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Abstract 

This study was conducted in order to address two main problems of the halobutyl 

rubber production process of ExxonMobil at Fawley refinery plant: a) the interfacial 

mass transfer of acids (by-products) from the organic to the aqueous phase in order 

to be neutralised by alkaline environment and b) the understanding of the formation of 

the final rubber particles through rapid emulsion evaporation in a flash drum.  

The first aim of this research was to investigate the effect of parameters, such as 

organic phase viscosity and presence of calcium stearate solids, that could affect the 

interfacial mass transfer of a solute, which is hydrogen bromine or hydrogen chloride 

in the industrial process. In addition, the size and stability of the emulsion in the 

presence calcium stearate as an emulsifier was investigated. In the lab, initially the 

interfacial mass transfer was investigated using metals (copper and chromium) as the 

solute species. There were interactions of each system with the calcium stearate, 

which is added in the industrial process as stabiliser, and so a weak acid was chosen 

as a more appropriate solute. The investigation of the above parameters effect on the 

interfacial mass transfer took place in a Lewis-cell device.  

The viscosity of the organic phase was modified by the addition of butyl rubber and it 

was increased exponentially with the increase of the butyl rubber content, especially 

above 100 g/L. In the Lewis-cell, the slightest increase of the organic phase viscosity 

(50 g/L BR) resulted in sharp decrease of the overall mass transfer coefficient. Further 

increase of the butyl rubber content had negligible effect. The effect of calcium 

stearate on the interfacial mass transfer rate of the acetic acid was also investigated 

in the Lewis-cell. A slight addition of calcium stearate (5 g/L) increased the interfacial 

mass transfer rate. However, further addition of calcium stearate resulted in reduction 

of the rate due to the formation of stearic acid, which acted as a barrier to the interfacial 

transfer.  

Furthermore, the effects of the organic phase viscosity and the calcium stearate 

concentration on the stability of the emulsion were examined. Calcium stearate is a 

common industrial emulsifier which is added in the halobutyl rubber production 

process as a stabiliser. The solid emulsifier, calcium stearate, formed Pickering water-

in-oil emulsions. Concentration of butyl rubber above 100 g/L resulted in relatively 
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stable emulsion, under gentle stirring, with emulsion size of approximately 20 μm. 

Also, concentration of calcium stearate above 5 g/L resulted in the same result when 

100 g/L of butyl rubber was present in the organic phase. Lack of calcium stearate had 

as a result unstable emulsion after the 10th minute of gentle mixing, even the butyl 

rubber concertation was 100 g/L.  

In addition to the above, the effect of acids (hydrogen chloride or acetic acid) on the 

calcium stearate was investigated. Both acids were used in excess resulting in a 

maximum amount of calcium stearate able to react, due to the barrier that formed on 

the calcium stearate particle from the stearic acid. Also, the morphology of the calcium 

stearate was tested in the SEM and its shape was plate-like. As calcium stearate 

encounters alkaline environment and high temperature in the industrial scale, their 

effects on the calcium stearate were tested in the lab. No reaction took place between 

the calcium stearate and the sodium hydroxide and the temperature had no effect on 

the calcium stearate up to 70 oC.  

The second aim was to understand how the rubber particles were formed inside the 

industrial flash drum. An initial experiment took place to understand the effect of the 

temperature on the emulsion evaporation. A W/O emulsion drop, containing butyl 

rubber in the continuous phase, was exposed at high temperatures, up to 130 oC, in a 

controlled environment. It was shown that the higher the temperature, the faster the 

evaporation. Due to the presence of butyl rubber in the continuous phase, the external 

organic solvent was initially evaporated, and vapours were trapped inside, resulting in 

expansion of the drop. Also, it was concluded that calcium stearate solids did not have 

any effect on the evaporation mechanism.  

In addition, an experimental configuration was built in the lab to mimic the industrial 

flash drum in order to investigate the rubber particles formation. The emulsion was 

formed in an emulsification vessel at 50 °C and, with the use of a peristaltic pump, it 

was discharged inside the “flash drum”, where there was boiling water. Limited 

experiments took place and it was concluded that, in this configuration, the emulsion 

was partially evaporated before hitting the water surface. For better heat transfer rate 

and full emulsion evaporation, modifications were required in lab scale. On the other 

hand, in the industrial scale, where the volume of the emulsion stream entering the 

flash drum is higher (lower surface to volume ratio), it would be required very high 
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amount of heat transfer and it is considered possible fraction of the organic solvent to 

evaporate inside the boiling water.  
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Chapter 1 

1. Introduction 

This research is focused on the halobutyl rubber production process of ExxonMobil at 

Fawley refinery plant. The conditions for the ExxonMobil process are commercially 

sensitive and are not revealed in this thesis for reasons of confidentiality. Instead, 

typical ranges of process conditions are discussed, based on knowledge that is 

available in the public domain.  Halobutyl rubber is a halogenated synthetic co-polymer 

mainly used in the tire manufacturing industry (Evans, 2001). The research is focused 

on two main problems that contribute to low quality and productivity. 

In the first step of the halobutyl rubber production process, the butyl rubber, dissolved 

in hexane, is halogenated and acids are formed as by-products. The acids need to be 

neutralised with an alkaline aqueous phase (Happ et al., 2012). Due to mixing of the 

two phases an emulsion is formed, and hence improved interfacial mass transfer of 

the acids is achieved. The first part of the research is focused on understanding the 

parameters that affect the interfacial mass transfer of the acids during the 

neutralisation step with the alkaline aqueous phase (ExxonMobil, 2017; Xie et al., 

2018). Due to the hazardous acids produced during the halogenation reaction, the 

interfacial mass transfer was replicated using metal solvent extraction method in the 

lab. Initially, copper and chromium were used as an alternative to the acids in order to 

mimic the industrial process in the lab. However, calcium stearate, which is added as 

stabiliser and cure modifier of the final product in the industrial process (ExxonMobil, 

2017; McDonald et al., 2000; NIIR Board of Consultants and Engineers, 2016), proved 

to be incompatible with the metal solvent extraction processes. Calcium stearate could 

be potentially used as solid emulsifier in the neutralisation step. Hence, a weak acid 

(acetic acid) was used in the lab as a more appropriate solute to mimic the solutes 

being transferred between the organic and the aqueous phase in the industrial 

process. Two parameters affecting the interfacial mass transfer of a solute were 

examined in a Lewis-cell apparatus: the organic phase viscosity, controlled by the 

rubber mass fraction, and the calcium stearate concentration.  

The study also investigated the effects of (1) the rubber concentration in the organic 

phase, and (2) the concentration of calcium stearate (used as stabiliser in the halobutyl 
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rubber production process), on the size and stability of the halobutyl rubber emulsion 

formed (ExxonMobil, 2017; McDonald et al., 2000). 

In the final step of the industrial process, the halogenated rubber (product) is extracted 

from the emulsion produced in the previous stages. In order to extract the product, the 

emulsion is continuously discharged into a flash drum, where it encounters boiling 

water and steam to achieve full evaporation of the hexane and form solid rubber 

particles (Kresge and Wang, 2000; McDonald et al., 2000). In the industrial process, 

a wide range of particles’ size are formed, which could potentially cause issues, such 

as: fouling in pipelines, due to large agglomerated particles, and low productivity, as 

small rubber particles are drained when the water is removed. These are the reasons 

why it is important to understand the fundamentals of the rubber particles formation 

through the evaporation of the emulsion and at which area inside the industrial flash 

drum it is taking place.  

An experimental apparatus was built in the lab to mimic the industrial flash drum and 

understand how this evaporation process affects the formation of the rubber particles. 

This apparatus could be used also in the examination of parameters that could affect 

the size of the particles, such as the concentration of calcium stearate, emulsion 

discharge speed, etc. Finally, it is crucial to understand the evaporation mechanism of 

the emulsion containing a dissolved polymer in the continuous phase and, as next step 

for further investigation, how it could be controlled. 

In this thesis, a literature review is presented in Chapter 2, including an outline 

description of the halobutyl rubber industrial production. The literature review is also 

focused on the emulsions and their properties and especially Pickering emulsion, as 

the calcium stearate could be potentially used as an emulsifier in the halobutyl rubber 

production process. Furthermore, fundamental theory of interfacial mass transfer and 

solvent extraction of metals are presented. At the end of Chapter 2, a literature review 

on emulsion evaporation techniques is presented. Chapter 3 presents the two 

experimental configurations that were developed in the lab and used in the research: 

the Lewis-cell and the laboratory scale flash drum, as well as the respective 

experiments, while Chapter 4 is focused on the results and discussion of this research. 

Chapter 5 presents the overall conclusions and makes recommendations for future 

work.  
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Chapter 2  

2. Literature review 

As this study is focused on the halobutyl rubber production process, in the first part of 

the literature review, the industrial process is presented, as well as the issues that are 

encountered, which are addressed and analysed later in this study. The review covers 

the production stages between the halogenation of the butyl rubber and the formation 

of the final product. Furthermore, an interfacial mass transfer is taking place in an 

emulsion during the production process and that is why literature reviews both on 

emulsions and interfacial mass transfer are presented. Finally, a review on the 

emulsion evaporation techniques is presented, as the final product, halobutyl rubber, 

is retrieved through an evaporation of the emulsion in which it is dissolved.  

2.1. Halobutyl rubber  

In this section, the halobutyl rubber production process is presented, as well as 

information about the product and applications. In addition, the two main problems of 

the industrial production process are addressed. 

2.1.1. Introduction - History 

Butyl rubber (BR, poly(isobutylene-co-isoprene) is a copolymer which consists of 

typically 98% of isobutylene and 2% of isoprene, and its molecular structure is shown 

in Figure 2.1 (Vitiello et al., 2017). Michael Faraday was the first scientist who 

discovered isobutylene in 1825 and then, BASF was the first company which 

commercially produced it (BASF SE, 2015; Hsu and Robinson, 2019). The first BR 

was developed by William J. Sparks and Robert M. Thomas, researchers of the 

Standard Oil company (Reese, 1988). BR started its commercialised production in 

USA in 1943 during the World War 2, when there was high demand of tires and USA 

lost access to their rubber plantations in Malaysia (Roberts, 1952). BR was used in 

car tires, as it has low permeability and good flexible properties. In 1950s, halogenated 

butyl rubber was developed by the introduction of a halogen into the BR chain. This 

modification enhanced various properties of the copolymer, such as  permeability, 

ageing resistance, flexibility, thermal stability and easier vulcanization  (Evans, 2001; 
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Parent et al., 2001; Rodgers, 2015). In addition, one of the most important advantages 

is the easier blending of the halobutyl rubber combined with other types of elastomers 

in order to be vulcanised. There are two halobutyl variants: the chlorinated BR 

(chlorobutyl rubber) and the brominated BR (bromobutyl rubber) (Parent et al., 2001). 

 

Figure 2.1. Molecular structure of BR. 

(Vitiello et al., 2017) 

2.1.2. Applications 

The synthetic rubber market is growing every year. In 2018 the value of the halobutyl 

rubber market was $3.60 billion and it is predicted to increase to $5.62 billion by 2025, 

due to extensive applications and global demand (Research Adroit Market, 2019). One 

the most important applications of halobutyl rubber is its use as a thin layer of rubber 

on the inside of a tubeless tire, the inner liner, due to its low permeability, in order to 

achieve air retention. Figure 2.2 shows a commercial tire’ cross-section and all the 

parts that constitute it (Evans, 2001). Also, other applications of halogenated BR are 

in automotive hoses, pharmaceutical closures, insulators for electric cables, shock 

absorbers and mechanical goods (Fusco et al., 1990; Monakov and Zaikov, 2006; Xie 

et al., 2018). 
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Figure 2.2. Tire cross-section.  

(Evans, 2001) 

2.1.3. Halobutyl rubber production process 

The manufacturing process for halobutyl rubber has two main stages, the halogenation 

of the BR and the rubber particles formation process, as shown in Figure 2.3. In the 

first stage, there are two main operations: the halogenation and the neutralisation and 

each step takes place in a continuous high shear rate reactor (Happ et al., 2012). The 

second part of the process, where the product, halogenated BR, is formulated, takes 

place in a flash drum (ExxonMobil, 2017; Kowalski et al., 1986; McDonald et al., 2000). 

The halobutyl rubber production process steps are analysed in detail in the following 

sections. The operating conditions are described as typical ranges used in the 

halobutyl rubber production process. 
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Figure 2.3. Simplified halobutyl rubber production process. 

(Kresge and Wang, 2000) 

2.1.4. Halogenation 

The first step is the halogenation of the BR with either liquid bromine (Br2) or gaseous 

chlorine (Cl2) through ionic substitution reaction in a high shear rate mixer (Kresge and 

Wang, 2000). Typically, the BR is introduced into the reactor dissolved in hexane at 

concentration between 200 g/L and 250 g/L between 20 and 65 oC (ExxonMobil, 2017; 

Happ et al., 2012). High temperature is used to reduce the organic phase viscosity in 

the reactors and to facilitate the solvent evaporation at the final step. Every mole of 

chlorine or bromine reacts with one mole of the copolymer and hydrobromic acid (HBr) 

or hydrochloric acid (HCl) are formed as by-products, as shown in the Chemical 

Reactions 2.1 and 2.2 (Mark et al., 2013; Rodgers, 2015). The produced acids need 

to be neutralised in the next step of the process, as high concentration of acids results 

in slower halogenation and higher energy consumption (Xie et al., 2018). 
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Bromination reaction: 

 ~~𝑃𝑜𝑙𝑦𝑚𝑒𝑟~~ +  𝐵𝑟2 → ~~𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝐵𝑟~~ + 𝐻𝐵𝑟 (2.1) 

Chlorination reaction: 

 ~~𝑃𝑜𝑙𝑦𝑚𝑒𝑟~~ +  𝐶𝑙2 → ~~𝑃𝑜𝑙𝑦𝑚𝑒𝑟𝐶𝑙~~ + 𝐻𝐶𝑙 (2.2) 

2.1.5. Neutralisation  

The acids, which were the by-products of the previous step, need to be neutralised 

with sodium hydroxide in an aqueous phase (see Figure 2.3). To achieve that, alkaline 

aqueous phase is introduced into the reactor and the two phases create an emulsion. 

During this stage, the emulsion is formed as a result of mixing (Kresge and Wang, 

2000). Interfacial mass transfer of the acids takes place in the emulsion. Due to the 

high viscosity of the emulsion, high shear rate is applied to increase the contact area 

between the two phases, by creating smaller droplet size of the dispersed phase, the 

aqueous, in the emulsion (Kresge and Wang, 2000; McDonald et al., 2000; Rodgers, 

2015). The high contact area helps the interfacial mass transfer and, as a result, the 

acids are transferred to the aqueous phase and react with the NaOH. The phase ratio 

is approximately between 1 and 5 for the organic to aqueous phase by volume. The 

reactions between the NaOH and the acids are shown in the Chemical Reactions 2.3 

and 2.4. 

Neutralisation reaction of HBr: 

 𝐻𝐵𝑟 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎𝐵𝑟 + 𝐻2𝑂 (2.3) 

Neutralisation reaction of HCl: 

 𝐻𝐶𝑙 + 𝑁𝑎𝑂𝐻 → 𝑁𝑎𝐶𝑙 + 𝐻2𝑂 (2.4) 

2.1.6. Rubber particles formation 

The emulsion, formed in the previous stages at high temperature, is continuously fed 

into a flash drum (Figure 2.4) where the hexane is flashed and the rubber particles are 

formed. Prior to the flash drum, calcium stearate is added which act as antioxidant and 
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stabiliser (McDonald et al., 2000). Furthermore, CaSt2 acts as a cure modifier on the 

final product, halobutyl rubber, which helps in the vulcanization process downstream 

(NIIR Board of Consultants and Engineers, 2016). In the flash drum, there is a holdup 

of water, kept at constant level, and steam and hot water provide heating, as shown 

in Figure 2.4. The emulsion is introduced into the flash drum through a pipe at high 

speed. The operating temperature and pressure are between 105 and 120 oC and 2 

and 3 atm respectively, which is above the boiling point of pure hexane of 68 - 90 oC, 

depending on pressure (Kresge and Wang, 2000; McDonald et al., 2000). The process 

understanding was that hexane evaporates from the emulsion stream in the 

headspace, resulting in rubber particles entering the water phase, where CaSt2 is 

present to prevent further agglomeration (McDonald et al., 2000). This thesis aim was 

to investigate if there is sufficient residence time in the headspace for fully evaporation 

of the hexane, such that particle formation is almost complete before entering into the 

water phase. An outlet in the flash drum, located lower than the water level, removes 

the particles and feeds them to the next stage of the process, where removal of water 

is achieved, and the rubber is packed in blocks for shipping. The evaporated hexane 

is removed from the top of the flash drum and recycled in order to be used again in an 

earlier stage of the process. The rubber particles formed have irregular shapes, as 

shown in Figure 2.5 (Arlanxeo, 2017). Due to poor control of the process within the 

previous stages, the final product has a wide particle size distribution, which results in 

two main problems, namely: (1) blockages in the pipes due to agglomeration of the 

rubber particles and (2) value product losses while draining the water due to the small 

size of the rubber particles. (Kowalski et al., 1987). An experimental configuration was 

developed and built in the lab to be able to mimic the industrial flash drum and 

formulate the similar rubber particles, as described in Section 3.7.2. 

The next parts of this review discuss the relevant literature on emulsions, 

emulsification and interfacial mass transfer, as these topics provide the underpinning 

science for the research conducted in this thesis. 
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Figure 2.4. Schematic drawing of the industrial flash drum vessel. 

(McDonald et al., 2000) 

 

Figure 2.5. Halobutyl rubber dried particles 

(Arlanxeo, 2017) 

2.2. Emulsions 

Emulsions play an important role during the halobutyl rubber production process, as 

both the neutralisation and the rubber particles formation steps depend on the 

properties of the emulsion. Therefore, this section is a brief introduction to emulsions 

and a literature review, that covers their types, sizes and applications, as well as the 

role of surfactants, the viscosity of the continuous phase and the emulsion breaking. 
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2.2.1. Introduction to emulsion types 

An emulsion is a stabilised colloidal dispersion of one liquid dispersed in another in 

the form of droplets and occurs when the interfacial tension between the two phases 

is low. Two liquids that are used to form an emulsion are immiscible, like water and 

oil. The simplest types of emulsions are the O/W and W/O, where the water (W) and 

oil (O) are the continuous phases, respectively. Several factors can affect the type of 

the emulsion, such as volume phase fraction, type and concentration of the emulsifier 

(hydrophobic or hydrophilic), temperature, etc (Binks, 1998; Binks and Horozov, 2006; 

Wu and Ma, 2016). Multiple emulsions can also form, such as the W/O/W and O/W/O, 

as shown in Figure 2.6 (Schramm, 2005). 

 

Figure 2.6. Types of emulsions. 

(Schramm, 2005) 

Emulsions find applications in various industry sectors, such as cosmetics, 

pharmaceuticals, petroleum, agricultural, personal care and food (Albert et al., 2019; 

Berton-Carabin and Schroën, 2019; Dickinson and Pawlowsky, 1996; Krasodomska 

and Jungnickel, 2015; Rayner et al., 2012; Sakamoto et al., 2017). In addition, 

emulsions are important in chemical processes, including halobutyl rubber production 

process (Rodgers, 2015), because they provide a high specific contact area and 

promote faster interfacial mass transfer (Pandolfe, 1981). The emulsions can be 

categorized by the size of the dispersed phase drops as shown bellow (Bai et al., 

2016; Coneac et al., 2015; Gupta et al., 2016; Tadros, 2013): 

• Macroemulsions are usually emulsions with drop size between 1 and 100 μm. 

These size of emulsions are not thermodynamically stable in the absence of 

stabilising compounds. 

• Microemulsions have usually 10 to 100 nm and they are thermodynamically stable. 
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• Nanoemulsions have drops in the size range of 100 – 500 nm and they are 

kinetically stable. These types of emulsions are stabilised by an amphipathic 

surfactant and they can be either W/O or O/W. 

2.2.2. Emulsification techniques 

The formation of an emulsion could be achieved by the following emulsification 

techniques:  

• Propeller stirrer. 

• Homogenizer/rotor-stator mixer.  

• Ultrasonic emulsification. 

• Microfluidic devices. 

• Membrane emulsification. 

The first two types of emulsification techniques are most commonly used in industrial 

scale applications and, more specifically, the propeller stirrer technique is often applied 

(Cheremisinoff, 2000). Both techniques apply high shear rate to mix the two liquids. In 

the rotor-stator mixer high kinetic energy is applied on the liquids by the rotor, forcing 

them towards the rotor-stator where high shear is applied due to the small size gaps 

(Harmsen, 2019; Jain and Soni, 2011; Zhang et al., 2012). Ultrasonic emulsification, 

based on ultrasound waves that travel through the liquids and cause microturbulences 

and interfacial movement, results in an unstable interface between the two phases 

and droplets of the dispersed phase are formed (Cha et al., 2019). In the microfluidic 

devices for the preparation of emulsions, the dispersed phase is pumped through a 

microchannel containing the continuous phase. Spherical droplets are formed when 

the dispersed phase exits the microchannel. The main advantage of the microfluidic 

devices is the uniform emulsions, but it cannot be used in large scale production (Xu 

et al., 2005). On the other hand, membrane emulsification is a promising technique to 

achieve uniform emulsion in larger scale productions. In order to formulate the 

emulsion, the dispersed phase is pressed or injected through the membrane inside a 

stirred continuous phase. (Alliod et al., 2018; Dragosavac et al., 2012).  

