
http://etd.uwc.ac.za/

 

 

 

 

Effluent water treatment utilising a combination of hydrodynamic shear and flotation 

technology for the specific application of wastewater from the oil and gas industry. 

 

by 

Bradley Robert Cerff 

 

 

A thesis submitted in fulfilment of the requirements for the degree of  

Doctor of Philosophy in Chemistry, Faculty of Natural Sciences,  

University of the Western Cape. 

 

 

 

Supervisor: Prof. Bernard Bladergroen 

 

 

November 2022 

 



http://etd.uwc.ac.za/

i 

 

Abstract 

Water plays an important role in the petrochemical production and refining processes. The 

wastewaters released by these processes are often rich in petroleum pollutants, that requires 

significant treatment prior to disposal. Of particular importance is the processing of oil in water 

(o/w) emulsions. The processing and treatment of oil emulsions is focussed on breaking the 

emulsion and separation into the aqueous and oil phases for further appropriate disposal. The 

general approach is to optimise the processing to achieve relatively clean water, that can be 

recycled or discharged into the environment, whereas the oil is disposed of or recycled 

appropriately. The use of chemical coagulants and flocculants results in the degradation of the 

oil phase forming sludges as well as toxicity issues when using aluminium based coagulants.  

 

This research investigates the use of hydrodynamic shear with air flotation, without the use of 

coagulants and flocculants to destabilise and separate laboratory prepared stable o/w 

emulsions. The phenomenon whereby the hydrophobic nature of air is likely facilitating oil to 

oil droplet aggregation, specifically in a high shear environment, was researched. Previous 

studies have demonstrated the impact of the application of shear and air flotation on o/w 

emulsions, however to date very little research has been done to evaluate the overall 

efficiencies of such processes. The focus of the research is aimed at demonstrating flotation 

treatment techniques that are effective in processing stable o/w emulsions utilising shear with 

the minimum use of chemicals, such as coagulants. A hybrid technology solution utilising shear 

flocculation and flotation is proposed as a practical and efficient method to treat and process 

stable prepared o/w emulsions.  

 

The hydrodynamic shear is achieved through high energy mixing utilising a high-speed 

homogeniser. Stable surfactant and emulsifier free o/w emulsions were prepared utilising olive 

oil and two grades of Sasol lubricating engine oils, with chemical oxygen demand (COD) of 

between 411 to 1572 mg/L. The study is limited to the processing of surfactant and emulsifier 

free oil in water emulsions utilising shear and two specific flotation techniques, namely IAF 

and DAF. 

 

A laboratory scale induced air flotation (IAF) cell was assembled with a shear mixer and a pilot 

scale dissolved air flotation (DAF) unit was designed and fabricated with a shear mixer 

integrated into the DAF unit. Turbidity, zeta (ζ) potential, electrical conductivity, droplet size 
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distribution (DSD) and COD, were measured pre and post emulsion treatment, to determine 

the overall effect of IAF and DAF on the emulsion stability. 

 

For both the IAF and DAF systems micro bubbles were observed, that contributed to the overall 

effectiveness of the flotation process. For the IAF system, without the addition of any chemical 

coagulants, a treatment efficiency (the efficiency of oil removal from the o/w emulsion) from 

the emulsion ranging from 16.7% to 59.1% was observed, dependent on the respective oil used 

in the o/w emulsions. For the DAF system, using only one type of oil in a shear treatment, an 

efficiency of 46.5% was obtained. Using the same oil, DAF with chemical coagulation resulted 

in a maximum treatment efficiency of 69.8%. 

