. Sci. 119 (2014) 88–98. 

https://doi.org/10.1016/J.CES.2014.08.008. 

[10] J. Van Der Schaaf, J.C. Schouten, High-gravity and high-shear gas-liquid 

contactors for the chemical process industry, Curr. Opin. Chem. Eng. 1 

(2011) 84–88. https://doi.org/10.1016/j.coche.2011.08.005. 

[11] M. Meeuwse, Rotor-Stator Spinning Disc Reactor, 2011. 

https://doi.org/ISBN:978-90-386-2450-1. 

[12] F. Visscher, Liquid-liquid processes in spinning disc equipment door, 

2013. https://doi.org/10.6100/IR758245. 

[13] S. Jovic, Intensification of chlorine processing, Technische Universiteit 

Eindhoven, 2016. 

[14] A. Uhl, M. Bitzer, H. Wolf, D. Hermann, S. Gutewort, M. Völkl, I. Nagl, 

Peroxy Compounds, Organic, in: Ullmann’s Encycl. Ind. Chem., Wiley-VCH 

Verlag GmbH & Co. KGaA, Weinheim, Germany, 2018: pp. 1–45. 

https://doi.org/10.1002/14356007.a19_199.pub2. 

[15] J. Sanchez, T.N. Myers, Peroxides and Peroxide Compounds, Organic 

Peroxides, in: Kirk-Othmer Encycl. Chem. Technol., John Wiley & Sons, 

Inc., Hoboken, NJ, USA, 2000. 

https://doi.org/10.1002/0471238961.1518070119011403.a01. 

[16] A. Azzawi, H.-E. Mehesch, E. Von Zadow, S. Kirsch, B. Wormland, M. 

Sondermann, Method for the Production of Organic Peroxides by Means 

of a Microreactor Techniques, US Pat., US7968753B2, 2011. 



 13 
 

 

[17] D.W. Uday, R. Venkatram, Continuous Manufacture of Peroxyesters, US 

Pat., US4075236B1, 1978. 

[18] M. Lampe, T. Robinson, Method for Phase Transfer Synthesis of Organic 

Peroxides, US Pat., USO09550731B2, 2017. 

[19] L. Fritzsche, A. Knorr, Calorimetric study of peroxycarboxylic ester 

synthesis, J. Hazard. Mater. 163 (2009) 1403–1407. 

https://doi.org/10.1016/j.jhazmat.2008.07.032. 

[20] A. Ufer, M. Mendorf, A. Ghaini, D.W. Agar, Liquid/Liquid Slug Flow 

Capillary Microreactor, Chem. Eng. Technol. 34 (2011) 353–360. 

https://doi.org/10.1002/ceat.201000334. 

[21] C.M. Starks, C.L. Liotta, M.E. Halpern, Phase-Transfer Catalysts, in: Phase-

Trans. Catal., Springer Netherlands, Dordrecht, 1994: pp. 123–206. 

https://doi.org/10.1007/978-94-011-0687-0_4. 

[22] S. Jain, P.K. Bansal, Performance analysis of liquid desiccant 

dehumidification systems, Int. J. Refrig. 30 (2007) 861–872. 

https://doi.org/10.1016/j.ijrefrig.2006.11.013.        

 





 

2.  Kinetic study and modeling of the 

Schotten-Baumann synthesis of 

peroxyesters using phase-transfer 

catalysts in a capillary microreactor 

 

 

Abstract 

The kinetics of the synthesis of tert-butyl peroxy-2-ethylhexanoate were 

investigated in a capillary microreactor. TBPEH was synthesized from 2-

ethylhexanoyl chloride and tert-butyl hydroperoxide in the presence of a strong 

base, using the Schotten-Baumann method. The peroxyesterification reaction is 

always in competition with the unwanted acid chloride hydrolysis. The 

synthesis was carried out with and without a phase-transfer catalyst. The non-

catalyzed reaction showed a low rate, which could be incremented by 

increasing the temperature, the liquid-liquid interfacial area or by using KOH 

instead of NaOH as base. The peroxyesterification and hydrolysis rates 

increased with temperature. However, the use of KOH or the increase in 

interfacial area accelerated only the peroxyester formation, increasing the 

selectivity towards the desired product. 



16 Kinetic study and modelling of the peroxyester synthesis in a microreactor 
 

 

The addition of a PTC enhanced the peroxyesterification rate, without changing 

the hydrolysis rate. Among the screened PTCs, quaternary ammonium salts 

with longer alkyl chains gave the best performance, up to 25 times faster 

peroxyesterification. The rate increase was proportional to the PTC amount. 

The interfacial area had the same effect as in the non-catalyzed reaction. 

Because of the tremendous increase in the reaction speed due to the PTC, the 

rate increased with slug velocity. At low slug velocity the reactants in the thin 

liquid film surrounding the droplets in the capillary deplete and the 

peroxyesterification rate decreases. A reaction mechanism is proposed that 

explains the experimental observation. The corresponding kinetic model 

predicts the observed reaction rate with 10 % accuracy.  

2.1. Introduction 

Peroxyesters are important compounds mainly used as initiators for 

polymerization reactions and hardeners for resins. They are synthesized in the 

industry using the Schotten-Baumann procedure [1,2], which consists in the 

biphasic reaction between an acid chloride and an alkyl hydroperoxide under 

alkaline conditions [3]. The most commonly used bases are NaOH and KOH. The 

base deprotonates the alkyl hydroperoxide, making it a more reactive 

nucleophile.  

An example of a commercial peroxyester, whose synthesis was studied in the 

present work, is tert-butyl peroxy-2-ethylhexanoate (TBPEH). The reactions 

involved are reported in Fig. 1.  
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Figure 1. Main reactions of the Schotten-Baumann synthesis of TBPEH. 

The first reaction step is the deprotonation of tert-butyl hydroperoxide (TBHP) 

with the base (MOH) in the aqueous phase, a homogeneous and slightly 

exothermic reaction. The base is usually in excess with respect to TBHP, to 

ensure a high enough pH when the reaction has almost completed. Thanks to 

the TBHP acidity, the equilibrium is shifted to the right and most of the TBHP 

present in the aqueous phase is deprotonated. The alkali salt of TBHP (MTBP) 

further reacts with 2-ethylhexanoyl chloride (EHCl) to form TBPEH and a 

chloride salt (MCl). The reaction is biphasic with MTBP, MOH, MCl and some 

TBHP in the aqueous phase and EHCl, TBPEH and most of TBHP in the organic 

phase. The reaction between EHCl and TBHP is very slow and can be neglected. 

Previous research on the Schotten-Baumann reaction kinetics in batch reactors 

suggested that the reaction occurs in the organic phase after the transfer of the 

nucleophile (alcohol, diol, polyol, amine, hydroperoxide) from the aqueous 

phase [4–7]. Other authors reported for the benzoylation of nucleophiles such 

as acetate [8], benzoate [9], isobutyrate and p-toluate ions [10] that the reaction 

takes place in both phases. For the esterification of poly(vinyl alcohol)[11] it 
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was suggested that the reaction starts in the water phase and continues in the 

organic one as the partially esterified alcohol becomes more lipophilic. The 

reaction phase apparently depends on the physical and chemical properties of 

the system.  

Regarding the kinetic regime, there is agreement on the fact that a higher degree 

of agitation has beneficial effect on the process, suggesting the presence of 

mass-transfer limitations [4,9,12].  

The side reaction of the Schotten-Baumann method is the acid chloride 

hydrolysis. In our case, the byproducts formed are then 2-ethylhexanoic acid 

(EHA) and HCl, which are neutralized by the base. 

A fed-batch process is still the most employed way to manufacture peroxyesters 

in industry, although few examples of continuous processes exist [13,14]. In the 

fed-batch process, the reactor is pre-charged with water, TBHP and the base. 

EHCl is then carefully dosed to control the reaction temperature and the pH. The 

reaction temperature must be strictly controlled to avoid the peroxides 

decomposition and the subsequent yield loss or, in worst cases, runaway 

phenomena that could lead to severe incidents. Switching to a continuous 

process has the advantages of a better temperature control and lower liquid 

holdup, increasing the safety of the process. Moreover, a continuous process is 

usually more economic than batch processes.  

The goal of this work was to study the kinetics of the Schotten-Baumann 

synthesis of TBPEH to better elucidate its mechanism, to understand the effect 

of different parameters on the reaction rate and selectivity, and to develop a 

kinetic model. The acquired information is valuable to assess the feasibility of a 

continuous industrial process and for its design and optimization. Moreover, 

the findings of this work provide useful insights regarding the Schotten-

Baumann method in general. 
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The kinetic study was performed in a capillary slug-flow microreactor to have a 

very tight temperature control and well defined and measurable liquid-liquid 

interfacial area [15].  The influence of the following parameters on the reaction 

rate was investigated: type of base, reactants concentration, temperature, and 

liquid-liquid interfacial area.  

The synthesis of the peroxyesters tert-butyl peroxypivalate and TBPEH has 

already been studied using continuous capillary microreactors [16–21]. The 

aim of these works was mainly to intensify the reaction by applying higher 

temperatures and increase interphase contact and mixing. The higher 

turbulence was achieved by using orifices, ultrasound, or micro-structured 

capillaries, and typically resulted in an acceleration of the reaction. However, a 

detailed kinetic investigation is missing. 

In the current work the reaction was also carried out in the presence of a phase-

transfer catalyst (PTC). PTCs are molecules able to accelerate the rate of liquid-

liquid interfacial reactions [22]. Two different categories of PTCs were tested: 

quaternary ammonium salts and crown ethers [23]. Both of them react with 

MTBP to form a new ion pair which has a higher affinity with the organic phase 

and/or a higher reactivity [24]. 

With the experimental results, we elucidate here the reaction mechanism and 

develop a corresponding kinetic model for the peroxyesterification with and 

without PTC.  

2.2. Experimental 

2.2.1.   Materials 

2-Ethylhexanoyl chloride and 2-ethylhexanoic acid were purchased from TCI 

Europe. tert-Butyl hydroperoxide (70 wt% solution in water) and isododecane 

(IDD, 80 % mixture of isomers) were ordered from Alfa Aesar. Sodium and 

potassium hydroxide were purchased as 10 N and 8 N solutions by HACH and 
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AMRESCO respectively. The phase transfer catalysts 18-crown-6 (18-C-6), 15-

crown-5 (15-C-5), tetrabutylammonium chloride (TBACl), 

tetrabutylammonium bromide (TBABr), tetrabutylammonium 

hydrogensulphate (TBAHS), methyltributhylammonium chloride (MTBACl) 

and benzyltriethylammonium chloride (TEBACl) were purchased from Sigma 

Aldrich. 

TBPEH, needed for the HPLC calibration, was synthesized with the Schotten-

Baumann method and purified [25]. The aqueous phase was prepared by dosing 

the 70 wt% TBHP aqueous solution into a round-bottom flask containing a 

concentrated KOH solution while stirring. Water was then added to adjust the 

concentration to the desired value: 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

 = 2.30 M, 𝐶𝐾𝑂𝐻
𝑎𝑞

 = 2.65 M. The desired 

amount of aqueous phase was poured into another round-bottom flask kept 

under agitation and cooled with an ice bath. EHCl was dosed into the flask, 

adjusting the dosing rate to keep the reactor temperature below 40 °C. The 

initial aqueous to organic volume ratio was 𝐴𝑂 = 2.76, needed to have a 10 % 

molar excess of TBHP with respect to EHCl. The total liquid volume was 40 mL. 

After the EHCl addition, the reaction mixture was stirred for 4 hours. The 

organic phase was separated and washed once with a 5 wt% sodium carbonate 

solution, three times with deionized water and dried over anhydrous 

magnesium sulfate. The purity of the product, measured by HPLC, was 99 wt %.  



 21 
 

 

2.2.2.   Experimental setup 

 

Figure 2. Schematic representation of the slug-flow capillary microreactor set-up. 

The experimental microreactor set-up is depicted in Fig. 2. The aqueous phase 

was prepared separately in batch by the addition of TBHP, MOH and, when used, 

the PTC, and allowed to cool down. This solution and the organic phase made 

of EHCl, pure or diluted with IDD, were fed separately with two syringe pumps 

Chemyx Fusion 500 and mixed in a PEEK T-junction before entering the 

reaction capillary. The flowrates of the two phases were selected so that a 

regular and stable slug-flow regime was always present in the reactor capillary. 

All the capillaries were immersed in a thermostatic bath for precise 

temperature control. Both feed lines had a metal coil (𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 

𝑂𝐷𝑐𝑎𝑝 = 1.59 x 10-3 m, 𝐿𝑐𝑎𝑝 = 50 x 10-2 m) to ensure that the two phases reached 

the desired temperature before entering the reaction capillary. The reaction 

capillaries were made of PFA, 𝑂𝐷𝑐𝑎𝑝  = 1.59 x 10-3 m and 𝐼𝐷𝑐𝑎𝑝  ranging from 

0.50 x 10-3 to 1.00 x 10-3 m.  

For the interfacial area measurement, pictures of the slug-flow were taken 

using a digital camera Nikon Coolpix A900. For a better visualization, the 

organic phase was dyed with Lumogen Red F 305, a dye inert towards the 

species present in the system. A ruler was used as reference length to measure 

the geometry of the slug by image analysis with the IC Measure software. One 

of the slug-flow pictures taken is reported in Fig. 3. 
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Figure 3. A picture of the slug-flow used to determine 𝐿𝑝, 𝐿𝑓 and ℎ. Bright red = organic 

phase, transparent = aqueous phase. 

The slug-flow characteristics varied in each experiment as a function of AO and 

𝐼𝐷𝑐𝑎𝑝. For all other parameters (residence time, slug-flow velocity, temperature 

or PTC amount), it was verified that the change in this parameter did not affect 

the slug-flow geometry and regularity. 

2.2.3.   Samples preparation and analysis 

The aqueous phase of the reaction mixture coming out from the reaction 

capillary contained MTBP, small amounts of TBHP, MOH, MCl, PTC (when used) 

and most of the EHA carboxylate. The organic phase contained the EHCl, TBPEH, 

most of the TBHP and part of the EHA carboxylate. 

After waiting for at least two residence times to ensure steady state, a 2 mL 

sample of the biphasic reaction mixture was collected in a beaker previously 

filled with 25 mL of deionized water and 25 mL of cyclohexane. The volume of 

collected reaction mixture was indirectly measured from the sampling time, 

knowing the total volumetric flowrate in the reaction capillary. When the 

reaction mixture dripped in the beaker the organic phase mixed with the 

cyclohexane layer, while the aqueous phase mixed with the deionized water 

layer. Since the collecting beaker was not mixed, the interfacial area and mass-

transfer between the two liquid layers in it were very low. Together with the 

instantaneous dilution this ensured the complete stop of the reaction. After the 

sample collection the content of the beaker was poured into a separation funnel. 

The aqueous phase was collected in a 100 mL volumetric flask, diluted to 100 
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mL with deionized water and analyzed by HPLC. The organic layer was 

collected in another volumetric flask, diluted to 100 mL with methanol and 

analyzed with the same instrument.  

By diluting the cyclohexane layer with methanol, EHCl was completely 

converted to methyl-2-ethylhexanoate, which was measured by HPLC. The acid 

chloride cannot be injected directly into the HPLC column because it could react 

with the eluent and the stationary phase, giving inaccurate and irreproducible 

results. 

The HPLC Shimadzu UFLC XR was equipped with a CBM-20A controller, two LC-

20AD XR pumps, SIL-20AC XR autosampler, CTO-20AC column oven and a SPD-

M20AD diode array detector. An Agilent ZORBAX SB-C18, 4.6 x 250 mm, 5 μm 

column was used. The eluent consisted in a mixture of water (19 vol%) and 

methanol (81 vol%) with 0.01 M phosphoric acid. The latter was added to 

ensure the protonation of all the analytes and avoid double peaks in the 

chromatogram. During each analysis the composition of the eluent was kept 

constant. The eluent flowrate was 1 mL/min and the injection volume 5 μL. A 

diode array detector was used and the chromatograms were acquired at a 

wavelength of 210 nm. The concentrations of EHCl, TBPEH and EHA in both the 

organic and aqueous samples were determined. 

2.2.4.   Calculation of conversion and yields 

By knowing the concentrations of the reactants and products in the samples, the 

sampling time, the sampling procedure and the properties of the microreactor 

feeds, it was possible to calculate the molar flowrates of EHCl, TBPEH and EHA 

at the outlet of the microreactor. 

From the inlet and outlet molar flowrates, the conversion of EHCl (𝑋𝐸𝐻𝐶𝑙), yield 

of TBPEH (𝑌𝑇𝐵𝑃𝐸𝐻), yield of EHA (𝑌𝐸𝐻𝐴) and selectivity of TBPEH (𝑆𝑇𝐵𝑃𝐸𝐻) were 

calculated as: 
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 𝑋𝐸𝐻𝐶𝑙 = 
�̇�𝐸𝐻𝐶𝑙
𝑖𝑛 −�̇�𝐸𝐻𝐶𝑙

𝑜𝑢𝑡

�̇�𝐸𝐻𝐶𝑙
𝑖𝑛 ∙ 100 (1) 

 𝑌𝑇𝐵𝑃𝐸𝐻 =
�̇�𝑇𝐵𝑃𝐸𝐻
𝑜𝑢𝑡

�̇�𝐸𝐻𝐶𝑙
𝑖𝑛 ∙ 100 (2) 

  𝑆𝑇𝐵𝑃𝐸𝐻 =
𝑌𝑇𝐵𝑃𝐸𝐻

𝑋𝐸𝐻𝐶𝑙
∙ 100 (3) 

 

 𝑌𝐸𝐻𝐴 =
�̇�𝐸𝐻𝐴
𝑜𝑢𝑡

�̇�𝐸𝐻𝐶𝑙
𝑖𝑛 ∙ 100 (4) 

It follows that 𝑋𝐸𝐻𝐶𝑙 must be equal to the sum of 𝑌𝑇𝐵𝑃𝐸𝐻 and 𝑌𝐸𝐻𝐴 to satisfy the 

mole balance of the species. 

2.2.5.   TBHP concentration measurements 

Measurements were performed to check the partition of TBHP and MTBP 

between the aqueous and organic phase of the reaction mixture. Unfortunately 

it was not possible to use EHCl as organic phase because of its high reactivity. 

Ethyl hexanoate was used instead because of its similar structure and physical 

properties. An aqueous phase with the desired concentration of TBHP and MOH 

was prepared, mixed with ethyl hexanoate and stirred. To measure the TBHP 

and MTBP concentration into the organic phase the stirring was interrupted, 

the two phases allowed to separate and 1 mL of organic phase was withdrawn 

and injected into the HPLC column after diluting it 10 times with methanol. The 

HPLC analysis parameters were the same as those reported in paragraph 2.2.3. 

Because of the acidic eluent it was not possible to distinguish between TBHP 

and MTBP. For each measurement, samples were taken at different mixing 

times: 1 min, 5 min, 10 min and 30 min. It was found that the equilibrium 

concentration of TBHP in ethyl hexanoate was already reached after one minute.
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2.3. Kinetic study 

2.3.1.   Kinetic study without phase-transfer catalysts 

2.3.1.1.  Effect of base type 

The Schotten-Baumann peroxyesterification can be carried out using different 

bases. The most employed ones in the industry are NaOH and KOH. TBPEH was 

synthesized in the microreactor using both bases. The EHCl conversion, TBPEH 

yield and EHA yield obtained with each base are reported in Fig. 4.  Samples 

were taken at different residence times. The same reaction capillary was used 

and the residence time was increased by lowering the inlet flowrates of the 

organic and aqueous phases.  

 

Figure 4. Reaction EHCl + TBHP using (a) NaOH and (b) KOH as base. Experimental 

conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 2.15 M in IDD, 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.00 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, 𝐴𝑂 = 1.18,  

𝑇𝑅 = 298 K, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝐿𝑐𝑎𝑝 = 4.00 m, capillary material: PFA. 

From the observation of Fig. 4 it is evident that the peroxyesterification is much 

faster with KOH, while the hydrolysis rate is the same of that obtained with 

NaOH. The TBPEH yield at 𝜏 = 750 s is 10 % for NaOH and 30 % with KOH. The 

TBPEH selectivity can thus be increased by using KOH. 

If the reaction would take place in the organic phase after the migration of MTBP 

from the aqueous phase into the organic phase and its subsequent reaction with 
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EHCl, the cause for the higher reactivity obtained with KOH could be a higher 

solubility of KTBP than NaTBP in the organic phase. Bacause of its lower charge 

density K+ is a softer cation than Na+ and this can make the KTBP ion pair more 

soluble in apolar media like EHCl[26]. To investigate this possibility, 

measurements were performed as described in paragraph 2.2.5. One aqueous 

solution of NaTBP and one of KTBP, with the same concentrations used for the 

experiments of Fig. 4 (𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

 = 2.00 M, 𝜙𝑇𝐵𝐻𝑃  = 1.10, 𝜙𝑀𝑂𝐻  = 1.15), were 

prepared. Each solution was mixed with ethyl hexanoate and stirred. The ratio 

of the aqueous over organic phase volume was 1.18. Table 1 provides the results 

of these experiments. 

Table 1. TBHP + MTBP into the organic phase. 

Aqueous phase 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

 𝜙𝑀𝑂𝐻 Organic phase AO 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑜𝑟𝑔,𝑒𝑞

 

TBHP + NaOH solution 2.00 1.15 ethyl hexanoate 1.18 0.58 ± 0.04 

TBHP + KOH solution 2.00 1.15 ethyl hexanoate 1.18 0.61 ± 0.04 

 

It is apparent from these results that a large amount of TBHP and/or MTBP is 

present in the organic phase at equilibrium. Unfortunately, the analytical 

method cannot differentiate between TBHP and MTBP, but it is believed that 

the amount of MTBP is very low compared to the protonated form. TBHP has a 

high solubility in organic compounds, as proved by the availability of 

commercial solutions of 5.0 – 6.0 M TBHP in decane. On the other hand, NaTBP 

and KTBP are salts which prefer to stay in the aqueous phase. This assumption 

is corroborated by the fact that a very similar compound, potassium tert-

butoxide, has a low solubility in apolar organic solvents: 0.27 wt% in hexane, 

2.27 wt% in toluene and 4.34 wt% in ether at 298 K[27].  Even if the 

concentration of KTBP in the organic phase is higher than the concentration of 

NaTBP, it cannot be seen from this experiment because the amounts are very 

low compared to the amount of TBHP. 
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Another reason for the higher reactivity of KTBP might be the higher activity of 

the peroxide ion [22]. K+ is bigger than Na+ and this translates to a higher 

interionic distance in the ion pair KTBP. The higher distance decreases the 

activation energy of the ion pair, making it more reactive. 

2.3.1.2. Effect of interfacial area 

A common characteristic of many liquid-liquid reactions is their rate 

dependence on the interfacial area. The influence of it can be easily checked by 

carrying out the reaction in capillaries with different inner diameters: the 

smaller the inner diameter, the higher the interfacial area 𝑎 [28,29].  

The reaction was carried out in three capillaries with the same length and 

different 𝐼𝐷𝑐𝑎𝑝: 0.50 x 10-3 m, 0.75 x 10-3 m and 1.00 x 10-3 m. The results are 

compared in Fig. 5. The measured values of 𝑎 are provided in the figure caption. 
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Figure 5. Reaction EHCl + NaTBP carried out in different capillaries: (a) 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 

10-3 m, a = 2211 m2/m3; (b) 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, a = 3034 m2/m3; (c) 𝐼𝐷𝑐𝑎𝑝 = 0.50 x 10-3 

m, a = 4939 m2/m3 . Experimental conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 2.15 M in IDD, 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.00 M, 

𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 1.18,  𝑇𝑅 = 298 K, 𝐿𝑐𝑎𝑝 = 4.00 m, capillary material: PFA. 

As expected, the peroxyester yield increased with interfacial area, while the 

hydrolysis rate was not influenced. At 𝜏 = 750 s,  𝑌𝑇𝐵𝑃𝐸𝐻 goes from 6 % in the 

capillary with 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 10-3 m to 11 % in the capillary with 𝐼𝐷𝑐𝑎𝑝 = 0.50 x 

10-3.  

2.3.1.3. Effect of reactants concentration 

An obvious way to accelerate the reaction is to increase the reactants 

concentration. The reaction EHCl + NaTBP was carried out at different 

residence times using pure EHCl and a slightly higher concentration of TBHP 

and NaOH in the aqueous phase: 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑀𝑂𝐻 = 1.15. The results are 

illustrated in Fig. 6. 
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Figure 6. Reaction EHCl + NaTBP at higher reactant concentrations. Experimental 

conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 2.76,  

𝑇𝑅 = 298 K, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝐿𝑐𝑎𝑝 = 4.00 m, capillary material: PFA, a = 3638 m2/m3. 