As mentioned above, the propeller stirrer technique is the most common technique 

used in the industry. In order to mimic the industrial process, the same technique was 
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used in the lab for this study to form the halobutyl rubber emulsion. Furthmore, due to 

the high viscosity of the organic phase, high shear rate was required.  

2.2.3. The role of surfactants/emulsifiers in the emulsions 

The stabilization of emulsions is achieved by emulsifying agents (emulsifiers or 

surfactants), which are amphipathic molecules, with two different ends, one end of is 

hydrophilic and the other is hydrophobic. An emulsion could be stable even for months 

or years under the correct use of the emulsifier (Cao et al., 2014; Garti and Katz, 1985; 

Wong et al., 2015). The emulsifiers decrease the interfacial tension between the two 

phases, which leads to an increase of the contact area by reducing the dispersed 

phase drop size (Adebayo and Adeyemi, 2018; Lucassen-Reynders and Kuijpers, 

1992). They arrange themselves at the interface of the oil and water phase by creating 

a protective film which helps the emulsion to be formed and prevent it from breaking 

(Binks and Horozov, 2006). An important consideration in choosing a suitable 

emulsifier is its hydrophilic-lipophilic balance (HLB) value, which can be calculated by 

Equation 2.5. The HLB value indicates if the emulsifier is suitable for W/O or O/W 

emulsion. The emulsifier should be physically and chemically stable and should not 

interact with other substances in the emulsion (Tadros, 2013; Zheng et al., 2015), with 

exceptions such as in the production of the halobutyl rubber where the surfactant acts 

as cure modifier to the final product (NIIR Board of Consultants and Engineers, 2016).  

 𝐻𝐿𝐵 = 20
𝑀𝑊ℎ𝑦𝑑𝑟𝑜𝑝ℎ𝑜𝑏𝑖𝑐 𝑝𝑎𝑟𝑡

𝑀𝑊𝑡𝑜𝑡𝑎𝑙
 (2.5) 

Where: 𝑀𝑊 is the molecular weight. 

2.2.4. Emulsion breaking 

The main problems of emulsions are coalescence, flocculation, creaming, breaking 

and sedimentation. Figure 2.7 shows the effect of each problem on the emulsions by 

comparing it with a stable one. In the creaming problem, the less dense dispersed 

phase rises to the top and forms a creamy phase. Sedimentation is the graviational 

settling of the dispersed phase due to high-density difference of the two liquids. During 

coalescence, the droplets of the dispersed phase merge and forms bigger droplets. In 
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flocculation, the small droplets could stick together due to Van der Waal forces or due 

to the reduction of free energy and in order to overcome this problem, addition of the 

correct amount of emulsifier is needed (Alvarado et al., 2011; McMullen et al., 2014; 

Schramm, 2005). In the halobutyl rubber production process, emulsion breaking could 

result in low interfacial mass transfer area, as well as on wider rubber particle size 

distrubution on the final stage of the process. 

 

Figure 2.7. Emulsion breaking processes. 

(McMullen et al., 2014)  

2.2.5. The role of viscosity of the continuous phase in the 

emulsions 

The viscosity of the continuous phase of an emulsion plays an important role in its 

stability and the droplet size. Increasing the viscosity of the continuous phase reduces 

the coalence and creaming of the dispersed phase drops (Schramm, 2005). As 

viscosity modifiers, polymers or non-surface active macromolecules could be used in 

the lab (Behrend et al., 2000). Tesch and Schubert (2002) examined the effect of the 

continous phase viscosity on short-term stability of protein stabilized emulsions (Tesch 

and Schubert, 2002). They concluded that the increase of the viscosity decreased the 

average diameter of the dispersed phase drops and increased the stability of the 

emulsion. In their experiments, polyethylene glygol was used to modifiy the viscosity. 
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In the halobutyl rubber production process, the rubber acts as a viscosity modifier and 

with the application of intense agitation, an emulsion is formed (Happ et al., 2012). 

2.2.6. Pickering emulsions 

In Pickering emulsions, solids are used to stabilise the droplet of the dispersed phase. 

These types of emulsions are called Pickering and were named by S.U. Pickering in 

1907. Originally, these types of emulsions where described by Walter Ramsden four 

years earlier in 1903 (McMullen et al., 2014; Pickering, 1907). In Pickering emulsions, 

the solid particles must be smaller than the droplet size of the dispersed phase in order 

to create a barrier at the interface of the two phases (Alvarado et al., 2011). Pickering 

emulsions have higher resistance to coalescence and Ostwald ripening (high long-

term stability) compared to classic emulsions, which make them the right canditate for 

the applications which are described in the next paragraph (Chevalier and Bolzinger, 

2013). The wettability of the solid particles is responsible for the formation of either 

W/O or O/W emulsion and is going to be analysed further later in this section.  

Pickering emulsions find applications where the regular emulsifiers show adverse 

effects, like in biomedical products for drug delivery (Frelichowska et al., 2009; Simovic 

and Prestidge, 2007; Wu et al., 2016), in food industry (Berton-Carabin and Schroën, 

2015; Dickinson, 2010; Kargar et al., 2012; Rayner et al., 2014; Rayner and Dejmek, 

2015), in cosmetics (Binks et al., 2010) and in catalytic engineering (Shan et al., 2015; 

Zhao et al., 2016). The advantage of the greater stability of Pickering emulsions is due 

to the strong attachment of the solid particles between each other.  For example, 

Timgren et al. (2013) managed to form a food-grade Pickering emulsion with high 

stability of more than 2 years with the use hydrophobic starch granules (Timgren et 

al., 2013). Another property of Pickering emulsions is their permeability. Due to the 

large size of the solid particles (compared to common surfactant molecules), Pickering 

emulsions have higher permeability to interfacial mass transfer. Their permeability is 

mainly affected by the size and the concentration of the solid particles.  

The wettability of the solid particles is responsible for the formation of either W/O or 

O/W emulsions and also plays important role in the stability of the emulsion (Hunter et 

al., 2008; Taherpour and Hashemi, 2018). The liquid which wets better the solid 

particles becomes the continuous phase. A hydrophilic solid particle is more wetted by 
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the aqueous phase (Figure 2.8) and, as a result, the contact angle is greater than 90o 

and the system forms an O/W emulsion. On the other hand, the contact angle for 

hydrophobic solid particles is lower than 90o and the system is W/O emulsion. The 

reduction of the interfacial area between the two phases is the driving force of the 

assembly of the solid particles in such structure. The Equation 2.6 shows the adhesion 

energy (𝐺, Jm-2) as a function of the contact angle (𝜃) and the interfacial tension of the 

interface (𝜎𝑜𝑤). This free energy is what required to remove one particle from the 

interface between the two phases (French et al., 2016; Low et al., 2020). 

 𝐺 = 𝜋𝑅2𝜎𝑜𝑤(1 + 𝑐𝑜𝑠𝜃)2 (2.6) 

 Where: 𝜎𝑜𝑤 is the interfacial tension of the interface between the two phases. 

  𝑅 is the radius of a solid particle. 

𝜃 is the contact angle between the solid particle and the interface, as 

shown in Figure 2.8 (measured from the aqueous phase). 

The subscripts o and w refer to the oil and water phases respectively.  

 

Figure 2.8. A. Contact angle between the solid particle (purple sphere) and the 

interface, B. Arrangement of the solid particles at the interface on an O/W emulsion.   

(Berton-Carabin and Schroën, 2015) 

It should be mentioned that, when the solid particles are small enough, it is assumed 

that the effect of gravity is negligible. Young’s equation (Equation 2.7), which is given 

below, gives the relation between the solid-oil, oil-water and solid-water interfacial 

tensions and can be used in the prediction of the type of the emulsion (French et al., 

2015; Sharifzadeh et al., 2017). 

A B 
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 𝑐𝑜𝑠 𝜃 =
𝜎𝑠𝑜 − 𝜎𝑠𝑤

𝜎𝑜𝑤
 (2.7) 

Where: 𝜎𝑠𝑜 is the interfacial tension of the interface between the solid particle 

and the oil. 

𝜎𝑠𝑤  is the interfacial tension of the interface between the solid particle 

and the water. 

The formation of the Pickering emulsions is based on the following factors:  

• The partial wetting of the solid particles by the two phases at the interface. 

• The total concentration of the solid particles. 

• The size of the solid particles. 

• The shape of the solid particles. 

• The surface properties of the solid particles (e.g. particle’s roughness). 

The concentration of the solid particles plays an important role in the stabilisation of a 

Pickering emulsion. An increase of the concentration favours the surface coverage 

and improves the stability of the system. However, in some cases, a higher solids 

concentration decreases the droplet size and forms a network structure (bridges) of 

solids around the dispersed phase, as shown in Figure 2.9 (Aveyard et al., 2003; Wu 

and Ma, 2016).  

 

Figure 2.9. Network structure of the solids particles around the dispersed phase. 

(Reed, 2011) 

The size of the solid particles has a major effect on the stability and the size of the 

droplets in a Pickering emulsion. An decrease of the solid particle diameter favours 

the formation of more stable emulsions, as it decreases the size of the droplets of the 

dispersed phase (Qi et al., 2014). 
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The solid particles can have different shapes, like rods, fibres, cubes and others, which 

affect the stabilisation of the Pickering emulsion. For example, De Folter et al. (2013) 

created a Pickering emulsion with the use of novel solid particles in the shape of cubic 

and peanut shapes, as shown in Figure 2.10 (De Folter et al., 2014). There are 

different types of solid particles, such as carbon nanotubes, silica, calcium carbonate, 

block copolymer micelles, bacteria, spores and others that can be used for the 

formation of Pickering emulsions (Chevalier and Bolzinger, 2013). 

 

Figure 2.10. Two different shapes of solid particles used in Pickering emulsions. 

(De Folter et al., 2014) 

The surface properties of the solid particles play an important role in the stability of a 

Pickering emulsion. San-Miguel and Behrens (2012) proposed that the particle 

roughness improves the stability of the emulsions against coalesce, as it changes the 

wetting of the particles (San-Miguel and Behrens, 2012). Also, the surface properties 

(chemical composition) of the solid particles can contribute in the formation of W/O or 

O/W emulsion. For example, as shown in Figure 2.11, the hydrophilic surface of a 

particle could be modified by using alkylchlorosilanes in order to become hydrophobic 

and, as a result, to change the form of the emulsion (Horozov et al., 2003; Reed, 2011).  
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Figure 2.11. Chemical modification of a hydroxylated surface (hydrophilic surface) 

with alkylchlorosilane to form a hydrophobic surface. 

 (Reed, 2011) 

2.2.7.  Calcium stearate as a solid stabilised particle 

CaSt2 is part of the metallic soaps family and used as emulsifying agent in a variety of 

industies, such as the cosmetics sector. The stearates derive from natural resources 

and are also used as lubricant and water repellent in various industries (Barker et al., 

1977; Sikora, 2019). The  CaSt2 molecule has two long fatty acid chains connected 

with a metal part, calcium in this case, as shown in Figure 2.12. The two long chains 

are the hydrophobic group and the metal part is the hydrophilic one and, as a result, it 

stays at the interface when is present in an emulsion. The CaSt2 tends to form W/O 

emulsions due, to two the hydrocarbon chains, which gives a triangular shape to the 

molecule, as shown in Figure 2.13 (Knowlton and Pearce, 1993; Sharma, 1991). In 

addition, the calculated HLB value of CaSt2 is 1.32, using Equation 2.5, indicating that 

it forms W/O emulsions (Jirgensons and Straumanis, 1962). As mentioned in Section 

2.1.6, the CaSt2 is already added in the halobutyl rubber production process prior to 

the flash drum; it acts as a curing agent in the final product (ExxonMobil, 2017; Happ 

et al., 2012; McDonald et al., 2000). This research was focused on an investigation of 

CaSt2 as an emulsifier in the halobutyl rubber process, as well as its effect on the 

interfacial mass transfer of the by-products in the neutralisation step. 
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Figure 2.12. Calcium stearate molecule 

 

Figure 2.13. The function of the CaSt2 molecule around the water drops in a W/O 

emulsion (example on the right) and comparison to a single hydrocarbon chain 

emulsifier (example on the left). 

(Sharma, 1991) 

2.3. Interfacial mass transfer 

The interfacial mass transfer of the acids in the halobutyl rubber production is a crucial 

step in order to achieve the neutralisation. This section is dedicated to fundamental 

theory of the interfacial mass transfer and solvent extraction of metals, as well as on 

the description of an experimental technique for calculating the mass transfer 

coefficient. The emulsions, like the one in the halobutyl rubber production process, are 

the ideal environment for intefacial mass transfer of a solute, due to the high contact 

area between the two phases (Hussein et al., 2019).  
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2.3.1. Two-film theory 

The concentration difference of the solute between the two phases close to the 

interface is the driving force of the interfacial mass transfer in order to achieve 

equilibrium in the system. The simplest theory for explaining the mass transfer 

phenomenon is the two-film theory (Lewis and Whitman, 1924). This theory was 

developed by Lewis and Whitman and is based on the assumption that the resistance 

to mass transfer depends on two films, one at each side of the interface, as well as 

the resistance of the interface, as shown in Figure 2.14.  

 

Figure 2.14. The transfer of the solute (A) in a ternary system between organic and 

aqueous phase. 

In addition, the two-film theory is based on the assumptions, that there is not 

accumulation of the transferred species at the interface and the concentration of the 

transferred species are uniformed in the well-mixed bulk areas of each phase. 

Equation 2.8 shows the mass transfer flux of A (𝑁𝐴) between the organic and the 

aqueous phase, defining the overall mass transfer coefficient with respect to the 

organic phase (𝐾𝑂𝑜𝑟𝑔). 

 𝑁𝐴 = 𝐾𝑂𝑜𝑟𝑔(𝐶𝑜𝑟𝑔 − 𝐶𝑜𝑟𝑔
∗ ) (2.8) 

Where: 𝐶𝑜𝑟𝑔 is the concentration of A in the organic phase bulk area 
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𝐶𝑜𝑟𝑔
∗  is the concentration of A in the organic phase in equilibrium with the 

concentration of A in the aqueous phase, as described by the Equation 

2.9. 

 𝐶𝑜𝑟𝑔
∗ = 𝑚𝐶𝑎𝑞 (2.9) 

Where: 𝑚 is the distribution coefficient which defined as the ratio of the 

concentration of A in the organic phase with the one in the aqueous 

phase at equilibrium. 

By expanding the mass transfer flux equation of A to include the concentration of A at 

the organic phase interface (𝐶𝑜𝑟𝑔𝑖) it concluded to the Equation 2.10. 

 𝑁𝐴 = 𝐾𝑂𝑜𝑟𝑔[(𝐶𝑜𝑟𝑔 − 𝐶𝑜𝑟𝑔𝑖) + (𝐶𝑜𝑟𝑔𝑖 − 𝐶𝑜𝑟𝑔
∗ )] (2.10) 

Where: 𝐶𝑎𝑞𝑖 is the concentration of A in the aqueous phase at the interface. 

 𝐶𝑎𝑞 is the concentration of A in the aqueous phase bulk area. 

By taking into account the Equations 2.11 and 2.12, where the 𝐶𝑜𝑟𝑔𝑖 and 𝐶𝑜𝑟𝑔
∗  are 

expressed in concentrations of A in the aqueous phase at equilibrium, the Equation 

2.10 takes the following form (Equation 2.13).  

 𝐶𝑜𝑟𝑔𝑖 = 𝑚𝐶𝑎𝑞𝑖 (2.11) 

 𝐶𝑜𝑟𝑔
∗ = 𝑚𝐶𝑎𝑞 (2.12) 

 𝑁𝐴 = 𝐾𝑂𝑜𝑟𝑔[(𝐶𝑜𝑟𝑔 − 𝐶𝑜𝑟𝑔𝑖) + (𝐶𝑎𝑞𝑖 − 𝐶𝑎𝑞)𝑚] (2.13) 

In a steady-state the fluxes through all films are equal as shown bellow. 

 𝑁𝐴

𝑘𝑜𝑟𝑔
= (𝐶𝑜𝑟𝑔 − 𝐶𝑜𝑟𝑔𝑖) (2.14) 

 𝑁𝐴

𝑘𝑎𝑞
= (𝐶𝑎𝑞𝑖 − 𝐶𝑎𝑞) (2.15) 
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Where: 𝑘𝑜𝑟𝑔 and  𝑘𝑎𝑞 are the film mass transfer cofficient in the organic and 

aqueous phase respectively. 

By taking into consideration the Equations 2.13, 2.14 and 2.15 the overall mass 

transfer coefficient with respect to the organic phase could be expressed on the 

indvidual film mass transfer coefficients (𝑘𝑜𝑟𝑔 and 𝑘𝑎𝑞), as shown in Equation 2.16. 

 1

𝐾𝑂𝑜𝑟𝑔
=

1

𝑘𝑜𝑟𝑔
+

𝑚

𝑘𝑎𝑞
 (2.16) 

Low interfacial mass transfer efficiency can be the result of low diffusivity of the solute 

in one phase, due to the high viscosity of the phase, like in the case of the halobutyl 

rubber production process. The high concentration of rubber results in high viscosity 

and, as a consequence, low mass tranfer rate. The molecular diffusion coefficient (𝐷, 

m2 s-1) can be estimated by the Equation 2.17, where it could be seen that is inversely 

proportional with the viscosity of the solvent (Wilke and Chang, 1955).  

 Wilke-Chang equation: 

 
𝐷 =

7.4 10−8𝑇√𝛼𝛭𝑊

𝜇𝑉0.6
 (2.17) 

Where:  𝑎 is the association coefficient of the solute which is used to take into 

consideration the molecular weight of the solvent in the diffusion 

(Miyabe and Isogai, 2011; Wilke and Chang, 1955).  

  𝑀𝑊 is the molecular weight of the solvent. 

  𝑇 is the absolute temperature. 

  𝜇 is the viscosity of the solvent. 

𝑉 is the molar volume at the normal boiling point of the solute. 

In addition, the high viscosity will reduce the diffusivity of the solute in the film of the 

viscous phase. The relationship between the film mass transfer coefficients (𝑘𝑜𝑟𝑔 and 

𝑘𝑎𝑞)  and the diffusivity (𝐷𝑜𝑟𝑔 and 𝐷𝑎𝑞) of the solute on each phase is shown in 

Equation 2.18.  
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𝑘𝑜𝑟𝑔 =

𝐷𝑜𝑟𝑔

𝛿𝑜𝑟𝑔
       𝑘𝑎𝑞 =

𝐷𝑎𝑞

𝛿𝑎𝑞
 (2.18) 

Where: 𝛿𝑜𝑟𝑔 and 𝛿𝑎𝑞 are the film thickness on each phase. 

Resistance on the interface could be the result of the presence of solids, such as 

surfactants and emulsifiers, as shown in Figure 2.8 where solid emulsifier particles are 

attached at the interface to form a Pickering emulsion. For example, inert solids could 

obstruct the solute at the interface, such as in the work of Ferreira A. et al, (2010), who 

investigated the effect of polycinyl chloride and polystyrene particles on the interfacial 

mass transfer between gas and liquid phase. The experiments were conducted in a 

bubble column and they concluded that the presence of solids increases the 

resistance in the liquid phase (Ferreira et al., 2010). When there is resistance at the 

interface (𝑅𝑖), the Equation 2.18 could be written as follows. 

 
1

𝐾𝑂𝑜𝑟𝑔
=

1

𝑘𝑜𝑟𝑔
+

𝑚

𝑘𝑎𝑞
+ 𝑅𝑖 (2.19) 

Finally, the increase of the contact area between the two phases increases the 

interfacial mass transfer, as it was proved by Kasaie M. et al, (2017) on the solvent 

extraction of copper in a Lewis-cell apparatus, which is discussed in the following 

section.  

2.3.2. Lewis-cell technique 

In order to understand the kinetics and the mechanism of the mass transfer between 

two phases, several experimental procedures have been proposed (Volkon, 2001). 

The aim of these experimental procedures is to estimate the mass transfer coefficient 

and reduce the number of experiments in a pilot scale apparatus, as they are time 

consuming and expensive. The most widely used experimental procedure is the 

Lewis-cell technique (Huang et al., 2016; Kaplanow et al., 2019). Lewis developed in 

1954 an apparatus where the two liquids come in contact at a constant interfacial area, 

as shown in Figure 2.15, which is used to measure the interfacial mass transfer rate 

of a solute (Hanna and Noble, 1985; Volkon, 2001). 
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Figure 2.15. Lewis–cell schematic apparatus.  

(Volkon, 2001) 

In the centre of every phase, stirrers are located, able to mix each phase separately 

without mixing the two liquids together or disturb the interface by creating a vortex. In 

addition, in order not to create a vortex and preserve the flat interface, a baffle is placed 

in the centre between the two liquids. Both phases are stirred at the same rate and 

direction. The heavier phase is introduced first into the cell and then, the lighter one, 

without disturbing the interface or mixing them (Bandyopadhyay et al., 1996). 