 

It is evident that subjecting an emulsion to appropriate levels of hydrodynamic shear can induce 

the process of shear flocculation, that in turn leads to oil droplet coalescence and the 

destabilisation of the o/w emulsion. The destabilised emulsion when subjected to flotation 

results in a practical and efficient method to process and separate an o/w emulsion into aqueous 

and oil phases. In the DAF treatment experiments, the oil phase was analysed utilising a fatty 

acid methyl ester (FAMES) profile to assess the degree of oil degradation in the treated o/w 

emulsion samples. The oily sludge collected from the treatment of DAF with shear had the 

least degradation, with a FAMES profile result of 12.87 g/100 g of sample, whereas DAF 

utilising coagulants had more degradation with a FAMES profile result of 5.68 g/100 g of 

sample.  

 

The overall treatment efficiencies for shear with flotation without coagulation and flocculation 

are lower than that for the proven technologies of flotation and coagulation, however the IAF 

and DAF systems with shear produced results that demonstrate flotation with shear is a viably 

beneficial process for the separation and processing of o/w emulsions without the use of 

hazardous chemicals. 
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CHAPTER 1 BACKGROUND AND INTRODUCTION 

This chapter provides background information on oil pollution and the contamination of water 

with specific reference to oil in water emulsions. It serves to introduce the topic of waste oil 

emulsions and their associated impacts on the environment and processing techniques. This 

chapter defines the problem statement, the research statement, research questions, aims and 

objectives following which, the research approach, delimitation and the thesis overview are 

described. 

 

1.1. Introduction 

Clean water is a necessity for life on earth. With the growth in the global human population 

and increased industrialisation in the last 100 years, clean fresh water has become one of the 

scarcest natural resources on the planet [1]. 

 

The contamination of water by oil is a chronic problem, caused by a number of industries, 

particularly from health, safety and environmental perspectives [1–3]. A small quantity of oil 

at very low concentrations can pollute a large quantity of water and significantly impact 

onshore and offshore environments [1–6]. 

 

Oil contaminated water, often referred to as oily wastewater, is generated in large quantities by 

a variety of industrial processes. [7–9]. Oily wastewater is produced by petroleum extraction 

and refining, food processing, printing, dyeing and many other industries [8,10–13]. Oil in 

water may be dispersed, emulsified or soluble in concentrations up to as much as 1000 mg/L 

[14–16]. The release of untreated oily wastewater into the environment, even at very low 

concentrations of oil contaminants, can affect the quality of groundwater, seawater, drinking 

or potable water and cause air pollution by the evaporation of volatile oil components into the 

atmosphere [1,2,4–6,17]. In some cases, the pollution may manifest itself many years after the 

initial discharge [2,18]. The chemical and physical properties of oily wastewater vary 

significantly and are a function of the industry and the associated processing parameters [18–

20]. 

 

The petroleum industry is considered a water intensive sector, based on the high volumes of 

water used and wastewater produced in the extraction and refining processes [21]. The presence 
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of petroleum hydrocarbon contaminants in soil and water poses a substantial hazard to the 

environment [2,4–6]. 

 

In the upstream phase of the petroleum value chain, the production of oil and gas from 

hydrocarbon bearing formations in the earth, produce large quantities of water [22,23]. The 

water originating from underground geological formations, also referred to as formation water, 

is brought to the surface along with petroleum hydrocarbons during upstream production 

operations [6,24–26]. The extraction of unconventional petroleum resources, which include 

shale gas, coal bed methane and heavy oil are all associated with the use of large quantities of 

water [27–31]. 

 

The downstream phase of the petroleum value chain, includes petroleum refining where large 

quantities of water are utilised during distillation, thermal cracking, catalytic and treatment 

processes to generate refined products [6,17,32]. It is estimated that the refining process 

generates approximately 1.5 times the volume of wastewater for each barrel of crude oil 

processed [33]. 

 

On a global perspective, the United States (US), Energy Information Administration (EIA) 

reports, for the period from 1990 up to 2040, that the renewable sector will contribute the most 

to future growth in the energy sector, with some growth in natural gas, with little to no growth 

in conventional oil and coal sources [34]. Error! Reference source not found., indicates that r

enewables will continue to grow, natural gas surpasses coal, while coal usage levels off by 

2030. Petroleum and other liquid fuel maintain their its leading position and global market 

share into the foreseeable future [34]. 
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Figure 1.1. Historical global primary energy source with projection to 2040. Adapted from 

[34]. 