The peroxyesterification yield obtained in Fig. 6 is greater than the one shown 

in Fig. 4(a). This yield increase is a direct consequence of the more concentrated 

reactants but is also due to a higher liquid-liquid interfacial area. Since the EHCl 

concentration was increased more than the TBHP one, a greater AO ratio was 

needed to keep the same 𝜙𝑇𝐵𝐻𝑃 = 1.1, leading to an increase of the liquid-liquid 

interfacial area.  Also the hydrolysis appears to be slightly accelerated by the 

higher concentration of reactants, but not as much as the peroxyesterification. 

2.3.1.4. Effect of temperature 

Another commonly used parameter to speed up the reaction is the temperature. 

Care must be taken with increasing temperature when working with organic 

peroxides. Operating at a temperature above the self-accelerating 

decomposition temperature (SADT) of an organic peroxide could lead to its 

decomposition and a subsequent yield loss or, in the worst case, dangerous 

runaway phenomena [30]. For this reason, the maximum temperature 

investigated was 328 K. Samples were taken at different temperatures and a 

constant residence time. The other experimental conditions were the same as 

those used in the experiment of Fig. 6. 



30 Kinetic study and modelling of the peroxyester synthesis in a microreactor 
 

 

 

Figure 7. Effect of temperature on the reaction EHCl + NaTBP. Experimental conditions: 

𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 2.76, 𝜏 = 300 s, 

𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝐿𝑐𝑎𝑝 = 4.00 m, capillary material: PFA, a = 3638 m2/m3. 

Fig. 7 shows that an increase in temperature leads to higher 

peroxyesterification and hydrolysis rates. The selectivity is not affected by 

temperature, meaning that both reactions are accelerated the same amount and 

would be convenient to work at higher temperature to increase the productivity. 

However, a yield of EHA of 10% obtained at 𝑋𝐸𝐻𝐶𝑙 = 60 % is unacceptable for 

the industrial process and it is necessary to find solutions to suppress the 

hydrolysis.  

2.3.2.   Kinetic study without phase-transfer catalysts 

The peroxyesterification between EHCl and TBHP is a slow reaction. We 

observed a significant effect of the counter-ion of the base: KOH shows a higher 

reaction rate than NaOH because of its higher charge distribution. An even 

better result is therefore expected with the addition of a phase-transfer catalyst 

(PTC). In the following section all the results obtained whith PTC are reported. 

2.3.2.1. Effect of phase-transfer catalyst type 

A very small amount of phase transfer catalyst is usually enough to have a 

substantial increase in reaction rate. Therefore, only 2 meq of PTC with respect 
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to TBHP (𝜙𝑃𝑇𝐶  = 0.2%) were used. The following PTCs were tested: 18-crown-

6 (18-C-6), 15-crown-5 (15-C-5), tetrabutylammonium chloride (TBACl), 

tetrabutylammonium bromide (TBABr), tetrabutylammonium hydrogen 

sulphate (TBAHS), methyltributylammonium chloride (MTBACl), 

triethylbenzylammonium chloride (TEBACl). The reaction was carried out with 

each PTC and samples were taken at a residence time of 20 s, as shown in Fig. 8. 

In the same figure also the reaction without PTC is reported for comparison. 

 

Figure 8. Effect of different phase transfer catalysts on the reaction EHCl + NaTBP. 

Experimental conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 

1.15, 𝜙𝑃𝑇𝐶 = 2.00 x 10-3, AO = 2.76, 𝜏 = 20 s, 𝑇𝑅 = 298 K, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝐿𝑐𝑎𝑝 = 25.00 

x 10-2 m, capillary material: PFA, a = 3638 m2/m3. 

The two crown ethers 18-C-6 and 15-C-5 were chosen because of their known 

ability to transfer ion pairs containing Na+ and K+ respectively from the aqueous 

phase to the organic one[23]. However, they had no influence on the 

peroxyesterification rate. The other PTCs investigated were quaternary 

ammonium salts with different substituents on the cation and/or different 

counter-anions. Among them, TEBACl was the most polar because of its smaller 

organic substituents. Due to its high polarity, TEBACl had a very little effect. On 

the other hand, the less polar ammonium salts had a huge influence on the 

reaction rate, with a peroxyester yield of 20 % in 20 s of residence time. Without 

PTC almost no product was formed after 20 s. MTBACl performed slightly worse 
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than the tetrabutylammonium salts, probably because of its slightly higher 

polarity due to the substitution of a butyl group with a methyl moiety. The anion 

associated with the tetrabutylammonium cation (Cl-, Br- or HSO4-) did not affect 

the catalytic activity. The hydrolysis was not influenced by the PTC. As can be 

seen from Fig. 8 almost no EHA was produced and the TBPEH selectivity is very 

high. Based on the results of the PTCs screening it was decided to use TBACl for 

further experiments. 

2.3.2.2. Effect of phase transfer catalyst amount 

The reaction was carried out using different amounts of TBACl, from 𝜙𝑃𝑇𝐶  = 1.0 

x 10-3 to 𝜙𝑃𝑇𝐶  = 1.0 x 10-2. For each amount of PTC employed, the conversion 

and yield were measured at the same residence time. The results are displayed 

in Fig. 9. 

 

Figure 9. Effect of TBACl amount on the reaction EHCl + NaTBP. Experimental 

conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, 𝜙𝑃𝑇𝐶 = 2.0 

x 10-3, AO = 2.76, 𝜏 = 50 s, 𝑇𝑅 = 298 K, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝐿𝑐𝑎𝑝 = 1.00 m, capillary 

material: PFA, a = 3638 m2/m3. 

From the observation of Fig. 9 it can be seen that the reaction rate increases 

with the PTC amount but seems to level off at higher PTC concentrations. 
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2.3.2.3. Effect of interfacial area and slug-flow velocity 

The effect of interfacial area was investigated also for the catalyzed reaction in 

the same way described in paragraph 2.3.1.2, using a PTC amount of 𝜙𝑃𝑇𝐶  = 8.0 

x 10-3. The results are visible in Fig. 10, which clearly shows that the reaction 

rate increases with the interfacial area. 

 

Figure  10. Effect of liquid-liquid interfacial area on the reaction EHCl + NaTBP + TBACl. 

(a) 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 10-3 m, a = 2758 m2/m3; (b) 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, a = 3638 m2/m3; (c) 

𝐼𝐷𝑐𝑎𝑝 = 0.50 x 10-3 m, a = 5125 m2/m3. Experimental conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 

𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, 𝜙𝑃𝑇𝐶 = 2.0 x 10-3, AO = 2.76,  𝑇𝑅 = 298 K, 𝐿𝑐𝑎𝑝 

= 25.00 x 10-2 m, capillary material: PFA. 

It is interesting to observe that, especially for the two capillaries with 𝐼𝐷𝑐𝑎𝑝 = 

1.00 x 10-3 m and 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3, 𝑌𝑇𝐵𝑃𝐸𝐻 increases very slowly or not at all 

for residence times higher than 30 s. Since the residence time was increased by 

lowering the total liquid flowrate, the velocity decreased with it and this could 
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be the cause for the reaction deceleration. This hypothesis was verified by 

carrying out the reaction at different slug-flow velocities while keeping the 

residence time constant by changing the capillary length. It was verified a priori 

that in the velocity range investigated the slug-flow was always regular and its 

geometry, including the interfacial area, did not change. The results are shown 

in Fig. 11.  

 

Figure  11. Effect of the slug-flow velocity on the reaction EHCl + NaTBP + TBACl. 

Experimental conditions: 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛

= 5.77 M (pure), 𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

 = 2.30 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 

1.15, 𝜙𝑃𝑇𝐶 = 8.0 x 10-3, AO = 2.76, 𝜏 = 40 s, 𝑇𝑅 = 298 K, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, variable 𝐿𝑐𝑎𝑝, 

capillary material: PFA, a = 3638 m2/m3. 

In the 0 m/s < 𝑣 < 1 x 10-2 m/s region the peroxyester yield decreases with the 

decrease in slug-flow velocity, while 𝑣 does not have any effect above 1 x 10-2 

m/s. Since the mass-transfer coefficient increases with the velocity for 

heterogeneous reactions in capillary microreactors [28,31], one could argue 

that mass-transfer limitations are present until 𝑣 = 1 x 10-2 m/s and thereafter 

the peroxyesterification is in the full kinetic regime. If this was the case it would 

be difficult to explain the results of Fig. 10. For all the plots of this figure, a slug-

flow velocity of 𝑣 = 1.25 x 10-2 m/s and 𝑣 = 2.50 x 10-2 m/s corresponds to the 

residence times of 20 s and 30 s respectively. The reaction should then be in the 

kinetic regime and the conversion and yield the same for all the plots, even if 

the interfacial area is different, but this is not the case. This proves that the 
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reaction is not affected by the slug-flow velocity as a consequence of mass-

transfer limitations.  

2.3.3.   Discussion 

To explain the experimental results the following kinetic mechanism was 

proposed. It assumes that the peroxyesterification takes place only in the 

organic phase boundary layer after the mass transfer of MTBP into it and no 

reaction occurs in the organic phase bulk. It is also assumed that the mass 

transfer of MTBP from the aqueous phase bulk to the liquid-liquid interface is 

an order of magnitude faster than the kinetic rate and thus negligible, and that 

the concentration of EHCl does not drop appreciably in the organic phase 

boundary layer. The schemes of the reaction mechanism and the concentration 

profiles of MTBP and EHCl are reported in Fig. 12 and 13.  

 

Figure  12. Scheme of the proposed kinetic mechanism. 
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Figure  13. Concentration profiles of MTBP, TBATBP and EHCl. 

The resulting peroxyesterification rate for this mechanism is[32]: 

  𝑅𝑃𝐸 = √𝐾𝑝,𝑀𝑇𝐵𝑃
𝑒𝑞 2

𝒟𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

𝑘𝑃𝐸𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

 (5) 

The faster reaction obtained with KTBP can be explained by the higher 

solubility of KTBP in the organic phase and/or by the more activated KTBP 

anion, as discussed in paragraph 2.3.1.1. The higher the solubility, 𝐾𝑝,𝑀𝑇𝐵𝑃
𝑒𝑞

 and 

the anion activation, the higher 𝑘𝑃𝐸  in Eq. 5. When a PTC, e.g. TBACl, is added, 

an ion exchange equilibrium between MTBP and the PTC is established in the 

aqueous phase. The new ion pair TBATBP has probably a much higher solubility 

in the organic phase, accelerating the peroxyesterifcation. If the quaternary 

ammonium cation is not apolar enough, e.g. TEBACl or crown ethers, the new 

ion pair is marginally more soluble in the organic phase and the catalytic action 

lower.  

The PTC additionally affects the anion activity [24]. Na+, K+ and the 

triethylbenzylammonium cation from TEBACl are accessible cations with a 

strong electrostatic bond with the anion. In quaternary ammonium cations with 

longer alkyl chains, such as MTBACl and TBACl, the positive charge is more 

shielded by the bulky organic substituents and less accessible to the anion, 

leading to an increase of the intrinsic reaction rate. 

The proposed peroxyesterification mechanism agrees well with the 

experimental results because the mass-transfer does not influence the overall 

reaction rate of Eq. 5 and 28, while the peroxyesterification rate is still directly 

proportional to the interfacial area.  

The effect of slug-flow velocity shown in Fig. 11 is explained by the phenomenon 

of film depletion [33]. In the slug-flow regime, a thin liquid film of continuous 

phase is present between the dispersed phase droplets and the capillary inner 

wall. This film has a major contribution to the liquid-liquid interfacial area. The 
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thickness and the length of the film can vary depending on the physical 

properties of the system and the capillary geometry. The thickness is usually in 

the range of 2 – 35 % of 𝐼𝐷𝑐𝑎𝑝 [34]. Since the film in our case is very thin and 

close to the capillary wall it can be considered effectively stagnant. If the film is 

very thin and the reaction fast, part of or all the reactants in the film are 

consumed before the film is refreshed. Consequently, only part of the interfacial 

area in the film contributes to the reaction and the conversion is bounded. The 

extent of film depletion depends on the film contact time with the droplet. The 

higher 𝐿𝑓  and the lower 𝑣, the higher the contact time and the film depletion. 

This explains the effect of the slug-flow velocity observed in Fig. 10 and Fig. 11. 

In the experiment presented in Fig. 9, the slug-flow velocity was equal to 𝑣 = 2 

x 10-2 𝑚/𝑠 for all the experimental points, meaning that there was no effect of 

this parameter on the reaction rate because it was outside the range in which 

the film depletion occurs. Also, for all the reactions carried out without PTC no 

effect of the slug-flow velocity on the reaction rate is present. The reason is that 

the non-catalyzed peroxyesterification is much slower and the film depletion 

does not occur at any velocity tested.  

Concerning the acid chloride hydrolysis it was shown that this reaction is only 

influenced by the temperature and acid chloride concentration, suggesting a 

bulk reaction in the kinetic regime in which the acid chloride and/or the water 

and base migrate to the other liquid phase, where the hydrolysis takes place. 

The reason behind the slow hydrolysis is the very low solubility of EHCl in the 

aqueous phase, and water and the base in the organic phase. In Fig. 12 the EHCl 

hydrolysis with water and base is assumed to take place in the bulk of the 

aqueous phase only for simplicity. However, it could also occur in the organic 

phase after the migration of the water and/or the base. 
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2.4. Reactor model 

With the experimental information acquired it was possible to develop a kinetic 

model for the Schotten-Baumann peroxyesterification between EHCl and TBHP 

in the capillary microreactor, with and without PTC. Since TBACl was used for 

most of the experiments, this PTC will be considered in the model description. 

The model is based on the kinetic mechanism explained in the previous 

paragraph. The assumptions made are: 

a) total liquid flowrate in the microreactor does not change during the 

reaction; 

b) acid chloride hydrolysis is a bulk reaction under full kinetic regime, 

assumed to take place in the aqueous phase; 

c) acid chloride hydrolysis with water is neglected because it is much slower 

than the hydrolysis with the base, given the high pH of the aqueous phase 

[35]; 

d) TBHP is distributed between the aqueous and organic phase; 

e) TBHP is deprotonated by the base in the bulk of the aqueous phase; 

f) when TBACl is present, MTBP undergoes an ion-exchange with it in the 

bulk of the aqueous phase to form TBATBP; 

g) partial equilibrium assumption is considered for points d), e), f); 

h) peroxyesterification only takes place in the boundary layer of the organic 

phase; 

i) concentration of EHCl does not drop significantly in the organic phase 

boundary layer; 

j) physical properties of the organic and aqueous phase do not change 

during the reaction. 
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The reactions considered in the model are listed below. 

Partition of TBHP between aqueous and organic phase: 

 𝑇𝐵𝐻𝑃(𝑎𝑞) 

𝑘𝑝,𝑇𝐵𝐻𝑃
⇄ 

𝑘𝑝−1,𝑇𝐵𝐻𝑃

𝑇𝐵𝐻𝑃(𝑜𝑟𝑔) (6) 

 𝑅𝑝,𝑇𝐵𝐻𝑃 = 𝑘𝑝,𝑇𝐵𝐻𝑃𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

  (7) 

 𝑅𝑝−1,𝑇𝐵𝐻𝑃 = 𝑘𝑝−1,𝑇𝐵𝐻𝑃𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔

  (8) 

Deprotonation of TBHP in the aqueous phase: 

 𝑇𝐵𝐻𝑃(𝑎𝑞) +𝑀𝑂𝐻(𝑎𝑞) 

𝑘𝑑
⇄
𝑘𝑑−1

𝑀𝑇𝐵𝑃(𝑎𝑞) + 𝐻2𝑂 (9) 

 𝑅𝑑 = 𝑘𝑑𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

𝐶𝑀𝑂𝐻
𝑎𝑞

  (10) 

 𝑅𝑑−1 = 𝑘𝑑−1𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

 (11) 

Ion exchange between MTBP and TBACl: 

 𝑀𝑇𝐵𝑃(𝑎𝑞) + 𝑇𝐵𝐴𝐶𝑙(𝑎𝑞)

𝑘𝑖𝑒
⇄ 
𝑘𝑖𝑒−1

𝑇𝐵𝐴𝑇𝐵𝑃(𝑎𝑞) +𝑀𝐶𝑙(𝑎𝑞) (12) 

 𝑅𝑖𝑒 = 𝑘𝑖𝑒𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

𝐶𝑇𝐵𝐴𝐶𝑙
𝑎𝑞

 (13) 

 𝑅𝑖𝑒−1 = 𝑘𝑖𝑒−1𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑎𝑞

𝐶𝑀𝐶𝑙
𝑎𝑞

 (14) 

The kinetic constants of the backward reactions of Eq. 6, 9 and 12 were 

expressed as the ratio of the forward kinetic constant over the equilibrium 

constant: 

 𝑘𝑝−1,𝑇𝐵𝐻𝑃 = 𝑘𝑝,𝑇𝐵𝐻𝑃/𝐾𝑝,𝑇𝐵𝐻𝑃
𝑒𝑞

 (15) 

 𝑘𝑑−1 = 𝑘𝑑/𝐾𝑑
𝑒𝑞

 (16) 

 𝑘𝑖𝑒−1 = 𝑘𝑖𝑒/𝐾𝑖𝑒
𝑒𝑞

 (17) 
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Since 𝑝𝐾𝑤  and 𝑝𝐾𝑎,𝑇𝐵𝐻𝑃  are known from the literature and equal to 14 and 

12.69 respectively, 𝐾𝑑
𝑒𝑞

 can be calculated: 

 𝐾𝑑
𝑒𝑞
= 10−𝑝𝐾𝑎,𝑇𝐵𝐻𝑃 10−𝑝𝐾𝑤⁄  (18) 

𝐾𝑝,𝑇𝐵𝐻𝑃
𝑒𝑞

 was estimated from the solubility experiments reported in Table 1, 

assuming that 𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔

= 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

 due to the very low solubility of MTBP in 

the organic phase. 

Since TBHP and MTBP are present in the aqueous phase, both the TBHP 

partition and deprotonation equilibria have to be considered simultaneously to 

estimate the value of 𝐾𝑝
𝑒𝑞

. This was done by setting up a system of equations 

containing the TBHP and MOH mole balances, TBHP partition equilibria and 

TBHP deprotonation equilibria: 

 

{
 
 

 
 
𝑛𝑇𝐵𝐻𝑃
𝑖𝑛 = (𝐶𝑇𝐵𝐻𝑃

𝑎𝑞
+ 𝐶𝑀𝑇𝐵𝑃

𝑎𝑞
)𝑉𝑎𝑞 + 𝐶𝑇𝐵𝐻𝑃

𝑜𝑟𝑔
𝑉𝑜𝑟𝑔

𝑛𝑀𝑂𝐻
𝑖𝑛 = (𝐶𝑀𝑂𝐻

𝑎𝑞
+ 𝐶𝑀𝑇𝐵𝑃

𝑎𝑞
)𝑉𝑎𝑞

𝐾𝑝,𝑇𝐵𝐻𝑃
𝑒𝑞

= 𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔

𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

⁄

𝐾𝑑
𝑒𝑞
= 𝐶𝑀𝑇𝐵𝑃

𝑎𝑞
(𝐶𝑀𝑂𝐻

𝑎𝑞
𝐶𝑇𝐵𝐻𝑃
𝑎𝑞

)⁄

 (19) 

The system was solved for different values of 𝐾𝑝
𝑒𝑞

 until the calculated 𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔

 

matched the experimental value shown in Table 1. The fitted 𝐾𝑝
𝑒𝑞

 was equal to 

7.5. The fact that the partition coefficient was determined using ethyl hexanoate 

as organic phase can lead to a certain error in the model, but unfortunately it is 

not possible to accurately determine the partition coefficient using the reactive 

EHCl. 

𝐾𝑖𝑒
𝑒𝑞

 was fitted to the experimental data. To satisfy the partial equilibrium 

assumption 𝑘𝑝,𝑇𝐵𝐻𝑃 , 𝑘𝑑  and 𝑘𝑖𝑒 were set very high, all equal to 1x103. 

Partition of MTBP between the aqueous and organic phase: 

 𝑀𝑇𝐵𝑃(𝑎𝑞) 

𝑘𝑝,𝑀𝑇𝐵𝑃
⇄ 

𝑘𝑝−1,𝑀𝑇𝐵𝑃

𝑀𝑇𝐵𝑃(𝑜𝑟𝑔) (20) 
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 𝑅𝑝,𝑀𝑇𝐵𝑃 = 𝑘𝑝,𝑀𝑇𝐵𝑃𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

 (21) 

 𝑅𝑝−1,𝑀𝑇𝐵𝑃 = 𝑘𝑝−1,𝑀𝑇𝐵𝑃𝐶𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

 (22) 

Partition of TBATBP between the aqueous and organic phase: 

 𝑇𝐵𝐴𝑇𝐵𝑃(𝑎𝑞) 

𝑘𝑝,𝑇𝐵𝐴𝑇𝐵𝑃
⇄ 

𝑘𝑝−1,𝑇𝐵𝐴𝑇𝐵𝑃

𝑇𝐵𝐴𝑇𝐵𝑃(𝑜𝑟𝑔) (23) 

 𝑅𝑝,𝑇𝐵𝐴𝑇𝐵𝑃 = 𝑘𝑝,𝑇𝐵𝐴𝑇𝐵𝑃𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑎𝑞

 (24) 

 𝑅𝑝−1,𝑇𝐵𝐴𝑇𝐵𝑃 = 𝑘𝑝−1,𝑇𝐵𝐴𝑇𝐵𝑃𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑜𝑟𝑔

 (25) 

Uncatalyzed peroxyesterification in the organic phase film: 

 𝐸𝐻𝐶𝑙(𝑜𝑟𝑔) +𝑀𝑇𝐵𝑃(𝑜𝑟𝑔)

𝑘𝑃𝐸
⟶ 𝑇𝐵𝑃𝐸𝐻(𝑜𝑟𝑔) +𝑀𝐶𝑙(𝑎𝑞)  (26) 

Considering the kinetic mechanism proposed, the resulting rate equation for the 

non-catalyzed peroxyesterification is [32]: 

 𝑅𝑃𝐸 = √𝐾𝑝,𝑀𝑇𝐵𝑃
𝑒𝑞 2

𝒟𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

𝑘𝑃𝐸𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

 (5) 

Catalyzed peroxyesterification in the organic phase film: 

  𝐸𝐻𝐶𝑙(𝑜𝑟𝑔) + 𝑇𝐵𝐴𝑇𝐵𝑃(𝑜𝑟𝑔)

𝑘𝑃𝐸,𝑐𝑎𝑡
⟶ 𝑇𝐵𝑃𝐸𝐻(𝑜𝑟𝑔) + 𝑇𝐵𝐴𝐶𝑙(𝑎𝑞) (27) 

The rate equation has the same form as the one used for the non-catalyzed 

reaction: 

 𝑅𝑃𝐸,𝑐𝑎𝑡 = √𝐾𝑝,𝑇𝐵𝐴𝑇𝐵𝑃
𝑒𝑞 2

𝒟𝑇𝐵𝐴𝑇𝐵𝑃
𝑜𝑟𝑔

𝑘𝑃𝐸,𝑐𝑎𝑡𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑎𝑞

 (28) 

𝐾𝑝,𝑀𝑇𝐵𝑃
𝑒𝑞

 and 𝐾𝑝,𝑇𝐵𝐴𝑇𝐵𝑃
𝑒𝑞

 are the partition coefficients of MTBP and TBATBP: 

 𝐾𝑝,𝑀𝑇𝐵𝑃
𝑒𝑞

= 𝐶𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

𝐶𝑀𝑇𝐵𝑃
𝑎𝑞

⁄  (29) 

 𝐾𝑝,𝑇𝐵𝐴𝑇𝐵𝑃
𝑒𝑞

= 𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑜𝑟𝑔

𝐶𝑇𝐵𝐴𝑇𝐵𝑃
𝑎𝑞

⁄  (30) 
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Since the partition coefficients, diffusion coefficients, and kinetic constants of 

Eq. 5 and 28 are not known, their product was considered as one apparent 

kinetic constant: 𝑘𝑃𝐸
∗ = 𝐾𝑝,𝑀𝑇𝐵𝑃

𝑒𝑞 2
𝒟𝑀𝑇𝐵𝑃
𝑜𝑟𝑔

𝑘𝑃𝐸  and 𝑘𝑃𝐸,𝑐𝑎𝑡
∗ =

𝐾𝑝,𝑇𝐵𝐴𝑇𝐵𝑃
𝑒𝑞 2

𝒟𝑇𝐵𝐴𝑇𝐵𝑃
𝑜𝑟𝑔

𝑘𝑃𝐸,𝑐𝑎𝑡 .   