However, since the first appearance of the Lewis-cell, several modifications have been 

made in order to overcome some problems, such as the insufficient mixing of each 

phase, resulting in lower diffusion of the solute, and not controllable temperature in the 

system during the experiment. Therefore, reasearchers modified the original 

apparatus by using stirrers rotating separately in different directions and speeds, 

applicable in phases with different viscosities. Also, heating/cooling jacket around the 

cell in order to keep the temperature constant can be added (Stevens and Perera, 

1997). 

In order to calculate the mass transfer coefficient in the Lewis-cell, the effect of the 

stirring speed on the interfacial mass transfer should be reduced. In a fixed Lewis-cell 

and for given liquid phases, the extraction rate is constant after a certain increase of 

the stirring speed, as shown in Figure 2.16. In the zone A, the extraction rate depends 

on the stirring rate. On the contrary, in the zone B, the stirring rate has lower effect on 

the extraction rate (Rydberg et al., 2004).  
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Figure 2.16.  The effect of stirring speed on the extraction rate in the Lewis-cell. 

Kasaie Maryam et al, (2017) used the Lewis-cell device to perform a kinetic study on 

the solvent extraction of copper, using Cupromex-3302 as extractant in the organic 

phase. They concluded that the increase of the stirring speed on each phase up to a 

certain value increases the copper extraction. By increasing further the stirring speeds 

there was very low effect on the extraction rate and the extraction process was 

controlled by the interfacial resistance, the chemical reaction and film thickness. The 

film thickness, where the diffusivity of the solute depends on the visocsity of the phase, 

cannot be eliminated  (Kasaie et al., 2017). The same observation was made by 

Sepideh J. et al, (2012) with the solvent extraction of gold in the Lewis-cell (Javanshir 

et al., 2012). In the case of two phases with different viscosities, different stirring 

speeds should be applied in every phase in the Lewis-cell aiming for flat interface.  

2.3.3. Solvent extraction of metals 

As in this study metals (copper and chromium) were used initially to safely mimic the 

interfacial mass transfer of strong acids in the halobutyl rubber production process, 

this section is dedicated to the solvent extraction of metals and how it is achieved. 

Solvent extraction of metals relates to hydrometallurgy, which is a chemical process 

used to recover metals from their ores or industrial wastes, such as copper, uranium, 

chromium and others (Ritcey, 2006; Schlesinger et al., 2011). Nowadays, the 

separation and recovery from waste materials is necessity due to the high demand in 

metals, as well as for the protection of the environment, as they are hazardous and 

toxic (Chang, 2016). The recovery is achieved by the contact of the aqueous phase 
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containing a dissolved metal and the organic phase containing an extracting agent, 

like Aliquat 336. The solvent extraction is the method with the highest efficiency for 

separation of several metals, including copper and chromium. There are three types 

of extractant that can be used. Acidic extractants, such as organophosphorus 

compound (Di-(2-ethylhexyl)phosphoric acid) and carboxylic acids, are used for the 

extraction of the metals in the first transition series of the periodic table (Chemical 

Reaction 2.20) (Belkhouche et al., 2005; El-Nadi, 2017; Zhang et al., 2016). As basic 

extractant can be used an alkylammonium salt (Aliquat 336) to extract chromium and 

platinum (Chemical Reaction 2.21) (Fontàs et al., 1999; Nayl and Aly, 2015; Wionczyk 

and Apostoluk, 2005). Elements, such as uranium and thorium, can be extracted by 

Cyanex 925 by using the solvation mechanism (Chemical Reaction 2.22) (Mhaske and 

Dhadke, 2002). 

Acidic: 

 𝑀(𝑎𝑞)
𝑧+ + 𝑧𝐻𝐴(𝑜𝑟𝑔) ↔ 𝑀𝐴𝑧(𝑜𝑟𝑔) + 𝑧𝐻(𝑎𝑞)

+  (2.20) 

Basic: 

 (𝑛 − 𝑧)𝑅4𝑁(𝑜𝑟𝑔)
+ + 𝑀𝑋𝑛

(𝑛−𝑧)−

(𝑜𝑟𝑔)
↔ (𝑛 − 𝑧)𝑅4𝑁+𝑀𝑋𝑛

(𝑛−𝑧)−

(𝑜𝑟𝑔)
 (2.21) 

Solvating: 

 𝑀𝑋𝑧(𝑎𝑞) + 𝑚𝑆(𝑜𝑟𝑔) ↔ 𝑀𝑋𝑧𝑆𝑚(𝑜𝑟𝑔) + 𝑚𝐻2𝑂 (2.22) 

Devi (2016) managed to extract and separate copper from base metals with the 

solvent extraction method by using ionic liquids (Devi, 2016). The aqueous phase 

consisted of copper (II) sulphate and sodium sulphate diluted in distilled water. The  

organic phase used was a mixture of equal volumes of trioctylmethylammonium 

chloride (Aliquat 336) and bis 2,4,4-trimethylpentylphosphinic acid (Cyanex 272), 

dissolved in kerosene. When the solvent extraction took place without the presence of 

the extractants, the extraction rate of copper was insignificant. 100% extraction rate of 

copper was achieved when the mixture of extractants was used. The solvent extraction 

of metals is affected by various parameters, such as mixing time, pH, extractants 
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concentration and organic to aqueous phase ratio. The increase of the extractants’ 

concentration favours the copper extraction. Also, an increase on the extraction was 

obsereved with the increase of pH, because the hydrogen ion reacts with the alkaline 

environment forcing the Chemical Reaction 2.20 to the right (Figure 2.17). The copper 

solvent extraction depends on pH on the aqueous phase. As in this study the organic 

to aqueous phase transfer of copper was studied, the copper could be potentially 

transferred back to the aqueous phase by using a new aqueous phase with the desired 

pH value. By achieving distribution coefficient equal to zero, the effect of parameters, 

such as the viscosity of the organic phase and the presence of solids (CaSt2) on the 

interface, on the organic to aqueous phase extraction rate could be examined. 

 

Figure 2.17. Effect of pH on the extraction of copper from the organic to aqueous 

phase with 0.02 mol/L Aliquat 336 and Cyanex 272 (0.005 mol/L Cu(II), 0.05 mol/L 

Na2SO4). 

(Devi, 2016) 

In the work of Kumar et al. (2013), the interfacial mass transfer of copper by solvent 

extraction was reported, using as extractant LIX 664N in kerosene (Kumar et al., 

2013). The Chemical Reaction 2.23 shows how the copper reacts with the extracting 

agent. The 𝑅𝑜𝑟𝑔 represents the extracting agent. 
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 2𝐻𝑅𝑜𝑟𝑔 + 𝐶𝑢𝑎𝑞
2+ ↔ 𝐶𝑢𝑅2𝑜𝑟𝑔

+ 2𝐻𝑎𝑞
+  (2.23) 

It was proved that the copper extraction is favoured by an increase of the extractant 

concentration. However, at high concentation of LIX 664N, the viscosity of the organic 

phase decreases the extaction efficiency. It was concluded that the diffusion of the 

solute in the organic phase was slow and, as a consequence, the extraction efficiency 

was reduced. The difussivity of the solute in a viscous phase dominates the overall 

extraction efficiency, similarly to the halobutyl rubber production process, where, due 

to high butyl rubber concnetration, the viscosity of the organic phase is extremely high. 

The extractants (e.g. Aliquat 336) used in the solvent extraction of metals have high 

viscosity (Aguilar and Cortina, 2008). In order to reduce the effect of the viscosity of 

the organic phase and achieve higher extraction efficiency, the extractants are diluted 

in organic solvents, such as kerosene, hexane and heptane. It was reported that very 

low extractant concentration can reduce the extraction efficiency. In the solvent 

extraction of metals, there is a minimum extractant concentration in the organic solvent 

able to achieve 100% extraction (Deferm et al., 2016; Huang et al., 2016; Saien and 

Daliri, 2012; Wellens and Binnemans, 2012). 

Wionczyk et al. (2011) studied the extraction of chromium (III) from alkaline aqueous 

solutions, which were prepared by the following chromium (III) compounds: Cr(ClO4)3, 

Cr(NO3)3 and KCr(SO4)2, with Aliquat 336 (Wionczyk et al., 2011). They investigated 

the effect of the alkalinity of the auqeous phase (NaOH concentration) on the 

extraction efficiency. They concluded that, at low concentration of NaOH (0.2 M), 

100% extraction of chromium (III) from aqueous to organic phase can be achieved. 

The increase of sodium hydroxide in the aqueous phase increases its ionic strength, 

resulting in the decrease of the chromium (III) extraction from the aqueous to the 

organic phase. The contanct of the organic phase containing the Cr-Aliquat 336 

complex with a new aqueous phase with high ionic strenght could result in transferring 

the Cr to the aqueous phase. This organic to aqueous phase extraction of Cr could be 

potentially used in this study for further investigation of parameters, as described in 

the case of copper. 
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2.4. Emulsion evaporation and aggregate formation 

As described in the halobutyl rubber production process in Section 2.1.6, emulsion 

evaporation and rubber particles formation take place when excessive heat of the flash 

drum contents is transferred to the emulsion. Emulsion solvent evaporation is a widely 

used technique for the formation of various shapes particles from O/W emulsions 

(Hwisa et al., 2013; Paulo and Santos, 2018; Safari et al., 2018). The desired solid 

(product) is dissolved in the dispersed phase, i.e. a volatile organic solvent, which 

evaporates resulting in solid particles. This method finds applications in various 

sectors, such as the pharmaceutical and the food industries. 

In the halobutyl rubber production process, the rubber is dissolved in the hexane 

(Happ et al., 2012). The solvent evaporation takes place in a flash drum at high 

temperature. The emulsion stream is injected into the flash drum where it comes in 

contact with hot water and / or steam at 105 – 120 oC and 2 – 3 atm (McDonald et al., 

2000). It is expected in a matter of seconds, before the emulsion stream hits the water, 

the organic phase to evaporate, and 3D solid particles of random shape to form and 

drop in the water. This would require very high heat and mass transfer rate from the 

flash drum to the emulsion stream, due to its low surface area to volume ratio. A partial 

evaporation of the hexane before the emulsion stream hits the water surface could 

potentially lead to agglomeration of the rubber particles, as discussed in Section 4.6.2 

A similar work has been done by Strizhak and his team (2017) without the presence 

of a dissolved solid (Strizhak et al., 2017). They created an experimental rig, where a 

pendant emulsion drop was heated in an air stream of temperature of 1250 oC 

approximately at 1200 L/min in a temperature resistant quartz glass chamber. The 

emulsion drop consisted of a water drop covered by kerosene. It was found that the 

increase of the kerosene content resulted in more rapid explosion of the drop due to 

the higher amount of vapours generation internally. Antonov and his team (2019) 

tested the effect of high temperature on a water in diesel emulsion pendant drop in a 

heated chamber (Antonov et al., 2019). They concluded that the increase of the diesel 

content leads to lower total heat capacity due to lower water content. This leads the 

drop to reach faster its boiling point. In addition, it was concluded that the increase of 

the exposed temperature decreases the breaking time of the emulsion.  
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The heating of an emulsion pendant drop in a controlled environment is a promising 

technique to understand the evaporation mechanism of the industrial W/O rubber 

emulsion in laboratory scale. Furthermore, in this study, it was developed an 

experiment configuration able to mimic the industrial flash drum, where the 

evaporation of the emulsion and the rubber particles formation is taking place, to 

understand further the process. Both experimental setups are described in 

Section 3.7. 

 

  



31 
 

Chapter 3 

3. Materials and Methods 

In this section, the materials and methods used in this research are presented. The 

experimental conditions used in this research aim to be within the range of the 

operating conditions that were reported in the open literature, as described in Section 

2.1. However, many commercial processes operate at higher temperature, higher 

pressure and higher BR content than cannot be easily used in the laboratory. Initially, 

the experimental configuration and development of a Lewis-cell, which was used to 

investigate the interfacial mass transfer of the acids in the halobutyl rubber production, 

are presented. As it was mentioned on the description of the industrial process, 

hydrogen bromine (HBr) and hydrogen chloride (HCl) were the by-products of the 

halogenation, which needed to be transferred to the aqueous phase in order to be 

neutralised. However, in the initials stages of this research alternative solutes were 

used in the lab due to the following reasons: HBr is a hazardous material that could 

cause severe health problems to humans and as a result decided not to be used. On 

the other hand, HCl is less hazardous compare to HBr but it has low solubility in 

alkanes (Foog et al., 1990; Stavert et al., 1991). Two alternative solutes (copper and 

chromium) were tested during the initial investigation in order to find the most 

appropriate one to mimic the industrial process. As described in Sections 4.1 and 4.2, 

there were problems using copper and chromium and a third solute, namely acetic 

acid, was considered (Section 4.4). The viscosity of the organic phase and the CaSt2 

concentration in the aqueous phase were the two parameters that examined their 

effect on the interfacial mass transfer rate of a solute in the Lewis-cell. In addition, a 

set of experiments are presented to understand how the acidic and alkaline 

environments in the industrial process, as well as the high temperatures, are affecting 

calcium stearate (CaSt2) (Section 3.4). 

The emulsion size and stability are important in the industrial process. The effect of 

viscosity of the organic phase and the calcium stearate on the size and stability of the 

emulsion were tested, as described in Section 3.6. The viscosity was modified with the 

dilution of butyl rubber in the organic phase. The emulsions were formed in the lab by 

propeller mixing, the most common industrial technique, and their sizes were 
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measured from microscope images. Also, the stability of these emulsions under gentle 

stirring was examined. 

In the industrial process, the formation of the rubber particles is achieved with the 

evaporation of the emulsion in the flash drum. Initially, an experiment was conducted, 

where a single emulsion drop exposed at high temperatures, like in the flash drum, to 

understand the fundamentals of the emulsion evaporation, as well as the effect of the 

CaSt2, as described in Section 3.7.1. In addition to that, an experimental rig was 

developed and built in the lab (Section 3.7.2) to mimic the industrial flash drum aiming 

to formulate similar to the industrial process rubber particles. This experimental rig will 

give the opportunity to examine parameters that could affect the size and shape of 

those rubber particles. 

For this research, a non-halogenated butyl rubber (BR) was supplied by ExxonMobil 

in the form of “cement” (rubber dissolved in hexane) at high concentration, which was 

then dried (total removal of the hexane) and re-dissolved in a pure solvent in the lab 

to achieve the desired concentration. The calcium stearate was in a dispersion form 

containing a small amount of an industrial surfactant; various grades are available 

commercially with a range of particle of sizes. The CaSt2 dispersion used in this 

research is typical of those used in a halobutyl rubber production process. Fresh 

deionised water was obtained from an Elix Essential water purification system. 

3.1 Lewis – cell experimental configuration 

The interfacial mass transfer problem was addressed in a Lewis-cell, which was built 

in the lab. An updated version of the Lewis-cell was developed to deal with the highly 

viscous organic phase, caused by the dissolved BR. Three different solutes were used 

in the Lewis-cell experiments (copper, chromium and acetic acid), as described 

previously.  

The first experimental configuration consisted of an unbaffled glass tube with a 

polytetrafluorethylene (PTFE) base. The working capacity of the vessel was 100 mL. 

An opening at the top of the tube was used for the stirrer, which was a single shaft 

with paddles at two different heights. The two paddles were mixing each phase 



33 
 

separately, as shown in Figure 3.1. Samples could be withdrawn from the aqueous 

phase from a line at the bottom of the PTFE base.  

 

Figure 3.1. Schematic drawing of the Lewis-cell with single stirring shaft (not to 

scale). 

Due to limitations of the single stirrer speed and direction, it was necessary to update 

the Lewis-cell for effective mixing of the two phases. On the updated Lewis-cell, two 

motors were used, having two separate coaxial shafts, which could rotate in opposite 

directions at different rotational speeds. The stirring speeds and different directions 

helped to overcome the problem of the high viscosity organic phase, which was the 

result of the dissolved BR. The effect of BR concentration in the organic phase 

viscosity is described in Section 4.4.2. Various stirring speeds on each phase were 

used in order to reduce their effect on the extraction rate in the Lewis-cell and be able 

to compare experiments with different viscosities (Kasaie et al., 2017; Melgarejo-

Torres et al., 2012). In addition, a PTFE ring was introduced at the interface in order 

to reduce the turbulence in the area, contributing by minimising the disruption due to 

mixing. A schematic drawing of the updated Lewis-cell, including the dimensions, is 

shown in Figure 3.2. All Lewis-cell experiments were conducted at room temperature 

(20±1 oC) in a fume cupboard. 
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Figure 3.2. Schematic drawing of the updated Lewis-cell (not to scale). 

3.2. Copper solvent extraction 

The first solute chosen to investigate the interfacial mass transfer of the acids in the 

halobutyl rubber production was the copper (Cu). Cu was used as solute as it could 

be easily transfer towards each phase with the use of an extracting agent, Bis(2-

ethylhelyx) phosphate (D2EHPA), by changing the pH (Zhongqi et al., 2007).  

The organic solvent used in the solvent extraction experiment of Cu was kerosene 

(low odour) from Fisher Scientific. As solute and extracting agent, copper (II) sulphate 

pentahydrate (CuSO4.5H2O) (159.61 g/mol) and Bis(2-ethylhelyx) phosphate (95%, 

322.43 g/mol molecular weight) were used respectively, both purchased from Sigma 

Aldrich. As background salt for extraction, sodium sulphate (Na2SO4) was used and 

purchased from Sigma Aldrich (Reffas et al., 2009). As pH modifiers, sulfuric acid 

(H2SO4, 1M) and sodium hydroxide solution 1M (NaOH) were used and supplied by 

Fisher Scientific. 
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Main aim of this study was to examine the effect of various parameters, such as 

organic phase viscosity and CaSt2 concentration, on the organic to aqueous phase 

mass transfer rate. The initial step in the experimental procedure was to find the 

relationship between the distribution coefficient of Cu and the pH of the aqueous 

phase. 

The CuSO4 dissolved in water produces Cu2+. The solvent extraction of Cu is pH 

dependent, because protons in the D2EHPA are exchanged with Cu ions and the 

process can be facilitated by neutralising the released H+ using an alkaline solution, 

as shown in Chemical Reaction 2.23, where RH represents the extracting agent 

(Kasaie et al., 2017). In order to find the dependency between the pH and the 

extraction efficiency, initially the two phases were prepared as shown in Table 3.1.  

Table 3.1. Initial concentrations of the two phases for the investigation of the effect of 

pH on the extraction efficiency of Cu. 

Aqueous phase Organic phase 

CuSO4.5H2O 0.039 M D2EHPA 0.151 M 

Na2SO4 0.5 M   

H2SO4 Small amount to achieve pH of 1.5   

The Na2SO4 was added in the aqueous phase to achieve a uniform and controlled 

ionic strength, which helps the reaction between the metal and the extractant (Reffas 

et al., 2009). Equal volumes of each phase were mixed in a 2 L glass reactor at 300 

rpm for 5 minutes. The emulsion was then left for 20 minutes to fully separate. The 

glass reactor had a valve at the bottom allowing to take samples from the aqueous 

phase to be analysed in the UV-Vis spectrophotometer. Prior to the analysis, every 

experimental sample was centrifuged for 30 minutes at 1500 rpm in order to eliminate 

any organic drop. The samples were diluted with dilution factor of 0.4 by the addition 

of 25% ammonia solution and distilled water. The principal theory that the UV-Vis 

spectrophotometer is based is described in Appendix 1. In Appendix 1.1, the 

calibration of the UV-Vis instrument for Cu analysis is presented, as well as the error 

of the calibration curve that is added in the experimental results. The procedure was 

repeated several times while gradually increasing the pH with the addition of NaOH, 

until reaching the value of pH 4. The experiment was repeated 3 times. In Section 4.1, 

results showing the dependence of Cu extraction efficiency from the organic to the 

aqueous phase with pH are presented.  
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The next step was to prepare an organic phase with Cu-D2EHPA complex which 

would be used as the organic phase on the Lewis-cell experiments. In order to achieve 

that, aqueous phase containing 0.039 M CuSO4.5H2O, 0.5 M Na2SO4 and NaOH was 

mixed for 5 minutes in the glass reactor with organic phase (kerosene) containing 

0.151 M D2EHPA. The used amount of NaOH was appropriate to achieve a pH of 4, 

as it was concluded from the previous experiment (Figure 4.1). The same procedure 

was followed to prepare the organic phase containing Cu with the presence of BR, as 

the effect of the organic phase viscosity on the interfacial mass transfer needed to be 

examined. A mixture of kerosene and BR was used (50 g/L) as organic solvent instead 

of pure kerosene.  