 

According to a number of reports, there is a clear relationship between real gross domestic 

product (GDP) growth and energy consumption [35–37]. It is evident that petroleum and other 

liquid fuel products play a significant role in the global economy currently and will remain 

very relevant into the future.  

 

The use of petroleum products and the reliable supply of electricity are considered necessary 

requirements for economic and social development. With the forecasted increase in global 

economic development and the continued use of petroleum products, oil pollution will continue 

to be a major problem in the foreseeable future [1,24,38,39].  

 

The contamination of water and soil with petroleum hydrocarbons is one of the most common 

environmental pollutants, arising either accidentally or operationally, wherever petroleum 

products are produced, transported, stored or used in industrial processes [5,39–41]. 

Wastewater containing petroleum pollutants poses a significant challenge for most industries 

as well as for conventional treatment plants, which often do not adequately process and remove 

the hazardous oil pollutants [1,2,21,33,42]. 

 

Various methods are used to process and remove oil pollution from water [7,22,43–45]. The 

methods can be categorised as chemical, electrochemical, physical, physiochemical and 

biological [41,46,47]. The processing techniques for the removal of oil emulsions have a 

number of associated problems, which include limited applicability, high cost, as well as oil 

degradation causing further contamination of the water from the resulting chemicals [48]. 
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Of particular importance and interest is the treatment of dispersed oil and the associated 

emulsions generated by the petroleum and other industrial sectors [43,49,50]. Emulsified oil 

droplets of the order of a few micrometres in diameter are resistant to spontaneous coalescence 

into larger droplets. Oil emulsion separation by traditional techniques is a difficult time-

consuming process as well as being energy intensive [51–54]. 

 

The conventional technologies for the treatment of oil in water contamination have several 

technology gaps in terms of applicability and efficiency. Of particular interest has been the use 

of flotation technology for the processing of oily wastewater [55–57]. The interaction of 

hydrophobic and hydrophilic colloidal particles with gas bubbles, is a method that has been 

developed and used for a number of decades in mineral processing operations to remove fine 

particles from a suspension [58–61]. It has been reported in the literature, that gas bubbles need 

to be smaller than the droplet or particle being floated out of solution, which results in a more 

efficient flotation process [62,63]. It has also been demonstrated by Lim et al. [64], that 

microbubbles in particular enhances separation of oil in water contamination as compared to 

larger bubbles. Therefore, the emphasis for emulsion processing has been on the destabilisation 

of the emulsion to allow for aggregation, flocculation and coalescence of droplets to make 

larger droplets in order to increase the efficiency of the flotation technology. There are a 

number of processes associated with destabilisation of emulsions, which result in the 

flocculation and coalescence of oil droplets, however one process that has caught the interest 

of a number of researchers is that of shear induced flocculation [65–67]. 

 

According to literature reports, Warren in 1975 first reported the aggregation of fine particles 

of scheelite with the application of shear energy [68–70]. The formation of aggregates under 

shear conditions is commonly referred to as shear flocculation [69–73]. Shear flocculation is 

the aggregation of fine particles by an appropriate shearing regime. For an emulsion, too much 

shear has a negative impact on the separation efficiency and results in smaller droplets being 

formed, generating a tighter emulsion with high kinetic stability [74–79].  

 

Emulsions can be classified based on their degree of kinetic stability which is a function of the 

droplet size distribution (DSD) as per the following categories [54,80–82]: 

• Loose emulsions are those that separate in a few minutes (mins). 
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• Medium emulsions, these will separate in hours or more. 

• Tight emulsions, tend to separate (sometimes only partially) in a matter of hours or even 

days. 

 

As highlighted in Figure 1.2 below, the droplet size distribution in an emulsion determines the 

extent of stability of the emulsion and should be taken into account in the selection of an 

optimum treatment process and technology [39,54,79]. 