EHCl alkaline hydrolysis: 

 𝐸𝐻𝐶𝑙(𝑎𝑞) +𝑀𝑂𝐻(𝑎𝑞)

𝑘𝐻𝐵
⟶ 𝐸𝐻𝐴(𝑎𝑞) +𝑀𝐶𝑙(𝑎𝑞) (31) 

 𝑅𝐻𝐵 = 𝑘𝐻𝐵
∗ 𝐶𝑀𝑂𝐻

𝑎𝑞
𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

 (32) 

The assumption is that the hydrolysis takes place in the aqueous phase, due to 

the presence of a very small amount of dissolved acid chloride. Since the 

hydrolysis is in the kinetic regime, 𝐶𝐸𝐻𝐶𝑙
𝑎𝑞

 is constant. 𝐶𝐸𝐻𝐶𝑙
𝑎𝑞

 can be related to 

𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

 using the partition coefficient 𝐾𝑝,𝐸𝐻𝐶𝑙
𝑒𝑞

: 

 𝐶𝐸𝐻𝐶𝑙
𝑎𝑞

= 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔

𝐾𝑝,𝐸𝐻𝐶𝑙
𝑒𝑞

⁄  (33) 

The hydrolysis kinetic constant 𝑘𝐻𝐵
∗  of Eq. 32 is a combination of the true kinetic 

constant 𝑘𝐻𝐵 and the partition coefficient: 

 𝑘𝐻𝐵
∗ = 𝑘𝐻𝐵 𝐾𝑝,𝐸𝐻𝐶𝑙

𝑒𝑞⁄  (34) 

An analogous expression to Eq. 32 would be obtained if the hydrolysis took take 

place in the organic phase after dissolving MOH in it.  

Neutralization of the EHA with the base: 

 𝐸𝐻𝐴(𝑎𝑞) +𝑀𝑂𝐻(𝑎𝑞)

𝑘𝑛
⟶ 𝑀𝐸𝐻(𝑎𝑞) +𝐻2𝑂 (35) 

 𝑅𝑛 = 𝑘𝑛𝐶𝑀𝑂𝐻
𝑎𝑞

𝐶𝐸𝐻𝐴
𝑎𝑞

 (36) 

To take the effect of temperature into account, the apparent kinetic constants of 

the two peroxyesterifications and the hydrolysis can be expressed with 
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Arrhenius equations. It is assumed that the main temperature dependence 

comes from the intrinsic kinetic constants 𝑘𝑃𝐸 , 𝑘𝑃𝐸,𝑐𝑎𝑡  and 𝑘𝐻𝐵  and they also 

include the temperature influence on the partition coefficients and phase 

equilibria: 

 𝑘𝑃𝐸
∗ = 𝐴𝑃𝐸

∗ 𝑒−
𝐸𝑎,𝑃𝐸
∗

𝑅𝑇  (37) 

 𝑘𝑃𝐸,𝑐𝑎𝑡
∗ = 𝐴𝑃𝐸,𝑐𝑎𝑡

∗ 𝑒−
𝐸𝑎,𝑃𝐸,𝑐𝑎𝑡
∗

𝑅𝑇  (38) 

 𝑘𝐻𝐵
∗ = 𝐴𝐻𝐵

∗ 𝑒−
𝐸𝑎,𝐻𝐵
∗

𝑅𝑇  (39) 

The constants fitted with the model were 𝐾𝑖𝑒
𝑒𝑞

, 𝐴𝐻𝐵
∗ , 𝐸𝑎,𝐻𝐵

∗ , 𝐴𝑃𝐸
∗ , 𝐸𝑎,𝑃𝐸

∗ , 𝐴𝑃𝐸,𝑐𝑎𝑡
∗  and 

𝐸𝑎,𝑃𝐸,𝑐𝑎𝑡
∗ .  

To take the phenomenon of film depletion into account, a new modeling 

approach was used. The computational domain considered was the unit cell 

shown in yellow and light blue in Fig. 14.  

 

Figure 14. Schematic representation of the unit cell: the computational domain used for 

the kinetic model. 

The volume of the domain was divided in three main parts, as in Fig. 14: 

 aqueous phase droplet (light blue); 

 organic phase film (yellow), consisting of the hollow cylinder around the 

droplet; 

 organic phase plug (yellow), consisting of the total volume of organic 

phase minus the film volume around the droplet. 
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It is assumed that the unit cell moves along the capillary at the slug-flow velocity 

𝑣 . The mole balances of each element of fluid of the unit cell can thus be 

integrated from time 0 to the desired residence time used for the experiments. 

To represent the fact that in reality the film is stagnant and the droplet slides 

along it at the velocity 𝑣, as discussed in Paragraph 2.3.3, an internal flow going 

across the film from the right side of the plug to the left side is introduced and 

depicted in Fig. 14. 

The aqueous phase droplet was regarded as a perfectly mixed batch reactor 

where the hydrolysis of EHCl occurs. The plug, consisting of both left and right 

parts, was considered a perfectly mixed CSTR with an outflow entering the 

organic film and an inflow coming from the organic film. The film was assumed 

a PFR with an inflow from the right plug part and an outflow to the left plug part. 

The volumetric inflow, equal to the outflow, is equal to the product of the slug-

flow velocity and the area of the film cross section. The peroxyesterification 

takes place in both the plug and the film in the boundary layer close to the 

liquid-liquid interface. The droplet and the plug are approximated as ideally 

mixed reactors because of the strong recirculation patterns present in them. To 

represent the film as a PFR in the model, it was divided in 20 CSTRs of equal 

volume. 

The compounds, their concentrations and reaction rates vary in each part of the 

unit cell. To distinguish them, a superscript indicating the unit cell zone is used. 

The superscript 𝑓𝑖 stands for CSTR number 𝑖 of the film (with 𝑖 = 1, …, 20), 𝑓𝑡𝑜𝑡 

for the entire film, 𝑝 for plug, 𝑑 for droplet, 𝑐 for caps and 𝑢𝑐 for the entire unit 

cell. 

The mole balances of the kinetic model are reported below. TBPEH and EHCl 

are present only in the organic phase, consisting of the film and the plug. The 

mole balance of EHCl in the aqueous phase is neglected because of its very low 

solubility. TBHP is distributed between the two phases and all the other 

components are present only in the aqueous phase droplet. 
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The mole balances of EHCl, TBPEH and TBHP in each CSTR of the film are: 

 

𝑑𝑁𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑓1

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑝
− 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑓1 − (𝑅𝑃𝐸
𝑓1 + 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑓1 )𝑎𝑓1𝑉𝑢𝑐

⋮
𝑑𝑁𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑓𝑛

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑓𝑛−1 − 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑓𝑛 − (𝑅𝑃𝐸

𝑓𝑛 + 𝑅𝑃𝐸,𝑐𝑎𝑡
𝑓𝑛 )𝑎𝑓𝑛𝑉𝑢𝑐

 (40) 

 

𝑑𝑁𝑇𝐵𝑃𝐸𝐻
𝑜𝑟𝑔,𝑓1

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑝
− 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑓1 + (𝑅𝑃𝐸
𝑓1 + 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑓1 )𝑎𝑓1𝑉𝑢𝑐

⋮
𝑑𝑁𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑓𝑛

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑓𝑛−1 − 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻
𝑜𝑟𝑔,𝑓𝑛 + (𝑅𝑃𝐸

𝑓𝑛 + 𝑅𝑃𝐸,𝑐𝑎𝑡
𝑓𝑛 )𝑎𝑓𝑛𝑉𝑢𝑐

 (41) 

 

𝑑𝑁𝑇𝐵𝐻𝑃
𝑜𝑟𝑔,𝑓1

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑝
− 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑓1 + (𝑅𝑝,𝑇𝐵𝐻𝑃
𝑑 − 𝑅𝑝−1,𝑇𝐵𝐻𝑃

𝑓1 )𝑎𝑓1𝑉𝑢𝑐

⋮
𝑑𝑁𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑓𝑛

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑓𝑛−1 − 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔,𝑓𝑛 + (𝑅𝑝,𝑇𝐵𝐻𝑃

𝑑 − 𝑅𝑝−1,𝑇𝐵𝐻𝑃
𝑓𝑛 )𝑎𝑓𝑛𝑉𝑢𝑐

 (42) 

Mole balances of EHCl, TBPEH and TBHP in the plug: 

 
𝑑𝑁𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑝

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑓𝑛 − 𝑆𝑓𝑣𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑝

− (𝑅𝑃𝐸
𝑝
+ 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑝
)𝑎𝑐𝑉𝑡𝑜𝑡 − 𝑅𝐻𝐵

𝑝
𝑉𝑑 (43) 

 
𝑑𝑁𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑝

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑓𝑛 − 𝑆𝑓𝑣𝐶𝑇𝐵𝑃𝐸𝐻
𝑜𝑟𝑔,𝑝

+ (𝑅𝑃𝐸
𝑝
+ 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑝
)𝑎𝑐𝑉𝑡𝑜𝑡 (44) 

 
𝑑𝑁𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑝

𝑑𝜏
= 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃

𝑜𝑟𝑔,𝑓𝑛 − 𝑆𝑓𝑣𝐶𝑇𝐵𝐻𝑃
𝑜𝑟𝑔,𝑝

+ (𝑅𝑝,𝑇𝐵𝐻𝑃
𝑑 − 𝑅𝑝−1,𝑇𝐵𝐻𝑃

𝑝
)𝑎𝑐𝑉𝑢𝑐 (45) 

To simplify the model it is assumed that only the EHCl present in the plug, where 

its concentration is homogeneous, is consumed by the acid chloride hydrolysis. 

This assumption is valid since the volume of the film is negligible compared to 

the volume of the plug. 

Mole balances of TBHP and the remaining species in the aqueous phase droplet: 

 
𝑑𝑁𝑇𝐵𝐻𝑃

𝑎𝑞,𝑑

𝑑𝜏
= (∑ 𝑅𝑝−1

𝑓𝑖𝑛
𝑖=0 𝑎𝑓𝑖 + 𝑅𝑝−1

𝑝
𝑎𝑐)𝑉𝑢𝑐 + (𝑅𝑑−1

𝑑 − 𝑅𝑑
𝑑)𝑉𝑑 (46) 

  
𝑑𝑁𝑀𝑂𝐻

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑑−1

𝑑 − 𝑅𝑑
𝑑 − 𝑅𝐻𝐵

𝑑 − 𝑅𝑛
𝑑)𝑉𝑑 (47) 
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𝑑𝑁𝑀𝑇𝐵𝑃

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑑

𝑑 − 𝑅𝑑−1
𝑑 + 𝑅𝑖𝑒−1

𝑑 − 𝑅𝑖𝑒
𝑑 )𝑉𝑑 − (∑ (𝑅𝑃𝐸

𝑓𝑖 + 𝑅𝑃𝐸,𝑐𝑎𝑡
𝑓𝑖 )𝑛

𝑖=0 𝑎𝑓𝑖 +

(𝑅𝑃𝐸
𝑝
+ 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑝
)𝑎𝑐)𝑉𝑢𝑐  (48) 

 
𝑑𝑁𝑇𝐵𝐴𝐶𝑙

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑖𝑒−1

𝑑 − 𝑅𝑖𝑒
𝑑 )𝑉𝑑 + (∑ (𝑅𝑃𝐸

𝑓𝑖 + 𝑅𝑃𝐸,𝑐𝑎𝑡
𝑓𝑖 )𝑛

𝑖=0 𝑎𝑓𝑖 + (𝑅𝑃𝐸
𝑝
+

𝑅𝑃𝐸,𝑐𝑎𝑡
𝑝

)𝑎𝑐)𝑉𝑢𝑐  (49) 

 
𝑑𝑁𝑇𝐵𝐴𝑇𝐵𝑃

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑖𝑒

𝑑 − 𝑅𝑖𝑒−1
𝑑 )𝑉𝑑 − (∑ (𝑅𝑃𝐸

𝑓𝑖 + 𝑅𝑃𝐸,𝑐𝑎𝑡
𝑓𝑖 )𝑛

𝑖=0 𝑎𝑓𝑖 + (𝑅𝑃𝐸
𝑝
+

𝑅𝑃𝐸,𝑐𝑎𝑡
𝑝

)𝑎𝑐)𝑉𝑢𝑐  (50) 

 
𝑑𝑁𝐸𝐻𝐴

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝐻𝐵

𝑑 − 𝑅𝑛
𝑑)𝑉𝑑 (51) 

  
𝑑𝑁𝑀𝐸𝐻

𝑎𝑞,𝑑

𝑑𝜏
= 𝑅𝑛

𝑑𝑉𝑑 (52) 

𝑑𝑁𝑀𝐶𝑙
𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑖𝑒

𝑑 − 𝑅𝑖𝑒−1
𝑑 + 𝑅𝐻𝐵

𝑑 )𝑉𝑎𝑞 + (∑ (𝑅𝑃𝐸
𝑓𝑖 + 𝑅𝑃𝐸,𝑐𝑎𝑡

𝑓𝑖 )𝑛
𝑖=0 𝑎𝑓𝑖 + (𝑅𝑃𝐸

𝑝
+

𝑅𝑃𝐸,𝑐𝑎𝑡
𝑝

)𝑎𝑐)𝑉𝑢𝑐  (53) 

 
𝑑𝑁𝐻2𝑂

𝑎𝑞,𝑑

𝑑𝜏
= (𝑅𝑑

𝑑 − 𝑅𝑑−1
𝑑 + 𝑅𝑛

𝑑)𝑉𝑑 (54) 

To account for the variation of the organic and aqueous phase volumes, due to 

the density changes, a volume balance equation of the organic phase plug was 

added. It was assumed that only the volume of the plug and the droplet changes, 

but the length and volume of the film, therefore the specific interfacial area, stay 

constant. It follows that the volume balance equation for the organic phase 

coincides with the volume balance of the plug: 

 
𝑑𝑉𝑝

𝑑𝜏
=

1

𝜌𝑇𝐵𝑃𝐸𝐻
(
𝑑𝑁𝑇𝐵𝑃𝐸𝐻

𝑜𝑟𝑔,𝑝

𝑑𝜏
+∑

𝑑𝑁𝑇𝐵𝑃𝐸𝐻
𝑜𝑟𝑔,𝑓𝑖

𝑑𝜏

𝑛
𝑖=0 ) −

1

𝜌𝐸𝐻𝐶𝑙
(
𝑑𝑁𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝑝

𝑑𝜏
+∑

𝑑𝑁𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑓𝑖

𝑑𝜏

𝑛
𝑖=0 ) (55) 

The assumption of constant total liquid flowrate translates to a constant liquid 

volume of the unit cell during the reaction. Since 𝑉𝑢𝑐, 𝑉𝑓𝑡𝑜𝑡 and 𝑉𝑝 are known it 

is possible to calculate the variation of the droplet volume 𝑉𝑑  during the 

reaction. 
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The values of 𝑎𝑓,𝑡𝑜𝑡,  𝑎𝑐 , 𝑉𝑓𝑡𝑜𝑡 , 𝑉𝑝 and 𝑉𝑑, which are inputs for the model, were 

calculated knowing the geometry of the slug: 𝐿𝑓 , 𝐿𝑝, 𝛿𝑓, ℎ and 𝐼𝐷𝑐𝑎𝑝. The values 

of 𝐿𝑓 , 𝐿𝑝  and ℎ  were determined from the image analysis of the slug-flow 

pictures, as shown in Fig. 3. Since the film thickness 𝛿𝑓  is in the order of 

micrometers, it was not possible to measure it from the pictures and it was 

estimated using the modified Taylor’s Law for liquid-liquid flows in the visco-

capillary regime[34]:  

 
𝛿𝑓

𝑅𝑐𝑎𝑝
=

1.34𝐶𝑎
2
3

1+1.34(1.6𝐶𝑎
2
3)

 (56) 

The viscosity of the organic phase 𝜇𝑜𝑟𝑔 and interfacial tension 𝜎 are required to 

calculate the capillary number. Since the viscosity of EHCl is not available in 

literature, the viscosity of a similar substance, hexanoyl chloride, was used 

instead. It is equal to 9.7 x 10-4 Pa∙s at 𝑇 = 298 K. The interfacial tension between 

the aqueous phase and EHCl could not be measured directly, since EHCl would 

react. Instead, ethyl hexanoate was chosen as inert organic phase. The aqueous 

phase used for the measurement was the same used for the experiment of Fig. 

10 and 11. The interfacial tension was measured with the pendant drop method 

using a contact angle goniometer Dataphysics OCA 25, giving a value of 

interfacial tension 𝜎 = 6.35 x 10-3 N/m. 

The interfacial areas per unit of volume of the film, the caps and the unit cell 

were calculated as follows: 

 𝑎𝑓,𝑡𝑜𝑡 = 2𝜋(𝑅𝑐𝑎𝑝 − 𝛿𝑓)𝐿𝑓 𝑉𝑈𝐶⁄  (57) 

 𝑎𝑐 = 2𝜋(𝑅𝑐𝑎𝑝
2 + ℎ2) 𝑉𝑈𝐶⁄  (58) 

 𝑎 = 𝑎𝑐 + 𝑎𝑓,𝑡𝑜𝑡 (59) 

The volume of the droplet consists of the sum of the volumes of the cylinder 

with height 𝐿𝑓  and the caps: 
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 𝑉𝑑 = 𝜋(𝑅𝑐𝑎𝑝 − 𝛿𝑓)
2
𝐿𝑓 +

1

3
𝜋ℎ(3𝑅𝑐𝑎𝑝

2 + ℎ2) (60) 

The plug volume is equal to the difference between the volume of the cylinder 

with height 𝐿𝑝 and the volume of the two caps:   

 𝑉𝑝 = 𝜋𝑅𝑐𝑎𝑝
2 𝐿𝑝 −

1

3
𝜋ℎ(3𝑅𝑐𝑎𝑝

2 + ℎ2) (61) 

The volume of the film was calculated as: 

 𝑉𝑓,𝑡𝑜𝑡 = 𝜋𝛿𝑓𝐿𝑓(2𝑅𝑐𝑎𝑝 − 𝛿𝑓) (62) 

To model the film as a PFR it was divided in a number 𝑛 = 20 of CSTRs. The 

specific interfacial area and the volume of each CSTR was equal to the specific 

interfacial area and volume of the film divided by the number of CSTR: 

 𝑎𝑓𝑖 = 𝑎𝑓,𝑡𝑜𝑡 𝑛⁄  (63) 

 𝑉𝑓𝑖 = 𝑉𝑓,𝑡𝑜𝑡 𝑛⁄  (64) 

The model was implemented in Matlab® and the function ODE23s was used to 

solve the material balances. To fit the kinetic parameters an objective function 

was created and minimized using the Matlab® function Lsqcurvefit. 

2.5. Results and discussion 

At first, the parameters 𝑘𝐻𝐵
∗  and 𝑘𝑃𝐸

∗  were fitted using the experimental results 

depicted in Fig. 4a. Those experiments used NaOH as base without the addition 

of PTC. Since the reaction was carried out at a constant temperature of 25 ℃ it 

was not possible to determine the Arrhenius parameters for the 

peroxyesterification and the hydrolysis. The kinetic constants 𝑘𝐻𝐵
∗  and 𝑘𝑃𝐸

∗  at 

𝑇 = 25℃ were fitted directly. Using these values as initial starting point, the 

results at every single temperature of Fig. 7 were fitted separately to obtain 𝑘𝐻𝐵
∗  

and 𝑘𝑃𝐸
∗  at each experimental temperature. These values were used to build two 

Arrhenius plots, one for the peroxyesterification and one for the hydrolysis, and 
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determine 𝐴𝐻𝐵
∗ , 𝐸𝑎,𝐻𝐵

∗ , 𝐴𝑃𝐸
∗ , 𝐸𝑎,𝑃𝐸

∗ . To increase the accuracy, the parameters 

determined from the Arrhenius plots were used as starting points to fit the 

experimental points of Fig. 7 together. The fit is shown in the same figure and 

the values of the fitted parameters are listed in Table 2.  

Table 2. Fitted kinetic parameters for the peroxyesterification and hydrolysis with 

NaOH as base, with and without PTC. 

Parameter Value  

𝐴𝐻𝐵
∗ , 𝐿𝑚𝑜𝑙−1𝑠−1 4.940 x 106 ± 2.205 x 104  

𝐸𝑎,𝐻𝐵
∗ , 𝐽𝑚𝑜𝑙−1 6.322 x 104 ± 9.433 x 102  

𝐴𝑃𝐸
∗ , 𝐿3𝑚𝑜𝑙−1𝑚−4𝑠−2 7.348 x 1011 ± 5.230 x 109  

𝐸𝑎,𝑃𝐸
∗ , 𝐽𝑚𝑜𝑙−1 1.199 x 105 ± 6.469 x 102  

𝐾𝑖𝑒
𝑒𝑞
, − 1.473 x 10-4 ± 2.017 x 10-5  

𝑘𝑃𝐸,𝑐𝑎𝑡
∗ , 𝐿3𝑚𝑜𝑙−1𝑚−4𝑠−2 9.375 x 105 ± 9.378 x 102  

 

The results depicted in Fig. 5 and 6 were predicted using the model and the 

determined parameters. The predictions are reported in the same figures as 

continuous lines.  

The remaining parameters of Table 2, 𝐾𝑖𝑒
𝑒𝑞

 and 𝑘𝑃𝐸,𝑐𝑎𝑡
∗ , needed when a PTC is 

present, were fitted using the results shown in Fig. 9, showing conversion and 

yield for different TBACl amounts. Due to lack of experimental data at different 

temperatures for the phase-transfer catalyzed reaction, it was not possible to 

determine the Arrhenius parameters of the peroxyesterification. Hence 𝑘𝑃𝐸,𝑐𝑎𝑡
∗  

was fitted at 25 ℃ . The fitting is also depicted in Fig. 9. As discussed in 

Paragraph 2.3.2.3, the slug-flow velocity does not influence the reaction rate in 

the experiments reported in Fig. 4 to Fig. 9. This is either because the reaction 

rate is too low or because the slug-flow velocity is not low enough. On the other 

hand, in the experiments reported in Fig. 10 and 11 the slug-flow velocity has 

an impact on the peroxyesterification rate. 
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The experiment reported in Fig. 11 was modelled using the kinetic parameters 

previously fitted. The result is represented by the dotted line in Fig. 11. While 

the data at higher velocities are predicted well, the model only shows a very 

slight decrease of reaction rate with a decrease of the slug-flow velocity. One 

possible explanation is that the film thickness calculated by the modified 

Taylor’s Law of Eq. 56 is higher than the actual film thickness. To verify this 

hypothesis, the numerical coefficient 1.34 of Eq. 56 was treated as an unknown 

parameter and fitted to the experimental data of Fig. 11. The new equation for 

the film thickness with the fitted parameters is: 

 
𝛿𝑓

𝑅𝑐𝑎𝑝
=

0.15𝐶𝑎
2
3

1+0.15(1.66𝐶𝑎
2
3)

 (65) 

The fitting is reported in the same figure with a solid line. The better agreement 

obtained using Eq. 65 is due to the lower value of the calculated 𝛿𝑓, which is 

circa eight times lower than the thickness calculated by Eq. 56. A comparison 

between the film thicknesses obtained with the two equations is provided in Fig. 

15. 

 

Figure 15. Comparison of the calculated film thicknesses obtained with Eq. 56 and 65, 

based on the experimental conditions shown in Fig. 11. 

Another explanation for the mismatch between the model using Eq. 56 and 

experimental data could be an inefficient film refreshment. Even if the film 
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thickness is predicted well by the modified Taylor’s Law with the original 

parameters, the mixing inside the plug and/or the droplet at low slug-flow 

velocities could be not as good as expected, causing a poor refreshment of the 

film. If this was the case, it would be wrong to approximate the plug and the 

droplet as two perfectly mixed stirred tanks at every slug-flow velocity.  

To model the data shown in Fig. 10 film thicknesses were calculated using Eq. 

65. The match between the model and experimental data is very good for the 

capillaries with 𝐼𝐷𝑐𝑎𝑝 equal to 0.75 x 10-3 m and 1.00 x 10-3 m. For the smallest 

capillary used, 𝐼𝐷𝑐𝑎𝑝 = 0.50 x 10-3 m, the prediction is still good, however, there 

is a slight overestimation of conversion (X) and yield (Y).  

The only experiment where KOH was used as base is reported in Fig. 4b. No PTC 

was used. Conversion and yield were measured as a function of the residence 

time at a fixed temperature. Therefore, it was not possible to determine the 

Arrhenius parameters, only 𝑘𝑃𝐸
∗ . Since the hydrolysis is not affected by the base 

used, the previously fitted values of 𝐴𝐻𝐵
∗  and 𝐸𝑎,𝐻𝐵

∗  were used in the model. The 

fitted 𝑘𝑃𝐸
∗  is reported in Table 3. 

Table 3. Fitted kinetic parameters for the peroxyesterification and hydrolysis with KOH 

as base, without PTC. 

Parameter Value 

𝐴𝐻𝐵
∗ , 𝐿𝑚𝑜𝑙−1𝑠−1 4.940 x 106 ± 2.205 x 104 

𝐸𝑎,𝐻𝐵
∗ , 𝐽𝑚𝑜𝑙−1 6.322 x 104 ± 9.433 x 102 

𝑘𝑃𝐸
∗ , 𝐿3𝑚𝑜𝑙−1𝑚−4𝑠−2 5.744 x 10-5 ± 1.602 x 10-6 

 

The adequacy of the model prediction can be seen from the parity plot showed 

in Fig. 16. 
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Figure 16. Comparison of the predicted and experimental conversion and yields. 

It can be observed that the scatter of the data around the parity line is uniform, 

meaning that it is caused by a random noise. The distance of the points from the 

parity line seems to be the same over the entire range of conversion and yield. 