A new aqueous phase was prepared, containing only 0.5 M Na2SO4 and a small 

amount of H2SO4, enough to achieve pH of 1.5, as, under these conditions, all the Cu 

could be transferred back to the aqueous phase when it will be in contact with an 

organic phase with the Cu-D2EHPA complex (Figure 4.1). This aqueous phase was 

used in the Lewis-cell experiments for the investigation of the organic to aqueous 

phase extraction as the distribution coefficient is zero for Cu between the organic and 

aqueous phase at pH of 1.5. Equal volumes (50 mL) of each phase were used on the 

Lewis-cell experiments. The Lewis-cell version with the single motor and shaft was 

used in the Cu extraction investigation. The aqueous phase (heavy phase) was 

introduced first into the apparatus. Then, the organic phase containing the Cu-

D2EHPA complex was introduced slowly into the glass tube without disturbing the 

interface and avoiding mixing the two phases. Finally, the shaft with the two paddles 

was adjusted, as shown in Figure 3.1. Figure 3.3 shows the Lewis-cell loaded with 

both phases (organic phase containing Cu-D2EHPA complex at the top and aqueous 

phase at the bottom) at the start of the experiment. Several stirring speeds (Table 3.2) 

were tested to reduce the stirring effect on the extraction rate and allow comparison 

of the mass transfer results between different organic phase viscosities (0 and 50 g/L 

BR in kerosene), as discussed in Section 2.3.2. Samples from the aqueous phase 

were taken every several minutes to be analysed in the UV-Vis spectrophotometer as 

described above. The total duration of each experiment was 330 minutes and repeated 

three times.  
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Figure 3.3. The two phases in the Lewis-cell at the start of the experiment. 

Table 3.2. Stirring speeds tested on Lewis-cell according to BR concentration in the 

organic phase. 

Organic 
phase 

0 g/L BR 50 g/L BR 

Stirring 
speed 
(rpm) 

100 200 

125 250 

175 300 

200 350 

At the end of each Lewis-cell experiment (330 min), the two phases were mixed 

intensively for 5 min, as no equilibrium was established by that time. By mixing the two 

phases, all the Cu was transferred to the aqueous phase, achieving 100% extraction. 

The concentration of Cu in the aqueous phase at the end was equal to the 

concentration of Cu in the organic phase at the start of the experiment, as both phases 

had the same volume. The reduction of the aqueous phase volume during the Lewis-

cell experiments, occurring due to the samples taken for analysis, was taken into 

account in the final calculations of Cu concentration in the organic phase. The results 

of those experiments are analysed and discussed in Section 4.1. 

In addition to the effect of the organic phase viscosity on the extraction rate, the effect 

of CaSt2 was also investigated. To commence this part of the study, it was important 

to investigate the chemical compatibility of the CaSt2 with D2EHPA, CuSO4.5H2O, 

NaOH and H2SO4. An initial investigation took place on the effect of H2SO4 and NaOH 

on the CaSt2: 4 samples with the same concentration of CaSt2 (5 g/L) were prepared 

and, for samples 3 and 4, H2SO4 was added to low the pH to 2. For samples 1 and 2, 

a small amount of NaOH was added to achieve pH of 12. In Section 4.1, Figure 4.6 
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shows the visual effect of H2SO4 and NaOH on the CaSt2 suspension. Further 

investigation of the effect of the acidic environment on the CaSt2 is presented in 

Section 3.4.1. 

3.3. Chromium solvent extraction 

Due to the reaction of CaSt2 with the H2SO4 and the formation of stearic acid 

(discussed in Section 4.1), it was concluded that an alternative solute should be used 

that could be extracted in alkaline environment. Chromium (Cr) could be extracted 

from the aqueous phase to the organic phase with the Aliquat 336 (a quaternary 

ammonium salt) at alkaline environment (pH = 12) (Chemical Reaction 3.1) (Wionczyk 

and Apostoluk, 2005). First aim of this stage was to achieve organic to aqueous phase 

extraction and then to investigate the effect of CaSt2 on the extraction during the 

Lewis-cell experiment. 

 𝑅4𝑁𝐶𝑙(𝑜𝑟𝑔) + [𝐶𝑟(𝑂𝐻)4](𝑎𝑞)
− ↔ [(𝑅4𝑁)𝐶𝑟(𝑂𝐻)4](o𝑟𝑔) + 𝐶𝑙(𝑎𝑞)

−  (3.1) 

As organic solvents n-heptane (99+% purity) and 1-decanol (>98% purity) were used, 

supplied by Fisher Scientific and Sigma Aldrich accordingly. Chromium (III) nitrate 

nonahydrate (Cr(NO3)3.9H2O) (99% purity, 400.14 g/mol molecular weight) and 

Aliquat 336 (methyltrioctylammonium chloride) (404.17 g/mol molecular weight)  were 

supplied by Sigma Aldrich. When the Cr(NO3)3 is present in an aqueous phase with 

NaOH, they react and form the following ion: [Cr(OH)4]- (Rai et al., 1987; Wionczyk 

and Apostoluk, 2005). Sodium hydroxide solution (NaOH, 1M) and sodium chloride 

(NaCl, >99% purity) were purchased from Fisher Scientific.  

Table 3.3 shows the initial concentrations of the aqueous and organic phases prior to 

the aqueous to organic phase extraction by mixing. Equal volumes (50 mL) of each 

phase were used and the mixing took place for 10 minutes using a stirring magnet at 

high speed. At the end of the experiment, the emulsion was transferred to a separation 

funnel to fully separate.  
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Table 3.3. Initial composition of the aqueous and organic phases at the aqueous to 

organic phase extraction of Cr. 

Aqueous phase Organic phase (heptane) 

Cr(NO3)3.9H2O 0.005 M Aliquat 336 0.151 M 

NaOH 0.1 M   

The analysis of the Cr concentration in the aqueous phase was conducted using 

Flame Atomic Absorption Spectroscopy (FAAS). Prior to the analysis every sample 

was filtered with a 0.2 μm syringe filter and then diluted accordingly to achieve 

concentration within the calibration range. In Appendix 2 the FAAS instrument is briefly 

described and on Appendix 2.1 the calibration procedure of FAAS for Cr is shown as 

well as the error of the calibration curve that is added in the experimental results. 100% 

extraction of Cr from the aqueous to organic phase was achieved, but it was observed 

the formation of a third phase, as shown visually in Figure 3.4 

 

Figure 3.4. Third phase formed after the separation of the two phases. 

According to Wionczyk and Apostoluk (2004) the formation of the third phase can be 

avoided by changing the solvent with the addition of 1% v/v 1-decanol in heptane. 

Thus, in the following aqueous to organic phase experiments, it was achieved 

elimination of the third phase, when 1-decanol was added in the organic phase. 

As the main aim of this study was to investigate the effect of CaSt2 on the organic to 

aqueous phase extraction of a solute, first it was important to achieve the best 

conditions to conduct the extraction of Cr from the organic, where was present in a Cr-

Aliquat 336 complex form, to a clean aqueous phase. Several aqueous phases were 

tested in order to check which one will give the highest organic to aqueous phase 

extraction efficiency. To achieve that, organic phase with Cr-Aliquat 336 complex was 

prepared as described above and mixed with several aqueous phases. Table 3.4 

shows the concentrations of NaOH and NaCl in those aqueous phases examined, 
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aiming for high % of Cr extraction from the organic to the aqueous phase. The 

concentration of NaOH was kept constant at 0.4 M during the experiments, based on 

the work of Wionczyk and Apostoluk who concluded that 0.5 M NAOH, high ionic 

strength, results in low efficiency on the aqueous to organic phase extraction, 

assuming high efficiency to the opposite extraction (Wionczyk and Apostoluk, 2004). 

NaCl was added as it is the product of the Chemical Reaction 3.1 and by increasing 

its concentration will force the reaction to the left.   

Table 3.4. Concentrations of the aqueous phase aiming to achieve high organic to 

aqueous phase extraction efficiency. 

Aqueous phase 

NaOH (M) NaCl (M) 

0.4 0.00 

0.4 0.01 

0.4 0.10 

0.4 0.15 

0.4 0.20 

Every experiment was conducted 3 times by mixing the two phases for 10 minutes 

with a magnetic stirrer. The formulated emulsion was then transferred into a separation 

funnel for 10 min for the phases to be separated. The samples prepared as described 

above and analysed in the FAAS (Appendix 2.1). The aqueous phase that achieved 

the highest extraction efficiency from the organic to aqueous phase was the one used 

in the Lewis-cell experiments to investigate the effect of the prementioned parameters. 

In addition, it was tested the effect of CaSt2 on the organic to aqueous phase extraction 

by mixing the two phases. 5 g/L CaSt2 was added in the aqueous phase, which 

achieved the highest extraction efficiency of organic to aqueous phase transfer, and 

mixed with the organic phase containing Cr-Aliquat 336 complex for 10 minutes with 

a magnetic stirrer. The phases were separated and sample from the aqueous phase 

was analysed in the FAAS as explained above (Appendix 2.1). On Section 4.2, the 

results of the organic to aqueous phase extractions with different aqueous phase are 

presented and discussed. 

An initial Lewis-cell experiment was conducted with the presence of CaSt2 in the 

aqueous phase. As Lewis-cell apparatus, the updated version with the individual 

stirrers in each phase was used.  An aqueous phase containing 0.4 M NaOH, 0.1 M 
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NaCl and 5 g/L CaSt2 was used. The aqueous phase was sonicated for 10 minutes 

prior to the experiment to break and prevent any agglomeration of the CaSt2 that could 

block the sample line of the Lewis-cell apparatus. As organic phase was used the one 

mentioned above containing Cr-Aliquat 336 complex. Equal volumes of each phase 

were used. The same procedure of loading the two phases in the Lewis-cell was 

followed as in Cu experiments described in Section 3.2. The two stirrers in each phase 

were operated at opposite directions, but at the same speed (150 rpm), as no BR was 

used, and the viscosities of each phase were similar. The total time of the experiments 

was 60 minutes and samples from the aqueous phase were taken every 10 minutes. 

On Section 4.2, the outcome of the Lewis-cell experiment with Cr and the effect of 

CaSt2 are discussed.  

3.4. Calcium stearate 

Due to the problems that CaSt2 caused on solvent extraction with Cu and Cr, its 

behaviour required further investigation in various conditions. This section considers 

the effect of acidic and alkaline environments, as well as high temperature, on the 

chemical stability of CaSt2. Also, the size and morphology of the calcium stearate 

agglomerations were investigated.  

As mentioned in start of Chapter 3, the third solute that was used in the experiments 

was the AcOH. It was important to understand if the AcOH has the same effect on 

CaSt2 with the HCl, which is the solute in the industrial process. In addition to that, the 

effect of alkaline environment (presence of NaOH) was tested on the CaSt2, as in the 

industrial process NaOH is used for the neutralisation of the acids and the pH after the 

emulsification reactor is approximately equal to 13. High temperatures could impact 

the CaSt2 structure and it was important to examine if there was any dissociation 

happening at high temperatures. 

Acetic acid (AcOH) (>99.7% purity), sodium hydroxide solution 1M (1N) and hydrogen 

chloride (HCl, 37% v/v) were purchased by Fisher Scientific. As mentioned in the start 

of Chapter 3, the calcium stearate (CaSt2) was in the form of suspension at 

concentration equal to 50% w/v and with dilution the desired concentrations were 

achieved in the lab. 
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3.4.1. Effect of acetic acid, hydrogen chloride, alkaline 

environment and high temperature on the calcium 

stearate 

Initially, the effect of AcOH was examined on CaSt2 at various molar ratios, between 

0 and 4. The reaction between CaSt2 and AcOH produces stearic acid and calcium 

acetate, as shown in Chemical Reaction 3.2. 

 (𝐶17𝐻35𝐶𝑂𝑂)2𝐶𝑎 + 2𝐶𝐻3𝐶𝑂𝑂𝐻 → 2𝐶17𝐻35𝐶𝑂𝑂𝐻 + 𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂)2 (3.2) 

The concentration of calcium stearate was constant between the experiments and 

equal to 0.025 M (15 g/L). The appropriate amount of AcOH and CaSt2 added in 

distilled water, as shown in Table 3.5, to achieve the desired molar ratio, and mixed 

by shaking the solution for 2 minutes. Every sample was then filtered with a 0.2 μm 

syringe filter to eliminate any solids and then diluted accordingly. The concentration of 

calcium in the samples was measured by the FAAS (Appendix 2.2) and then the % of 

CaSt2 reacted with the acid was calculated. Each experiment was repeated three 

times to check the accuracy of the results. 

Table 3.5. Concentrations of AcOH and CaSt2 in solution. 

# AcOH (M) CaSt2 (M) Molar ratio (-) 

1 0 0.025 0 

2 0.01 0.025 0.4 

3 0.025 0.025 1 

4 0.05 0.025 2 

5 0.1 0.025 4 

In addition to the above experiment, the excess of acid in the solution, above molar 

ratio of 4, was used to examine if there is an increase on the % of CaSt2 that react 

with the acid. The acids used in this experiment were AcOH and HCl. In the halobutyl 

industrial process, the CaSt2 reacts with HCl, producing stearic acid and calcium 

chloride, as shown in Chemical Reaction 3.3.  

(𝐶17𝐻35𝐶𝑂𝑂)2𝐶𝑎 + 2𝐻𝐶𝑙 → 2𝐶17𝐻35𝐶𝑂𝑂𝐻 + 𝐶𝑎𝐶𝑙2 (3.3) 

The concentration of calcium stearate was constant between the experiments and 

equal to 0.0005 M (0.3 g/L). Table 3.6 shows the concentrations of AcOH, HCl and 
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CaSt2 that used in every solution, alongside with the final pH of each solution. The 

experimental procedure was the same as above with the exception that there was no 

dilution of the sample prior to the analysis as the measured concentration of calcium 

was within the calibration range. The results of the reaction between the CaSt2 and 

the acids are presented and discussed in Section 4.3.1. 

Table 3.6. Concentrations of CaSt2, AcOH and HCl in each solution with their 

respective pH. 

# CaSt2 (M) AcOH (M) pH # CaSt2 (M) HCl 
(M) 

pH 

A1 0.0005 0 7.40 B1 0.0005 0 7.40 

A2 0.0005 0.01 3.65 B2 0.0005 0.01 2.28 

A3 0.0005 0.1 3.05 B3 0.0005 0.1 1.47 

A4 0.0005 0.2 2.84 B4 0.0005 0.2 1.02 

A5 0.0005 0.3 2.79 B5 0.0005 0.3 0.82 

As mentioned above, the effect of the alkaline environment was tested on the CaSt2, 

as the pH of the industrial process after the neutralisation of the acids is approximately 

equal to 13 and NaOH (0.1 M) was used in the Lewis-cell in (Section 3.5.3). The same 

procedure on preparation of the solutions and analysis of the samples was followed 

like in the previous experiment with the acids. Table 3.7 shows the concentrations of 

NaOH and CaSt2 in each solution and their final pH.  

Table 3.7. Concentrations of CaSt2 and NaOH in each solution with their respective 

pH. 

# NaOH (M) CaSt2 (M) pH 

C1 0.0 0.0005 7.40 

C2 0.1 0.0005 12.91 

C3 0.3 0.0005 13.25 

C4 0.5 0.0005 13.40 

C5 1 0.0005 13.58 

Finally, in order to investigate the temperature effect on the dissociation of CaSt2, the 

following experimental procedure was followed. A solution of 1.5 g/L of CaSt2 was 

prepared and heated from room temperature up to 70 oC over a period of 20 minutes. 

Every 10 oC increase of temperature, a sample was taken. The same preparation and 

analysis of the samples was followed like in the previous experiments. The 

experimental results are presented and discussed in Section 4.3.1. 
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3.4.2. Size and morphology of the calcium stearate 

The CaSt2 morphology was analysed using a Scanning Electron Microscope (SEM). 

Prior to the SEM analysis, a sample of a CaSt2 suspension was dried overnight in a 

vacuum oven at room temperature and then, the remained powder was covered with 

a thin layer of gold (~10 nm). In addition, the size of the CaSt2 particles, at various pH 

values, was measured using the Malvern Mastersizer 2000, which is a particle size 

analyser. The pH was modified with the addition of H2SO4 or NaOH accordingly. On 

Appendix 8, the Malvern Mastersizer 2000 principle theory is described as well as the 

operating procedure. The results and their discussion are presented in Section 4.3.2. 

3.5. Acetic acid solvent extraction 

The third solute used, was the acetic acid (AcOH), as it is a weak acid and simulates 

better the interfacial mass transfer of the by-products at the neutralisation step in the 

industial process. An initial experiment was to calculate the distribution coefficient of 

AcOH between water and heptane. N-Heptane was used as organic solvent, due to 

its lower evaporation rate compared to hexane which is used in the industry. Next step 

was to examine the effect of CaSt2 and BR on the mass transfer efficiency of AcOH 

from the organic to aqueous phase by mixing the two phases, i.e. to achieve 

equilibrium between the phases. Finally, the effect of viscosity of the organic phase 

and CaSt2 concentration in the aqueous phase on the extraction rate of AcOH in the 

Lewis-cell were investigated. Acetic acid (AcOH, >99.7% purity) and sodium hydroxide 

solution (NaOH, 1M) were purchased by Fisher Scientific. N-heptane (99+% purity) 

was supplied by Fisher Scientific. 

3.5.1. Distribution coefficient of AcOH between water and 

heptane 

The experiment for the calculation of the distribution coefficient of AcOH between 

water and heptane is presented below, as well as the effect of BR and CaSt2 in 

extraction efficiency when the two phases were mixed.  

Table 3.8 shows the concentration of AcOH, BR and CaSt2 that were used in each 

phase. The dilution of AcOH in heptane (organic phase) was done be mixing. When 
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BR was present in the organic phase, BR was dissolved first and then, the AcOH was 

added. The aqueous phase with CaSt2 was prepared by adding the appropriate 

amount from the supplied CaSt2 suspension to achieve concentration of 10 g/L. In 

every experiment, equal volumes (50 mL) of each phase were mixed with a magnetic 

stirrer for 10 minutes and then the two phases were separated in a separation funnel. 

Every experiment was conducted three times, to check the accuracy of the results The 

AcOH concentration was measured with High Performance Liquid Chromatography 

(HPLC). The principal theory that the HPLC is based on is described in Appendix 3. In 

Appendix 3.1, the calibration of the instrument for Cu analysis is presented, as well as 

the error of the calibration curve that is added in the experimental results. Prior to the 

analysis, every sample was filtered with a 0.2 μm syringe filter. The % of extraction of 

every experiment is presented on Section 4.4.1. 

Table 3.8. Initial concentrations of the organic and aqueous phases for the calculation 

of the distribution coefficient.  

# 
Organic phase Aqueous phase 

AcOH (M) BR (g/L) CaSt2 (g/L) 

1 0.09 0 0 

2 0.09 50 0 

3 0.09 50 10 

3.5.2. Viscosity of the organic phase – Lewis-cell 

The viscosity of the organic phase is an important parameter which affects the 

interfacial mass transfer of the solute. Typically, halobutyl rubber production process 

use high concentrations of the BR (200 - 250 g/L) (ExxonMobil, 2017). Consequently, 

the viscosity of the organic phase is high, which potentially has an effect on the 

diffusivity of the solutes towards the interface. The viscosity of heptane with various 

concentrations of dissolved BR (0 – 200 g/L) was measured in the lab by the HAAKE 

Viscotester iQ Rheometer at two different temperatures: room temperature (20 oC) 

and 50 oC, which were the experimental and industrial process temperatures, 

respectively, as shown in Appendix 5. For the rheometer analysis of each solution, a 

range of shear rates was applied, and the shear stress was measured in order to 

understand their rheology behaviour. Three different concentrations of BR in heptane 

were tested in the Lewis-cell, as shown in Table 3.9. BR concertation higher than 100 
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g/L was not used in the Lewis-cell due to the very high viscosity, which made the 

organic phase difficult to work with. In this experiment, the aqueous phase contained 

no CaSt2 or NaOH, as only the effect of organic phase viscosity was examined here.  

Table 3.9. BR and AcOH concentrations in the organic phase on Lewis-cell 

experiments examine the effect of the organic phase viscosity on the extraction rate 

of AcOH. 

# 
Organic phase 

BR (g/L) AcOH (M) 

1 0 0.09 

2 50 0.09 

3 100 0.09 

The same procedure for the introduction of both phases in the Lewis-cell was followed, 

similar to the Cu experiments in Section 3.2. The stirring of each phase started 

simultaneously at different speeds and opposite directions. The stirring speed of the 

aqueous phase was constant at 150 rpm through every experiment, while the stirring 

speed of the organic phase was chosen according to its viscosity, which depends on 

BR concentrations. Table 3.10 shows the stirring speed of the organic phase 

according to the BR concentration. In order to find the appropriate stirring speeds, the 

stirrer was set to the maximum speed that could be achieved in the Lewi-cell without 

disturbing the interface and creating vortex. Lower values of stirring speeds of the 

organic phase were tested to make sure that the Lewis-cell was operating at the Zone 

B, as shown in Figure 2.16. 

Table 3.10. Stirring speed of the organic phase in the Lewis-cell at various 

concentration of BR. 