 

 

Figure 1.2. Droplet size distributions of tight, medium and loose emulsions. Adapted from 

[54,83]. 

 

High shear force is used in the emulsification process, where droplet breakage is the dominant 

process, where larger oil droplets are broken into smaller ones [77,84–86]. At relatively low 

shear force, the reverse is observed and oil droplets aggregate, flocculate and coalesce into 

larger droplets [87–90]. This process is depicted in Figure 1.3, below. 

 

 

Figure 1.3. The effect of shear on emulsion droplets. 

 



http://etd.uwc.ac.za/

6 

 

The process of shear-induced droplet aggregation, flocculation and coalescence has been 

reported in the literature [85,89,91,92]. The mechanism is a function of inter-droplet forces, 

hydrodynamic shear and the rupture of the thin film between neighbouring droplets [91]. Based 

on the initial reports, it is evident that low shear force could be a viable and efficient method 

for the processing of emulsions [93–95].  

 

During industrial processing there are many possible sources of shear, for example electrical 

pumps, chokes and control valves which create turbulence and varying degrees of shear. The 

difference in velocity of fluid layers moving adjacent to each other generates hydrodynamic 

shear forces in the liquid [96,97]. For example, when an emulsion is in motion, hydrodynamic 

shear stresses develop as a result of the droplets in the emulsion moving relative to one another 

[77].  

 

The use of shear and flotation together has however not been investigated and the intent of this 

work is to review this process and evaluate its suitability as a viable method to process oil in 

water emulsions and optimise the emulsion separation efficiencies. 

 

1.2. Problem statement 

The high demand for fresh water resources and growing environmental awareness has 

engendered a continual search for processes and technologies that recycle and reuse water 

[38,46,98]. Whatever the technology used to process wastewater, the main aim is always to 

clean the water to an appropriate level and dispose of it in an environmentally responsible and 

cost-effective manner [99–104]. 

 

Oily wastewater, can be classified into four categories, namely free oil, dispersed oil, dissolved 

oil and emulsified oil [21,62,105,106]. These categories are defined according to their physical 

and chemical properties and are discussed in more detail in the Chapter 2, the Literature Review 

[16,38,105]. 

 

The treatment of oily wastewater is generally split into three categories called primary, 

secondary and tertiary processing techniques. Within the literature there tends to be small 

differences of opinion regarding what is included in each category; however, all researchers 

tend to agree on the basic principles of separating oil from water. The basic premise is that the 
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processing and treatment of oily waste and the eventual separation of the oil from water is a 

function of the oil DSD. 

 

Primary treatment methods focus on removing free oil and includes water strippers, separators 

sedimentation, flotation and centrifugation related techniques. Water stripping is a physical 

separation process where a vapour stream is utilised to remove one or more components from 

a liquid stream [107]. Secondary treatment methods remove dispersed oil and are used to break 

oil emulsions. Tertiary treatment includes ultrafiltration, biological treatment chemical 

oxidation and carbon adsorption. A summary of the forms of oil in wastewater and associated 

treatment techniques are presented in Figure 1.4. 

 

 

Figure 1.4. Forms of oil in wastewater and potential processing techniques. 

 

Although emulsions are thermodynamically unstable, some emulsions, depending on the 

stabilisation parameters and properties, are kinetically stable and remain stable for long periods 

of time. The processing of oil in water emulsions is a key problem associated with high cost 

and low effectiveness using most current technologies. 

 

Water treatment technologies are continually being researched, developed and implemented in 

order to limit and control environmental pollution by petroleum products [4,39,44,108,109]. 