The absolute error is thus constant, while the relative error decreases with the 

increase of X and Y. For X and Y greater than 20% the relative error is small and 

most of the predicted values lie within ± 10% of the experimental data. This 

behavior can be caused by the presence of a constant and random experimental 

error, which gives the same absolute deviation at every experimental X and Y 

value. To have a better fitting of the model parameter is thus advisable to use 

experiments for which the conversion and yields are higher than 20%. This 

criteria was met because the experimental data used for the fitting in this work 

are those showed in Fig. 7 and 9. 

2.6. Conclusions 

The biphasic Schotten-Baumann peroxyesterification between EHCl and TBHP 

was carried out in a continuous slug-flow microreactor. It was found that the 

peroxyesterification is not very fast, probably because of the low reactivity of 

EHCl due to its long alkyl chain and an ethyl group in the α position with respect 

to the carbonyl carbon that might cause a steric hindrance. The hydrolysis of 

the acid chloride is slower than the peroxyesterification. In view of the use of a 
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continuous reactor for the industrial synthesis of TBPEH, it would be advisable 

to accelerate the peroxyesterification and limit the hydrolysis. It was found that 

increasing the temperature accelerates both reactions, which is unwanted. In 

order to increase the TBPEH formation only, three solutions have been 

identified: use of KOH instead of NaOH as base, increase in interfacial area and 

use of an appropriate phase transfer catalyst. The last had the biggest impact. 

The hydrolysis is not affected by the liquid-liquid interfacial area because it is 

probably in the kinetic regime and takes place in the bulk of one, or both, the 

liquid phases. It was determined that the phase-transfer catalyzed 

peroxyesterification is affected by the slug-flow velocity for 0 < 𝑣 < 1.2 x 10-2 

ms−1, even if the reaction rate is influenced by the interfacial area at any slug-

flow velocity. This situation suggested a kinetic mechanism in which the 

peroxyesterification occurs only in the boundary layer of the organic phase and 

the concentrations of MTBP or TBATBP and EHCl do not drop in the boundary 

layers of the aqueous and organic phase respectively, as represented in Fig. 12 

and 13. The corresponding peroxyesterification rate expression is thus 

dependent on the specific interfacial area, but not on mass-transfer. The effect 

of flow velocity can be explained with the phenomena of the film depletion, 

which occurs only when the peroxyesterification is very fast and the slug-flow 

velocity is low. 

The higher reaction rate with KOH can be explained by a higher solubility of 

KTBP with respect to NaTBP. Another explanation could be that the tert-butyl 

peroxide anion is more activated in KTBP thanks to the lower interaction with 

the bigger K+ cation. The same phenomena can also explain the effect of the 

phase transfer catalyst. Thanks to the large organic part of the PTC cation, the 

tert-butyl peroxide anions linked to them are more soluble in the organic phase 

and probably also more activated.  

The kinetic model was implemented in Matlab® and its parameters fitted to the 

experimental results. The film depletion was taken into account in the model. 
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The use of the original modified Taylor’s Law to estimate the film thickness did 

not show a dependence on the slug-flow velocity. However, by modifying the 

equation in order to get a thinner film, the effect of the slug-flow velocity could 

be represented well by the model. This indicates that either the original 

modified Taylor’s Law is not applicable for the system studied or that the film 

refreshment is not efficient at low velocities. The calculated values obtained 

with the model match the experimental data quite well and most of the 

calculated values lie within ± 10% of the corresponding experimental data. 

This work provides a deeper understanding of the kinetics of the Schotten-

Baumann synthesis of tert-butyl peroxy-2-ethylhexanoate and shows the effect 

of different operating parameters on the peroxyesterification and hydrolysis 

rates. Together with the proposed kinetic model, the synthesis of TBPEH and 

similar compounds can be optimized. Furthermore, the findings presented and 

the methodology can be generalized for the Schotten-Baumann synthesis of 

other compounds. 

  



 55 
 

 

Nomenclature 

Latin symbols 

𝐼𝐷𝑐𝑎𝑝  inner capillary diameter, m 

𝑅𝑐𝑎𝑝  inner capillary radius, m 

𝑂𝐷𝑐𝑎𝑝  outer capillary diameter, m 

𝐿𝑐𝑎𝑝  capillary length, m 

𝐴𝑂  aqueous to organic phase volumetric flowrate ratio, 𝑉𝑎𝑞𝑉𝑜𝑟𝑔−1, - 

𝐶  concentration, mol L-1 

𝑉  volume, L 

𝑁  moles, mol 

�̇�  molar flowrate, mol s-1 

𝐿𝑝  length of the organic phase plug, m 

𝐿𝑓   length of the organic phase film, m 

ℎ  radius of the aqueous phase droplet caps, m 

𝑇  temperature, K 

𝑎  interfacial area per unit of reactor volume, m2 LR
−1 

𝑋  conversion, - 

𝑌  yield, - 

𝑆  selectivity, - 

𝑆𝑓  film cross-section, dm2 

𝑣  slug-flow velocity, dm s−1 

𝑅  reaction rate , mol L−1 s−1 

𝒟  diffusion coefficient, m2 s−1 

𝐶𝑎  capillary number, 𝜇𝑜𝑟𝑔𝑣𝜎−1, - 

Greek symbols 

𝜙𝑇𝐵𝐻𝑃 molar flow ratio of TBHP over EHCl, �̇�𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛

�̇�𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝑖𝑛−1

, - 

𝜙𝑀𝑂𝐻  molar flow ratio of MOH over TBHP, 𝐶𝑀𝑂𝐻
𝑎𝑞,𝑖𝑛

𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛 −1

, - 
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𝜙𝑃𝑇𝐶   molar flow ratio of PTC over TBHP, 𝐶𝑃𝑇𝐶
𝑎𝑞,𝑖𝑛

𝐶𝑇𝐵𝐻𝑃
𝑎𝑞,𝑖𝑛 −1

, - 

𝜏  residence time, s 

𝜌  molar density, mol L-1 

𝛿𝑓  film thickness, m 

Abbreviations 

EHCl  2-ethylhexanoyl chloride 

TBHP  tert-butyl hydroperoxide 

TBPEH tert-butyl peroxy-2-ethylhexanoate 

EHA  2-ethylhexanoic acid 

MEH  sodium or potassium 2-ethylhexanoate 

NaTBP sodium tert-butyl peroxide 

KTBP  potassium tert-butyl peroxide 

MTBP  NaTBP or KTBP 

MCl  NaCl or KCl 

MOH  NaOH or KOH 

PTC  phase-transfer catalyst 

IDD  isododecane 

15-C-5 15-crown-5 

18-C-6 18-crown-6 

TBACl tetrabutylammonium chloride 

TBABr tetrabutylammonium bromide 

TBAHS tetrabutylammonium hydrogensulfate 

MTBAC methyltributhylammonium chloride 

TEBACl benzyltriethylammonium chloride 

exp  experimental 

TBATBP tetrabutylammonium tert-butyl peroxide 

CSTR  continuous stirred tank reactor 

PFR  plug-flow reactor 



 57 
 

 

Superscripts 

𝑎𝑞  relative to the aqueous phase 

𝑜𝑟𝑔  relative to the organic phase 

𝑖𝑛  at the reaction capillary inlet 

𝑜𝑢𝑡  at the reaction capillary outlet 

𝑒𝑞  at equilibrium 

Subscripts 

𝑅  reactor  
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3. Intensification of the Schotten-

Baumann peroxyesterification in a 

rotor-stator spinning-disc reactor 

Abstract 

The industrial synthesis of peroxyesters is currently carried out in fed-batch 

reactors. The switch to an intensified continuous process could increase the 

productivity, reduce capital and operating costs, and make the process safer 

thanks to the holdup reduction. In this study tert-butylperoxy-2-ethylhexanoate 

was produced using a continuous rotor-stator spinning-disc reactor. A kinetic 

study was performed in order to find the optimal conditions to maximize the 

reaction rate and selectivity. The effect of the following parameters was 

investigated: type of base, rotational speed, temperature, reactants 

concentration and addition of a phase transfer catalyst. The effect of these 

parameters was the same as observed in our previous study [Chapter 2], where 

a kinetic study on the same reaction was performed in a slug-flow microreactor. 

However, a tremendously faster reaction rate was obtained in the rotor-stator 

spinning-disc reactor. This acceleration is a consequence of the much larger 

liquid-liquid interfacial area created by the high shear force in the rs-SDR, even 

at the lowest rotational speed. The dependency of the reaction rate on the 
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interfacial area was already demonstrated for the microreactor [Chapter 2]. By 

using the optimal reaction conditions it was possible to achieve a peroxyester 

yield of 96% and a selectivity of almost 100 % with a residence time of one 

minute, producing 0.48 kg h−1 of product with a 19 mL reactor. This makes the 

rs-SDR a very attractive alternative for the continuous synthesis of tert-butyl 

peroxy-2-ethylhexanoate and other organic peroxides produced in a similar 

fashion.  

3.1. Introduction 

Peroxyesters are very important commercial compounds used as initiators for 

polymerization reactions. They are currently synthesized in fed batch reactors 

using the Schotten-Baumann method  [1,2]. The production of tert-butyl 

peroxy-2-ethylhexanoate (TBPEH), which is analogues to that of most 

peroxyesters, was investigated in this study. The reaction steps are reported in 

Fig. 17. 

 

Figure 17. Reaction steps of the synthesis of tert-butyl peroxy-2-ethylhexanoate and 

main side reaction: acid chloride hydrolysis. 
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In the first step tert-butyl hydroperoxide (TBHP) is deprotonated with a strong 

base (MOH), usually NaOH or KOH. The base is in excess with respect to TBHP. 

Water is used as solvent and the reaction is homogeneous and slightly 

exothermic [3,4]. The equilibrium lies to the right because of the TBHP acidity 

(pKa = 12.46). For this reason most of the hydroperoxide is converted to the 

corresponding metal salt (MTBP), which is a stronger nucleophile than TBHP, 

by deprotonation. In the second step MTBP reacts with 2-ethylhexanoyl 

chloride (EHCl) to form the peroxyester and a chloride salt (MCl). The main side 

reaction is the acid chloride hydrolysis with water or with the base. The 

hydrolysis with the base is faster, therefore the pH should be kept as low as 

possible to minimize it [5]. Both EHA and HCl produced by the hydrolysis are 

neutralized by the base present in the aqueous phase and converted to the 

corresponding salts: MCl and MEH. The second reaction step is heterogeneous 

because the aqueous solution of MTBP is immiscible with the acid chloride. The 

product is also insoluble with the aqueous phase and can be easily separated 

from it at the end of the reaction. These peroxyesterifications are exothermic 

reactions and the temperature must be carefully controlled to avoid 

decomposition of the organic peroxides which can lead to loss of selectivity and 

in worse case dangerous runaway phenomena. For the synthesis of TBPEH the 

heat of reaction is 𝑄𝑅  = 128 kJ/mol [3,4]. The 1st reaction step is very fast 

because it is homogeneous and only involves ionic species. The 2nd reaction step 

is much slower.  

In the current industrial fed-batch process EHCl is usually dosed to the reactor 

for a better temperature control. The dosing is necessary even if the reactor is 

equipped with a cooling jacket and coils. Switching to an intensified continuous 

peroxyester synthesis could result in great advantages in terms of productivity, 

costs and safety. The goal of this study was to synthesize TBPEH using a rotor-

stator spinning-disc reactor (rs-SDR) and determine if it is able to accelerate the 

reaction rate. The rotor-stator spinning disc reactor is a novel type of 

equipment designed to enhance the interfacial area and mass-transfer of 
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heterogeneous reactions thanks to the creation of high-shear conditions [6–8]. 

It also provides very high heat transfer coefficients [9]. 

 A kinetic study of the TBPEH synthesis was carried out at first in the rs-SDR. 

The effect of rotational speed, temperature, type of base, and presence of a 

phase transfer catalyst (PTC) was investigated. The results were compared to 

those obtained for the same reaction using a slug-flow microreactor, reported 

in one of our previous studies [Chapter 2]. The reaction conditions were 

eventually optimized to maximize the peroxyesterification rate and selectivity 

towards TBPEH in the rotor-stator spinning-disc reactor. 

3.2. Experimental 

3.2.1.   Materials 

2-Ethylhexanoyl chloride and 2-ethylhexanoic acid were purchased from Sigma 

Aldrich. tert-Butyl hydroperoxide (70 wt% solution in water) and isododecane 

(80 % mixture of isomers) were ordered from Alfa Aesar. The bases NaOH and 

KOH were purchased as solid pellets from VWR. The phase transfer catalyst 

tetrabutylammonium chloride (TBACl) was from Sigma Aldrich. 
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3.2.2.   Experimental setup 

 

Figure 18. Rotor-stator spinning-disc reactor set-up. 

The experimental setup is depicted in Fig. 18. The concentrated caustic solution 

(NaOH or KOH) was fed to the reactor with a Tuthill D-series gear pump coupled 

to a Bronkhorst Mini Cori-Flow M14 flowmeter. A 70 wt % TBHP aqueous 

solution and an EHCl solution in isododecane were fed with a KNF Simdos 02 

and a KNF Simdos 10 diaphragm pump respectively. EHCl was always diluted 

in isododecane for safety reasons, although it can be used pure. The reactor used 

was a SpinPro R-10 spinning-disc reactor manufactured by Flowid®. The 

cooling jacket was connected to a Huber Unistat Tango recirculating chiller. A 

side view cross section of the reactor is depicted in Fig. 19.  

 

Figure 19. Side view cross section of the spinning-disc reactor SpinPro R-10. 
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It consists of three rotating discs (rotors) enclosed by a housing with three 

cylindrical cavities (stator).  The rotation of the discs is regulated by magnetic 

coupling. The range of the discs rotational speed is 1000 – 8000 rpm. The 

diameter of each disc is 7 cm, the distance between the discs and the housing 

0.5 mm and the space between the discs rim and the stator wall 1 mm. The total 

reactor volume is 𝑉𝑅 = 19 mL, corresponding to a stage volume of 6.3 mL. The 

reactants were fed from the top of the reactor and the reaction mixture came 

out from the bottom. The cooling liquid flowed in the jacket in counter-current 

with respect to the reaction mixture. The reactor inlet pressure and  

temperature of the caustic solution were measured with a Bourdon pressure 

gauge and a type K thermocouple respectively. The temperature at the rim of 

the bottom disc, which is equal to the reactor outlet temperature, was 

measured with a Pt100 sensor connected to the thermostatic bath for a 

feedback control. The temperature was automatically controlled by the 

recirculating chiller by changing the temperature of the cooling liquid. The 

reactor outlet was connected to a three-way Swagelok valve. One outlet of the 

valve went to the quenching vessel and the other was used for sampling. 

The quenching vessel was a 4 L jacketed glass reactor with baffles. It was stirred 

by a PTFE stirrer connected to an overhead motor and cooled with tap water at 

15 °C. When not sampling, the reaction mixture was sent to the quenching vessel 

where the reaction was completed and the temperature controlled to avoid the 

decomposition of the organic peroxide.  

3.2.3.   Sample preparation and analysis 

Once the temperature measured at the rim of the bottom disc reached the 

desired value, a sample was taken after waiting for three residence times of the 

reaction mixture in the rs-SDR. This was done to ensure that steady state was 

reached before sampling. The aqueous phase in the reaction mixture coming 

out from the rs-SDR contained MTBP, small amounts of TBHP, MOH, MCl, PTC 
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(when used) and most of the MEH. The organic phase contained the EHCl, 

TBPEH, most of the TBHP and part of the MEH. 

For each sample, around 20 mL of the biphasic reaction mixture was collected 

in a graduated cylinder containing 80 mL of water and 80 mL of cyclohexane. 

The sampling time was measured with a stopwatch. In the cylinder, the organic 

phase of the reaction mixed with the cyclohexane layer, while the aqueous 

phase mixed with the water layer. Since the cylinder was not mixed, the 

interfacial area and mass-transfer between the two liquid layers in it were very 

low. Together with the instantaneous dilution this ensured a complete stop of 

the reaction. 

After sample collection, 5 mL of the organic layer was withdrawn with a glass 

pipette and diluted to 25 mL with methanol using a volumetric flask. Similarly, 

5 mL of the aqueous layer from the cylinder was withdrawn and diluted to 25 

mL with water. Both solutions were analyzed using HPLC. Thanks to the 

dilution of the organic layer with methanol prior to the injection, the EHCl was 

completely converted to methyl-2-ethylhexanoate. The acid chloride cannot be 

injected directly into the HPLC machine because it would react with the eluent 

and the stationary phase of the column, giving inaccurate and irreproducible 

results. 

The aqueous and organic samples were analyzed using an Agilent Infinity 1260 

HPLC. An Agilent ZORBAX SB-C18, 4.6 x 250 mm, 5 μm column was used. The 

eluent consisted of a mixture of water (19 vol%) and methanol (81 vol%) with 

0.01 M phosphoric acid. The latter was added to ensure the protonation of all 

the analytes and avoid double peaks in the chromatogram. During each analysis 

the composition of the eluent was kept constant. The eluent flowrate was 1 

mL/min and the injection volume 5 μL. A diode array detector was used and the 

chromatograms were acquired at a wavelength of 210 nm. The concentrations 

of EHCl, TBPEH and EHA in both the organic and aqueous samples were 
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determined. Because of the acidic eluent of the HPLC, all the carboxylates MEH 

were protonated to EHA. 

3.2.4.   Kinetic measurements 

The concentrations of the reactant feeds (𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

 and 𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

) used for each 

experiment discussed in Section 3 are given. The concentration of EHCl in the 

feed was equal to the initial concentration of EHCl of the organic phase 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝐼𝑁

. 

The aqueous phase that flowed through the rs-SDR resulted from the mixing 

and reaction of the TBHP and MOH solutions. The expected initial concentration 

of total peroxide in the aqueous phase after mixing and reaction of the two feeds, 

𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

, is also given. This concentration was calculated assuming no 

volume effects due to the mixing of the two streams and no contact with the 

organic phase and can be calculated as: 

 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

=
𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

�̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

�̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

+�̇�𝑀𝑂𝐻
𝑓𝑒𝑒𝑑 (66) 

The residence times provided in Section 3 were also calculated considering the 

ideal mixing assumption and they are equal to the total reactor volume divided 

by the sum of the volumetric flowrates of the feeds, both organic and aqueous: 

 𝜏 =
𝑉𝑅

�̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

+�̇�𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

+�̇�𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑 (67) 

Knowing the properties of the reactant feeds, sampling time, sample dilution 

procedure and concentration determined by the HPLC, it was possible to 

calculate the molar flowrates of EHCl, TBPEH and EHA at the outlet of the rs-

SDR. 

From the inlet and outlet molar flowrates, the conversion of EHCl (𝑋𝐸𝐻𝐶𝑙), yield 

of TBPEH (𝑌𝑇𝐵𝑃𝐸𝐻), yield of EHA (𝑌𝐸𝐻𝐴) and selectivity of TBPEH (𝑆𝑇𝐵𝑃𝐸𝐻) at 

each experimental condition were calculated as follows: 
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 𝑋𝐸𝐻𝐶𝑙 = 
𝑁𝐸𝐻𝐶𝑙
𝐼𝑁 −𝑁𝐸𝐻𝐶𝑙

𝑂𝑈𝑇

𝑁𝐸𝐻𝐶𝑙
𝐼𝑁 ∙ 100 (68) 

 𝑌𝑇𝐵𝑃𝐸𝐻 =
𝑁𝑇𝐵𝑃𝐸𝐻
𝑂𝑈𝑇

𝑁𝐸𝐻𝐶𝑙
𝐼𝑁 ∙ 100 (69) 

  𝑆𝑇𝐵𝑃𝐸𝐻 =
𝑌𝑇𝐵𝑃𝐸𝐻

𝑋𝐸𝐻𝐶𝑙
∙ 100 (70) 

 𝑌𝐸𝐻𝐴 =
𝑁𝐸𝐻𝐴
𝑂𝑈𝑇

𝑁𝐸𝐻𝐶𝑙
𝐼𝑁 ∙ 100 (71) 

It follows that 𝑋𝐸𝐻𝐶𝑙 must be equal to the sum of 𝑌𝑇𝐵𝑃𝐸𝐻 and 𝑌𝐸𝐻𝐴 to satisfy the 

mole balance of the species. 

3.3. Results and discussion 

3.3.1. Effect of rotational speed and type of base 

The peroxyesterification reaction was carried out in the spinning-disc reactor 

at different disc rotational speeds, keeping the other reaction conditions 

constant. The experiment was performed using both NaOH and KOH as bases 

and the results are reported in Fig. 20. 

 

Figure 20. Conversion, yield and selectivity vs. disc rotational speed using (a) NaOH and 

(b) KOH as base. Experimental conditions: 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  

= 2.00 M, 𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

= 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝐼𝑁

= 2.15 M in IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 1.18, 𝜏 = 110 

s, 𝑇𝑅 = 298 K. 
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From Fig. 20 it is clear that the peroxyesterification rate increases with the 

rotational speed. This is due to the increase of the interfacial area as the result 

of the shear created by the rotation. The influence of liquid-liquid interfacial 

area on the peroxyesterification was already shown using a slug-flow 

microreactor in our previous study [Chapter 2]. For rotational speeds higher 

than Ω  = 4000 rpm, the TBPEH yield increases only slightly. This might be 

caused by the fact that the liquid-liquid interfacial area increases considerably 

with the rotational speed only until Ω = 4000 rpm. The peroxyesterification rate 

obtained in the rs-SDR is extremely faster with respect to the one measured in 

the slug-flow microreactor, where a TBPEH yield of 30 % was reached in 750 s 

with the same reaction conditions [Chapter 2]. The EHA yield increases with the 

rotational speed in the whole range investigated. This result is in contrast with 

our previous findings for the microreactor, in which the hydrolysis rate was not 

influenced by the liquid-liquid interfacial area or by the slug-flow velocity. The 

discrepancy could be due to the fact that for the microreactor experiments the 

caustic solution and the TBHP solution were mixed in batch at first and the 

resulting MTBP solution was fed to the microreactor together with EHCl. For 

the rs-SDR experiments the caustic solution, the TBHP solution and the EHCl 

solution were directly fed to the reactor. Although the reaction between the 

base and TBHP is very fast, the caustic solution with a very high pH could have 

come in contact with the EHCl solution before reacting with TBHP, making the 

hydrolysis faster and dependent on the rotational speed. As can be observed 

from Fig. 20, the TBHP selectivity decreases with the rotational speed for both 

the bases used. The selectivity is higher in Fig. 20 (b) because the use of KOH 

increases the peroxyesterification rate but does not accelerate the hydrolysis.  

Despite the tremendous increase in the peroxyesterification rate, it is necessary 

to identify solutions to suppress the hydrolysis and improve the TBPEH 

selectivity.  
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3.3.2.  Effect of temperature 

The effect of temperature on the peroxyesterification and hydrolysis rate was 

investigated. The rotational speed was kept at 4000 rpm. The results are 

reported in Fig. 21.  

 

Figure 21. Conversion, yield and selectivity vs. temperature. Experimental conditions: 

base = NaOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 𝐶𝐸𝐻𝐶𝑙

𝑓𝑒𝑒𝑑
= 𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝐼𝑁
= 

2.15 M in IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 1.18, 𝜏 = 110 s, Ω = 4000 rpm. 

The increase of temperature results in an acceleration of the 

peroxyesterification and hydrolysis, accompanied by a decrease of the TBPEH 

selectivity. Above 313 K the peroxyester yield starts to decrease with the 

temperature. This is an effect of the very high hydrolysis rate. The two products 

of the hydrolysis are HCl and EHA or MEH. The formed acids start to react with 

the free base present in the aqueous phase, shifting the equilibrium of the 1st 

reaction step of Fig. 17 to the left and reducing the concentration of MTBP. Since 

the reactivity of protonated TBHP towards EHCl is extremely low, the 

peroxyesterification rate decreases. Above 313 K the decrease in the 

peroxyesterification rate due to the reduction of MTBP concentration probably 

predominates over the direct acceleration of the peroxyesterification due to the 

temperature, causing an overall decrease of TBPEH yield. In addition, also the 

solubilities of MTBP in the organic phase and EHCl in the aqueous phase can be 

influenced by temperature and affect the product selectivity. Increasing the 
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temperature would be a good solution to accelerate the peroxyesterification 

rate only after finding a way to suppress the hydrolysis. 

3.3.3. Effect of residence time 

The experiments described in the previous paragraphs were carried out at a 

constant residence time of 110 s. To see if it was possible to reach full EHCl 

conversion without increasing the temperature the reaction was carried out at 

higher residence times and constant 𝑇𝑅 = 298 K. KOH was used as base since it 

gives a higher peroxyesterification rate and TBPEH selectivity than NaOH. The 

results are shown in Fig. 22. 

 

Figure 22. Conversion and yield vs. residence time. Experimental conditions: base = 

KOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 𝐶𝐸𝐻𝐶𝑙

𝑓𝑒𝑒𝑑
= 𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝐼𝑁
= 2.15 M in 

IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, AO = 1.18, 𝑇𝑅 = 298 K, Ω = 4000 rpm. 