BR (g/L) Stirring Speed (rpm) 

0 150 

50 500 

100 700 

Samples from the aqueous phase were taken every 10 or 20 minutes in order to 

measure the AcOH concentration in the HPLC (Appendix 3.1). The total time of the 

experiment was 60 minutes and no equilibrium was achieved until that time. On 

Sections 4.4.2, the experimental results showing the effect of organic phase viscosity 

on the extraction rate of AcOH are presented and discussed.  
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3.5.3. Calcium stearate in the aqueous phase – Lewis-cell 

The effect of the CaSt2 in the aqueous phase on the interfacial mass transfer rate of 

AcOH was tested in the Lewis-cell. Table 3.11 shows the concentration of each phase 

for the four experiments that conducted. 

Table 3.11. The concentrations of each species in each phase in the Lewis-cell 

experiment for the investigation of the effect of CaSt2 on the interfacial mass transfer 

rate. 

# 
Aqueous phase Organic phase 

CaSt2 (g/L) NaOH (M) AcOH (M) BR (g/L) 

1 0 0 0.09 0 

2 5 0 0.09 0 

3 10 0 0.09 0 

4 15 0 0.09 0 

The stirring speed of each phase was 150 rpm for all the experiments, as both phases 

had similar viscosities. The AcOH concentration was measured in the HPLC 

(Appendix 3.1) and the results are presented and discussed in Section 4.4.3. Every 

experiment was conducted 3 times to check the reproducibility of the results and the 

average values of concentrations are reported. 

To mimic better the interfacial mass transfer taking place in the halobutyl rubber 

production, both CaSt2 and NaOH were present in the aqueous phase during the 

Lewis-cell experiment. 0.1 M NaOH and 5 g/L CaSt2 were added in the aqueous 

phase. The amount of 0.1 M NaOH, that was chosen, was the appropriate to achieve 

alkaline environment (pH ~ 12) at the equilibrium.  

3.6. Butyl rubber water-in-oil emulsion 

The size and the stability of the W/O emulsion was investigated, as it is critical for the 

halobutyl rubber production. The emulsion’s surface area plays an important role in 

the neutralisation step, as higher contact area between the two phases results in better 

interfacial mass transfer of the acids. The organic phase viscosity and the 

concentration of CaSt2 as solid emulsifier were the two parameters that were 

examined. An organic solvent hexane (specified reagent for general laboratory work) 

was used, which was supplied by Fisher Scientific. The ratio between the organic and 
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the aqueous phase in the laboratory experiments was 4:1 organic to aqueous phase 

by volume. Table 3.12 shows the concentration and volume of each phase that used 

to formulate the emulsions. Each emulsion was formulated by mixing, using a double 

blade mixer at high speed (2500 rpm) for 2 minutes and then, maintaining them by 

gently mixing (500 rpm) for 40 minutes. Samples were taken every 10 minutes to 

measure the size of the aqueous drops and, consequently, the stability of the emulsion 

was determined.  

Table 3.12. Concentration of CaSt2 and BR in each phase for the formation of the W/O 

emulsions. 

# 
Aqueous phase Organic phase 

Volume 
(mL) 

CaSt2 
(g/L) 

Volume 
(mL) 

BR (g/L) 

1 20 5 80 50 

2 20 5 80 100 

3 20 5 80 150 

A 20 0 80 100 

B 20 5 80 100 

C 20 10 80 100 

D 20 15 80 100 

Initially, it was attempted to analyse the emulsion with a Jorin ViPa analyser. The Jorin 

ViPa analyser is a visual process analyser which is capable of particles size analysis 

in a continuous flow system, as shown in Figure 3.5 (Jorin, 2006). It could be potentialy 

used in line at the rubber particles formation experiment, which is described in the 

Section 3.7.2. As shown in Figure 3.5, the emulsion passes through a flow cell where, 

with the use of a high speed digital video camera, the detection of the aqueous drops 

is taking place. At high BR concentrations, the emuslion became cloudy and, as a 

result, the camera could not detect any aqueous drops, as shown in Figure 3.6 which 

is an example photo taken by the instrument. Due to the above concerns, it was 

decided to use a static image analsis with a microscope (GX Microscope GXML3201) 

instead, in order to be able to measure the emulsion size. 
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Figure 3.5. Schematic of the Jorin ViPa image analysis technique working 

configuration. 

(Jorin, 2006) 

 

Figure 3.6. Photo taken from the Jorin ViPa analyser in the lab. 

The images, taken by the microscope, were then analysed on the ImageJ (Software 

for image analysis). 250 aqueous drops were measured per sample and the average 

diameter by number was calculated. The image analysis on the ImageJ is presented 

in Appendix 7. On the Section 4.5, the results are presented and the effect of BR and 

CaSt2 on the size and the stability of the emulsion is discussed. 

In addition, it was measured the effect of the BR in the organic phase and the CaSt2 

in the aqueous phase on the interfacial tension. The interfacial tension was measured 

with Drop Shape Analyser (DSA 100 – KRUSS) using the technique of the pendant 

drop as it is analysed in the Appendix 6.  

100 μm 
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Table 3.13 shows the concentrations of the species in each of the two phases for each 

system prepared for the analysis of the interfacial tension. On Section 4.5, the 

interfacial tension for every system is presented with function of time until the 

equilibrium interfacial tension was achieved. 

Table 3.13. Combination of aqueous and organic phases that used to measure the 

interfacial tension. 

# 
Aqueous phase Organic phase 

CaSt2 (g/L) BR (g/L) 

1 0 0 

2 0 50 

3 0 100 

4 0 150 

5 0 0 

6 5 0 

7 10 0 

8 15 0 

3.7. Rubber particles formation  

In the halobutyl production process, a rapid solvent evaporation of the emulsion in a 

flash drum is taking place resulting in rubber particles with wide size distribution, as 

described in Section 2.1.6. Controlling the distribution of the particles and 

understanding their formation mechanism is important for the industry. The aim of this 

study was to understand the emulsion evaporation mechanism and build an 

experimental configuration that could mimic the industrial flash drum, which will enable 

to investigate parameter that could affect the size and shape of these particles. 

In these experiments, as solvent, hexane was used, due to the lower boiling 

temperature compared to kerosene and heptane that were used in the Lewis-cell 

experiments (Joshi and Adhikari, 2019). Also, hexane is the industrial organic solvent 

due to its low heat that needs to be evaporated (boiling point of 68 oC). The hexane 

(specified reagent for general laboratory work) and sodium hydroxide solution (NaOH, 

1M) were purchased by Fisher Scientific.  
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3.7.1. Evaporation of a W/O emulsion pendant drop 

This experimental procedure was as a preliminary study to understand the impact of 

high temperature on a W/O emulsion drop containing BR, as well as the effect of CaSt2 

on the evaporation mechanism, in a controlled environment. 

Table 3.14 shows the two W/O emulsions that were used on this experiment. The 

phase ratio of the emulsion was equal to the industrial one. The emulsion was formed 

by mixing the two phases with a two bladed stirrer for 2 minutes at 2500 rpm. NaOH 

was added in order to mimic better the industrial process, assuming that the aqueous 

phase has alkaline environment after the neutralisation of the acids. 

Table 3.14. Concentration of each species in each phase and their volumes that used 

in the emulsion pendant drop experiment. 

# 
Organic phase Aqueous phase 

Volume (mL) BR (g/L) Volume (mL) CaSt2 (g/L) NaOH (M) 

1 80 100 20 0 0.1 

2 80 100 20 15 0.1 

After the formation of the emulsion, a small amount was taken using a glass syringe. 

The glass syringe was then transferred to the KRUSS Drop Shape Analyser (DSA 

100) instrument where the experiment took place. An emulsion drop, volume of 

approximately 10 μL, was formed outside and then lowered inside the preheated 

chamber in order to start the experiment. Figure 3.7 shows the experimental 

configuration, where the emulsion drop is located inside a heating chamber of the 

KRUSS DSA 100 instrument. The heating chamber had two opposite sides made from 

glass for the camera and the light source. The chamber was sealed from all sides, 

except two holes at the top, used for the syringe and the thermostat. 
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Figure 3.7. Experimental configuration of the pendant emulsion drop evaporation 

(not to scale). 

The chamber was heated by a heating plate and the temperature controlled with 

circulation of cooling water. The temperature was stable for 5 minutes prior to every 

experiment. A separate thermostat was used to measure the temperature on the area 

of the drop, as shown in Figure 3.7, because the instrument was measuring the 

temperature of the heating plate and it will not be accurate to use it as the experimental 

temperature. The camera was used to detect volume and shape change of the drop 

through time and to understand where the evaporation is staring on the emulsion. 

Each emulsion was exposed at the following temperatures: 70, 80, 100 and 130 oC. 

Due to the limitation of the instrument, 130 oC was the highest temperature that was 

used. It should be noted that calibration of the KRUSS DSA 100 was achieved by 

setting the outside diameter of the needle on the instrument.  

On Section 4.6.1, the normalised volume change of every emulsion in every 

experiment is presented and discussed. In addition, images taken every couple of 

seconds showing visually the effect of high temperature (130 oC) on the W/O emulsion 

drop are presented. 
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3.7.2. Flash evaporation of the water-in-oil emulsion 

In addition to the above experiment (Section 3.7.1), an experimental configuration was 

built in the lab, aiming to mimic the industrial flash drum in order to be able to form 

similar rubber particles in the laboratory scale by emulsion evaporation. 

Figure 3.8 shows the schematic drawing of the initial experimental configuration. The 

apparatus consisted of two main parts: an emulsification vessel and a “flash drum”. 

The emulsification vessel consisted of a 0.5 L glass container with a 4 bladed propeller 

stirrer. The vessel was sealed from the top to eliminate hexane evaporation. In 

addition, a heating jacket was used to heat the emulsion at 50 oC. A thermocouple 

was used to measure the emulsion temperature. A peristaltic pump (Watson Marlow 

603S) was used to transfer the emulsion at approximately 1 m/s into the “flash drum” 

through a 200 mm metallic pipe, as shown in Figure 3.8. The “flash drum” consisted 

of a stainless-steel vessel, 20 L volume, filled with water and 5 g/L CaSt2. CaSt2 in the 

“flash drum” was used to prevent any agglomeration of rubber particles in the water 

after their formation. An induction heater was used to heat the vessel up to the boiling 

point of water. The vessel was insulated, to minimize the heat loses, and there was an 

opening on the lid to allow the introduction of the emulsion, as well as the escape of 

the hexane vapours towards the lab extraction. The temperature close to the inlet of 

the emulsion into the “flash drum” was approximately 98 oC. A stepper motor with a 3-

blade propeller was used to mix the water during the experiment to prevent 

agglomeration of the rubber particles. This type of motor was used due to the fact that 

it could be operated in flammable environment without any safety concerns. The 

stirring speed was 300 rpm. The experiment ran as batch process, while the industrial 

process is a continuous operation. When all the emulsion was transferred to the “flash 

drum”, the experiment was completed, and the rubber particles were collected from 

the water and left to dry overnight in the fume cupboard at ambient temperature. The 

dried rubber particles’ size and shape were analysed.  
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Figure 3.8. Schematic drawing of the initial rubber particles formation experimental 

configuration (not to scale). 

Prior to the experiment, the two phases were prepared separately and then added in 

the emulsification vessel. The concentration of each phase and their volumes are 

shown in Table 3.15. 

Table 3.15. Concentration and volume of each phase used in the rubber particles 

formation experiment. 

# 
Organic phase Aqueous phase 

Volume (mL) BR (g/L) Volume (mL) CaSt2 (g/L) NaOH (M) 

1 400 100 100 15 0.1 

2 250 100 250 15 0.1 

The outcome of the above experiments, which is described on Section 4.6.2, resulted 

in the modification of the discharging system of the emulsion into the “flash drum” to 

allow better speed control of the discharge emulsion and eliminate the pulsing effect 

of the peristaltic pump, as well as result in better mixing in the “flash drum”. No 

experiments were conducted with the updated experimental configuration, but it was 

developed and built for future potential. 
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The modified experimental rig is shown in shown in Figure 3.9. The emulsification 

vessel and the peristaltic pump was replaced by a pressurised stainless-steel vessel 

with an outlet at the bottom, facilitating the discharge of the emulsion into the “flash 

drum”. A stirring shaft with two sets of 4 bladed propeller stirrers at different levels 

would be used to formulate the emulsion. Heating elements were placed inside the 

pressurised vessel wall to heat the emulsion at 50 oC. The thickness of the pressurised 

vessel was 10 mm allowing to be pressurised with the use of nitrogen. The vessel was 

located at a higher level from the “flash drum” to reduce friction, as less piping was 

required. A valve at the bottom of the vessel was used in order to discharge the 

emulsion when the pressure was at the desired level inside the vessel. Due to limited 

volume of the vessel, the discharged speed of the emulsion should be kept constant 

during the experimental time. In addition, a second mixer was added in the “flash drum” 

for more appropriate mixing, which will be discussed in Section 4.6.2.  
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Figure 3.9. Schematic drawing of the updated rubber particles formation 

experimental configuration (not to scale). 
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Chapter 4 

4. Experimental results and discussion 

4.1. Copper solvent extraction – Lewis-cell 

In this section, the Cu extraction experimental results are presented and discussed, 

as well as the reasons why it was judged as an inappropriate solute for the 

investigation of interfacial mass transfer taking place in the halobutyl rubber production 

process. 

Figure 4.1 shows the % of extraction efficiency of Cu from the aqueous to the organic 

phase at a pH range between 1.5 and 4 (see Section 3.2 for experimental details). The 

Cu extraction between phases depends on the pH at equilibrium. Up to a pH of 2, Cu 

extraction efficiency is low and then increases rapidly. For this study, the extreme 

values of pH, 1.5 and 4, are crucial, as, on these pH values, 100% Cu extraction is 

achieved from organic to aqueous and from aqueous to organic phase respectively. It 

could be concluded that the distribution coefficient (𝑚) of Cu between the organic and 

the aqueous phase can be controlled by the pH. 

 

Figure 4.1. % of extracted copper from the aqueous to the organic phase at various 

pH values (error bars show the spread of results from 3 repeats). 
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As described in Section 3.2, the next step was to prepare the organic phase with Cu-

D2EHPA complex and investigate the extraction rate of Cu in the Lewis cell when the 

pH of the aqueous phase is 1.5 (distribution coefficient equal to zero). The latter was 

set up so that mass transfer of the solute occurs from the organic to the aqueous 

phase, to mimic the neutralisation that occurs during the halobutyl rubber process 

described in Section 2.1.5. For the two concentrations of BR (0 and 50 g/L) in the 

organic phase, several stirring speeds were used, as shown in Figure 4.2 and 4.3.  

 

Figure 4.2. Effect of stirring speed on the extraction rate of Cu from the organic to 

the aqueous phase in the Lewis-cell (0 g/L BR) (error bars show the spread of 

results from 3 repeats). 
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Figure 4.3. Effect of stirring speed on the extraction rate of Cu from the organic to 

the aqueous phase in the Lewis-cell (50 g/L BR) (error bars show the spread of 

results from 3 repeats). 

The increase of the stirring speed resulted in higher Cu extraction rate from the organic 

to the aqueous phase in the Lewis-cell (sharper reduction of Cu concentration in the 

organic phase). Above a certain value of stirring speed for both sets of experiments 

(~175 rpm for 0 g/L BR and ~300 rpm for 50 g/L BR), the % of extraction efficiency at 

the 330th minute of the Lewis-cell experiment remained relatively constant, as shown 

in Figure 4.4. This allowed the comparison between the two experiments, with and 

without BR in the organic phase, on the solute extraction rate, as shown in Figure 4.5. 
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Figure 4.4. Extraction efficiency at 330th min of Cu from the organic to the aqueous 

phase at various stirring speeds for 0 and 50 g/L BR at the end of Lewis-cell 

experiments. 

 

Figure 4.5. Effect of BR concentration in the organic phase on the extraction rate of 

copper from the organic to the aqueous phase in the Lewis-cell at the highest 

impeller speeds. 
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By comparing the highest agitation speeds at the experiments with and without BR, as 

shown in Figure 4.5, it could be easily concluded that the presence of BR in the organic 

phase had negative impact on the extraction efficiency, i.e. there is a considerable 

decrease in the mass transfer rate for the 50 g/L BR organic phase, in comparison 

with the 0 g/L BR, despite the much increase stirrer speeds for the former. The low 

extraction rate was the result of the increase in the viscosity, which reduced the 

diffusivity and increased the film thickness of the organic phase and, hence, reduced 

the film mass transfer coefficient, as discussed in Section 2.3. 

As described in Section 3.2, an initial investigation of the compatibility of CaSt2 with 

H2SO4 and NaOH took place. Figure 4.6 shows the 4 samples of a CaSt2 suspension 

in water under acidic and alkaline environmental conditions. Visual observation of the 

low pH sample concluded that the CaSt2 reacted with the H2SO4 and formed stearic 

acid agglomerations which floated on the surface. Due to that reaction of CaSt2 in 

acidic conditions, it was decided to conduct the Lewis-cell experiment at alkaline 

environment. Hence, an alternative solute, chromium (Cr), was selected, which is able 

to be extracted in an alkaline environment, as described in Section 4.2. 

 

Figure 4.6. Visual observation of the effect of acidic and alkaline environment in the 

CaSt2 suspension. 

Water 

Stearic acid 

pH = 2 

CaSt2 sediment 

CaSt2 foam 

CaSt2 suspension 

pH = 12 
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4.2. Chromium solvent extraction – Lewis-cell 

This section covers the experimental results from Cr extraction from the organic to the 

aqueous phase by mixing, as well as the problem in the Lewis-cell caused by the 

CaSt2. As the aqueous to the organic phase extraction of Cr is well described in the 

literature, the aim of this experiment was to achieve to reverse that extraction by, 

achieving distribution coefficient (𝑚) equal to zero. This would allow us to investigate 

the effect of organic phase viscosity and CaSt2 concentration in the aqueous phase 

on the extraction rate from the organic to aqueous phase. Experimental materials, 

methods and conditions are described in Section 3.3. 

Figure 4.7 shows the effect of ionic strength on the extraction efficiency at equilibrium 

of Cr from the organic to the aqueous phase by mixing. The ionic strength (𝐼𝑆) was 

dependent on the concentrations of NaOH and NaCl and calculated by Equation 4.1 

(Arnaut et al., 2006). In addition, Table 4.1 shows the calculated ionic strength for each 

aqueous phase, as well as how it affected the extraction efficiency of Cr. 

 
𝐼𝑆 =

1

2
∑ 𝐶𝑖𝑍𝑖

2

𝑖

 (4.1) 

Where: 𝐶𝑖 is the concentration of each ion i. 

  𝑍𝑖  is the charge of each ion i. 

Table 4.1. Concertation of the NaOH and NaCl in the aqueous phases and the 

respective ionic strength and Cr extraction efficiency. 

Aqueous phase Extraction 
efficiency (%) NaOH (M) NaCl (M) Ionic Strength (M) 

0.4 0.00 0.40 0.0 

0.4 0.01 0.41 2.9 

0.4 0.10 0.50 99.5 

0.4 0.15 0.55 65.8 

0.4 0.20 0.60 68.1 
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Figure 4.7. Effect of ionic strength on the extraction efficiency of Cr from the organic 

to the aqueous phase. 

The increase of ionic strength from 0.41 to 0.50 M resulted in a dramatic increase of 

the Cr extraction efficiency from the organic to the aqueous phase. However, further 

increase of the ionic strength, decreased the extraction. At ionic strength higher than 

0.5 M, solids were formed in the aqueous phase after mixing and separating the two 

phases. These solids, probably containing Cr, were insoluble in the aqueous phase, 

as shown in Figure 4.8, and thus, they couldn’t be measured in the FAAS. This resulted 

in the low calculated extraction efficiency for an ionic strength of 0.50 M. 

 

Figure 4.8. Cr solid particles formulation at high concentration of NaCl experiment. 
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As explained above, 0.4 M NaOH and 0.10 M NaCl in the aqueous phase were the 

ideal conditions to achieve the highest extraction efficiency (distribution coefficient (𝑚) 

equal to zero) in order to run the Lewis-cell experiment. The effect of CaSt2 in the 

aqueous phase on the extraction efficiency of Cr from the organic to the aqueous 

phase was tested by mixing. The CaSt2 was added in the aqueous phase with 0.4 M 

NaOH and 0.10 M NaCl and mixed with the organic phase containing Cr-Aliquat 336 

complex. The presence of CaSt2 in the system did not result in Cr-CaSt2 solids, 

keeping the extraction efficiency at same value (99.5%). However, in the Lewis-cell 

experiment, Cr-CaSt2 solids were observed on the walls, as shown in Figure 4.9, due 

to their extensive time of contact (60 minutes) compared to the limited time in the 

mixing experiment. Figure 4.9 A shows the Cr-CaSt2 solids formed in the Lewis-cell 

(A) during and (B) at the end of the experiment. 

   

Figure 4.9. (A) Cr-CaSt2 solids during and (B) at the end of the Lewis-cell 

experiment. 

This undesired result led to the necessity of finding an alternative chemical in order to 

represent the interfacial mass transfer of the acids from the organic to the aqueous 

phase in the industrial process. Both Cu and Cr experiments in the Lewis-cell were not 

successful at the stage of CaSt2 introduction. A weak acid, acetic acid, was chosen as 

an appropriate alternative from a health and safety point of view and to better mimic 

the industrial process.  