Considerable amounts of effort and resources are deployed by research institutions, companies 

and governments from around the world to process and remove oily pollutants from wastewater 

[21,23,50,110]. 
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The discharge of oily wastewater into the environment, is toxic and hazardous to life and thus 

manifests itself as significant environmental issue and concern [2,18,111,112]. Oily 

wastewaters have a number of reported adverse impacts on the environment, which include air 

pollution caused by the evaporation of oil and hydrocarbon solvents into the atmosphere as 

well as affecting groundwater, seawater and drinking water [1–3,17,18,111]. As much as 

possible, the concentrations of petroleum products in wastewater is monitored as they can cause 

serious environmental damage [47,113–115]. Wastewater containing petroleum pollutants 

such as oil and grease are a significant problem for conventional effluent treatment plants, 

which often do not adequately remove these pollutants [40,57,114,116]. 

To limit petroleum product pollution and improve discharge water quality, more efficient 

wastewater treatment technologies are continually being researched, developed and 

implemented [2,4–6,39,108]. Oil in water emulsions when present in wastewater, may affect 

treatment efficiency and influence the quality of the effluent produced and the amount of oil 

recovered [1,2,17,18]. 

 

Oil in water emulsions are defined as a liquid-liquid colloidal systems where the oil phase 

exists in water in the form of very small droplets [22,117]. Emulsions are stabilised by a balance 

of competing inter droplet forces, that act to repel the droplets making up the emulsion 

[114,118–120]. Demulsification enhancement is based on the premise that droplets must 

collide with each other and following the collision they aggregate, coalesce to form larger 

droplets and free oil, which can then be separated and processed.  

 

Various oily wastewater treatment processes have developed from practices without a clear 

understanding of the underlying chemical and physical properties of the processing method 

[114]. The chemicals utilised in the breaking of the emulsions tend to degrade the oil to such 

an extent that the waste oil cannot be used in any other process and typically the waste oil is 

disposed of in landfills as solid waste [21,121–123]. 

 

This research study aims at demonstrating treatment procedures that are more effective than 

those currently applied for effluent oily wastewater emulsion treatment. It is believed that a 

hybrid technology solution utilising shear flocculation and flotation can be a practical and cost-

effective method to treat process oily wastewater emulsions. This research study is being 
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conducted to evaluate the processing of laboratory prepared surfactant and emulsifier free oil 

in water emulsions, utilising a hybrid technology process of shear flocculation with flotation. 

 

1.3. Purpose of the study 

The existing conventional technologies for the treatment of emulsions require large amounts 

of chemicals, that impact on the water quality and degrade the oil, producing large quantities 

of sludge, making the oil unsuitable for recycling [12,48,124–127]. The sludges are often toxic 

and need to be further processed [12,128–131]. 

 

A suitable technology that processes waste and generates clean water and oil that can be 

recycled would be a promising alternative option. Of particular significance is the processing 

of waste oil in water (o/w) emulsions. Conventional waste o/w emulsion processing and 

separation methods, which are discussed in more detail in Chapter 2, have several technology 

gaps and challenges in terms of applicability and efficiency [14,21,23,39,53]. The removal and 

effective processing of emulsions in oily wastewater is a costly problem. The processing and 

treatment of waste emulsions is focussed on separation of the emulsion into separate water and 

oil components for environmentally acceptable disposal [20,43]. 

 

The aim of this research is focused on developing and evaluation of a novel shear flocculation 

and flotation treatment method, for the processing of oil in water emulsions. Shear flocculation 

with flotation has successfully been used in processing mineral ores and has to a limited degree 

demonstrated its potential application to destabilise and separate oil in water emulsions 

[58,65,69,132,133]. The Shear flocculation and flotation technology has the potential to 

process emulsions without the use of large amounts of chemicals and produce a relatively clean 

water stream and an oil product that can be recycled. The use of pre-treatment chemicals 

degrades the oil phase as well as adding toxic components to the water phase [48,113–116]. As 

part of this research study a unique shear flotation pilot plant will be designed and fabricated 

with a micro bubble generator to generate micro-bubbles in order to treat the wastewater by 

flotation of the oil emulsions. 