Fig. 22 shows that increasing the residence time beyond 2 minutes does not 

have a significant effect on the TBPEH yield, while the EHA yield slightly 

increases. A possible explanation for this phenomenon can be the very low 

KTBP concentration in the aqueous phase at high TBPEH yields due to three 

effects. Two of them are the KTBP conversion to TBPEH and the shifting of the 

equilibrium of the 1st reaction step of Fig. 17 to the left caused by the hydrolysis, 

as already discussed in paragraph 3.3.2. The third effect is the solubilization of 

a large amount of protonated TBHP in the organic phase of the reaction mixture 
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that we demonstrated in our previous study [Chapter 2]. This last effect 

subtracts a significant amount of TBHP from the aqueous phase, reducing the 

KTBP concentration. Increasing the residence time is not an effective way to 

reach full conversion and improve the TBPEH yield, thus other strategies were 

investigated. 

3.3.4.  Effect of phase-transfer catalyst addition 

In our previous study [Chapter 2] we showed that in the slug-flow microreactor 

the presence of a phase-transfer catalyst (PTC) led to a huge acceleration of the 

peroxyesterification rate, without affecting the hydrolysis. The PTC with the 

best performance was tetrabutylammonium chloride (TBACl). The effect of the 

addition of this PTC was also investigated in the rs-SDR, using both NaOH and 

KOH as bases. The desired amount of TBACl was dissolved in the MOH feed 

solution. The results are reported in Fig. 23.  

 

Figure 23. Conversion and yield vs. residence time using (a) NaOH and (b) KOH as 

bases. Experimental conditions: 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 

𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

= 𝐶𝐸𝐻𝐶𝑙
𝑜𝑟𝑔,𝐼𝑁

= 2.15 M in IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, PTC = TBACl, 𝜙𝑃𝑇𝐶  = 1 x 10-3, 

AO = 1.18, 𝑇𝑅 = 298 K, Ω = 4000 rpm. 

The addition of TBACl increases the peroxyesterification rate but not the rate of 

hydrolysis, resulting in a higher TBPEH selectivity. Interestingly, there is no 

reactivity difference between NaOH and KOH. The rate of PTC-catalyzed 
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peroxyesterification, in which the nucleophile is the tert-butyl peroxide ion 

linked to the cation of TBACl [Chapter 2], predominates over the rate of the non-

catalyzed peroxyesterification and the difference in reactivity between NaTBP 

and KTBP cannot be seen. The peroxyesterification rate is very fast at low 

residence time but once a TBPEH yield of ca. 60 % is reached it proceeds slowly, 

as in the case without PTC showed in the previous paragraph. This behavior 

could be due to the drop of MTBP concentration in the aqueous phase as 

discussed in the previous paragraph. 

Another experiment was carried out with a ten times higher concentration of 

TBACl (𝜙𝑃𝑇𝐶  = 1 x 10-2), using KOH as base. The results are reported in Fig. 24.  

 

Figure 24. Conversion and yield vs. residence time. Experimental conditions: base = 

KOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 𝐶𝐸𝐻𝐶𝑙

𝑓𝑒𝑒𝑑
= 𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝐼𝑁
= 2.15 M in 

IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, PTC = TBACl, 𝜙𝑃𝑇𝐶  = 1 x 10-2, AO = 1.18, 𝑇𝑅 = 298 K, Ω = 

4000 rpm. 

Adding more TBACl makes the peroxyesterification faster. The TBPEH yield is 

85 % at 𝜏 = 20 s, compared to 60 % obtained with 𝜙𝑃𝑇𝐶  = 1 x 10-3. Like the 

previous cases, the peroxyesterification reaction drops of at high conversions.  

3.3.5.  Effect of temperature with a phase-transfer catalyst 

The effect of temperature was also investigated for the phase-transfer catalyzed 

reaction. The results are reported in Fig. 25.  
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Figure 25. Conversion, yield and selectivity vs. temperature. Experimental conditions: 

base = KOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 𝐶𝐸𝐻𝐶𝑙

𝑓𝑒𝑒𝑑
= 𝐶𝐸𝐻𝐶𝑙

𝑜𝑟𝑔,𝐼𝑁
= 

2.15 M in IDD, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, PTC = TBACl, 𝜙𝑃𝑇𝐶  = 1 x 10-3, AO = 1.18, 𝜏 = 40 

s, Ω = 4000 rpm. 

The point at the lowest temperature in Fig. 25 presents an experimental error 

that resulted in a 𝑌𝑇𝐵𝑃𝐸𝐻  slightly higher than 𝑋𝐸𝐻𝐶𝑙 , even if some acid is 

produced. For this reason the selectivity, which is calculated based on 𝑋𝐸𝐻𝐶𝑙 and 

𝑌𝑇𝐵𝑃𝐸𝐻, is higher than 100% also if this is not possible. The results show that 

when TBACl is present the increase in temperature has a lower effect in the 

TBPEH selectivity compared to when no PTC is used. This is probably due to the 

sole increase in peroxyesterification rate given by the PTC. By going from 293 K 

to 323 K the TBPEH yield increases from 60 % to almost 80 %, with a selectivity 

loss of only 10 %. Without PTC the selectivity loss was equal to 45 %. The 

presence of a PTC thus makes possible to increase the temperature without 

having a drop in the selectivity. However, a 10 % EHA yield is still high and must 

be reduced.  

3.3.6.   Effect of MTBP and EHCl concentrations 

In the previous paragraph it was proposed that the reason for the slowing down 

of the peroxyesterification at high degrees of conversion was the low MTBP 

concentration in the aqueous phase. The problem could be solved by increasing 

the initial concentration of MTBP. Also increasing the EHCl concentration in the 
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organic phase could help to accelerate the reaction. The TBPEH synthesis was 

carried out for different concentrations of KTBP in the aqueous phase and EHCl 

in the organic phase. The molar flow ratios of TBHP over EHCl, MOH over TBHP 

and TBACl over TBHP, as well as the other reaction conditions, were kept the 

same as in the previous experiments by changing the volumetric flow ratios of 

the feeds accordingly. The results are shown in Fig. 26. 

 

Figure 26. Conversion, yield and selectivity vs. different KTBP and EHCl concentrations. 

Experimental conditions: base = KOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 3.17 M when 

𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 2.00 M, 𝐶𝑀𝑂𝐻

𝑓𝑒𝑒𝑑
= 5.88 M when 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃

𝑎𝑞,𝐼𝑁  = 3.00 M, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 10.24 M 

when 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 4.00 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 𝜙𝑀𝑂𝐻 = 1.15, PTC = TBACl, 𝜙𝑃𝑇𝐶  = 1.00 x  10-3, 

𝜏 = 40 s, Ω = 4000 rpm, 𝑇𝑅 = 298 K. 

By looking at Fig. 26 it appears that the hydroperoxide concentration in the 

aqueous phase influences both the peroxyesterification and hydrolysis rates. 

Going from 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 2.00 M to 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 4.00 M mol/L the TBPEH 

yield goes from 68 % to 90 % and the EHA yield slightly decreases. A further 

increase of the TBHP concentration to 4.00 mol/L does not have a significant 

effect on the peroxyesterification but reduces the acid chloride hydrolysis 

considerably. The EHA yield goes from 4 % at 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 3.00 M to 1 % at 

𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 4.00 M. When carrying out the reaction at the highest 
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hydroperoxide concentration part of the KCl produced by the 

peroxyesterification precipitated and came out from the rs-SDR as a solid. This 

event demonstrates the ability of the rs-SDR to handle solid products which are 

normally detrimental for microreactors. Since the peroxyesterification is a 

bimolecular reaction that depends on both the KTBP and EHCl concentration 

[Chapter 2], its rate increases with the increase of the KTBP concentration. As 

we proposed in our previous paper [Chapter 2], the acid chloride hydrolysis is 

most likely in the kinetic regime and takes place in the bulk of the aqueous phase 

after solubilization of the acid chloride in it. When the concentration of KTBP 

increases, the ionic strength of the aqueous phase becomes higher and probably 

reduces the acid chloride solubility in it through the so-called salting out effect 

[ref], slowing down the hydrolysis reaction. 

Increasing the initial EHCl concentration from 2.15 to 3.74 mol/L results in a 

very slight increase of TBPEH yield and has no relevant effect on the hydrolysis. 

However, it might by that with an aqueous phase with 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 2.00 M the 

effect of the EHCl concentration would have been more marked. The use of pure 

EHCl as organic phase would probably be the best option but for safety reasons 

we decided to maximize the EHCl concentration to the ones used. 

3.3.7.   Effect of residence time with concentrated reactants and no phase-

transfer catalyst 

The effect of using concentrated reactants was investigated also without the 

addition of TBACl. The conversion and yields were measured for two different 

residence times keeping 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 4.00 M and 𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

 = 3.74 M. The results 

are reported in Fig. 27. 
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Figure 27. Conversion, yield and selectivity vs. residence time. Experimental conditions: 

base = KOH, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M, 𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

= 3.74 M in IDD, 𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 4.00 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 

𝜙𝑀𝑂𝐻 = 1.15, Ω = 4000 rpm, 𝑇𝑅 = 298 K. 

It is interesting to observe that using concentrated reactants results in a very 

high peroxyesterification rate, even without adding a PTC. For 𝜏  = 50 s the 

TBPEH yield is 95%, only 1 % lower than the result obtained with TBACl for the 

same reactants concentration and 𝜏 = 40 s. By going from 𝜏 = 50 s to 𝜏 = 120 s 

the EHCl conversion and TBPEH yield do not increase significantly. 

3.3.8.   Effect of temperature with concentrated reactants and no phase-

transfer catalyst 

Due to the very low hydrolysis rate obtained at high hydroperoxide 

concentration in the aqueous phase, increasing the temperature might be a 

good solution to improve the TBPEH yield without compromising selectivity. 

The conversion and yields were measured for different temperatures, keeping 

𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁

 = 4.00 M and 𝐶𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑

 = 3.74 M. The results are shown in Fig. 28.  
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Figure 28. Conversion and yield vs. temperature. Experimental conditions: base = KOH, 

𝐶𝐸𝐻𝐶
𝑓𝑒𝑒𝑑

= 3.74 M in IDD, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 10.24 M, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M,  𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 4.00 M, 𝜙𝑇𝐵𝐻𝑃 = 

1.10, 𝜙𝑀𝑂𝐻 = 1.15, 𝜏 = 20 s, Ω = 4000 rpm. 

For all the temperatures investigated there is almost no hydrolysis. The TBPEH 

yield increases from 89 % to 91 % by going from 300 K to 315 K. This very low 

difference is probably due to the fact that at high TBPEH yields the 

peroxyesterification becomes very slow because of the low reactants 

concentration and the effect of the temperature is not marked. The temperature 

effect would probably be clearer for lower residence times.  

The residence time used for the experiment was 20 s. The reaction was also 

carried out at 315 K and a residence time of 50 s to see if it was possible to reach 

higher yields. The result is reported in the next paragraph. 

3.3.9. Comparison of the best results obtained 

In Fig. 29 the three best results obtained are compared, characterized by the 

highest TBPEH yield and lowest hydrolysis.  
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Figure 29. Comparison of the best experimental results obtained base = KOH, 𝐶𝐸𝐻𝐶
𝑓𝑒𝑒𝑑

= 

3.74 M in IDD, 𝐶𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

= 10.24 M, 𝐶𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

= 7.26 M,  𝐶𝑇𝐵𝐻𝑃+𝑀𝑇𝐵𝑃
𝑎𝑞,𝐼𝑁  = 4.00 M, 𝜙𝑇𝐵𝐻𝑃 = 1.10, 

𝜙𝑀𝑂𝐻 = 1.15, Ω = 4000 rpm. 

For all the results reported in Fig. 29 the EHCl conversion and TBPEH yield are 

very close. These values were obtained using different experimental conditions: 

a) low residence time (50 s), low temperature (298 K) and presence of TBACl 

as phase-transfer catalyst; b) low residence time (50 s) and higher temperature 

(315 K); c) higher residence time (120 s) and low temperature (298 K). The 

optimal conditions to achieve a higher conversion and yield are a high reaction 

temperature (e.g. 315 K), presence of TBACl as phase-transfer catalyst and 

residence time higher than 120 s. 

3.4. Conclusions 

In this study the Schotten-Baumann synthesis of tert-butyl peroxy-2-

ethylhexanoate was carried out continuously in a rotor-stator spinning-disc 

reactor SpinPro R-10. The high-shear conditions in this reactor enhances heat- 

and mass-transfer and allows for optimal control of temperature and 

concentration gradients. Both the reaction steps involved in the TBPEH 

synthesis, the TBHP deprotonation and the peroxyesterification, were carried 

out in the rs-SDR by feeding a 70 wt% TBHP solution in water, a caustic solution 
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of NaOH or KOH and an EHCl solution in isododecane at the reactor inlet. The 

peroxyesterification rate in the rs-SDR (TBPEH yield of 65 % in 110 s at Ω = 

4000 rpm using KOH as base) is much higher than the one obtained in a slug-

flow microreactor in our previous study (TBPEH yield of 30 % in 750 s using 

KOH as base) [Chapter 2]. The difference is due to the larger liquid-liquid 

interfacial area created by the rs-SDR. The peroxyesterification rate increases 

with the rotational speed until Ω = 4000 rpm. This result probably indicates that 

the interfacial area reaches its maximum at that rotational speed. In our 

previous study on the TBPEH synthesis using a slug-flow microreactor we 

showed that the peroxyesterifcation was influenced by the interfacial area 

while the acid chloride hydrolysis, the side-reaction, was not. For the 

microreactor experiments the 1st reaction step was carried out separately and 

the deprotonated TBHP was mixed with EHCl in the microreactor. For the rs-

SDR experiments all the reaction steps occurred in the reactor and the EHCl 

solution might have been directly in contact with the concentrated caustic 

solution before TBHP deprotonation. This phenomenon might have changed the 

hydrolysis kinetics and made it faster and dependent on the rotational speed in 

the rs-SDR (EHA yield of 4.5 % in 110 s at Ω = 4000 rpm vs EHA yield of 2.5 % 

in 750 s in the microreactor). 

Both the peroxyesterification and hydrolysis rates increased with the 

temperature in the rs-SDR but the overall result was a decrease in the TBPEH 

selectivity. Different solutions were investigated to suppress the hydrolysis and 

increase the selectivity. One possibility is the addition of TBACl as phase 

transfer-catalyst, which accelerates the peroxyesterification and has no effect 

on the hydrolysis. As for the non-catalyzed reaction, the peroxyesterification 

with TBACl is faster in the rs-SDR compared to the microreactor. With the 

highest amount of TBACl added a TBPEH and EHA yield of 88 % and 6.3 % 

respectively were achieved with a residence time of 80 s. However, the best way 

to increase the peroxyesterification rate and reduce the hydrolysis, even 

without PTC, was to increase the concentration of TBHP in the aqueous phase, 
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keeping the same molar ratio of the base. By increasing the TBHP concentration 

from 2.00 to 4.00 mol/L, the peroxyester yield increases from 68% to 90% and 

the acid yield reduces from 4% to 1%, using a residence time of 40 s and 𝑇𝑅 = 

298 K. Increasing the MTBP and EHCl concentration leads to a higher product 

yield because the peroxyesterification rate has a first order dependency on the 

MTBP and EHCl concentration. A higher MTBP concentration also decreases the 

EHCl solubility in the aqueous phase thanks to the salting-out effect caused by 

the higher ionic-strength. This phenomenon is responsible for the reduction of 

the hydrolysis rate, which probably takes place in the aqueous phase after the 

solubilization of the acid chloride into it. When using a high concentration of 

MTBP in the aqueous phase, the addition of a TBACl and the increase of the 

temperature only have a little additional effect on the peroxyesterification rate, 

while the acid yield is not influenced and stays always close to 0%. The little 

effect on the TBPEH yield is due to the fact that the peroxyesterification 

becomes very slow at high degrees of conversion. However, the addition of a 

PTC and the increase in the temperature can thus help to reach full conversion 

in a shorter time.  

With a residence time of 1 min and TBPEH yield of 96% like in Fig. 29, a TBPEH 

productivity of 0.48 kg h-1 is achieved with the 19 mL SpinPro R-10 reactor used. 

This value can be increased by using a larger rs-SDR. Considering a 10 stages rs-

SDR with discs of 30 cm in diameter, the total reactor volume would be 1500 

mL and the TBPEH productivity 40 kg h-1. The productivity can be even higher 

for the synthesis of peroxyesters with faster kinetics that require a lower 

residence time, e.g. tert-butyl peroxypivalate [10]. 
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Nomenclature 

Latin symbols 

IDcap  inner diameter, m 

ODcap  outer diameter, m 

Lcap  length, m 

�̇�   volumetric flowrate, mol s−1 

�̇�   volumetric flowrate, L s−1 

AO   aqueous to organic phase volumetric flowrate ratio, �̇�𝑎𝑞�̇�𝑜𝑟𝑔
−1

, - 

𝐶  concentration, mol L−1 

𝑉𝑅  reactor volume, L 

𝑇𝑅   reactor temperature, K 

𝑋   conversion, - 

𝑌   yield, - 

𝑆  selectivity, - 

Greek symbols 

𝜙𝑇𝐵𝐻𝑃  molar flow ratio of TBHP over EHCl, �̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑

�̇�𝐸𝐻𝐶𝑙
𝑓𝑒𝑒𝑑−1

, - 

𝜙𝑀𝑂𝐻  molar flow ratio of MOH over TBHP, �̇�𝑀𝑂𝐻
𝑓𝑒𝑒𝑑

�̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑 −1

, - 

𝜙𝑃𝑇𝐶   molar flow ratio of PTC over TBHP, �̇�𝑃𝑇𝐶
𝑓𝑒𝑒𝑑

�̇�𝑇𝐵𝐻𝑃
𝑓𝑒𝑒𝑑 −1

, - 

𝜏   residence time, s 

Ω   disc rotational speed, rpm 

Abbreviations  

EHCl  2-ethylhexanoyl chloride 

MOH  potassium or sodium hydroxide 

MCl  potassium or sodium chloride 
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MEH  potassium or sodium 2-ethylhexanoate 

TBHP  tert-butyl hydroperoxide 

NaTBP sodium tert-butyl peroxide 

KTBP  potassium tert-butyl peroxide 

MTBP  potassium or sodium tert-butyl peroxide 

TBPEH tert-butyl peroxy-2-ethylhexanoate 

EHA  2-ethylhexanoic acid 

rs-SDR rotor-stator spinning-disc reactor 

PTC   phase-transfer catalyst 

TBACl tetrabutylammonium chloride 

IDD  isododecane 

Superscripts 

𝑜𝑟𝑔   in the organic phase 

𝑎𝑞   in the aqueous phase 

𝑓𝑒𝑒𝑑  of the reactor feed line 

𝐼𝑁  at the reactor inlet 

𝑂𝑈𝑇  at the reactor outlet 
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4. Intensified sulfite reduction of alkyl 

hydroperoxides in a rotor-stator 

spinning-disc reactor 

Abstract  

The reduction of tert-butyl hydroperoxide and cumene hydroperoxide with 

sodium metabisulfite was intensified in a rotor-stator spinning-disc reactor (rs-

SDR). The reaction kinetics were first obtained in a capillary microreactor. The 

effect of temperature, aqueous phase ionic strength, mass transfer, and liquid-

liquid interfacial area were quantified. A kinetic model was developed and the 

kinetic parameters were fitted to the experimental data from the microreactor. 

tert-Butyl hydroperoxide could be reduced much faster than cumene 

hydroperoxide because of its higher solubility in the aqueous phase. The 

reduction rate in the rs-SDR was a factor 15 – 100 higher than in the 

microreactor for rotational disc speeds of 1000 – 4500 rpm respectively. This 

was entirely attributed to the increase in liquid-liquid interfacial area in the rs-

SDR, which increased approximately linearly with rotational speed.  
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4.1. Introduction  

Organic hydroperoxides are important compounds with different industrial 

applications. Tertiary alkyl- or arylalkyl hydroperoxides (AHP) are the most 

employed and commercialized. These are used as curing agents for resins, in 

emulsion polymerizations and as starting materials for the synthesis of more 

complex organic peroxides1,2. Organic hydroperoxides are readily reduced to 

the corresponding alcohols by many reagents like sodium hydrogensulfite, 

lithium aluminum hydride, sodium iodide, sodium thiosulfate, dimethyl sulfide 

and triphenylphosphine3. This reaction is used for the synthesis of alcohols but 

also as a way to remove undesired hydroperoxide impurities. Since tertiary 

hydroperoxides are building blocks for the synthesis of peroxyesters, an 

undesired small amount of them is often present in the product. The 

peroxyester is thus washed with an aqueous bisulfite solution to reduce the 

hydroperoxide and increase the product purity4,5. Similar to the other 

production process steps, this operation is usually carried out in batch or fed-

batch mode. The goal of this work is to assess the possibility of performing the 

washing step continuously and to intensify it, in order to reduce the total 

production process volume and reduce the risks involved with peroxides. First, 

we investigate the kinetics of AHP reduction in a transparent capillary 

microreactor. The reactions involved are presented in Scheme 30.  

 

Scheme 30. Reactions involved in the alkyl hydroperoxide (AHP) reduction with sodium 

metabisulfite. 
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The effect of temperature, ionic strength and interfacial area on the reaction 

rate were investigated. The use of the microreactor allowed an efficient 

temperature control and the determination of the specific interfacial area 

between the two liquid phases 6. A kinetic model for the AHP reduction was 

developed in Matlab®. The AHP reduction was also performed in a three-stage 

rotor-stator spinning-disc reactor (rs-SDR), a novel type of high-shear reactor 

designed for the intensification of heterogeneous reactions by enhancing mass-

transfer and interfacial areas7–9. The effect of the rotational speed on the 

reduction rate was investigated and the results were compared with those 

obtained in the microreactor.  

4.2. Experimental 

4.2.1. Materials 

To simulate the washing step, methyl benzoate was used as organic solvent 

instead of the peroxyester and a small amount of AHP was added to it. The 

mixture was contacted with an aqueous solution of sodium metabisulfite (SMBS) 

containing an acetate buffer. The acetate buffer was added to keep the pH 

between 4.5 and 6. In this range most of the S(IV) is present as bisulfite ions 

HSO3
- 10. The reduction of two different tertiary AHP was studied: tert-butyl 

hydroperoxide (TBHP) and cumene hydroperoxide (CHP). They are most 

commonly used in the synthesis of peroxyesters1. tert-Butyl hydroperoxide (70 

wt% aqueous solution) was obtained from Alfa Aesar. Sodium acetate 

(anhydrous, ≥ 99 %), sodium metabisulfite (98.0 – 100 %), hydrogen peroxide 

(30 % aqueous solution) and cumene hydroperoxide (80% solution in cumene) 

were purchased from Merck. Methyl benzoate (99 %) and acetic acid (glacial, ≥ 

99 %) from Sigma Aldrich. The exact essay of TBHP and CHP was determined 

by iodometric titration. The organic phase consisted in a 0.1 M solution of TBHP 

or CHP in methyl benzoate. The aqueous phase was prepared by dissolving 

sodium metabisulfite, sodium acetate and acetic acid in water. Sodium acetate 
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and acetic acid were added in the amount and proportion needed to have a 

starting pH of 6 and end up at pH ≅ 4.5 at complete hydroperoxide conversion. 

Without buffer, the pH would drop more because of NaHSO4 formation. The 

ensure the complete AHP reduction, sodium metabisulfite was added in excess 

with respect to AHP. The excess is given later on as molar flow ratio of sodium 

bisulfite with respect to AHP, 𝜙𝑆𝐵𝑆, considering that one mole of SMBS reacts 

with water to form two moles of SBS. 

4.2.2. Microreactor setup 

The experimental setup is depicted in Scheme 31.  

 

Scheme 31. Microreactor setup. 

The organic and aqueous phase were loaded into two syringe pumps Chemyx 

Fusion 500 and fed to the reaction capillary, where a liquid-liquid slug-flow 

pattern was formed. The capillaries were immersed in a thermostatic bath for 

precise temperature control. Both feed capillaries consisted of a metal coil 

(𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝑂𝐷𝑐𝑎𝑝 = 1.59 x 10-3 m, 𝐿𝑐𝑎𝑝 = 70 x 10-2 m) to ensure that 

the two phases reached the desired temperature before they mixed. Depending 

on the experiment, the reaction capillary was made of SS or PFA and its inner 

diameter varied between 0.50 x 10-3 m to 1.00 x 10-3 m. Pictures of the slug-flow 

were taken with a Nikon Coolpix A900 digital camera to measure the liquid-

liquid interfacial area. With the stainless steel capillary, a short piece of 

transparent fused silica (FS) capillary (𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 m, 𝑂𝐷𝑐𝑎𝑝 = 0.88 x 10-
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3 m, 𝐿𝑐𝑎𝑝 = 6 x 10-2 m) was connected to the end of the stainless steel capillary 

to take the slug-flow picture. For the two experiments of Figure 9(a) in which 

the diameter of the SS capillary was different than the diameter of the FS 

capillary at its end, the specific interfacial area in the SS capillary was calculated 

indirectly. The organic phase droplets in the SS capillary were assumed 

cylinders with the same volume of the droplets in the FS capillary, which was 

measured.  