A B 



65 
 

4.3. Calcium stearate 

This section considers the effect of acidic and alkaline environments, as well as the 

high temperatures, on the CaSt2. The industrial emulsifier, CaSt2, encounters all these 

environments in the halobutyl rubber production process and it is important to 

understand their impact on it. In addition, the morphology and size of the CaSt2 was 

determined. 

4.3.1. Calcium stearate at acidic/alkaline environment and high 

temperature 

This section shows the effect of the acidic and alkaline environment and high 

temperature on the CaSt2. As mentioned in Section 3.4.1, initially the effect of AcOH 

on CaSt2 was tested at various mole ratios. Figure 4.10 shows the % of CaSt2 that has 

reacted with the weak acid at various molar ratio between AcOH and CaSt2. 

 

Figure 4.10. Effect of molar ratio (AcOH/CaSt2) on the % of CaSt2 that reacted with 

the AcOH. 

As the CaSt2 is constant through the experiments (see Section 3.4.1), an increase of 

AcOH increases the amount of CaSt2 that reacts (Figure 4.10). For mole ratios above 

2 it is observed that the % of CaSt2 that reacted created a plateau area, showing that 

there is limited CaSt2 that could react with the acid. This is in line with the experimental 
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results that were produced where the CaSt2 came in contact with excess AcOH or 

HCl, as show in Table 4.2. Figure 4.11 shows the % of CaSt2 reacted with various 

concentration of AcOH and HCl. As indicated by Chemical Reaction (3.2) (reproduced 

below). 

 (𝐶17𝐻35𝐶𝑂𝑂)2𝐶𝑎 + 2𝐶𝐻3𝐶𝑂𝑂𝐻 → 2𝐶17𝐻35𝐶𝑂𝑂𝐻 + 𝐶𝑎(𝐶𝐻3𝐶𝑂𝑂)2 (3.4) 

Table 4.2. Concentrations of CaSt2, AcOH and HCl in each solution with their 

respective pH. 

# CaSt2 (M) AcOH (M) pH # CaSt2 (M) HCl 
(M) 

pH 

A1 0.0005 0 7.40 B1 0.0005 0 7.40 

A2 0.0005 0.01 3.65 B2 0.0005 0.01 2.28 

A3 0.0005 0.1 3.05 B3 0.0005 0.1 1.47 

A4 0.0005 0.2 2.84 B4 0.0005 0.2 1.02 

A5 0.0005 0.3 2.79 B5 0.0005 0.3 0.82 

At mole ratios above 2 in Figure 4.10, AcOH should be in excess, so a high conversion 

of CaSt2 was expected. Figure 4.11 also shows the % of CaSt2 reacted with various 

excess concentrations of AcOH and HCl. 

 

Figure 4.11. The % CaSt2 that reacted with excess of AcOH or HCl.  

Figure 4.11 shows that both acids resulted in the same amount percentage of CaSt2 

that reacted, equal to approximately 35%, in agreement with Figure 4.10. In addition 
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to the above, Figure 4.12 shows the effect of the final pH on the amount of CaSt2 that 

reacted with each acid. The error bars represent the accuracy of the results. 

 

Figure 4.12.  Final pH solution (acid and CaSt2) is comparison with the % of CaSt2 

that reacted with each acid. 

As HCl is a strong acid, with higher dissociation constant, it might be expected that 

higher amount of CaSt2 will react with it compared to the acetic acid, a weak acid. It is 

possible that the limited reaction between the CaSt2 and each acid is due to low 

solubility in the water-phase and as a result it cannot react further. From Figure 4.12 

it is concluded that pH values lower than 4 resulted in the formation of stearic acid, 

which is the product of the reaction between the CaSt2 and an acid. From the above 

experiments, it could be concluded that in the halobutyl rubber production process 

there could be a limit on the amount of CaSt2 that could react with the acid (acidic 

environment) and initiate the others reactions which result in foaming downstream, as 

described in Section 2.1. It should be aimed that the CaSt2 should no encounter acidic 

environment in the industrial process in order to maintain its structure and 

consequently its functionality as emulsifier. 

As mentioned in Section 3.4.1, the effect of an alkaline environment and high 

temperature on the dissociation of CaSt2 were tested. Alkaline environment (pH > 

12.91) was achieved with the addition of NaOH as shown in Table 4.3. Figure 4.13 

shows the dissociation of CaSt2 at various NaOH concentrations. 
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Table 4.3. Concentrations of CaSt2 and NaOH in each solution with their respective 

pH values. 

# NaOH (M) CaSt2 (M) pH 

C1 0.0 0.0005 7.40 

C2 0.1 0.0005 12.91 

C3 0.3 0.0005 13.25 

C4 0.5 0.0005 13.40 

C5 1 0.0005 13.58 

 

 

Figure 4.13. Effect of alkaline environment (various concentrations of NaOH) on the 

dissociation of CaSt2. 

It is expected that there would be limited dissociation of CaSt2 in alkaline 

environments. Figure 4.13 shows the results which indicate that a very low percentage 

of CaSt2 has dissociated, which could simply reflect the sensitivity of the instrument at 

values close to zero. It could be concluded that after the neutralisation of acids in the 

industrial process, the alkaline environment should have no effect on the CaSt2, as 

there is no reaction between CaSt2 and NaOH.  

Figure 4.14 shows the dissociation of CaSt2 at temperatures between 30 and 70 oC at 

pH equal to 7. A solution of 1.5 g/L of CaSt2 was prepared and heated from room 

temperature up to 70 oC over a period of 20 minutes without modifying the pH. 
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Figure 4.14. Effect of temperature on CaSt2 dissociation 

It is observed, in Figure 4.14, that the % of CaSt2 dissociated low, but does not show 

a consistent behaviour. Samples were taken from the same solution during the 

heating, so the % of dissociation was expected to be accumulative, something that is 

not shown in Figure 4.14, as there is an initial increase and then decrease on the 

amount of CaSt2 that dissociated during the experiment. It is believed that reason for 

that trend is the sensitivity of the instrument at low values. It should be noted that the 

neutralisation step in the industrial process takes place at high temperature, 20 - 65 

oC (ExxonMobil, 2017; Happ et al., 2012). It is concluded that temperatures in this 

range have very low effect on the CaSt2, as very low dissociation took place (~ 5%) in 

the laboratory experiment. 

4.3.2. Calcium stearate morphology 

Figure 4.15 shows the CaSt2 particles morphology used in this study. The SEM image 

shows that the particles have plate-like shape. Figure 4.16 shows the size distribution 

of CaSt2 particles at various pH values. The average diameter (D[3,2]) of the CaSt2 

particles was 9.44 μm at pH of 7.4. There is a slight increase on the average size of 

the CaSt2 particles at low pH values, as shown in Table 4.4, due to the formation of 

stearic acid on the surface of CaSt2 particles, which is sticky and agglomerates. This 

cover of the CaSt2 surface from stearic acid could be the reason of the low % of CaSt2 

reacted with the acids, as observed in Section 4.3.1, providing that the stearic acid 

could act as barrier. In addition, in an alkaline environment (pH~14), some bigger 
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particles were observed. However, the particle size did not change significantly at the 

various pH values. 

 

Figure 4.15. Morphology of the CaSt2 dried particles (SEM image). 

 

Figure 4.16. Particle size distribution of CaSt2 at various pH values. 
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Table 4.4. The average diameter (D[3,2]) of CaSt2 measured by the Malvern 

instrument at various pH values. 

# pH D[3,2] (μm) 

1 0.8 17.25 

2 1.5 13.53 

3 7.4 9.44 

4 13.6 10.57 

5 13.8 9.97 

4.4. Acetic acid solvent extraction 

This section, initially shows the experimental results for the determination of the 

distibution coefficient of the third solute, namely AcOH, between the organic and 

aqueous phase by mixing the two phases. In addition, the Lewis-cell experiments, with 

AcOH as the solute, where the effect of organic phase viscosity and CaSt2 

concentration on the extraction rate, are prestented and discussed. The experimental 

methods and conditions are discussed in Section 3.5. 

4.4.1. Distribution coefficient of acetic acid 

The Figure 4.17 shows the % of extraction of AcOH and the % of CaSt2 reacted with 

the AcOH, during the AcOH interfacial mass transfer from the organic to the aqueous 

phase by mixing the two phases. The concentration of the species in each phase have 

been presented in Table 3.8. 
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Figure 4.17. Extraction efficiency of AcOH and % of reacted CaSt2 after the organic 

to aqueous phase mass transfer of AcOH by mixing. 

In experiment 1 (see Table 3.8), where only AcOH was present in the system, the 

extraction from the organic to aqueous phase was approximately 100%, so it can be 

concluded that the distribution coefficient of AcOH between the two phases is 0. In 

addition, both BR and CaSt2 did not reduce the extraction efficiency significantly, as 

concluded from the results of experiments 2 (BR was present) and 3 (both BR and 

CaSt2 were present) as shown in Figure 4.17. Due to the above reasons, the AcOH 

was selected as a suitable solute for the investigation of the organic phase viscosity 

and CaSt2 concentration on its extraction rate in the Lewis-cell.  

4.4.2. Effect of butyl rubber concentration on the interfacial 

mass transfer coefficient 

This section discusses the effect of organic phase viscosity on the interfacial mass 

transfer coefficient of AcOH from the organic to aqueous phase. It should be noted 

that the BR concentration in the industrial process is around 200 and 250 g/L and 

hence the viscosity is very high (ExxonMobil, 2017). Figure 4.18 shows how the BR 

concentration in heptane, between 0 and 200 g/L, affects the viscosity at temperatures 

of 20 and 50 oC. The viscosity in Figure 4.18 is presented using a logarithmic scale. 

All the solutions exhibited Newtonian behaviour as the shear stress increased linearly 
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with the increase of the shear rate, as shown in Appendix 5. It is observed that the 

increase of BR concentration increases exponentially the viscosity. The increase of 

the viscosity for concentrations lower than 100 g/L BR is insignificant compared to 200 

g/L BR.   

 

Figure 4.18. Viscosity of the organic phase at various concentrations of BR (0 – 200 

g/L in n-heptane) (Logarithmic scale). 

The Lewis-cell with the independent stirrers was used to investigate the effect of the 

organic phase viscosity as described in Section 3.5.2 (Table 3.9) at 20 oC without the 

presence of CaSt2. It should be mentioned that the experimental results were 

conducted at sufficiently high stirring speeds for there to be little effect and it was 

concluded that operation was at the Zone B as shown in Figure 2.16. In addition, every 

experiment was conducted at slightest lower stirring speed and the same extraction 

rate was observed. Figure 4.19 shows how the AcOH concentration profile in the 

organic phase is changing with time at various BR concentrations. As shown from the 

error bars, the reproducibility of the experiment is consistent. No equilibrium was 

reached during the 60 minutes of the experiment.  
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Figure 4.19. AcOH profile organic concentration with time at various concentrations 

of BR in the organic phase and without CaSt2 in the aqueous phase. 

It is concluded that, as the BR concentration increases, resulting in viscosity increase, 

the AcOH extraction rate from the organic to aqueous phase is slower. The mass 

balance on AcOH in the organic phase is shown in Equation 4.2, assuming perfect 

mixing in the bulk region. 

 
𝑉𝑜𝑟𝑔

𝑑𝐶𝑜𝑟𝑔

𝑑𝑡
= −𝐾𝑂𝑜𝑟𝑔𝐴(𝐶𝑜𝑟𝑔 − 𝐶𝑜𝑟𝑔

∗ ) 
(4.2) 

Where: 𝑉𝑜𝑟𝑔 is the volume of the organic phase. 

  𝐴 is the interfacial area between phases. 

  𝐾𝑂𝑜𝑟𝑔 is the overall mass transfer coefficient with respect to the organic

  phase. 

𝐶𝑜𝑟𝑔
∗  is the concentration of the AcOH in the organic phase in equilibrium 

with the AcOH concentration in the aqueous phase. 

In Section 4.4.1 it was concluded that the distribution coefficient (𝑚) between the two 

phases, with the presence of BR in the organic phase, was zero. By taking into 
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consideration the Equation 2.9, the 𝐶𝑜𝑟𝑔
∗  is zero. Therefore, separating the variables 

and integrating Equation 4.2 yields Equation 4.3. 

 
− 𝑙𝑛 (

𝐶𝑜𝑟𝑔

𝐶𝑜𝑟𝑔(0)
) =

𝐾𝑂𝑜𝑟𝑔𝐴

𝑉𝑜𝑟𝑔
𝑡 

(4.3) 

Where: 𝐶𝑜𝑟𝑔 is AcOH concentration in the organic phase with time. 

  𝐶𝑜𝑟𝑔(0) is the initial AcOH concentration in the organic phase. 

Hence, by plotting the − 𝑙𝑛(𝐾𝑂𝑜𝑟𝑔𝐴 𝑉𝑜𝑟𝑔⁄ ) as a function of time (𝑡) the slope of the 

straight lime will be equal to 𝐾𝑂𝑜𝑟𝑔𝐴/𝑉𝑜𝑟𝑔 (Figure 4.20). Both 𝐴 and 𝑉𝑜𝑟𝑔 are known and 

constant during the Lewis-cell experiment and hence 𝐾𝑂𝑜𝑟𝑔 can be calculated for every 

concentration of BR, as shown in Table 4.5. 

 

Figure 4.20. − 𝑙𝑛(𝐾𝑂𝑜𝑟𝑔𝐴 𝑉𝑜𝑟𝑔⁄ )  as a function of time during the Lewis-cell 

experiments at various concentration of BR in the organic phase and without CaSt2 

in the aqueous phase. 
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Table 4.5. Effect of BR concentration in the organic phase (organic phase viscosity) 

on the overall mass transfer coefficient (𝐾𝑂𝑜𝑟𝑔). 

BR (g/L) Viscosity 

(cP) 

KOorgA Vorg⁄  

(s) 

KOorg (m/s) 

0 0.389 5.346·10-4 3.427·10-5 

50 21.5 1.756·10-4 1.126 ·10-5 

100 229.0 0.466·10-4 0.298·10-5 

 

As discussed in Section 2.3, in the two-film theory of mass transfer, the resistance to 

mass transfer occurs two films and the interface. The distribution coefficient (m) for 

the AcOH in this system is zero and there is no resistance at the interface (Ri). By 

taking into account the Equation 2.16, it is concluded that the overall resistance should 

depend only in the resistance in the organic phase film due its viscosity.  

By plotting (Figure 4.21) the overall mass transfer coefficient against the organic phase 

viscosity, it could be concluded that the there is a sharp reduction in the 𝐾𝑂𝑜𝑟𝑔 with a 

slight increase of viscosity. Further increase of the viscosity does not affect the 

coefficient significantly, as shown in Figure 4.21. As mentioned before, the BR 

concentration in the industrial process is between 200 and 250 g/L. A decrease of the 

BR concentration in the industrial process lower than 50 g/L of BR in order to achieve 

better interfacial mass transfer of the solute (HCL or HBr) will reduce the production 

rate, which is an non feasible solution for the industry. 
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Figure 4.21. Experimental mass transfer coefficient of AcOH at various viscosities of 

the organic phase. 

4.4.3. Effect of calcium stearate on the interfacial mass transfer 

rate of AcOH 

This section shows the effect of CaSt2 on the interfacial mass transfer rate of AcOH in 

the Lewis-cell during the organic to aqueous phase extraction. As mentioned in 

Section 3.5.3 (Table 3.11), initially three different concentrations of CaSt2 were tested 

without the presence of BR and compare to the case of no CaSt2. Figure 4.22 shows 

how the concentration profile of AcOH in the organic phase is changing during the 

Lewis-cell experiment at various CaSt2 concentrations. 
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Figure 4.22. Effect of CaSt2 on the AcOH extraction rate in the Lewis-cell without the 

presence of NaOH. 

By comparing the 0 and 5 g/L CaSt2 experimental results from Figure 4.22, it may be 

concluded that the addition of small concentrations of CaSt2 in the aqueous phase 

increased the extraction rate of the AcOH from the organic to aqueous phase. It is 

possible, that the CaSt2 reacted with the AcOH in the aqueous phase and as a result 

the concentration difference could increase between the two phases. As mentioned in 

Section 2.3 the concentration difference was the driving force for the interfacial mass 

transfer of the solute. A higher concentration difference between the two phases would 

increase the extraction rate. However, the distribution coefficient 𝑚 has been shown 

to be zero (Section 4.4.1), so that is difficult to see why 𝐶𝑜𝑟𝑔
∗  (see Equation 4.2) should 

fall much further because of the chemical reaction.  

Further addition of CaSt2 (>5 g/L) decreased the extraction rate of AcOH in Figure 

4.22. During the Lewis-cell experiments, the CaSt2 reacted with AcOH and formed 

stearic acid, which agglomerated, forming large particles at the interface. In addition, 

these particles themselves stayed at the interface. As the concentration of the CaSt2 

increased, the amount of these particles at the interface increased too, resulting in an 

additional resistance to the mass transfer of AcOH from the organic to the aqueous 

phase. Therefore, a low concentration of CaSt2 provided a modest improvement in the 
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mass transfer rate, but further increase added resistance at the interface and reduce 

the mass transfer rate. 

Figure 4.23 shows the aqueous phase at the start and at the end of the Lewis-cell 

experiment when 10 g/L CaSt2 was used. There is visual observation of the stearic 

acid agglomerations at the end of the Lewis-cell experiment.  

  

Figure 4.23. Formation of stearic acid during the Lewis-cell experiment. (A) The 

aqueous phase with 10 g/L CaSt2 at the start (time: 0 sec) and (B) the end of the 

Lewis-cell experiment (time: 3600 sec)  

As mentioned in Section 3.5.3, to examine also the effect of NaOH in the above 

experiments and to better mimic the interfacial mass transfer taking place in the 

halobutyl rubber production, a Lewis-cell experiment with 5 g/L CaSt2 and 0.1 M NaOH 

in the aqueous phase was conducted. The addition of the NaOH reduced the visible 

dissociation of CaSt2 , as well as increased the mass transfer rate (sharp reduction of 

concentration in the organic phase) of the AcOH, as shown in Figure 4.24. It could be 

suggested that, both CaSt2 and NaOH reacted with the AcOH in the aqueous phase 

close to the interface, resulting in low AcOH concentration area, similar to the Lewis-

cell experiment with no NaOH and 5 g/L CaSt2. It is possible that the low concentration 

area increased the concentration difference between the two phases and, as a result, 

the interfacial mass transfer rate was increased.  

 

A B 
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Figure 4.24. Effect of CaSt2 on the AcOH extraction rate with the presence of NaOH 

in the Lewis-cell. 

To conclude, a small amount of CaSt2 in the aqueous phase improved the interfacial 

mass transfer of the solutes in the industrial process, especially when NaOH was 

present, which reduced the CaSt2 and the HCl or HBr reaction forming insoluble, fatty 

stearic acid. Lack of NaOH in the industrial process would result in the formation of 

stearic acid which would obstruct the interfacial mass transfer of the solutes when high 

concentration of CaSt2 is used. In the industrial applications, the ratio between the 

CaSt2 and NaOH should be the appropriate aiming for high interfacial mass transfer 

rate and low formation rate of stearic acid. 

4.5. Size and stability of the W/O Pickering emulsion  

The stability and size of the emulsion that is formed in the industrial process plays an 

important role on the interfacial mass transfer, as discussed in the previous section; in 

addition, it is could have an effect on the formation of the rubber particles in the flash 

drum. In this section, the size and the stability of a W/O emulsion are presented. The 

BR concentration in the organic phase and the CaSt2 concentration in the aqueous 

phase were the two parameters tested. As mentioned in Section 2.2.7, CaSt2 is a solid 

emulsifier which forms Pickering W/O emulsions and would be added later to the 

halobutyl rubber as stabiliser of the product. 
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The formation method of the emulsion, as well as the analysis of the size of the 

emulsion and the emulsion stability investigation were described in Section 3.6. Table 

4.6 shows the concentration of CaSt2 and BR in each phase for the formation of the 

W/O emulsion. Emulsions 1 to 3 were used for the investigation of the effect of BR 

concentration (continuous phase viscosity) on the emulsion size and stability. In those 

experiments 5 g/L CaSt2 was used as 0 g/L resulted in an unstable emulsion within a 

few minutes after the formation. Emulsion A to D were used to investigate the effect 

of CaSt2 on the emulsion size and stability. 

Table 4.6. Concentration of CaSt2 and BR in each phase for the formation of the W/O 

emulsions. 

# 
Aqueous phase Organic phase 

Volume 
(mL) 

CaSt2 
(g/L) 

Volume 
(mL) 

BR (g/L) 

1 20 5 80 50 

2 20 5 80 100 

3 20 5 80 150 

A 20 0 80 100 

B 20 5 80 100 

C 20 10 80 100 

D 20 15 80 100 

Figure 4.25 shows how the average diameter (by number) of the aqueous phase drops 

is changing at various BR concentration in the organic phase as function of time. 
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Figure 4.25. Effect of BR content on the emulsion size and stability - with 5 g/L CaSt2 

in the aqueous phase (Experiment: 1 to 3). 