 

1.4. Thesis statement 

Shear flocculation and flotation can be used as a viable separation method for the separation of 

oil from an oil in water emulsion. This method has the potential to destabilise tight o/w 
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emulsions without the requirement of pre-treatment and the need for large amounts of 

chemicals which degrade the oil phase. 

 

1.5. Research questions  

The following research questions will be addressed in this study and include: 

• Can a surfactant and emulsifier free oil in water emulsion be processed utilising various 

levels of shear? 

• What levels of shear are required to process and separate emulsions? 

• Can shear alone separate surfactant and emulsifier free emulsions? 

• Can shear be used in a hybrid method with coagulation, flocculation and flotation. 

• What is the processing and separation efficiency of shear flocculation and flotation? 

• Can a shear unit be integrated with a conventional flotation system? 

• Can shear flocculation lead to a reduction in the use of treatment chemicals? 

• Can shear separation be upscaled from a laboratory scale system to a pilot scale plant? 

 

1.6. Aims and objectives 

The aims of this research are the following: 

• To investigate the viability of shear flocculation as a method to process emulsions. 

• To evaluate the processing efficiency of shear flocculation as a method on its own and 

in conjunction with conventional pre-treatment technologies. 

• To utilise a combination of shear flocculation and flotation technology to treat and 

process oily wastewater emulsions.  

• To evaluate the processing efficiency of shear flocculation and flotation on standard 

oil in water emulsions at laboratory scale. 

• To design a shear unit that can be integrated with a flotation unit. 

• To design and fabricate a pilot scale plant effluent water treatment plant for the 

processing of emulsions.  

 

To achieve the aims set out above, the following activities are also required: 

•  Evaluate the factors that influence and drive effluent water treatment in the petroleum 

industry. 
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• Define the process parameters and conditions for shear flocculation and flotation for 

the treatment of emulsions in wastewater. 

• Design a laboratory scale shear flocculation and flotation reactor that allows for 

emulsions to be treated to an extent that allows them to be recycled, reused and returned 

to the environment safely. 

• Define general operating procedures for a shear flocculation and flotation reactor and 

the appropriate conditions for its application. 

• Evaluate opportunities and the potential of implementing shear flocculation and 

flotation technology in the various sectors of the petroleum industry. 

• Evaluate the current treatment process performance and constraints associated with 

existing wastewater facility design and performance. 

• Investigate the various factors, i.e., pH, temperature, coagulation and flocculation, that 

influence the processing of emulsions. 

• Define the process parameters and conditions for the shear flocculation and flotation 

system, i.e., flow parameters of the flotation unit, bubble properties and impeller speed 

of shear mixer. 

• Define general operating procedures for the shear flocculation and flotation system and 

the appropriate conditions for its applications. 

• Add to the scientific understanding of the shear flocculation and flotation processes. 

• Characterise wastewater pre and post treatment through the hybrid system. 

• Investigate the flotation of oil from wastewater in a laboratory-scale dissolved air 

flotation unit.  

 

1.7. Thesis Delimitation 

The processing of oily wastewater and specifically emulsions have been studied in various 

degrees of detail by a number of researchers. This study is limited to the processing of 

surfactant and emulsifier free oil in water emulsions utilising coagulation, flocculation, shear 

flocculation and flotation. This study does not include the processing of oil in water emulsions 

via other techniques. 

 

The following has also been excluded from this study, namely, the processing of water in oil 

emulsions, complex emulsions and o/w emulsion samples from industrial applications. 
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1.8. Significance of the Study 

In this research study, a specific focus area will be o/w emulsions and their associated physical 

characteristics, chemical stability, separation and removal from water. It is generally known 

that the physical characteristics of o/w emulsions vary greatly with their formulation. An 

emulsion is an extremely complex disperse system which is thermodynamically unstable. 

Knowledge and understanding of the oil DSD of a specific o/w emulsion is an important factor 

in choosing the most effective and efficient wastewater treatment technology. 