4.2.3. Rotor-stator spinning-disc reactor setup 

The rs-SDR setup is reported in Scheme 32.  

 

Scheme 32. rs-SDR setup. 

The temperature of the reactor thermostat was set to 283 K. The aqueous and 

organic phase bottles were immersed in a large volume water bath, which 

temperature was manually adjusted to 278 – 283 K by adding ice. When the 

temperature of the reactants was equal to that of the bath, the experiment was 

started. The aqueous phase was pumped using a Tuthill D-series gear pump and 

the organic phase by means of a Cole-Parmer Masterflex L/S peristaltic pump 

with Easy-Load II pump head. The feed lines were insulated with foam to limit 

the temperature rise of the pumped liquids. The two streams met at the center 
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of the first disc of the SDR and the reaction mixture came out from the bottom 

of the third disc. Four thermocouples were installed: one at the aqueous phase 

reactor inlet, one at the reactor outlet, one at the cooling jacket inlet and one at 

the cooling jacket outlet. A vertical cross section of the reactor is set-out in 

Figure 6.   

 

Figure 6. Vertical cross section of the rs-SDR. 

The rs-SDR used was the SpinPro R-10 manufactured by Flowid® with a 

customized cooling jacket. It consists of three rotating discs (rotors) enclosed 

by a housing with three cylindrical cavities (stator). The rotation is imparted to 

the disc via magnetic coupling and a range between 1000 and 8000 rpm was 

chosen. The disc diameter is 7 cm, the distance between the disc surface and the 

housing 0.5 mm and the space between the disc rim and the stator wall 1 mm. 

The total reactor volume is 19 mL, corresponding to a single stage volume of 6.3 

mL. Every component of the reactor is made of silicon carbide. The exceptional 

heat conductivity of this material (𝐾𝑇,𝑆𝑖𝐶 = 490 𝑊𝑚−1𝐾−1) ensures a high heat 

exchange performance and uniform reaction conditions.  

4.2.4. Analytical methods 

For the microreactor experiments the reaction mixture was collected in a vial 

containing 5.0 mL of 2 M H2O2 aqueous solution until ca 1.5 mL of organic phase 

were present. With the SDR, a cylinder containing 50 mL of the 2 M H2O2 

aqueous solution was used instead and the reaction mixture collected until 15 
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mL of organic phase accumulated. The separation of the reaction mixture in the 

receiving containers was very quick and the H2O2 served as quenching agent by 

oxidizing all the SBS present in the aqueous phase before it could further react 

with AHP. Organic phase (1.0 mL) was withdrawn with a micropipette and 

diluted to 10 mL with methanol in a volumetric flask. 

The hydroperoxide concentration was determined with a Shimadzu HPLC 

equipped with a CBM-20A controller, two LC-20AD XR pumps, 193 SIL-20AC XR 

autosampler, CTO-20AC column oven and a SPD-M20AD diode array detector. 

An Agilent ZORBAX SB-C18, 4.6 x 250 mm, 5 μm column was used. The eluent 

consisted of a mixture of water (35 vol%) and methanol (65 vol%) with 0.01 M 

phosphoric acid to ensure protonation of the hydroperoxides and avoid double 

peaks in the chromatogram. During each analysis the composition of the eluent 

was kept constant. The eluent flowrate was 1 mL/min and the injection volume 

5 μL. A diode array detector was used and the chromatograms were acquired at 

a wavelength of 210 nm. The hydroperoxide concentration in the aqueous 

phase was not measured since it was lower than the detection limits of the 

instrument, therefore negligible compared to its concentration in the organic 

phase. 

Knowing the hydroperoxide concentration in the organic phase at the reactor 

outlet and inlet, the hydroperoxide conversion could be determined: 

 𝑋𝐴𝐻𝑃 = 1 −
𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑜𝑢𝑡

𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛  (72) 

The previous calculation assumes that the organic phase volumetric flowrate 

does not change during the reaction. The assumption is valid because the 

amount of AHP initially present in the organic phase is very low. 
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4.3. Results and discussion 

4.3.1. Microreactor experiments 

For each graph of AHP conversion the experimental value of the specific 

interfacial area 𝑎  is given. This value corresponds to the average of the 

interfacial areas measured for each experimental point shown in the plot. The 

standard deviation of the 𝑎 values is also indicated, and was always less than 

10% of the average value. The effect of the two most important variables for the 

reduction of both TBHP and CHP, residence time and temperature, was 

investigated first. Figure 7 shows the conversion of AHP (𝑋𝐴𝐻𝑃 ) versus the 

residence time at several temperatures. 

 

Figure 7. Organic hydroperoxide conversion vs. residence time at several temperatures 

for (a) TBHP, 𝑎 = 4218 ± 338 𝑚−1 and (b) CHP, 𝑎 = 4641 ± 287 𝑚−1. Experimental 

conditions: 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 

𝑚, SS capillary. 

It is clear that TBHP is more reactive than CHP due to its higher solubility in the 

aqueous phase, where the reducing agent resides, and probably also due to its 

higher intrinsic reactivity. To quantify the solubility effect, the partition 

coefficients of both hydroperoxides were determined by stirring the organic 

phase, with AHP, together with the aqueous phase, without SMBS, for 30 min at 

293 K and measuring the hydroperoxide concentration in both phases. The CHP 
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concentration in the aqueous phase was under the detection limit of the HPLC, 

therefore it was determined using 1H-NMR spectroscopy. The resulting 

partition coefficients were 𝐾𝑝,𝑇𝐵𝐻𝑃 = 2 x 10-1 𝑚𝑎𝑞
3 𝑚𝑜𝑟𝑔

3⁄  and 𝐾𝑝,𝐶𝐻𝑃 = 1.75 x 10-2 

𝑚𝑎𝑞
3 𝑚𝑜𝑟𝑔

3⁄ , indicating that TBHP is approximately 10 times more soluble in the 

aqueous phase than CHP. Increasing the temperature leads to a higher intrinsic 

kinetic constant and a lower AHP solubility in the aqueous phase11,12. These two 

effects counteract each other, but the influence of temperature on the kinetic 

constant is higher, so the reaction rate increases with temperature.  

The partition coefficient is also influenced by the ionic strength of the aqueous 

phase. Due to the salting-out effect, the organic compound solubility reduces in 

aqueous solutions containing electrolytes. The partition coefficient is described 

by the Setschenow equation13–16: 

  ln
𝐾𝑝,𝐴𝐻𝑃

𝐾𝑝,𝐴𝐻𝑃
0 = −𝑘𝑠𝐶𝑠

𝑎𝑞
 (73) 

The effect of this parameter was checked with an experiment in which the AHP 

conversion at constant residence time was determined for different aqueous 

phase ionic strengths, obtained by adding different amounts of NaCl, shown in 

Figure 8.  
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Figure 8. Effect of ionic strength on the AHP reduction rate for (a) TBHP, 𝜏 = 10 s, 𝑎 = 

4218 ± 338 𝑚−1 and (b) CHP, 𝜏 = 180 s, 𝑎 = 4641 ± 287 𝑚−1. Experimental conditions: 𝑇 

= 283 𝐾, 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 𝑚, 

SS capillary. 

The ionic strength is expressed as 𝐶𝑆
𝑎𝑞

, which is the total salt concentration of 

the aqueous phase, including SBS, sodium acetate from the pH buffer and the 

added NaCl. The AHP conversion decreases with the increase of  𝐶𝑆
𝑎𝑞

, as 

expected from Equation (2).  

Another parameter that commonly affects liquid-liquid heterogeneous reaction 

rates is the interfacial area. This variable can be changed by using capillaries 

with different inner diameters17,18. The narrower the capillary, the higher the 

interfacial area. Figure 9 shows the reduction rates obtained for TBHP and CHP 

in capillaries of different size, with the corresponding interfacial areas.  
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Figure 9. Effect of interfacial area on the AHP reduction rate for (a) TBHP, 𝑇 = 283 𝐾, SS 

capillary, ● 𝑎 = 3506 ± 178 𝑚−1, ■ 𝑎 = 4917 ± 289 𝑚−1; (b) CHP, 𝑇 = 293 𝐾, PFA 

capillary, ▲ 𝑎 = 3302 ± 360 𝑚−1, ■ 𝑎 = 2384 ± 180 𝑚−1, ● 𝑎 = 1693 ± 81 𝑚−1. 

Experimental conditions: 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4. 

Clearly a larger interfacial area increases the reaction rate. Combined with the 

observed fast reaction rates, this suggests the presence of mass-transfer 

limitations. To better elucidate the kinetic mechanism an additional check was 

carried out by determining the influence of the slug-flow velocity on the AHP 

reduction, since it is known that for liquid-liquid mass-transfer limited 

reactions in slug-flow microreactors an increase in the velocity leads to a higher 

degree of mixing, mass transfer and, consequently, higher reaction rates17,19. 

While the velocity was modified, the residence time was kept constant by 

changing the capillary length accordingly. Figure 10 remarkably shows that the 

velocity had no influence on the fastest reaction rate. 



100 Intensified sulfite reduction of alkyl hydroperoxides in a rs-SDR 
 

 

 

Figure 10. Effect of slug-flow velocity on the TBHP reduction rate. Experimental 

conditions: 𝑇 = 283 𝐾, 𝜏 = 4 s, 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝑎 = 4218 ± 338 𝑚−1, 

𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4, 𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 𝑚, SS capillary. 

This result can be explained by assuming the concentration profile depicted in 

Figure 11. 

 

Figure 11. Proposed concentration profiles for the AHP reduction. 

The assumptions on the base of these concentration profiles are that: 

 reduction reaction is very fast and takes place entirely in a fraction of the 

boundary layer of the aqueous phase or at the liquid-liquid interface; 

 AHP and SBS concentration in the film of the organic and aqueous phase 

respectively are equal to their concentration in the bulk, i.e., the reaction 

rate is much slower than the mass transfer to the interface. 
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The corresponding reaction rate will then not depend on mass-transfer but still 

will be proportional to the specific interfacial area 𝑎  (see also Equation 3, 

section Kinetic Modelling). 

4.3.2. Rotor-stator spinning-disc reactor experiments 

The influence of residence time and disc rotational speed was investigated in 

the rs-SDR. The effect on the CHP reduction rate is reported in Figures 12 and 

13. The corresponding inlet and outlet reactor temperatures are also depicted 

in those figures. The inlet and outlet temperatures of the cooling jacket are 

always 283 ± 1 K, the set-point temperature of the reactor thermostat. This was 

achieved by the high capacity of the thermostat and the high flowrate of cooling 

liquid. 

 

Figure 12. Effect of rotational speed on (a) CHP conversion and (b) inlet/outlet reactor 

temperatures of the SDR. Experimental conditions: 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝜏 

= 7 s, 𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4. 
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Figure 13. Effect of rotational speed and residence time on the (a) CHP conversion and 

(b) inlet/outlet reactor temperatures of the SDR. Experimental conditions: 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔,𝑖𝑛

 = 

0.100 M, 𝐶𝑆𝑀𝐵𝑆
𝑎𝑞,𝑖𝑛 = 0.225 M, 𝐴/𝑂 = 0.55, 𝜙𝑆𝐵𝑆 = 2.4. 

An equivalent experiment using TBHP and a residence time of 7 s resulted in 

100% conversion at every rotational speed. For CHP it is evident that, even at 

the lowest rotational speed of 1000 rpm, the reduction rate in the SDR is ca. 8 

times faster as a result of the higher liquid-liquid interfacial area. When the 

rotational speed was increased, also the interfacial area increased and so the 

CHP conversion. Figure 12 (b) shows that 𝑇𝑅
𝑎𝑞,𝑖𝑛

 is approximately 286 K. 𝑇𝑅
𝑎𝑞,𝑖𝑛

 

increases with residence time due to increased warming up of the reactants in 

the feeding tubes. 𝑇𝑅
𝑜𝑢𝑡  went from 284.5 K at 1000 rpm to 288 K at 4500 rpm; 

the temperature rises due to the increased friction at higher rotational speeds.  

4.4. Kinetic modeling 

A kinetic model was developed on the basis of the experimental results and 

observations. The assumed kinetic regime corresponds to the concentration 

profiles depicted in Figure 11. The corresponding AHP reduction rate is20: 

 𝑅𝑟 = 𝐶𝐴𝐻𝑃
𝑜𝑟𝑔
𝑎√𝐾𝑝,𝐴𝐻𝑃

2𝒟𝐴𝐻𝑃
𝑎𝑞

𝑘𝑟𝐶𝑆𝐵𝑆
𝑎𝑞

 (74) 
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Where 𝒟𝐴𝐻𝑃
𝑎𝑞

 is the diffusion coefficient of AHP in the aqueous phase and 𝑘𝑅 the 

intrinsic kinetic rate constant. As shown in the results section, 𝐾𝑝,𝐴𝐻𝑃 depends 

on the aqueous phase ionic strength following the Setschenow equation13–16: 

  ln
𝐾𝑝,𝐴𝐻𝑃

𝐾𝑝,𝐴𝐻𝑃
0 = −𝑘𝑠𝐶𝑠

𝑎𝑞
 (73) 

where 𝐾𝑝,𝐴𝐻𝑃
0  is the AHP partition coefficient at 𝐶𝑠

𝑎𝑞
 = 0, 𝐾𝑝,𝐴𝐻𝑃  the partition 

coefficient at any ionic strength, 𝑘𝑠 the Setschenow constant and 𝐶𝑠
𝑎𝑞

 the total 

salt concentration in the aqueous phase. 𝐾𝑝,𝐴𝐻𝑃
0 , 𝒟𝐴𝐻𝑃

𝑎𝑞
 and 𝑘𝑅 are influenced by 

temperature. The AHP partition is related to the Gibbs energy, the molar 

enthalpy and the molar entropy of the association equilibrium between the 

compositions of a component in two liquids11 by the following equations: 

  ∆𝑡𝑟𝐺
0 = 2.303𝑅𝑇 ln𝐾𝑝,𝐴𝐻𝑃

0   (75) 

  ∆𝑡𝑟𝐺
0 = ∆𝑡𝑟𝐻

0 − 𝑇∆𝑡𝑟𝑆
0 (76) 

By combining Equations 75 and 76 we obtain: 

  𝐾𝑝,𝐴𝐻𝑃
0 = 𝐵 exp (

∆𝑡𝑟𝐻
0

2.303𝑅𝑇
)  (77) 

Where 𝐵 = exp(−
∆𝑡𝑟𝑆

0

2.303𝑅
) is a constant. 

The temperature dependence of the diffusion coefficient is given by21:  

  𝒟𝐴𝐻𝑃
𝑎𝑞

= 𝐶 exp (−
𝑄

𝑇
) (78) 

Where 𝐶 and 𝑄 are constants. 

Finally, to take the effect of temperature on the kinetic constant 𝑘𝑟 into account 

the Arrhenius expression is used: 

  𝑘𝑟 = 𝐴𝑟exp(−
𝐸𝑎,𝑟

𝑅𝑇
) (79) 

By combining Equations 73, 77, 78 and 79, Equation 74 can be rewritten as: 
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  𝑅𝑟 = √𝐴𝑟
∗ exp (−(

𝐸𝑎,𝑟
∗

𝑅𝑇
+ 2𝑘𝑠𝐶𝑠

𝑎𝑞
))𝐶𝑆𝐵𝑆

𝑎𝑞
𝐶𝐴𝐻𝑃
𝑜𝑟𝑔
𝑎 (80) 

where 𝐴𝑟
∗  and 𝐸𝑎,𝑟

∗  are the apparent pre-exponential factor and activation 

energy of the reduction reaction equal to: 

  𝐴𝑟
∗ = 𝐾𝑝,𝐴𝐻𝑃

0 2
𝐴𝐵2𝐶 (81) 

  𝐸𝑎,𝑟
∗ = 𝐸𝑎,𝑟 + 𝑄𝑅 −

2

2.303
∆𝑡𝑟𝐻

0 (82) 

The mole balance of a PFR was used to simulate the microreactor and the SDR: 

  
𝑑𝐶𝐴𝐻𝑃

𝑜𝑟𝑔

𝑑𝜏
= −

𝑅𝑟

𝜃𝑜𝑟𝑔
 (83) 

The model was implemented in Matlab® using the ODE15s function to solve the 

mole balances. The parameters 𝐴𝑟
∗ , 𝐸𝑎,𝑟

∗  and 𝑘𝑠, which are reported in Table 4 

for both TBHP and CHP, were fitted from the microreactor experiments using 

the Lsqcurvefit function.  

Table 4. Fitted kinetic parameters for the AHP reduction. 

AHP 𝐴𝑟
∗  𝐸𝑎,𝑟

∗  𝑘𝑠 

TBHP 4.324 x 10-2 3.820 x 104 3.681 x 10-1 

CHP 2.050 x 10-3 4.637 x 104 3.784 x 10-1 

 

The calculated values from the model are reported in solid lines in Figures 7 to 

9. The model with the parameters determined from the fitting of the 

microreactor experiments was used to calculate the interfacial area obtained in 

the SDR, using the data displayed in Figure 12(a) and 13 (a). Each experimental 

point depicted in Figure 12(a), which corresponds to a different rotational 

speed, was fitted separately to determine the corresponding interfacial area. 

The fitting is therefore not reported. In Figure 13(a), all the data obtained at the 
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same rotational speed were fitted together and the fitting is represented by 

solid lines in the same figure. The determined values of 𝑎 are given in Figure 

9Errore. L'origine riferimento non è stata trovata.. 

 

Figure 14. Specific interfacial areas in the SDR calculated from the experiments. 

Although the calculation only gives an estimation of the specific interfacial areas 

and cannot replace direct measurements, it can be observed that even at the 

lowest rotational speed of 1000 rpm 𝑎  is already 15 times larger than the 

highest value measured in the microreactor for CHP. At the highest rotational 

speed applied 𝑎  becomes 100 times larger. Moreover, the specific interfacial 

area appears to have a linear dependence on the rotational speed and probably 

increases further for rotational speeds higher than 4500 rpm. 

The parity plot in Figure 15 shows that the agreement between model and 

experiments is within ± 90% confidence band.  
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Fig. 15. Comparison of the predicted and experimental AHP conversions in the 

microreactor. 

The model line for the 1 mm capillary in Figure 9 (a) is slightly off, possibly due 

to an inaccurate specific interfacial area measurement caused by the transition 

from the SS capillary with 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 10-3 𝑚 to the FS capillary piece with 

𝐼𝐷𝑐𝑎𝑝 = 0.75 x 10-3 𝑚. In Figure 13 (a), the model tends to underestimate the 

experimental data at low residence times and overestimate them at high 

residence times. The most likely explanation for these deviations is that an 

increasing flowrate leads to an increase in the plug-flow region present in the 

experimental SDR and a smaller ideally stirred region22, leading to higher 

conversions at lower residence times due to the higher AHP concentrations 

present in the reactor. 

4.5. Conclusions 

The kinetics of the liquid-liquid sulfite reduction of TBHP and CHP are shown to 

take place in the aqueous phase by mass-transfer of the AHP and the subsequent 

fast reaction with the sodium bisulfite present in the boundary layer near the 

interface. The reaction kinetics are adequately modeled taking into account the 

effect of interfacial area, temperature, and ionic strength. CHP is reduced more 

slowly than TBHP because of its lower solubility in the aqueous phase and 

probably lower reactivity. It was shown that the reaction rate increases with 

temperature and interfacial area and decreases with ionic strength. On the base 
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of these findings, the sulfate reduction of hydroperoxides was intensified using 

a rotor-stator spinning-disc reactor. The AHP reduction rate in the rs-SDR was 

up to 17 times larger than the microreactor reduction rate at a disc rotational 

speed of 4500 rpm due to a higher interfacial area. The reaction would probably 

become even faster for rotational speeds higher than 4500 rpm. However, such 

values could not be tested because full AHP conversion was already reached at 

4500 rpm and it was not possible to further reduce the residence time and/or 

the temperature with the equipment used. The rs-SDR thus intensifies the AHP 

reduction significantly. Moreover, it enables to perform the industrial removal 

of AHP from peroxyesters continuously in an intensified, efficient, and safe 

manner.  
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Nomenclature 

Latin Symbols 

𝐼𝐷𝑐𝑎𝑝   capillary inner diameter, m 

𝑂𝐷𝑐𝑎𝑝  capillary outer diameter, m 

𝐿𝑐𝑎𝑝  capillary length, m 

𝑋  conversion, -  

𝐶  concentration, mol L−1 

𝑎  liquid-liquid interfacial area per unit of reactor volume, m2mR
−3 

𝐴/𝑂  aqueous over organic volumetric flowrate ratio, - 

�̇�  molar flowrate, mol s−1 

𝐾𝑝,𝐴𝐻𝑃  AHP partition coefficient at any 𝐶𝑠
𝑎𝑞

, 𝐶𝐴𝐻𝑃
𝑎𝑞

𝐶𝐴𝐻𝑃
𝑜𝑟𝑔

⁄ , maq
3 morg

−3  

𝐾𝑝,𝐴𝐻𝑃
0  AHP partition coefficient at 𝐶𝑠

𝑎𝑞
 = 0, 𝐶𝐴𝐻𝑃

𝑎𝑞
𝐶𝐴𝐻𝑃
𝑜𝑟𝑔

⁄ , maq
3 morg

−3  

𝑇  temperature, K 

𝒟  diffusion coefficient, m2 s−1 

𝑅𝑟  reduction reaction rate, mol L−1 s−1 

𝑘𝑟  reduction reaction kinetic constant, L mol−1 s−1 

𝑘𝑆  Setschenow constant, L mol−1 

𝑅  universal gas constant, J mol−1 K−1 

∆𝑡𝑟𝐺
0  Gibbs energy of transfer, J 

∆𝑡𝑟𝐻
0  enthalpy of transfer, J 

∆𝑡𝑟𝑆
0  entropy of transfer, J K−1 

𝐴𝑟
∗  apparent pre-exponential factor of the reduction reaction, 

m2 L mol−1 s−2 

𝐸𝑎,𝑟
∗   apparent activation energy of the reduction reaction, J mol−1 

Greek symbols 

𝜙𝑆𝐵𝑆  molar flow ratio of SBS with respect to AHP, �̇�𝑆𝐵𝑆
𝑎𝑞

�̇�𝐴𝐻𝑃
𝑜𝑟𝑔

⁄  

𝜏  residence time, s 
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𝜃  volumetric liquid holdup, - 

Ω  disc rotational speed, rpm 

Abbreviations 

AHP  alkyl/arylalkyl hydroperoxide;  

SMBS   sodium metabisulfite;  

SBS   sodium bisulfite;  

TBHP  tert-butyl hydroperoxide;  

CHP  cumene hydroperoxide;  

SS  stainless steel 

PFA  perfluoroalkoxy alkane 

rs-SDR rotor-stator spinning-disc reactor 

Superscripts 

𝑜𝑟𝑔  organic phase 

𝑖𝑛  inlet 

𝑜𝑢𝑡  reactor outlet 

Subscripts 

𝑆  salt 

𝑅  reactor 
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5. Drying of organic liquids with 

concentrated salt solutions in a 

multistage spinning-disc extractor 

Abstract 

Drying of organic chemicals is a common industrial and laboratory operation. 

Water can be removed by extraction with a concentrated electrolyte solution. 

Concentrated sulfuric acid is ideal for the purpose, but it can be chemically 

incompatible with some organic liquids. Alternative drying agents were 

investigated and it was found that concentrated solutions of LiCl, LiBr, CaCl2 and 

NaOH can remove up to 90 % of the water from a saturated organic liquid. The 

maximum water extraction effectiveness is obtained at salt concentrations close 

to saturation and low temperature. The equilibrium water content can be 

predicted with good accuracy using the NRTL model. The water extraction was 

carried out in a counter-current multistage spinning-disc extractor (MSDE), a 

device consisting of a co-rotating casing and impeller. It was demonstrated that 

the centrifugal force for phase separation and the shear force needed for 

efficient mixing can be independently adjusted. The highest extraction 

efficiency of 91.5 % was obtained at a high casing rotational speed (Ω𝑐 = 1500 

rpm), high rotational speed difference between the casing and the impeller (∆Ω 
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= 250 rpm), low organic to aqueous flowrate ratio (OA = 1) and low flowrates 

(�̇�𝑜𝑟𝑔 = �̇�𝑎𝑞 = 2.5 x 10-3 L/s). The calculated mass-transfer coefficients in the 

MSDE were between 0.008 - 0.031 s-1.  

5.1. Introduction 

Drying of organic chemicals is an important industrial operation. The last 

production step of peroxyesters and other organic peroxides is the removal of 

water that is left in them by the previous process operations [1–3]. The final 

application of the organic peroxide determines the maximum allowed water 

content. Peroxyesters are currently produced in batch and dried with 

anhydrous magnesium sulfate. Switching to a continuous production would 

result in clear advantages in terms of productivity, safety and costs. Under 

certain conditions, e.g. high temperatures or presence of impurities, organic 

peroxides become unstable and can lead to serious events such as explosions or 

fires. The peroxide holdup should therefore be minimized to reduce the risk.  