Agitation of the low BR concentration (50 g/L) resulted in an average drop size of 

approximately 55 μm in the emulsion. However, the phases separated after 10 

minutes, showing that the emulsion was not stable. On the other hand, higher 

concentrations of BR (100 and 150 g/L), corresponding to higher viscosity of the 

continuous phase (Figure 4.18), resulted in considerably smaller size of the dispersed 

aqueous drops (approximately 20 μm) and more stable emulsions. At 100 g/L BR, the 

emulsion is less stable compared to 150 g/L BR, due to the higher viscosity of the 

organic phase as described also in Section 2.2.5.  

Figure 4.26 shows how the dynamic interfacial tension is changing through time until 

the thermodynamic equilibrium is achieved, at various concentrations of BR in the 

organic phase and with no CaSt2 in the aqueous phase (Table 4.6). The presence of 

the surface tension of water in the graph ensures the correct calibration of the KRUSS 

DSA 100 instrument. 
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Figure 4.26. Effect of BR content on the interfacial tension between the organic and 

the aqueous phase without the presence of CaSt2. 

As shown in the Figure 4.26, for every measurement there is a decrease in the 

interfacial tension (dynamic) with time until it stabilises (equilibrium interfacial tension). 

An increase of BR concentration corresponding to an increased viscosity, reducing the 

interfacial tension. However, the decrease of the interfacial tension is not proportional 

with the increase of the BR concentration. At concentrations of 100 and 150 g/L the 

interfacial tension change is almost negligible. At low interfacial tension values, highest 

BR concentration, the emulsion has better stability through time, as shown in Figure 

4.25 (Pandolfe, 1981). It was concluded that the higher the viscosity, the more stable 

the emulsion during the 40 minutes of testing.  

In addition, the effect of the presence of different concentrations of CaSt2 on the 

Pickering emulsion size and stability were tested. Based on the conclusions of Figure 

4.25, 100 g/L BR concentration was used for this analysis, as it gave a relative stable 

emulsion to work with. As stated in Table 4.6, the tested emulsion had 100 g/L BR in 

the organic phase and four different concentrations of CaSt2 in the aqueous phase 

were tested (experiments A to D). Figure 4.27 shows the effect of CaSt2 on the 

emulsion size and stability for a testing period of 40 minutes.  
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Figure 4.27. Effect of CaSt2 content on the emulsion size and stabilization – with 100 

g/L BR in the organic phase (Experiments: A to D) 

As shown in Figure 4.27, the absence of emulsifier (0 g/L CaSt2) resulted initially (t = 0 

min) in an emulsion with mean size of 60 μm. After 10 minutes the mean size increased 

to 120 μm and before the 20th minute it was visually observed that the two phases 

were separated. As there was no CaSt2, the viscosity of the organic phase was 

responsible for the initial formation of the emulsion and its low stability for 

approximately 10 minutes. On the other hand, even the lowest concentration of CaSt2 

(5 g/L) resulted in a relative stable Pickering emulsion for the 40 minutes of the 

experiment, with mean size approximately equal to 20 μm. Figure 4.28 shows how the 

fine CaSt2 particles are arranged on the interface and stabilise the aqueous drops.  As 

the CaSt2 concentration increased from 5 to 15 g/L the emulsion stability also 

increased. Figure 4.29 shows the effect of CaSt2 on the interfacial tension between 

the two phases, when no BR was present in the organic phase.  
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Figure 4.28. Example of the arrangement of fine CaSt2 particles on the interface 

 

Figure 4.29. Effect of CaSt2 on the interfacial tension between the aqueous and 

organic phases without the presence of BR. 

The reduction of interfacial tension with time was due slow arrangement of the calcium 

stearate at the interface or contamination between phases (Maestro et al., 2014). The 

increase of CaSt2 concentration reduces the interfacial tension up to a certain point as 

expected from an emulsification agent. This reduction resulted in a more stable and 

smaller mean size emulsion, as was described in Section 2.2.3 (Wong et al., 2015).  
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As noted in Section 2.1, which describes the halobutyl rubber production process, the 

emulsion is formed by mixing prior to the flash drum. A concentration of BR higher 

than 100 g/L in the organic phase and the presence of CaSt2 (>5 g/L) resulted in 

relative stable emulsions with mean sizes of approximately 20 μm during the 40 

minutes lab experiment. The CaSt2, which is used in the halobutyl rubber production 

process as stabiliser of the final product, could be potentially used at an earlier stage 

as a solid emulsifier during neutralisation and emulsification. It may be concluded that 

the emulsion in the halobutyl rubber production process would be stable in the 

industrial process prior to the flash drum, as the polymer concentration is greater than 

200 g/L. 

4.6. Rubber particles formation 

In this section, the results of the emulsion pendant drop evaporation experiments are 

presented and discussed, aiming to understand the evaporation mechanism of the 

W/O emulsion in the industrial flash drum. Experimental results are presented from 

the development process of a lab scale “flash drum” aiming to replicate the industrial 

one and achieve the same type of rubber particles, enable to study the effect of various 

parameters on their size and shape in laboratory scale. 

4.6.1. W/O emulsion pendant drop evaporation 

As was mentioned on the Section 3.7.1, a W/O emulsion pendant drop was exposed 

to high temperatures in a controlled environment, aiming to understand the 

evaporation mechanism of the emulsion. Two different emulsions were used in this 

experiment, as was shown in Table 3.14 and exposed to temperatures between 70 

and 130 oC. 68 oC is the boiling point of hexane at atmospheric pressure and that is 

why the lowest temperature tested was the 70 oC. Figure 4.30 shows the effect of 

temperature (130 oC) on the W/O emulsion drop, without CaSt2, as captured by images 

taken by the KRUSS DSA 100 instrument’s camera.  
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Figure 4.30. Photos taken by the KRUSS DSA 100 instrument showing the W/O 

emulsion (organic phase: 100 g/L BR in hexane, aqueous phase: 0 g/L CaSt2) drop 

changing through time until the final collapse at 130 oC.  

In every experiment, the hexane located at the outside of the drop was evaporated 

first, resulting in a dry BR layer. As the heat was transferred towards the inside of the 

drop, more hexane was evaporated. The combination of the vapours generated in the 

drop and the impermeability of the outer BR layer, resulted in an expansion of the drop 

(Figure 4.30 at the 13th second) until a certain point, when it collapsed (Figure 4.30 at 

the 15th second). The stretching of the drop outer layer reduced its thickness and, 

eventually it ruptured resulting in release of hexane/water vapour and collapse of the 

drop. The same behaviour was observed at every temperature that was tested, 

although events occurred at different time frames, as discussed below. Figure 4.31 

shows the normalised volume change, which was obtained by the KRUSS DSA 100 

instrument, of the emulsion drops exposed to various temperatures (70, 80, 100 and 

0 sec 5 sec 

10 sec 13 sec 

15 sec 
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130 oC) with and without the presence of CaSt2 through time until their collapse, as 

described in Section 3.7.1.  

 

Figure 4.31. Emulsion drop evaporation at various temperature with (black) and 

without (red) CaSt2. 

As shown from Figure 4.31, a higher temperature resulted in higher heat transfer rates 

to the pendant drop, and as a result the evaporation occurred more rapidly. In all 

temperatures tested, there is an initial time where there is no significant volume 

change. During this time evaporation of the outer surface was taking place. The 

organic solvent (hexane) formed the continuous phase and as a result after its 

evaporation a thin outer layer of BR was formed, as shown in Figure 4.30. At later 

times, the internal temperature of the drop exceeds the boiling point of the hexane (68 

°C) and a vapour is generated internally within the pendant drop, which made the drop 

expand and then eventually collapse, as the outer skin ruptured. At higher 

temperatures of 100 and 130 oC, the vapours generated inside the drop would contain 

higher mole fractions of water, as well as hexane and as a result more rapid 

evaporation took place compared to the lower temperatures. The evaporation of the 

emulsion at 130 oC took place in approximately 10 seconds. At 70 oC (lowest 

temperature) the volume change showed the slowest increase compared to the other 

temperatures, as the heat transfer rate was lower, given that the boiling point of pure 
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hexane is 68 oC. In comparison, at 80 oC the heat transfer rate increased resulting in 

higher evaporation rate and larger rates of volume change. 

In Figure 4.31, the black points represent the experiments conducted with 15 g/L CaSt2 

in the aqueous phase. There is no consistent effect shown in results, and it was not 

clear if the presence of CaSt2 in the emulsion drop had any effect on the evaporation 

mechanism. The presence of the solids could promote the nucleation of vapour 

bubbles inside the emulsion droplet and hence could provide earlier expansion of the 

droplet. After nucleation of vapour bubbles had occurred, there could be no further 

effect on the evaporation rate with and without CaSt2 particles. 

From the emulsion pendant drop experiments it could be concluded, the highest the 

exposed temperature for the emulsion the faster the evaporation rate, and that the 15 

g/L CaSt2 have no effect on the evaporation mechanism. 

4.6.2. W/O emulsion flash drum evaporation 

This section shows the stages of the experimental configuration development for the 

formation of rubber particles, as achieved in the industrial process flash drum, 

described in Section 2.1.6. As described in Section 3.7.2, initially, a peristaltic pump 

was used to transfer the W/O emulsion from the emulsification vessel into the “flash 

drum” and form the rubber particles. Due to the high viscosity of the emulsion, the 

highest speed was set on the pump in order to reduce the pulsing effect and have a 

more constant flow rate at the inlet to the “flash drum”. Figure 4.32 shows the “flash 

drum” with the partially dried rubber particles on the free surface, after the first attempt 

using the experimental configuration.  
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Figure 4.32. (A) Emulsion inlet pipe in the “flash drum”, (B) Partially dried BR in the 

“flash drum” (W/O emulsion: organic phase: 50 g/L BR, aqueous phase: 0.1 M NaOH 

and 15 g/L CaSt2). 

It is believed that the time from the emulsion inlet into the “flash drum” (Figure 4.32 A) 

until hitting the water level and the amount of the heat transfer from the “flash drum” 

to the emulsion stream were not sufficient for the emulsion to totally evaporate. The 

emulsion stream was only partially evaporated before hitting the water. The weak 

agitation in the “flash drum” allowed it to float to the surface of the water, where slow 

evaporation took place resulting in the formation of sheets of agglomerated particles. 

The rubber particles agglomerated creating a BR layer (Figure 4.32 B) at the free 

surface of the water due to the weak agitation in the “flash drum”, unlike the industrial 

process, where individual rubber particles are formed, as shown in 2.1.6.  

In order to improve the hexane evaporation, there were two options. The first option 

was to increase the distance between the emulsion inlet pipe and the water surface, 

allowing more time for the evaporation to take place. However, by increasing that 

distance significantly in this experimental rig, the inlet pipe would be above the vessel’s 

lid. This could lead to lower temperature at the area of the emulsion inlet pipe, as well 

as the emulsion stream would encounter wider range of temperatures during its 

discharge. This could possibly cause an initial evaporation of the outside of the 

emulsion stream, similar to the pendant drop experiment, resulting in external BR 

layer. This BR layer would not allow the correct formation of the rubber particles before 

A B 

Emulsion inlet into 

the flash drum 
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the emulsion stream hit the surface water, as it could act as a shield. In addition to 

that, there were safety concerns due to the exposed emulsion stream at high 

temperature outside the “flash drum” lid. 

Alternatively, it was chosen to use the volume phase ratio of the emulsion to 1:1 (O:W), 

as shown in Table 3.15, in order to reduce the amount of organic compound it the 

mixture. That way, with the same amount of heat it was achieved full evaporation of 

the hexane, as the water is not required to be evaporated because the BR is insoluble 

in it. This resulted in separated rubber particles, as more of hexane evaporated before 

the feed stream hit the water, as shown in Figure 4.33. In this case, the particles were 

less agglomerated compared to the previous experiment having irregular shapes, 

similar to the industrial process (Figure 2.5).  

 

Figure 4.33. BR particles after their formation in the “flash drum” (W/O emulsion: 

organic phase: 50 g/L BR, aqueous phase: 0.1 M NaOH and 15 g/L CaSt2). 

The emulsion stream in a larger scale industrial process has lower surface area to 

volume ratio, due to the large diameter of the inlet pipe. Therefore, it may be concluded 

that solvent evaporation from the emulsion, before hitting the water surface, would be 

more difficult to achieve, as a very high heat transfer rate would be required. In addition 

the use 2 – 3 atm of pressure inside the industrial flash drum (McDonald et al., 2000), 

means that the boiling point of hexane would be higher, approximately 68 – 90 oC, 

which may decrease the driving force for heat transfer. It could be suggested for the 

emulsion stream to be dispersed with the use of a nozzle to increase the surface area 

to volume ratio, which would allow better heat transfer and faster evaporation. 
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The particles created during the experiment with low hexane content had a flat shape, 

as shown in the Figure 4.34, due to the low intensity mixing in the flash drum. The 

single stirrer created a vortex at the surface of the water which did not allow the 

particles to circulate under the water level due to the vortex flow force. As the particles 

remained on the surface, they were spread resulting in 2D shape.  

 

Figure 4.34. Dried BR particles formulated in the lab. 

In order to avoid these flat agglomerated 2D shapes, two stirrers could be introduced 

to keep the formulated particles under the water level and away from the surface, 

where they tend to accumulate as they contain a small amount of hexane (less dense). 

In addition, the presence of two separate stirrers will eliminate the vortex and achieve 

better mixing.  

Finally, the development of a new way to discharge the emulsion into the “flash drum” 

by using a high pressure transfer, achieved by pressurised nitrogen supply, was 

designed in the lab as described in Section 3.7.2 and shown in Figure 3.9. The 

pressurised emulsification vessel was designed to improve control of the discharge 

flow rate of the emulsion into the “flash drum”, as well as to reduce the pulsing effect 

of the previously used peristaltic pump. These modifications would contribute to 

improved formation of the desired rubber particles in the laboratory scale equipment. 

This experimental configuration could then be used to examine the effect of various 

parameters, such as emulsion stream speed and angle, on the size and shape of the 

rubber particles, aiming at for a narrower size distribution. 
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Chapter 5 

5. Conclusions and future work 

This research project was to provide process understanding of the manufacturing 

halobutyl rubber production, focussing on two aspects. The first aspect was the 

neutralisation of the by-products of the halogenation with the use of an alkaline 

aqueous phase and the second was the formation of the rubber particles by emulsion 

evaporation in the flash drum. The first aim was to study the parameters affecting the 

interfacial mass transfer of the acids (by-products) from the organic to the aqueous 

phase in order to be neutralised. Parameters examined were the organic phase 

viscosity and the calcium stearate concentration, as well as their effect on the size and 

stability of the W/O Pickering emulsion.  In addition, a second aim was to understand 

the fundamentals on the formation of the rubber particles in the flash drum and how a 

W/O emulsion evaporates under high temperature. Finally, it was important to develop 

an experimental configuration that could be used to examine the effect of various 

parameters on the size and shape of the particles, also aiming to understand where 

inside the flash drum these particles were formed. 

In order to investigate the interfacial mass transfer, a Lewis-cell apparatus was 

developed in the lab to study the mass transfer rate. Initially, metals (copper and 

chromium) were used as solutes. However, both metals were proved to be 

inappropriate. To extract the copper from an organic to an aqueous phase, low pH 

was needed. The required pH was achieved by the addition of sulfuric acid which 

resulted in an unwanted reaction with the calcium stearate, producing stearic acid, a 

fatty acid. The chromium extraction from the aqueous to organic phase could be 

achieved in alkaline environment, according to the literature. In this study, it was 

achieved to transfer the chromium back to the aqueous phase, by mixing the organic 

phase containing the chromium-Aliquat 366 complex with a new aqueous phase. This 

aqueous phase contained high amount of sodium hydroxide and a small amount of 

sodium chloride. This could allow us to investigate the interfacial mass transfer in the 

Lewis-cell. By mixing the two phases, the extraction efficiency from the organic to 

aqueous phase was 100% without the formation of any solids, even in the case where 

the calcium stearate was present. However, during the Lewis-cell experiment, the 
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calcium stearate reacted with the chromium due to the long exposure time, creating 

calcium stearate-chromium solids that could not be measured in the FAAS. Under 

these circumstances, it was not be possible to make reliable mass transfer 

measurements. It was concluded that metal solvent extraction was not an appropriate 

way to address the problems affecting the interfacial mass transfer of the acid in W/O 

emulsion in the halobutyl rubber industrial production process. 

The alternative way to overcome the above problems was to use a weak acid, acetic 

acid, for the investigation of the industrial interfacial mass transfer, where an acid 

(hydrogen chloride or hydrogen bromine) is the solute. Hydrogen bromine could not 

be used in the lab due to the its harmful properties and the hydrogen chloride had low 

solubility in the organic solvents. 

Acetic acid was used as solute in the Lewis-cell experiments to investigate the effect 

of organic phase viscosity and calcium stearate concentration, with and without the 

presence of sodium hydroxide, on the interfacial mass transfer. The viscosity of the 

organic phase was modified by changing the concentration of the butyl rubber from 0 

to 100 g/L. As it was concluded from the Lewis-cell experiments, a slight increase of 

the butyl rubber content, from 0 to 50 g/L, decreased the mass transfer coefficient 

sharply. Further increase of the viscosity (50 to 100 g/L) resulted in very low deduction 

on the overall mass transfer coefficient. As the industrial production process is working 

at 200 g/L of butyl rubber, a slight decrease on the butyl rubber concentration is not 

expected to have a large effect on the neutralisation step, as the overall mass transfer 

coefficient would not change significantly. For future work, the effect of high 

temperatures on the overall mass transfer coefficient in the Lewis-cell could be 

examined by the addition of a heating jacket in the cell. This would allow to understand 

how the temperature affects the interfacial mass transfer. 

On the Lewis-cell, several concentrations of calcium stearate were tested without the 

presence of sodium hydroxide in the aqueous phase. It was found that low 

concentration of calcium stearate (<5 g/L) promotes the interfacial mass transfer rate. 

It is believed that the calcium stearate reacts with the acid in the aqueous phase, 

resulting in high concentration difference of acetic acid between the two phases 

causing the higher rate. However, this comes in contrast to the fact that the extraction 

rate could not be increased further in case of distribution coefficient equal to zero, as 
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happens in this case. Further addition of calcium stearate in the Lewis-cell 

(concentrations higher than 10 g/L) reduced the mass transfer rate. This happened 

because the stearic acid, formed by the reaction of calcium stearate with the acetic 

acid, accumulated on the interface acting as barrier not allowing the transfer of the 

acetic acid. Following the above observations and in order to mimic better the 

industrial process, sodium hydroxide was used to achieve alkaline environment in the 

aqueous phase and reduce the reaction between acetic acid and calcium stearate. It 

was observed that the addition of sodium hydroxide increased the mass transfer, while 

resulting in very low formation of stearic acid, as the acid was neutralised by the 

sodium hydroxide. For future work, several concentrations of sodium hydroxide could 

be used in the aqueous phase without the presence of calcium stearate on the Lewis-

cell experiment. This would allow to understand if the chemical reaction promotes the 

interfacial mass transfer rate even if the distribution coefficient is zero.  

In addition to the above, the effect of acidic and alkaline environment, as well as the 

high temperature, on the calcium stearate were investigated. The reaction between 

the industrial calcium stearate and acids, acetic acid or hydrogen chloride, was 

investigated in the lab. It was concluded that the use of excess acid did not increase 

the amount of reacted calcium stearate above a certain value, at it is believed that the 

produced stearic acid acts as a barrier to the calcium stearate not allowing to react 

further. On the other hand, the alkaline environment, up to approximately 14, and the 

high temperatures, up to 70 oC, have negligible effect of the calcium stearate. In 

addition, the morphology of the calcium stearate particles was tested using SEM and 

their shape was plate-like. Finally, the decrease of pH value, increases slightly their 

size, due to the stearic acid that agglomerates around them, compared to the neutral 

pH. 

As the size and stability of the emulsion during the halobutyl rubber production process 

is important, the effect of butyl rubber in the organic phase and the addition of calcium 

stearate were examined. Calcium stearate is used as a stabiliser of the product in a 

later stage and in this research was investigated as a solid emulsifier in the earlier 

emulsification stage. Several concentrations of butyl rubber were examined (50 to 150 

g/L) with only 5 g/L of calcium stearate and it was concluded that, at low viscosity of 

the organic phase (50 g/L), the W/O emulsion was not stable after 10 minutes. On the 

contrary, at concentrations higher than 100 g/L, the emulsion showed very good 
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stability under gentle stirring. Here, it should be mentioned that, in the industrial 

process, the concentration of the rubber is above 200 g/L, which seems likely to lead 

to a highly stable emulsion, particularly when CaSt2 is added. This stable emulsion 

would result in sufficient interfacial contact area between the two phases to achieve 

the neutralisation of the acids.  

Furthermore, the emulsification stability of the calcium stearate, the solid emulsifier, 

was tested. The absence of calcium stearate in the W/O emulsion with 100 g/L butyl 

rubber resulted in an unstable emulsion after the first 10 minutes with gentle stirring. 

Concentrations higher than 5 g/L of calcium stearate resulted in a very stable Pickering 

emulsion through time, with a mean size equal to ~20 μm. 