 

The utilisation of chemicals is the most common method of emulsion processing and treatment 

[7,78,134]. Typical emulsion treatment chemicals are a blend of solvents, coagulants and 

flocculants [135]. The chemicals used target the emulsifying agents and disrupt the stabilising 

effect, which are a balance of inter droplet forces, which act to repel the individual droplets 

giving the emulsion stability [114,118–120]. Some of the chemicals used have been reported 

to carry over with the processed water stream, which is then disposed of into the environment 

[12,130,136–138]. 

 

It is evident that shear flocculation in conjunction with flotation is a new and interesting method 

for the processing of emulsions [87–90]. It has been reported that a potential solution utilising 

shear flocculation with flotation can be utilised to treat and process oily wastewater emulsions, 

however this technology and associated processes is still not well understood [16,65,77]. This 

research is being conducted to evaluate the processing efficiency and the associated parameters 

of oil in water emulsions utilising a hybrid process of shear flocculation with flotation 

technology.  

 

If successful, this method can address identified gaps in the current technologies and reduce 

the amount of chemicals utilised. It has the potential to produce a water phase with lower levels 

of toxicity and less sludge that needs to go to landfill. The oil phase has the potential to be 

recycled. The current driver in emulsion treatment is to produce clean water as well as for the 

oil to be recovered as a secondary product. If the oil is not degraded to sludge, it can be sold as 

a secondary product for recycling. 
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1.9. Thesis structure 

This thesis is divided into six chapters including Chapter 1, the present chapter. The 

organisation of the rest of the thesis is as follows:  

 

Chapter 2 provides an overview of relevant literature on oil contamination in water with a 

specific focus on o/w emulsions; it includes a literature review of the treatment of oil in water 

dispersions and emulsions. Thereafter, a comparative study is made of the current industry oil 

in water processing techniques in which technology gaps are highlighted. This chapter also 

reviews the mechanisms associated with oil in water emulsion separation processes, the forces 

associated with emulsion droplet interactions and specific methods for processing oily 

wastewater such as coagulation, flocculation and shear flocculation and flotation. A large 

portion of this chapter has been published as a review paper and is included in the repository 

of plagiarism detection software Turnitin [14]. Due to a high occurrence of self-referencing the 

Turnitin score appears to be high.  

 

Chapter 3 provides the outlines of the experimental procedures used in this study, including 

the design and the set-up utilised during the experiments. The procedures followed and the 

analytical techniques used are described in detail for preparing, processing and analysing the 

emulsion samples. 

All the materials and methods used are described including the experimental details of the 

methods used to evaluate shear flocculation and flotation. Variables investigated that were 

aimed at optimising suitable processing conditions are set out. Experimental details of the 

measurement of performance efficiencies of shear flocculation and flotation are described. This 

chapter also provides design details of laboratory scale shear flotation setup and of the 

fabricated pilot scale plant. 

 

Chapter 4 includes and provides not only details of the results but also their respective 

interpretations, in particular the results of processing emulsions with coagulants, flocculants, 

shear flocculation and flotation. A comparison is also made between the COD, pH and turbidity 

parameters of the different processing methods. The optimal processing parameters and 

processing efficiencies for shear flocculation and flotation are presented. In addition, this 

Chapter also shows the validation assessments of the results obtained. 

 

https://www.academia.edu/search?q=literature+review&related=9083864
https://www.academia.edu/search?q=analytical+techniques&related=9083864


http://etd.uwc.ac.za/

14 

 

Chapter 5, this chapter provides definitive answers to the main research questions developed 

in Chapter 1. It presents the conclusions of this research study based on the results obtained. 

 

Chapter 6 gives an insight into possible future work to be carried out on the basis of the overall 

results obtained. The implications of the research findings are assessed with reference to 

current theory and practice. 
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CHAPTER 2 LITERATURE REVIEW 

2.1. Use of relevant databases 

A literature review was conducted utilising the resources from the University of the Western 

Cape (UWC) library, Google Scholar as well as from the Society of Petroleum engineers (SPE). 