With regard to the drying step, the handling of solid magnesium sulfate would 

be problematic for a continuous process. An alternative is the water extraction 

with a liquid desiccant, a process that is usually used for air dehumidification 

[4]. The ideal candidate would be concentrated sulfuric acid because of its low 

water vapor pressure and high drying power [5]. Unfortunately, most organic 

peroxides undergo violent decomposition upon contact with acids [6]. 

Alternative and compatible liquid desiccants were investigated in this work, as 

well as the effect of their concentration and temperature. These experiments 

were carried out in batch. Normal esters were used as model compounds 

instead of peroxyesters for safety reasons. A NRTL model [7] was used to 

predict the equilibrium water concentration in the organic phase after 

extraction and the calculated values were compared to the experimental results. 

The influence of the ester type and flowrate ratio on the extraction kinetics was 

investigated using a continuous slug-flow capillary microreactor [8]. Despite 
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the excellent mass-transfer performance of capillary microreactors, their 

productivity is usually too low for most industrial applications. The knowledge 

acquired from the batch and microreactor experiments was used to scale-up the 

water extraction in a novel extractor: the counter-current multistage spinning-

disc extractor (MSDE). The performance of this device was previously studied 

for two systems: mass-transfer of benzoic acid from n-heptane to water [9] and 

drying of saturated dichloromethane with a concentrated sulfuric-acid solution 

[10]. The compactness and low liquid holdup of this device would make it ideal 

for extracting water from peroxyesters. The MSDE consists of a co-rotating 

impeller and casing and allows for the independent control of the shear force 

needed for efficient phase contacting and the centrifugal force needed for phase 

separation. The influence of the rotational speeds, liquid flowrates and 

flowrates ratio on the extraction rate and liquid holdups of the MSDE was 

investigated. The operating parameters were then optimized to maximize the 

extraction efficiency. Kinetic models were developed for both the slug-flow 

microreactor and the MSDE to calculate the volumetric mass-transfer 

coefficients. 

5.2. Experimental 

5.2.1. Materials 

Methyl benzoate (Sigma-Aldrich, 99%), ethyl hexanoate (TCI, >99%), n-

butylacetate (Sigma-Aldrich, ≥99.5%), ethyl acetate (VWR Chemicals, ≥99.5%) 

and butyl butyrate (Sigma-Aldrich, 98%) were used as organic compounds. 

These esters were chosen as model compounds to simulate the drying of 

peroxyesters. 

Sodium hydroxide (VWR Chemicals), calcium chloride (Alfa Aesar, 97%), 

lithium chloride (Alfa Aesar, 99%) and lithium bromide (Alfa Aesar, 99%) were 

the salts used to prepare the liquid desiccants. 
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5.2.2. Batch experiments 

A beaker filled with the organic phase and the drying solution was immersed in 

a thermostating bath at the desired temperature. The two phases were mixed 

for 10 minutes with a Teflon PTFE stirrer connected to an overhead motor. After 

phase separation the water content of the organic phase was measured.  

5.2.3. Microreactor experiments 

The organic phase and the drying solution were pumped by means of two 

Chemyx Fusion 500 syringe pumps. The two feeds mixed in a T-junction and 

formed the slug-flow. The biphasic mixture coming out from the extraction 

capillary collected and quickly separated in a glass vial. The fast phase 

separation and the low contact area in the vial ensured the interruption of the 

extraction. A 1 mL sample of the organic phase was quickly taken for the 

measurement of the water content. A scheme of the microreactor setup is 

provided in Fig. 16.  

 

Figure 16. Microreactor setup. 

All the capillaries were immersed in a thermostatic bath for precise 

temperature control. Two 0.7 m long metal coils were present in the feed lines 

to ensure that the two phases reached the desired temperature before mixing.  
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5.2.4. Multistage spinning-disc extractor  

5.2.4.1. Setup 

The scheme of the side cross section of the counter-current three-stage 

spinning-disc extractor (MSDE), together with the impeller geometry, is 

provided in Fig. 17.  

 

Figure 17. Schemes of the side cross section of the three-stage spinning-disc extractor 

and impeller geometry. 

It consists in three impellers (light gray) enclosed by a co-rotating casing (dark 

gray). The inner diameter of the casing is 180 x 10-3 m. The impellers consist of 

a top disc with a diameter of 146 x 10−3 m and a bottom disc with a diameter of 

170 x 10−3 m. The top and bottom discs are connected by six vanes with a height 

of 2 x 10−3 m. The weirs are circular crowns with a thickness of 1 x 10−3 m and 

are mounted on the casing. The inner diameters of the weirs at the inlet (below 

the bottom disc) and outlet side (above the top disc) of the impellers are 30 x 

10−3 m and 25 x 10−3 m respectively. The spacing between the impeller and the 

weirs, as well as the spacing between the weirs and the enclosure equals 1 x 

10−3 m. The volume of each contacting stage of the extractor is 102 x 10-6 m3, for 

a total volume of 306 x 10-6 m3. An illustration of the mechanical construction 

of the SDE is given in Fig. 18. 
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Figure 18. Mechanical construction of the three stage spinning-disc extractor. 

 The impeller and casing are propelled by timing belts connected to 3kW motors 

(SCFM71M, SEW). The maximum rotational speed of the casing is limited to 

2000 rpm. Due to the mechanical construction of the extractor, the rotational 

speed difference, ∆Ω, between the casing and the impeller cannot be lower than 

150 rpm to avoid damages to the bearings. 

The setup scheme is provided in Fig. 19. The light and heavy phase were 

pumped by two Gather Laboratory Pumps LAP-ZP-12 coupled with two 

Bronkhorst mini CORI-FLOW M-15 mass flow controllers to precisely control 

the flowrates. Pressure sensors and thermocouples were installed at the light 

and heavy phase inlets and outlets of the extractor. Two manual needle valves 

were also mounted on the MSDE outlets. By opening or closing the needle valves 

the backpressure of the outlet lines could be regulated to improve the phase 

separation in the MSDE. 
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Figure 19. Three-stage spinning-disc extractor setup. 

The equipment was connected with ⅜” Swagelok tubing. The setup was 

controlled with Labview, also used to display and record the operating 

parameters. The MSDE was operated in two modes: batch and semi-batch. With 

the batch mode both phases were stored in a 2 L graduated cylinder and 

continuously recycled into the extractor. This mode was used at first to find the 

operating conditions at which complete separation of the two phases occurred 

at both outlets and to measure the holdups of the phases in the MSDE. With the 

semi-batch mode the aqueous phase was always recirculated in the extractor 

from the graduated cylinder and fresh organic phase saturated with water was 

pumped to the extractor from a separate tank. The organic phase coming out 

from the MSDE was collected in a waste tank. Two three way valves on the 

organic phase inlet and outlet, shown in Fig. 19, were used to switch between 

the two operating modes. 

5.2.4.2. Holdups measurement 

The holdups of light and heavy phase in the MSDE vary with the operating 

conditions. The holdups were measured with the setup operating in batch 

mode. Initially, the extractor and all the lines were flushed with aqueous phase. 

A certain amount aqueous phase was poured into the graduated cylinder and 

all the lines immersed in it. The system was flushed to get rid of the air possibly 
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trapped in it. The total volume of aqueous phase in the setup (cylinder, lines 

and MSDE) was then equal to: 

 𝑉𝑠𝑒𝑡𝑢𝑝
𝑎𝑞

= 𝑉𝑙
𝑎𝑞
+ 𝑉𝑙

𝑜𝑟𝑔
+ 𝑉𝑀𝑆𝐷𝐸

𝑡𝑜𝑡 + 𝑉𝑐𝑦𝑙
𝑎𝑞,𝑖𝑛

 (84) 

A known amount of organic phase (𝑉𝑠𝑒𝑡𝑢𝑝
𝑜𝑟𝑔

) was added to the cylinder and the 

organic phase lines (inlet and outlet) were raised into it. The pumps and the 

rotation of the extractor were then started. After reaching complete phase 

separation at both outlets and steady state, the volumes of organic and aqueous 

phase in the graduated cylinder were measured and the MSDE holdups were 

calculated as:  

  휀𝑜𝑟𝑔 =
𝑉𝑀𝑆𝐷𝐸
𝑜𝑟𝑔

𝑉𝑀𝑆𝐷𝐸
𝑡𝑜𝑡 =

𝑉𝑠𝑒𝑡𝑢𝑝
𝑜𝑟𝑔

−𝑉𝑙
𝑜𝑟𝑔

−𝑉𝑐𝑦𝑙
𝑜𝑟𝑔

𝑉𝑀𝑆𝐷𝐸
𝑡𝑜𝑡  (85) 

  휀𝑎𝑞 =
𝑉𝑀𝑆𝐷𝐸
𝑎𝑞

𝑉𝑀𝑆𝐷𝐸
𝑡𝑜𝑡 =

𝑉𝑠𝑒𝑡𝑢𝑝
𝑎𝑞

−𝑉𝑙
𝑎𝑞
−𝑉𝑐𝑦𝑙

𝑎𝑞

𝑉𝑀𝑆𝐷𝐸
𝑡𝑜𝑡  (86) 

In this way the holdups were determined independently and it was possible to 

check the accuracy of the measurement by knowing that their sum must be 

equal to unity. 

5.2.4.3. Drying experiments 

To measure the water extraction efficiency the SDE was started up in batch 

mode. After reaching steady state with the desired operating conditions, the 

three-way valves on the organic phase lines were switched to pass in semi-

batch mode, as described in Paragraph 5.2.4.1. The aqueous phase was always 

recirculated from the cylinder because the decrease of its concentration and 

extraction capacity is very little. This is due to the fact that the initial water 

concentration of the aqueous phase is very high, while very small amounts of 

water are extracted from the organic phase. The organic phase sample was 

collected from the extractor outlet after waiting at least three residence times 

of the organic phase in the MSDE. The organic phase residence time was 

calculated from the known values of 휀𝑜𝑟𝑔 and �̇�𝑜𝑟𝑔. 
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5.2.5. Analytical method 

The water content of the organic phase was analyzed with a Karl Fischer 899 

Coulometer (Metrohom Applikon) containing Aquastar CombiCoulomat 

fritless KF reagent that allows the detection of water in the concentration range 

of 1 – 50000 ppm. The water removal (WR) and extraction efficiency (EE) were 

calculated as: 

  𝑊𝑅 =
𝐶𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

− 𝐶𝑤
𝑜𝑟𝑔

𝐶𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡 100 (87) 

  𝐸𝐸 =
𝐶𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

− 𝐶𝑤
𝑜𝑟𝑔

𝐶𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

−𝐶𝑤
𝑜𝑟𝑔,𝑒𝑞 100 (88) 

 

5.3. Modelling 

5.3.1. Prediction of the equilibrium water content 

When the organic compound saturated with water is mixed with the drying 

solution, water transfers from the organic phase to the aqueous phase. At 

equilibrium, the partial pressure of water above the organic compound must be 

equal to the partial pressure of water above the drying agent solution [11]: 

  𝑃𝑤
𝑜𝑟𝑔,𝑒𝑞

= 𝑃𝑤
𝑎𝑞,𝑒𝑞

 (89) 

For a non-ideal mixture, the partial pressure of the organic phase can be 

described by the modified Raoult’s law, which takes into account the 

interactions between different molecules in the liquid phase through the 

activity coefficients [7]: 

  𝑥𝑤
𝑜𝑟𝑔,𝑒𝑞

𝛾𝑤
𝑜𝑟𝑔
𝑃𝑤
𝑠𝑎𝑡 = 𝑃𝑤

𝑎𝑞,𝑒𝑞
 (90) 

Eq. 90 shows that the effectiveness of the drying solution depends on the water 

vapor pressure above it: the lower the water vapor pressure, the better the 

drying [11,12]. 
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By knowing 𝑃𝑤
𝑎𝑞,𝑒𝑞

 of the drying solution and 𝛾𝑤
𝑜𝑟𝑔

, 𝑥𝑤
𝑜𝑟𝑔,𝑒𝑞

 can be determined 

from Eq. 90. For the drying solutions of LiCl, LiBr, CaCl2 and NaOH used in this 

work, 𝑃𝑤
𝑎𝑞,𝑒𝑞

 was found in the literature [13–15]. The activity coefficients 𝛾𝑤
𝑜𝑟𝑔

 

were calculated using the NRTL thermodynamic model [7]. The non-

randomness parameter 𝛼  was set equal to 0.2, as recommended when 

calculating liquid-liquid equilibria [16]. The model binary parameters ∆𝑔12 and 

∆𝑔21were fitted from mutual solubility data of the system ester-water available 

in literature. Subscript 1 refers to water, while subscript 2 refers to the ester. To 

take into account the temperature effect on ∆𝑔12 and ∆𝑔21, a linear temperature 

dependence was considered: 

 ∆𝑔12 = 𝑏12 + 𝑐12𝑇 (91) 

  ∆𝑔21 = 𝑏21 + 𝑐21𝑇 (92) 

 Where 𝑏12, 𝑐12, 𝑏21 and 𝑐21 are numerical coefficients.  

The equilibrium water concentration in the ester, after contacting with the 

drying solution, were predicted only for methyl benzoate to prove the validity 

of the model. The mutual solubility data of the binary system methyl benzoate-

water were found in the IUPAC Solubility Data Series [17]. The fitted coefficients 

of Eq. 91 and 92 are: 𝑏12 = 1278.1, 𝑐12 = 53.978, 𝑏21 = 10630 and 𝑐21 = -23.636. 

5.3.2. Microreactor model 

A kinetic model was developed to calculate the mass-transfer coefficients of the 

microreactor. According to the two film theory, the water mass-transfer is 

assumed to take place in the thin film region. Since the water concentration in 

the aqueous phase is very high, the concentration change of the aqueous phase 

during the extraction is negligible (straight concentration profile) and the mass-

transfer limitations are considered to be only in the organic phase, as 

represented in Fig. 11.  
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Figure 20. Concentration profiles of water in the organic and aqueous phase. 

The slug-flow microreactor was approximated to a PFR. The corresponding 

water mole balance is: 

  
𝑑𝐶𝑤

𝑜𝑟𝑔

𝑑𝜏
=

𝑘𝐿𝑎

𝑜𝑟𝑔 (𝐶𝑤
𝑜𝑟𝑔,𝑒𝑞

− 𝐶𝑤
𝑜𝑟𝑔
) (93) 

with 𝜏 = 𝑉𝑅
𝑡𝑜𝑡/(�̇�𝑜𝑟𝑔 + �̇�𝑎𝑞) and 𝑘𝐿𝑎 the overall mass transfer coefficient. The 

interfacial area 𝑎, defined as the liquid-liquid interfacial area per unit of total 

reactor volume, was determined from the slug-flow pictures. The model was 

implemented in Matlab® and solved with the ode15s solver. The mass-transfer 

coefficient 𝑘𝐿 in was determined by fitting of the experimental data. 

5.3.3. Multistage spinning-disc extractor model 

An additional kinetic model was developed to estimate the volumetric mass-

transfer coefficients of the MSDE. The MSDE was approximated to three CSTRs 

in series, one for each stage. The water concentration of the aqueous phase in 

the three stages was considered constant because of the assumptions made in 

the previous paragraph. A scheme of the three CSTRs in series is provided in 

Fig. 21 and the corresponding mole balances in the organic phase are: 

  0 = �̇�𝑜𝑟𝑔(𝐶𝑤
𝑜𝑟𝑔,𝑖𝑛

− 𝐶𝑤
𝑜𝑟𝑔,1

) − 𝑘𝐿𝑎(𝐶𝑤
𝑜𝑟𝑔,1

− 𝐶𝑤
𝑜𝑟𝑔,𝑒𝑞

)𝑉𝑠𝑡 (94) 

  0 = �̇�𝑜𝑟𝑔(𝐶𝑤
𝑜𝑟𝑔,1

− 𝐶𝑤
𝑜𝑟𝑔,2

) − 𝑘𝐿𝑎(𝐶𝑤
𝑜𝑟𝑔,2

− 𝐶𝑤
𝑜𝑟𝑔,𝑒𝑞

)𝑉𝑠𝑡  (95) 

  0 = �̇�𝑜𝑟𝑔(𝐶𝑤
𝑜𝑟𝑔,2

− 𝐶𝑤
𝑜𝑟𝑔,𝑜𝑢𝑡

) − 𝑘𝐿𝑎(𝐶𝑤
𝑜𝑟𝑔,𝑜𝑢𝑡

− 𝐶𝑤
𝑜𝑟𝑔,𝑒𝑞

)𝑉𝑠𝑡 (96) 
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Figure 21. Scheme of the three CSTRs in series used for the MSDE model. 

5.4. Results and discussion 

5.4.1. Batch experiments 

Batch experiments were carried out to compare the drying performance of 

different salt solutions and investigate the effect of salt concentration and 

temperature. Only equilibrium measurements were performed. To ensure that 

equilibrium was reached, samples were taken after mixing the two liquid 

phases for 15 min. However, it was verified that a time of 10 min was already 

sufficient to reach equilibrium. The experimental equilibrium water 

concentrations of the organic phase were compared with the calculated values 

to check the accuracy of the thermodynamic model reported in Paragraph 5.3.1.  

5.4.1.1. Effect of different salts and concentration  

The drying ability of a salt solution is well indicated by its water vapor pressure. 

The choice of drying agents was therefore limited to four readily available salts 

with low water vapor pressure: LiCl, LiBr, CaCl2 and NaOH. It is also known that 

the higher the salt concentration and the lower the temperature, the lower the 

water vapor pressure [13–15]. The first experiment was carried out to compare 

the different salts and check the effect of their concentration, up to saturation, 

on the water extraction. The temperature was kept constant at 3 °C. The results 

are reported in Fig. 22.  
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Figure 22. Water removal vs. salt concentration for several salt solutions. Experimental 

conditions: organic phase = methyl benzoate, 𝑤𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

= 0.7615 x 10-2, 𝑇 = 276 K. 

As expected, the higher the concentration, the higher the amount of water 

removal. The best drying agent at saturation is LiCl with 90 % water removal. 

The saturated solutions of LiBr and NaOH were able to remove 85 % of the 

water, while CaCl2 only removed 70 %. For the prediction of the water removal, 

the activity coefficient of water in methyl benzoate was calculated as shown in 

Paragraph 5.3.1. The water vapor pressure of the aqueous phase for each salt 

was predicted using the correlations proposed in literature [13–15]. As can be 

seen from the parity plot in Fig. 24 the calculated values are within ± 20% of 

the experimental data. The prediction accuracy is better for LiCl, followed by 

LiBr, CaCl2 and NaOH. Fig. 24 shows that the scatter around the parity line is 

not randomly distributed, indicating some bias in the data or model. The 

observed deviations from the parity line are most likely due to the inaccuracies 

in the correlations used to calculate the water vapor pressures of the salt 

solutions, which are very low at these conditions.  

LiCl and LiBr were chosen to continue with as drying agents since they gave the 

best performance. NaOH, which has a comparable drying power to LiBr, was 

discarded because it can hydrolyse esters and peroxyesters. 
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5.4.1.2. Effect of temperature 

The effect of temperature on water removal was investigated using a saturated 

LiCl solution as desiccant. The results are shown in Fig. 23. 

 

Figure 23. Water removal vs. temperature. Experimental conditions: organic phase = 

methyl benzoate, salt = LiCl, 𝑤𝑠
𝑎𝑞= 40 x 10-2, 𝑤𝑤

𝑜𝑟𝑔,𝑠𝑎𝑡
= 0.7615 x 10-2. 

Also in this case the experimental results agree with the calculated values from 

the model. The water removal decreases with the temperature as expected. 

However, the temperature effect is not marked because the water removal 

decreases by only 5 % for a temperature increase of 20 K. As shown in the parity 

plot in Fig. 24 the model predictions are within ± 10 % of the experimental data.  

 

Figure 24. Comparison of the predicted and experimental water removal for the results 

reported in Fig. 22 and 23.  
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5.4.2. Microreactor experiments 

The microreactor was used to investigate the water extraction rate, a useful 

piece of information for the scale-up of the process. This reactor was used for 

the ease of operation, low material consumption, efficient temperature control 

and the possibility to measure the liquid-liquid interfacial area [8]. 

5.4.2.1. Effect of flowrates ratio 

The kinetics of the water extraction was investigated by measuring the water 

removal vs. the residence time in the microreactor for different OA values. The 

residence time was increased by lowering the flowrates of aqueous and organic 

phase. The results are displayed in Fig. 25(a) and show that the organic over 

aqueous flowrate ratio only affects the extraction kinetics, but not the maximum 

achievable water removal. Because of the very low amount of water that is 

extracted, the composition of the aqueous phase does not change significantly 

during the drying for the OA values investigated. The driving force for extraction 

is therefore constant and the same water removal is achieved. Only if the OA 

ratio becomes too high it will have an effect on the equilibrium of water removal. 

On the other hand, increasing OA leads to an increase of 휀𝑜𝑟𝑔 and a decrease of 

𝑎 in Eq. 93. The effect is a slower extraction rate. The values of 𝑎 were measured 

for each OA and are reported in Table 5. These values are the averages of 𝑎 

measured for each residence time, which were in the range of ± 10 % with 

respect to the average. 
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Figure 25. (a) Water removal vs. residence time for several OA ratios and (b) 

corresponding parity plot with the predicted and experimental water removal. 

Experimental conditions: organic phase = methyl benzoate, salt = LiCl, 𝑤𝑠
𝑎𝑞 = 40 x 10-2, 

𝑤𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

= 0.7615 x 10-2, 𝑇 = 276 K, 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 10-3 m. 

Table 5. Average interfacial areas and fitted mass-transfer coefficients corresponding to 

the OA ratios tested. 

OA 𝑎 [𝑚−1] 𝑘𝐿 [𝑚𝑠
−1] 𝑘𝐿𝑎 [𝑠

−1] 

1 2329 7.6681 x 10-5 1.7859 x 10-1 

2 1593 8.2298 x 10-5 1.3110 x 10-1 

4 1007 8.9743 x 10-5 9.0371 x 10-2 

8 589 9.9302 x 10-5 5.8489 x 10-2 

 

The mass-transfer coefficient for each OA value was determined by fitting the 

data displayed in Fig. 25(a). The fitting is reported in the same figure in solid 

lines and the determined values of 𝑘𝐿 in Tab. 5. The 𝑘𝐿 values are very similar, 

but slightly increase with increasing OA.  

5.4.2.2. Effect of organic phase properties 

The drying of esters with different polarity and physical properties was 

investigated in the microreactor. The content of water in each ester was 

measured as a function of the residence time and is reported in Fig. 26(a). 
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Figure 26. (a) Water drying vs. residence time for several esters and (b) corresponding 

parity plot with the predicted and experimental water content. Experimental conditions: 

OA = 1, salt = LiCl, 𝑤𝑠
𝑎𝑞 = 40 x 10-2, 𝑇 = 276 K, 𝐼𝐷𝑐𝑎𝑝 = 1.00 x 10-3 m. 

Table 6. Kinematic viscosity, saturation and equilibrium water content, interfacial area 

and fitted mass-transfer coefficients for the esters tested. 

Ester 𝜈 [𝑚2𝑠−1] 𝑤𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

 𝑤𝑤
𝑜𝑟𝑔,𝑒𝑞

  
WR 

[%] 
𝑎 [𝑚2𝑚−3] 𝑘𝐿 [𝑚𝑠

−1] 𝑘𝐿𝑎 [𝑠
−1] 

ethyl 

acetate 
0.4911 

3.1061 

x 10-2 

0.2942 

x 10-2 
90.52 2265 

1.3832 x 

10-4 

3.1333 x 

10-1 

n-butyl 

acetate 
0.8299 

1.1039 

x 10-2 

0.1466 

x 10-2 
86.72 2280 

1.2162 x 

10-4 

2.7736 x 

10-1 

methyl 

benzoate 
1.9537 

0.7615 

x 10-2 

0.1198 

x 10-2 
84.27 2329 

7.6681 x 

10-5 

1.7859 x 

10-1 

ethyl 

hexanoate 
0.9379 

0.5064 

x 10-2 

0.0734 

x 10-2 
85.50 2316 

9.9439 x 

10-5 

2.3033 x 

10-1 

 

From the observation of Fig. 26(a) and Table 6 it is clear that the higher the 

saturation water content of the ester, the higher its final water content. 

However, the percentage of water that can be removed is very similar for all the 

esters and equal to 85 – 90 %. This means that 𝛾𝑤
𝑜𝑟𝑔

 of the investigated esters 

have similar values. 
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The results reported in Fig. 26(a) were used to fit the mass transfer coefficients 

𝑘𝐿 for each ester. Their values are shown in Table 6, together with the kinematic 

viscosities. It is evident that the lower the kinematic viscosity of the ester, the 

higher the mass-transfer coefficient. Since the Reynolds number in capillaries is 

inversely proportional to the kinematic viscosity of the liquid, the turbulence 

and the mass-transfer are higher for the esters with lower kinematic viscosity. 