The last step of this study was to investigate the emulsion evaporation and the rubber 

particles formation mechanisms. A preliminary experiment was conducted, where a 

single W/O emulsion drop exposed at various high temperatures to understand from 

where the evaporation starts. It was concluded that the higher temperature, the higher 

heat transfer, resulting in faster evaporation rate. As the continuous phase of the 

emulsion contained the butyl rubber, it was observed that, at the start of the 

experiment, the hexane at the outside of the drop was evaporated resulting in a thin 

layer of BR, which formed an impermeable skin. This layer trapped the vapours inside, 

and the drop expanded with time until it collapsed. It is possible that, in the single drop 

emulsion evaporation experiment, the heat transfer rate was low, and it is suggested 

that higher temperatures should be used. In addition, it was expected the calcium 

stearate to affect the evaporation mechanism of the emulsion drop, because the solids 

could act as nucleation points for the evaporation. However, the experimental results 

showed that the calcium stearate had no obvious effect on the emulsion evaporation 

mechanism. 

Finally, the experimental configuration to mimic the industrial flash drum was built in 

the lab. During the experiments conducted in this apparatus, incomplete evaporation 

of the hexane from the emulsion stream took place before it hit the water surface. This, 

in combination with poor mixing conditions inside the “flash drum”, resulted in the 

formation of agglomerated particles on the surface of the water, as well as presence 

of unevaporated hexane. Therefore, higher amount of heat transfer was required in 

laboratory scale to evaporate the emulsion, before hitting the water, and further 
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modification was necessary in order to achieve it. It was concluded that, in the 

industrial process, where the diameter of the emulsion stream is larger (lower surface 

area to volume ratio compared to laboratory one), the total evaporation of the emulsion 

is more challenging as very high heat rate would be required to achieve total 

evaporation at the area above the water. This leaves the possibility, that a small 

amount of hexane is evaporated inside the water. The wide size distribution of the 

rubber particles in the industry could be the result of the low heat transfer rate and a 

dispersion of the emulsion entering the flash drum would be required. It was suggested 

that dispersion of the emulsion stream would achieve higher surface area to volume 

ratio, and this could result in better heat transfer in the emulsion and more uniform 

evaporation. 

To conclude, the emulsion evaporation and rubber particles formation are a complex 

mechanism which requires further investigation. The experimental configuration built 

in the lab could be potentially used for the testing of various parameters, such as heat 

transfer, emulsion stream inlet angle and diameter, that could affect the emulsion 

evaporation and the morphology of the rubber particles. For that purpose, 

improvements to the operation and design of the “flash drum” experimental 

configuration were proposed and would be implemented in order to be available for 

future work. The controlled discharge speed of the emulsion through a pressure vessel 

and the two stirrers in the “flash drum” could help the formation of the desired rubber 

particles in the lab. Finally, a modification on the existing experimental configuration 

is proposed, where boiling water could be sprayed above the emulsion, aiming to 

increase the heat transfer rate and to better mimic the industrial process, as the heat 

transfer rate plays important role. All the above improvements and suggestions will 

contribute to achieving the desired rubber particles in laboratory scale and this will 

allow further investigation of parameters that affect their final size. 
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Appendices 

In this section, the analytical techniques, alongside with fundamental theory, that used 

in the research are presented, as well as their calibration method, which took place 

prior to every analysis of the experimental samples. In addition, the equations used 

for the error between the experimental repeats are presented. Finally, the 

measurements of viscosity, interfacial tension and particle size are discussed.  

A 1. UV-Vis spectrophotometer 

The UV-Vis spectrophotometer was used for the determination of the concertation of 

copper in water. This analytical technique is based on the absorption of specific 

wavelengths of UV or visible light by groups within a molecule, which are known as 

chromophores.  The relationship between the absorbance and the concentration of 

these chemical species if given by the Beer-Lambert law as shown in Equation A.1 

(Niskanen et al., 2019). The instrument used was the Spectrophotometer PerkinElmer 

Lambda 35. 

 𝐴𝑏𝑠 = 𝑙𝑜𝑔10 (
𝐼0

𝐼⁄ ) =∈ (𝜆)𝐶𝐿 (A.1) 

Where:  𝐴𝑏𝑠 is the absorbance. 

𝐼0 and 𝐼 are the intensities of the light before and after the sample. 

∈ is the molar absorption coefficient at wavelength 𝜆. 

𝐶 is the solute molar concentration. 

  𝐿 is the optical beam length in the spectrophotometer. 

A 1.1. Calibration of UV-Vis spectrophotometer for copper  

A copper standard metal solution (copper (II) nitrate 1000 ppm, HNO3 1M), supplied 

by Sigma Aldrich, was used to prepare the 6 calibration solutions. The concentrations 

of copper, distilled water and ammonia that used to prepare the 6 calibration solutions 

are shown in Table A.1. The concentration of the ammonia solution (NH4OH) was 
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7.5 M and was added to the copper solution to convert the [Cu(H2O)6]2+ ions into 

ammonium complexes, as is shown in the Chemical Reaction A.2. The addition of the 

ammonia changes the colour of the solutions from pale blue to deep blue and is used 

to enhance the reading. Table A.2 shows the absorbance measured, on every of the 

three repeats by the instrument, are presented, as well as the average absorbance. 

The spectrophotometric analysis of copper took place at 610 nm as suggested from 

manufacturer of the spectrophotometer in the manual and plastic cuvettes were used. 

Figure A.1 shows the calibration curve of copper for the UV-Vis spectrophotometer 

with error bars. 

 

 

(A.2) 

Table A.1. Copper calibration solution’ preparation. 

# 
Volume Cu 
Standard 

(mL) 

Distilled 
water 
(mL) 

Ammonia 
solution 

(mL) 

Cu 
(g/L) 

1 9 0 1 0.9 

2 7 1 1 0.7 

3 5 3 1 0.5 

4 3 5 1 0.3 

5 1 7 1 0.1 

6 0 9 1 0.0 

Table A.2. Absorbances measured for every calibration solution by the UV-Vis 

spectrophotometer. 

# Cu 
(g/L) 

Absorb. 
1 (-) 

Absorb. 
2 (-) 

Absorb. 
3 (-) 

Average 
Absorb. 
(-) 

1 0.9 0.565 0.568 0.565 0.566 

2 0.7 0.458 0.459 0.459 0.459 

3 0.5 0.356 0.346 0.349 0.350 

4 0.3 0.177 0.177 0.177 0.177 

5 0.1 0.065 0.071 0.071 0.069 

6 0.0 0.000 0.000 0.000 0.000 
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Figure A.1. Calibration curve of UV-Vis spectrophotometer for copper. 

As shown in Figure A.1 the correlation coefficient (R2) is close to unity which indicates 

a good fit to the straight line and it comes in agreement with the Beer-Lambert law. In 

addition, the Root Mean Square Error (RMSE) was calculated by using the Equation 

A.3. The RMSE was calculated equal to 1.14%, which indicate that a negligible error 

was added by the calibration curve on the experimental samples. 

 

𝑅𝑀𝑆𝐸 = [
1

𝑁
∑(𝑥𝑝𝑟𝑒𝑑 − 𝑥𝑎𝑐𝑡)

2
𝑁

𝑖=1

]

1 2⁄

 (A.3) 

Where: 𝑁 is the number of different values. 

  𝑥𝑝𝑟𝑒𝑑 is the predicted value. 

  𝑥𝑎𝑐𝑡 is the actual value.  

A 2. Flame Atomic Absorption Spectroscopy (FAAS) 

FAAS is analytical technique for determining the concentration of metals elements in 

samples. The analysis and determination of the elements is based on the different 

wavelengths of light that are absorbed by a sample and on the Lambert-Beer law 

(Equation A.1). The instrument consists of three main parts, as shown in Figure A.2: 

(1) A light source with a wavelength which is specific to the element being detected. 
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(2) A nebulizer to create an aerosol of the sample solution and a flame which 

evaporates any solvent and ionises the analyte. (3) A detector which measures the 

amount of light absorbed. 

 

Figure A.2. Main parts of the FAAS. 

(Potts, 1987) 

The instrument that used was the Agilent 55B AA Spectrometer by Agilent 

Technologies. Two ions were measured in the FAAS, chromium on the interfacial 

mass transfer experiments (Section 4.2) and calcium on the effect of acids on the 

CaSt2 (Section 4.3.1). For chromium, the Chromium Coded HC Lamp at 429.0 nm 

wavelength was used. The calcium lamp that was used was the Hollow Cathode Lamp 

1-element Calcium 37 mm at 422.7 nm wavelength (dos Santos et al., 2018; Shirani 

et al., 2020). 

A 2.1. Calibration of FAAS for chromium  

By using the chromium standard metal solution (1000 ppm chromium trioxide, HNO3 

1 M) 6 calibration solutions were prepared and the concentrations of chromium and 

distilled water are shown in the  

Table A.3. Table A.4 shows the measured absorbance of the three repeats and their 

average value. Figure A.3 shows the calibration curve of the FAAS for chromium. 
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Table A.3. Chromium calibration solutions’ preparation.  

# 
Volume Cr 

Standard (mL) 
Distilled 

water (mL) 
Cr 

(g/L) 

1 0 50 0 

2 0.25 49.75 0.005 

3 0.5 49.5 0.01 

4 1 49 0.02 

5 2.5 47.5 0.05 

6 5 45 0.1 

Table A.4. Absorbances measured for every calibration solution of Cr by the FAAS. 

# 
Cr 

(g/L) 
Absorb. 1 

(-) 
Absorb. 2 

(-) 
Absorb. 

3 (-) 
Average 

Absorb. (-) 

1 0 0.000 0.000 0.000 0.000 

2 0.005 0.011 0.014 0.010 0.012 

3 0.01 0.021 0.030 0.021 0.024 

4 0.02 0.043 0.055 0.041 0.046 

5 0.05 0.104 0.127 0.101 0.111 

6 0.1 0.200 0.257 0.235 0.231 

 

Figure A.3. Calibration curve of FAAS for chromium. 

The correlation coefficient (R2), shown in Figure A.3, is equal to 0.9995 which is close 

to unity which indicates a perfect fit with the trend line. Like in the Cu calibration curve, 

the RMSE was calculated by using the Equation A.3, and calculated equal to 0.18%, 

which indicate that a negligible error was added by the calibration curve on the 

experimental samples. 
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A 2.2. Calibration of FAAS for calcium  

Calcium standard metal solution in the form of calcium carbonate (1000 ppm, HNO3 

1 M) used for the preparation of the calibration solutions as shown in Table A.5. Table 

A.6 shows the measured absorbance of the calibration solutions on the three repeats 

as well as their average values. On Figure A.4 shows the calibration curve of FAAS 

for calcium with the error bars. 

Table A.5. Calcium calibration solutions’ preparation. 

# Volume Ca 
Standard (mL) 

Distilled 
water (mL) 

Ca (M*105) 

1 0 50 0.00 

2 0.25 49.75 1.25 

3 0.5 49.5 2.50 

4 1 49 4.99 

5 2.5 47.5 7.49 

6 5 45 12.48 
 

Table A.6. Absorbances measured for every calibration solution of Ca by the FAAS. 

# Ca 
(M*105) 

Absorb. 
1 (-) 

Absorb. 
2 (-) 

Absorb. 
3 (-) 

Average 
Absorb. (-) 

1 0.00 0.000 0.000 0.000 0.000 

2 1.25 0.011 0.014 0.010 0.012 

3 2.50 0.021 0.030 0.021 0.024 

4 4.99 0.043 0.055 0.041 0.046 

5 7.49 0.104 0.127 0.101 0.111 

6 12.48 0.200 0.257 0.235 0.231 
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Figure A.4. Calibration curve of FAAS for calcium. 

The correlation coefficient (R2) of the trendline is equal to 0.9997 as shown in Figure 

A.4. R2 is equal to unity indicates a very good correlation. Like in the previous 

calibrations, the RMSE was calculated by using the Equation A.3. The calculated was 

equal to 4.55%, which indicate that a very small error was added from the calibration 

curve on the experimental samples. 

A 3. High Performance Liquid Chromatography (HPLC) 

HPLC is an analytical technique which was used to determine the AcOH concentration 

in water. In the HPLC, a solvent (medium) is forced through a column filled with 

adsorbent material (stationary phase) under high pressure. A small amount of sample 

is injected to the solvent in order to pass through the column. Each component of the 

sample interacts different with the adsorbent material and a result they exit the column 

at different times. A detector is used to measure each component (Lozano-Sánchez 

et al., 2018). Figure A.5 shows the main parts of the HPLC. 
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Figure A.5. Main parts of the HPLC. 

(Aryal, 2018) 

A 3.1. Calibration of HPLC for AcOH in water 

AcOH (99.7% purity) was used in order to prepare the calibration solutions in distilled 

water. Table A.7 shows the concentrations of AcOH and distilled water that were used 

to prepare the calibration solutions. Table A.8 shows the HPLC measurements for 

each calibration solution and their average value. HPLC Hewlett Packard Series 1100 

and Ultra AQ C18 5μm column were the HPLC instrument and the column that were 

used. As medium, 0.05% v/v phosphoric acid in water was used. The flow rate that 

was between 1 and 5 mL/min depending on the dilution of the samples. Figure A.6 

shows the calibration curve of AcOH for the HPLC. 

Table A.7. AcOH calibration solutions’ preparation for HPLC. 

# 
Volume 

AcOH (mL) 
Distilled 

water (mL) 
AcOH 

(M) 

1 0 50 0.00 

2 0.005 49.995 0.002 

3 0.05 49.95 0.02 

4 0.1 49.9 0.03 

5 0.3 49.7 0.10 

6 0.5 49.5 0.17 
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Table A.8. Area measured for every calibration solution of AcOH by the HPLC. 

# 
AcOH 

(M) 
Area 1 

(mAU.s) 
Area 2 

(mAU.s) 
Area 3 

(mAU.s) 
Average area 

(mAU.s) 

1 0.00 0 0 0 0 

2 0.00 37.3 38.5 36.8 37.5 

3 0.02 383.5 400.5 395.5 393.2 

4 0.03 762.1 785.1 749.9 765.7 

5 0.10 2211.1 2251.2 2200.1 2220.8 

6 0.17 3678.5 3700.5 3689 3689.3 

 

Figure A.6. Calibration curve of HPLC for AcOH. 

The correlation coefficient (R2) of the trendline was equal to 0.9999, which indicates 

perfect fit, as shown in Figure A.6. Like in the previous calibrations RMSE was 

calculated by using the Equation A.3. The calculated RMSE was equal to 7.85%, 

which indicate that a very small error was added from the calibration curve on the 

experimental samples. 

A 4. Mathematical equations for calculating the error 

Every experimental and calibration was conducted 3 times in order to calculate the 

error and check the repeatability of the experiment. First the average value was 

calculated and then the standard deviation (s) by the Equation A.4.  
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s = √
∑ (xi − x̅)2N

i=1

X − 1
 (A.4) 

Where: X is the number of values. 

  xi is the value of every measurement. 

x̅ is the average value of the measurements. 

The standard error was calculated by using the Equation A.5 and is presented in the 

form of error bars for every experimental point on the graphs presenting on the results 

section. 

 𝐸𝑟𝑟𝑜𝑟 =  
𝑠

√𝑁
 (A.5) 

A 5. Viscosity measurement 

The viscosity of the organic phase containing butyl rubber was measured in the lab by 

using the HAAKE Viscotester IQ rheometer. The viscosity measured at two different 

temperatures, at room temperature (20 oC), where the experiments took place, and at 

50 oC which is a possible industrial process temperature. In every viscosity 

measurement, the appropriate amount of liquid was placed in the coaxial cylinder of 

the viscometer until it reaches the desired temperature. An increasing shear rate was 

applied to the liquid and the shear stress was measured by the viscometer. Different 

range of shear rate applied in every liquid due to different viscosities. 

Three different solutions of various concentrations of BR (50, 100 and 200 g/L) in n-

heptane were prepared in order to measure their viscosity. The Figures A.7, A.8 and 

A.9 shows the relationship between the shear rate and the shear stress at the two 

temperatures for the tested solutions, of various BR concentrations. 
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Figure A.7. Shear stress as a function of shear rate for 50 g/L BR in heptane. 

 

Figure A.8. Shear stress as a function of shear rate for 100 g/L BR in heptane. 
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Figure A.9. Shear stress as a function of shear rate for 200 g/L BR in heptane. 

All solutions had Newtonian behaviour on the tested shear rate range, as there is linear 

relationship between the shear rate and shear stress. The slope on every line 

represents the viscosity of each solution and is presented in Table A.9. The viscosity 

of heptane (0 g/L BR) at 20 oC was found in the literature (Dymond and O/ye, 1994). 

The viscosity of n-heptane at 50 oC was not measured and it was assumed to be lower 

than the one on 20 oC.  

Table A.9. Solutions’ viscosities, containing various BR concentrations, at 20 and 

50 oC. 

BR (g/L) Viscosity (cP) 

20 oC 50 oC 

0 0.389 - 

50 21.5 15.0 

100 229.0 144.1 

150 5872.1 3182.3 

A 6. Interfacial tension measurement 

The interfacial tension measurement was measured in the Drop Shape Analyser 

KRUSS (DSA 100) by using the technique of the pendant. Prior to the measurements, 

the surface tension of distilled water was measured in order to ensure the correct 



121 
 

calibration of the instrument. The calibration of the instrument achieved by setting the 

outside diameter of the needle in the instrument. For the measurement of the 

interfacial tensions, a pendant drop, containing the one phase, was created with the 

use of a syringe inside the second phase, as shown in Figure A.10, which shows the 

configuration of the KRUSS DSA 100 instrument. The second phase was in a quartz 

cuvette dimension of 2 cm (H) x 2 cm (D) x 2 cm (W). 

 

Figure A.10. Instrumental configuration for the measurement of the interfacial tension 

with the technique of the pendant drop in the KRUSS DSA 100 instrument. 

The instrument was measuring the interfacial tension with time until the equilibrium 

(steady interfacial tension). The analysis of the drop and the calculation of the 

interfacial tension is based on the Young-Laplace equation (Equation A.6) (Bagalkot 

et al., 2018). 

 
𝛥𝑃 = 𝜎 (

1

𝑟1
+

1

𝑟2
) (A.6) 

Where: 𝛥𝑃 is the pressure difference across the interface. 

  𝜎 is the interfacial tension. 

  𝑟1 and 𝑟2 are the principal radii of the curvature. 

The instrument uses the Equation A.7 to calculate the interfacial tension (σ), where 

the density difference Δρ is equal to the ΔP. The density of the pendant drop and the 

surrounding liquid was set by the operator. 
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𝜎 =

𝛥𝜌𝑔𝑑2

𝐵
 (A.7) 

Where: 𝑔 is the acceleration of gravity. 

  𝑑 is the maximum horizontal diameter of the pendant drop. 

𝐵 is the shape parameter, that is adjusted by the operator to be above 

0.5.  

A 7. Image analysis 

Microscope analysis was used to measure the diameter of the aqueous drops of the 

W/O emulsions that were formulated in the lab. The microscope used was the GX 

Microscope GXML3201. The photos of the W/O emulsion taken from the microscope 

analysed with the ImageJ software. Prior to the analysis, every photo was calibrated 

in the software by using a photo with a scale taken with the same lens from the 

microscope. Figure A.11 shows the initial example photo taken from the microscope, 

which was converted in black and white automatically from the software, as shown in 

Figure A.12. Any black mark smaller than 100 pixel2 was manually removed as they 

did not represent dispersed phase drop. By using edge detection, as shown in Figure 

A.13, the software measured the diameter of each drop in the photo. The same 

procedure was followed for every photo until 250 drops were measured. The stability 

of the emulsion on the microscope slide was good as there was no visible 

coalescence.  
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Figure A.11. W/O emulsion (100 g/L BR, 5 g/L CaSt2, volume phase ratio 4:1 O:W). 

 

Figure A.12. Conversion to black and white of the W/O emulsion photo (100 g/L BR, 

5 g/L CaSt2, volume phase ratio 4:1 O:W). 
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Figure A.13. Detection of aqueous drops from the software (100 g/L BR, 5 g/L CaSt2, 

volume phase ratio 4:1 O:W). 

A 8. Particle size distribution analysis 

The Malvern Mastersizer 2000 is a particle size analyser which is based on principle 

of static light scattering is used by the instrument to measure the particles’ size. The 

size of the particles makes the light to scatter at a specific angle and by using the Mie 

scattering theory the size particle distribution can be calculated. For example, small 

particles result in large scatter angle of the light (Instruments Malvern Ltd, 2007). 

Figure A.14 shows the basic parts of the Malvern Mastersizer 2000.  

 

Figure A.14. Schematic diagram of the Malvern Mastersizer 2000 
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Prior to the analysis the CaSt2 suspension was sonicated for 10 minutes to break any 

agglomerations. First part of the analysis was the instrument to measure the 

background electrical noise that could be from dust and eliminate it from the results. 

Next step was to add a small amount of sample in a circulating particle dispersion of 

water, the Hydro 2000SM dispersion unit. At the appropriate sample concentration, 

the laser intensity was above 50%. The sample concentration could be change by 

draining part of the suspension the water and replace it with clean one. After the 

correct sample concentration was achieved the instrument could measure the scatter 

angles with a detector and calculate the particle size distribution.  

 