5.4.3. Multistage spinning-disc extractor experiments 

The information acquired from the batch and microreactor experiments were 

used to scale-up the drying process in the MSDE. The effect of rotational speeds, 

flowrates and flowrate ratio on the water extraction kinetics was investigated 

to evaluate the performance of the extractor and find the optimal operating 

parameters. The ester used for the experiments was butyl butyrate and the salt 

LiBr. 

5.4.3.1. Achieving complete phase separation in the multistage spinning-disc 

extractor 

The separation efficiency was already studied by other authors [9,18] and we 

did not investigate it in detail in this work. However, we would like to briefly 

summarize under which operating conditions it was possible to get complete 

separation of the two liquid phases in the MSDE. The higher Ω𝑐 , the better the 

phase separation as a consequence of the larger centrifugal force applied. It was 

easier to achieve phase separation when the rotational speeds of the casing and 

the impeller were not too far apart. At these conditions, the shear force between 

the impeller and the casing is lower, the emulsion formed has bigger droplets 

and is easier to separate. Another way to improve the separation is to modify 

the backpressure of the outlet lines using the needle valves. It often happened 

that, for a certain combination of rotational speeds, only one outlet had a clear 

phase flowing from it while an emulsion was present at the other outlet. The 
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problem could usually be solved by increasing the backpressure of the outlet 

line where the emulsion was present. For the system used, it was possible to 

obtain perfect phase separation only in the range 1000 rpm ≤ Ω𝑐 ≤ 1500 rpm. 

For higher casing rotational speed the separation was still very good but the 

organic phase looked cloudy, indicating the presence of tiny droplets of aqueous 

phase in it. The water content of the cloudy organic phase was between 𝑤𝑤
𝑜𝑟𝑔,𝑒𝑞

 

and 𝑤𝑤
𝑜𝑟𝑔,𝑠𝑎𝑡

. 

5.4.3.2. Effect of rotational speed difference 

The effect of the rotational speed difference on the extraction efficiency was 

investigated for two different casing rotational speeds. The results are shown 

in Fig. 27. 

 

Figure 27. Effect of rotational speed difference on (a) extraction efficiency, (b) 

volumetric mass-transfer coefficient and (c) holdup. Experimental conditions: organic 

phase = butyl butyrate, salt = LiBr, 𝑤𝑠
𝑎𝑞 = 55 x 10-2, �̇�𝑜𝑟𝑔 = 5 x 10-3 𝐿𝑠−1, OA = 1,  𝑇 = 293 

K. 
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The extraction efficiency increases with the rotational speed difference for both 

the casing rotational speeds tested. The reason is that the shear between the 

casing and the impeller disc, hence the mass-transfer coefficient and the liquid-

liquid interfacial area, becomes larger as the rotational speed difference 

increases. For the same value of ∆Ω , the extraction efficiencies obtained for Ω𝑐 

= 1500 rpm are higher than those obtained for Ω𝑐 = 1000 rpm. An explanation 

could be that when the centrifugal force is higher, the slip velocity of the 

droplets is higher, thereby enhancing the mass-transfer with the aqueous 

phase. Furthermore, if the impeller is rotating faster the light phase droplets are 

discharged from its rims at a higher velocity, increasing the mass-transfer 

coefficient. The maximum extraction efficiency was 70%, obtained at the 

highest casing rotational speed (Ω𝑐 = 1500 rpm) and rotational speed difference 

(∆Ω = 250 rpm). The calculated volumetric mass-transfer coefficients follow 

the same trend of the extraction efficiencies, since they are the product of the 

mass transfer-coefficient 𝑘𝐿 and the liquid-liquid interfacial area 𝑎. In Fig. 27 (c) 

it can be noticed that the rotational speeds have a very little effect on the 

holdups in the MSDE. At constant casing rotational speed, the organic phase 

holdup slightly increases with the decrease of the impeller rotational speed. The 

organic phase is transported through the MSDE in two ways: by the impeller 

pumping action and by height difference. At a lower impeller rotational speed 

the pumping action is less and a higher height difference is needed as driving 

force, which leads to a higher holdup.  

5.4.3.3. Effect of flowrate ratio 

In the slug-flow microreactor the organic to aqueous flowrate ratio had an effect 

on the liquid holdup and liquid-liquid interfacial area, therefore on the water 

extraction rate. The influence of the OA ratio was investigated also in the MSDE. 

It was not possible to test OA ratios higher than three because for higher values 
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the phase separation could not be achieved. The OA ratio was changed by 

changing the flowrate of the two phases, while keeping their sum constant. The 

results of the experiment are reported in Fig. 28. 

 

Figure 28. Effect of OA ratio on (a) extraction efficiency, (b) volumetric mass-transfer 

coefficient, and (c) holdup. Experimental conditions: organic phase = butyl butyrate, salt 

= LiBr, 𝑤𝑠
𝑎𝑞 = 55 x 10-2, �̇�𝑜𝑟𝑔 + �̇�𝑎𝑞 = 10 x 10-3 𝐿𝑠−1, Ω𝑐 = 1500 rpm, Ω𝑖 = 1350 rpm,  𝑇 = 

293 K. 

As evident from Fig. 28(a), the extraction efficiency decreases with OA. This is 

due to both the increase of the organic phase flowrate, therefore the amount of 

water to remove, and the decrease of the volumetric mass-transfer coefficient 

shown in Fig. 28(b). The decrease of 𝑘𝐿𝑎 is likely caused only by the decrease 

of the liquid-liquid interfacial area, since the mass-transfer coefficient becomes 

larger at higher flowrates. The decrease of the interfacial area could be related 

to the holdup of the organic phase. As shown in Fig. 28(c), the holdup becomes 

larger at higher OA ratios and it could reduce the volume available for the 

emulsion in the space included between the rim of the impeller and the center 

of the MSDE, leading to a decrease of the liquid-liquid interfacial area. This 
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would suggest that the organic phase is dispersed in the aqueous phase. This 

statement is corroborated by the observation of organic phase droplets into the 

aqueous phase outlet for the experimental conditions at which complete phase 

separation could not be achieved (OA > 3), while the organic phase outlet was 

always pure. 

5.4.3.4. Effect of flowrate on extraction efficiency 

The effect of flowrate is reported in Fig. 29. During the experiment the flowrates 

of organic and aqueous phase were kept equal to each other. 

 

Fig. 29. Effect of the flowrate of aqueous and organic phase on (a) extraction efficiency, 

(b) volumetric mass-transfer coefficients and (c) holdup. Experimental conditions: 

organic phase = butyl butyrate, salt = LiBr, 𝑤𝑠
𝑎𝑞 = 55 x 10-2, OA = 1,  𝑇 = 293 K, Ω𝑐 = 1500 

rpm, Ω𝑖 = 1350 rpm. 

As expected, the extraction efficiency decreases with the increase of the 

flowrate because of the shorter residence time of the organic phase. The 

volumetric mass-transfer coefficient is approximately constant. Since the 
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holdups do not change much with the flowrate, as shown in Fig. 29 (c), the 

liquid-liquid interfacial area is probably not affected and does not contribute to 

the variation of the volumetric mass-transfer coefficient.  

5.4.3.5. Optimal conditions 

With the previous results it was possible to select the optimal conditions to 

maximize the extraction rate, thus the final extraction efficiency, in the MSDE. 

They consist in a high rotational speed of the casing (Ω𝑐  = 1500 rpm), high 

rotational speed difference (∆Ω  = 250 rpm) and low volumetric flowrates 

(�̇�𝑜𝑟𝑔 = �̇�𝑎𝑞 = 2.5 x 10-3 L/s) of the organic and aqueous phase. With these 

operating parameters it was possible to obtain an extraction efficiency of 91.5 

% and a corresponding volumetric mass-transfer coefficient of 0.031 s-1. 

5.5. Conclusions 

With this work it was demonstrated that it is possible to dry organic liquids in 

a multistage spinning-disc extractor using concentrated electrolyte solutions 

other than sulfuric acid. Esters were used as model compounds to simulate the 

drying of peroxyesters. The amount of water that can be removed depends 

mainly on the water vapor pressure above the salt solution: the lower the vapor 

pressure, the higher the affinity of the aqueous solution with water and its 

drying power. The investigated salts that gave the best performance are LiCl, 

LiBr and NaOH.  The water vapor pressure of the salt solution, hence the final 

water content of the organic compound, decreases with the increase of the salt 

concentration and a decrease of temperature. However, the effect of 

temperature is very low compared to the influence of salt concentration. For 

this reason it is advisable to use saturated salt solutions. The best drying 

performance was obtained with a 45 wt% LiCl solution at T = 276 K. It was 

shown that the equilibrium water content of the organic phase in contact with 

the salt solution can be predicted using the NRTL model once the water vapor 
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pressure above the salt solution and the activity coefficients of water in the 

organic phase are known. Esters with different polarities and saturation water 

concentrations were tested. The percentage of water that can be removed from 

them is equal to 85 – 90 % of their initial saturation water concentration. Using 

a capillary microreactor as continuous contacting device it was shown that the 

organic over aqueous flowrate ratio only has an impact on the rate of water 

extraction and not on the equilibrium water content of the organic phase. This 

value is not affected because the concentration of water in the salt solution 

decreases negligibly during the extraction, due to the very low initial amount of 

water to be removed from the organic phase. The extraction capacity of the salt 

solution is then almost constant and does not change significantly when the 

organic to aqueous flowrate ratio OA is increased. However, this ratio has an 

effect on the water extraction rate. The higher OA, the higher the organic phase 

holdup and the lower the liquid-liquid interfacial area. The result is a decrease 

in the water extraction rate.  

After performing the water extraction in batch reactors and microreactors, the 

process was scaled-up in a novel counter-current multistage spinning-disc 

extractor. It was demonstrated that in this device there are many operating 

parameters which can be tuned to independently control the phase separation 

and the mixing: casing and impeller rotational speed, backpressures of the 

MSDE outlets and flowrates ratio. The separation efficiency mostly depends on 

the casing rotational speed, while the mass-transfer is mainly controlled by the 

rotational speed difference ∆Ω between the casing and the impeller and by the 

organic to aqueous flowrate ratio. For a constant Ω𝑐 = 1500 rpm, the volumetric 

mass-transfer coefficient increases from 0.0175 s-1 at ∆Ω = 150 rpm to 0.0250 

s-1 at ∆Ω = 250 rpm. The increase of the shear force between the casing and 

impeller with ∆Ω leads to the formation of a finer emulsion, hence a higher 

interfacial area, and to larger mass-transfer coefficients. Both of them 

contribute to a higher volumetric mass-transfer coefficient and extraction 

efficiency. For an equal value of ∆Ω, the water extraction is faster when the 
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rotational speed of the casing is higher. The explanation could be the higher slip 

velocity of the organic phase droplets caused by the greater centrifugal force, 

that leads to the enhancement of the mass-transfer coefficient.  

The holdups of the MSDE are mainly affected by the organic to aqueous flowrate 

ratio OA. The organic phase holdup increases with OA and probably reduces the 

volume occupied by the emulsion in the region between the impeller and the 

casing, resulting in a lower liquid-liquid interfacial area. It was shown that with 

increasing flowrates and constant OA ratio, the volumetric mass-transfer 

coefficient was constant and that the phase holdups are not affected. This result 

demonstrates that mixing and separation do not depend on the flowrates in the 

MSDE, making this device very flexible. The best extraction efficiency and 

volumetric mass-transfer coefficient (𝐸𝐸 = 91.5 % and 𝑘𝐿𝑎 = 0.031 s-1) were 

obtained with a large rotational speed difference (∆Ω = 250 rpm), OA ratio 

equal to 1 and low flowrates (�̇�𝑜𝑟𝑔 = �̇�𝑎𝑞 =  2.5 x 10-3 L/s). The calculated 

volumetric mass-transfer coefficients in the MSDE are 3.7 times higher than 

mixer settler equipment [19], 3.4 times higher than packed columns [20] and 

1.4 times higher than rotating disc columns [19].  

The mass-transfer performance of the MSDE, together with its high versatility 

and compactness, make this device an attractive alternative for the liquid-liquid 

drying of sensitive organic peroxides and other organic compounds. However, 

performing a counter-current water extraction in in the MSDE did not improve 

the extraction efficiency compared to the co-current operation used in the 

microreactor. The explanation is the same for the OA effect: the almost constant 

extraction capacity of the drying solution during the process. In addition, the 

highest volumetric mass-transfer coefficient obtained in the microreactor is 5.7 

times higher than the highest 𝑘𝐿𝑎 of the MSDE. The microreactor would then be 

the best option in terms of performance, without considering its productivity 

limitations. Since a counter-current operation is not needed, other suitable co-
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current contacting devices can be used for the water extraction, in combination 

with a liquid-liquid centrifuge to separate the emulsion.  
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Nomenclature 

Latin symbols 

𝑉  volume, L 

�̇�  volumetric flowrate, L s−1 

𝐶  concentration, mol L−1 

𝑥  molar fraction, - 

𝑤   weight fraction, - 

𝑎  liquid-liquid interfacial area per unit of total volume, m2mtot
−3  

𝑂𝐴   organic over aqueous flowrate ratio, �̇�𝑜𝑟𝑔 �̇�𝑎𝑞⁄ , - 

𝐼𝐷𝑐𝑎𝑝   capillary inner diameter, m 

𝑘𝐿  mass-transfer coefficient, m s−1 

𝑘𝐿𝑎   volumetric mass-transfer coefficient, s−1 

Greek symbols 

𝜏  residence time, 𝑉𝑡𝑜𝑡/(�̇�𝑜𝑟𝑔 + �̇�𝑎𝑞), s 

휀  holdup, - 

𝜈   kinematic viscosity, m2 s−1 

Ω  rotational speed, rpm 

ΔΩ  rotational speed difference, Ωc −Ωi, rpm 

Abbreviations 

MSDE  multistage spinning-disc extractor 

SS  stainless steel 

PFA  perfluoroalkoxy alkane 

𝑊𝑅  water removal, - 

𝐸𝐸  extraction efficiency, - 
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Superscripts 

𝑎𝑞  aqueous phase 

𝑜𝑟𝑔  organic phase 

𝑡𝑜𝑡  total 

𝑖𝑛  initial 

𝑠𝑎𝑡  at saturation 

𝑒𝑞  at equilibrium 

Subscripts 

𝑙  in the lines 

𝑐𝑦𝑙  in the graduated cylinder 

𝑠𝑒𝑡𝑢𝑝  whole setup 

𝑠𝑡   single extractor stage 

𝑅   reactor 

𝑤  water 

𝑠   salt 

𝑐    casing 

𝑖  impeller 
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6. Conclusions and outlook 

The research presented in this thesis focused on the intensification of the main 

steps of the production process of peroxyesters (PE): PE synthesis, reduction of 

unreacted hydroperoxide left in the PE after the synthesis and PE drying. For 

each step, we elucidated the kinetic mechanism and the effect of several 

parameters on the reaction/extraction rate. The steps were translated from 

batch, the usual industrial method, to continuous and intensified using high-

shear/high-gravity devices and changing the reaction conditions.  

In Chapter 2 the kinetics of the Schotten-Baumann synthesis of the peroxyester 

tert-butyl peroxy ethylhexanoate (TBPEH) was investigated in a continuous 

liquid-liquid slug-flow microreactor. The amount of liquid-liquid interfacial 

area affected only the peroxyesterification rate but not the acid chloride 

hydrolysis, the main side reaction. The mixing intensity, proportional to the 

slug-flow velocity, had no influence. These findings suggested a kinetic 

mechanism in which the peroxyesterification takes place exclusively in the 

boundary layer of the organic phase and is affected by the liquid-liquid 

interfacial area and not by the mass-transfer rate of reactants. On the other 

hand, the acid chloride hydrolysis is in the kinetic regime and occurs in the bulk 

of one or both liquid phases. The type of base affected the peroxyesterification 

rate: the reaction was faster with KOH instead of NaOH. The addition of a proper 

phase-transfer catalyst (PTC) in very low amount resulted in a huge 
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acceleration of the peroxyesterification. The most effective PTCs were 

quaternary ammonium salts with longer alkyl chains. Increasing the reaction 

temperature accelerated both the peroxyesterification and the hydrolysis, but 

the peroxyester selectivity did not change. To validate the proposed kinetic 

mechanism, a kinetic model was implemented in Matlab. The model gave a good 

fitting of the experimental data, with a difference in the range ± 10% between 

the calculated and experimental values. The microreactor experiments showed 

how to intensify the peroxyester synthesis: increase of reactants concentration 

and liquid-liquid interfacial area and addition of a PTC. Increasing the 

temperature would only be an option if the hydrolysis can be suppressed, to 

avoid the formation of too much byproduct.   

To improve productivity and intensify the peroxyester synthesis, the choice was 

to use a high-shear reactor that creates fine emulsions with large interfacial 

areas: the three stage rotor-stator spinning-disc reactor (rs-SDR). The results 

are reported in Chapter 3. Even at the lowest permitted rotational speed of the 

disc (Ω  = 1000 rpm) the peroxyesterification rate was higher than in the 

microreactor. In the rs-SDR, the TBPEH yield was 65% at Ω = 4000 rpm and 

residence time 𝜏 = 110 s, versus a yield of 30% at 𝜏 = 750 s in the microreactor. 

Up to Ω = 4000 rpm rotational speed the rate increased, while it kept constant 

for higher rotational speeds. The higher the rotational speed, the higher the 

shear force exerted and interfacial area, therefore the peroxyesterification rate. 

The interfacial area probably reaches its maximum at Ω = 4000 rpm and then 

stops increasing. The peroxyesterification rate in the rs-SDR was also higher 

with the phase-transfer catalyst. Despite the faster reaction in the rs-SDR and 

the use of PTC, it was hard to reach full conversion and yield. The 

peroxyesterification rate was extremely high at the beginning of the reaction 

(residence time < 20 s), but towards the end of the reaction the rate dropped 

considerably. Adding more PTC resulted only in a higher initial TBPEH yield (85 

%). The problem could be solved by substantially increasing the initial 

hydroperoxide and base concentrations in the aqueous phase, even without 
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PTC. A TBPEH yield of 95% was obtained in a residence time of 50 s, almost 

without acid chloride hydrolysis. The lower hydrolysis rate was due to the 

higher aqueous phase ionic strength, which decreases the solubility of the acid 

chloride in the aqueous phase where most likely the hydrolysis occurs. 

Increasing the temperature did not result in more hydrolysis. Using a 

concentrated aqueous phase led to the precipitation of chloride salt, a 

byproduct of the peroxyesterification, from the aqueous phase. The solid could 

be handled without problems by the rs-SDR but would have probably clogged 

the microreactor. To conclude, the synthesis of TBPEH and other peroxyesters 

can be intensified using the rs-SDR in combination with a high aqueous phase 

concentration. This reactor also allowed for a stoichiometric feed of the 

reactants and a proper temperature control thanks to the enhanced heat-

transfer. 

In Chapter 4 the intensification of hydroperoxide reduction, the most 

important process step after the peroxyester synthesis, is reported. The kinetics 

and the possibilities for process intensification were investigated using a slug-

flow capillary microreactor. The kinetic mechanism proposed is similar to the 

peroxyester synthesis: the hydroperoxide migrates from the peroxyester to the 

aqueous phase where it reacts with sodium bisulfite, the reducing agent. The 

reaction probably takes place only in the boundary layer, because the rate 

increased with the interfacial area and mass-transfer did not have any effect. 

The rate also increased with temperature and hydroperoxide solubility in water 

and decreased with the ionic strength of the aqueous phase. These results 

pointed out that the rs-SDR, which provides very large interfacial areas, could 

be an excellent option for the reaction intensification. In this reactor, the 

hydroperoxide reduction rate was up to 17 times higher than the microreactor 

and increased with the rotational speed because of the increase of liquid-liquid 

interfacial area. With the developed kinetic model it was possible to estimate 

the interfacial area vs. the disc rotational speed in the rs-SDR: it increased 

linearly from 0.75 x 105 m-1 at  Ω = 1000 rpm to 3.40 x 105 m-1 at  Ω = 4500 rpm. 
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The last value is ca. two orders of magnitude higher than the highest interfacial 

area measured in the slug-flow microreactor: 3.51 x 103 m-1. The rs-SDR was 

then optimal for the intensification of the process.  

The last step of the production process, the peroxyester drying, is studied in 

Chapter 5. A liquid desiccant was used instead of magnesium sulfate, usually 

employed in the industrial batch process, because it is more suitable for a 

continuous operation. It consisted of a concentrated electrolyte solution with 

very low water vapor pressure, thus a high affinity towards water. The use of 

acids and bases as electrolytes was avoided because they can decompose 

peroxyesters. The water extraction was investigated in a batch vessel and in a 

slug-flow microreactor, using esters as model compounds instead of 

peroxyesters for safety reasons. Different salt solutions were screened. The best 

drying was obtained with a 45 wt% lithium chloride solution, which was able to 

extract 85 – 90 % of the water of saturation from esters with different polarity. 

As expected, the final water content in the organic liquid is proportional to the 

water vapor pressure above the liquid desiccant: it decreased with the salt 

concentration and increased with temperature. The equilibrium water content 

could be predicted with good accuracy using the NRTL model. The organic to 

aqueous flowrate ratio did not have an impact on the water extraction efficiency 

because the salt concentration of the liquid desiccant, thus its extraction 

capacity, does not change significantly due to the low amount of water to 

remove from the organic liquid. The drying was then carried out in a multistage 

spinning-disc extractor (MSDE). This device allowed for an independent tuning 

of the phase mixing intensity and phase separation by acting on the main 

operating parameters: impeller rotational speed, casing rotational speed, back-

pressure regulators and liquid flowrates. The separation efficiency depends 

mostly on the casing rotational speed, while the mixing intensity, thus the mass-

transfer performance, is mainly controlled by the rotational speed difference 

between the casing and the impeller. The larger the rotational speed difference, 

the greater the shear force and the water extraction rate. After optimizing the 
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operating parameters an extraction efficiency of 91.5% and volumetric mass-

transfer coefficient 𝑘𝐿𝑎 = 0.031 s-1 were obtained. However, this mass-transfer 

coefficient is 5.7 times lower than the highest volumetric mass-transfer 

coefficient measured for the capillary microreactor. This is caused by the 

moderate interfacial area and/or mass-transfer coefficient in the MSDE due to 

the low rotational speed difference between the impeller and the casing 

(maximum ∆Ω  = 250 rpm). Higher differences led to an incomplete phase 

separation. Since the extraction capacity of the liquid desiccant does not change 

significantly, a counter-current operation is not necessary. Therefore, the best 

intensification option for the peroxyester drying would be the use of a co-

current rotor-stator spinning-disc reactor, which provides larger interfacial 

areas and mass-transfer coefficients, followed by a phase-separation unit. 

Another interesting option would be drying with a zeolite bed. 

With this thesis it was shown that it is possible to carry out the main steps of 

the peroxyester production process continuously and intensify them using 

high-shear high-gravity technologies. The rotor-stator spinning-disc reactor 

proved to be the best option for all the investigated steps: peroxyester 

synthesis, hydroperoxide reduction and peroxyester drying. Continuous liquid-

liquid separators can be used to separate the product from the aqueous waste 

after each rs-SDR. The synthesis of the investigated peroxyester, tert-butyl 

peroxy ethylhexanoate, was the slowest operation compared to the 

hydroperoxide reduction and the drying, with residence times in the order of 2 

min in the rs-SDR. With this residence time, it could be necessary to use a rs-

SDR with many discs or multiple reactors in series to reach the desired 

productivity. For other peroxyesters e.g. tert-butyl peroxypivalate, the needed 

residence time could be much shorter due to the higher reactivity of the acid 

chloride. The type of alkyl hydroperoxide can affect the rate of the peroxyester 

synthesis and hydroperoxide reduction. A more lipophilic hydroperoxide is 

probably more soluble in the acid chloride, making the peroxyester synthesis 

faster. On the other hand, the hydroperoxide reduction would become slower 
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because of its lower solubility in the aqueous phase where the reduction 

reaction occurs. It would thus be interesting to investigate the synthesis of other 

peroxyesters to understand how much the rs-SDR can accelerate the reaction. 

The next step would be to connect the process steps together in a pilot plant. 

The final comparison between the intensified continuous process and the 

current batch process must be done by taking into account the batch volume, 

fill/empty cycles times and the workweek times. 

This project focused on the intensification of the production process of 

peroxyesters. However, the findings can be valid also for the synthesis of other 

chemicals that are produced by the Schotten-Baumann method (benzoylation 

of alcohols and phenols, esterification of poly(vinyl alcohol), production of 

polycarbonate, synthesis of amides, etc.) and for liquid-liquid reactions in 

general. It was shown that care must be taken in drawing conclusions on the 

kinetics from microreactor experiments. Both the effects of the interfacial area 

and slug-flow velocity must be investigated to have a clear understanding of the 

process kinetics. This study also shows an application of the rotor-stator 

spinning-disc reactor and the multistage spinning-disc extractor in a real 

industrial case and can be taken as a reference for future studies of process 

intensification. 
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