The purpose of the review was to survey the existing body of literature, clarify concepts, 

evaluate the research conducted to date and to identify the current technology gaps. 

 

The resources utilised were limited to English language literature spanning from approximately 

1980 to 2022, which included books journal articles and websites. It is acknowledged that this 

is a limitation, however based on the literature accessed, this is considered as a minor limitation 

in the overall context. 

 

All literature database searches were limited to the English language and the English abstracts 

of non-English language articles published between 1980 and June 2022. 

 

The following is a list of electronic databases that were accessed via the UWC library, that 

included: 

• http://uwc.worldcat.org/ 

• http://lib.uwc.ac.za/index.php/a-za-database.html 

• :http://scholar.google.co.za.ezproxy.uwc.ac.za/schhp? 

• http://repository.uwc.ac.za/xmlui/ 

• http://atoz.ebsco.com.ezproxy.uwc.ac.za/Titles/unwc?lang=en&lang.menu=en&lang.s

ubject=en#74/1/all 

• SciFinder Scholar, database of chemistry literature, Chemical Abstracts. 

 

In addition to the UWC research databases, additional sources and digital platforms were first 

accessed by registration then utilised accordingly for this research, these include: 

• https://www.academia.edu/ 

• https://scholar.google.com/ 

• https://www.spe.org/en/ 

• https://www.sciencedirect.com/ 

• https://w»ow.semanticscholar.org/ 

http://uwc.worldcat.org/
http://lib.uwc.ac.za/index.php/a-za-database.html
http://scholar.google.co.za.ezproxy.uwc.ac.za/schhp
http://repository.uwc.ac.za/xmlui/
http://atoz.ebsco.com.ezproxy.uwc.ac.za/Titles/unwc?lang=en&lang.menu=en&lang.subject=en#74/1/all
http://atoz.ebsco.com.ezproxy.uwc.ac.za/Titles/unwc?lang=en&lang.menu=en&lang.subject=en#74/1/all
https://www.academia.edu/
https://scholar.google.com/
https://www.spe.org/en/
https://www.sciencedirect.com/
https://w/
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• https://ssww.mendelev.com/ 

• https://www.semanticscholar.org/ 

• https://www.mendeley.com/ 

 

In order to manage the references obtained from the above databases, a free reference manager 

was used. The reference manger used was Mendeley Reference Manager obtained from the 

following website https://www.mendeley.com/reference-management/reference-manager/: 

Through the initial preliminary review, a broad list of research terms pertinent to wastewater 

systems for the removal of oil from wastewater was developed, which included the following 

key terms: 

 oil-in-water, separation efficiency, emulsion stability, demulsification mechanism, 

Surfactants, oil in wastewater separation, emulsion, demulsification, flotation, droplet 

coalescence- droplet aggregation, DAF, industrial wastewater contamination, Ostwald 

ripening water pollution; emulsion stability wastewater with dispersed and soluble oils, 

multiple emulsions, encapsulation, droplet breakup, emulsion stability, shear stress, 

conventional emulsion treatment techniques are either not meeting the discharge 

standards or are not feasible. 

 

These terms were further processed to create keywords that could be used to search the 

electronic databases highlighted above. Some of the research keywords included: 

Petroleum wastewater, oil dispersions, oil emulsions, demulsification, emulsification, 

oil in water emulsions, oil dispersions, flotation dissolved air flotation, oil in water 

emulsion, coagulation, flocculation, droplet coalescence, droplet aggregation, 

separation, centrifugation, colloid phenomena, petroleum 

 

Excluded from the literature review were commentaries, editorials and non-scientific 

publications. A similar screening process as highlighted above, was used for literature found 

through website searching. Material from websites, less formal, interpretive descriptions of a 

study or investigation that may be published on a web page that may or may not be linked to 

the report document were excluded.  

This thesis is focussed on oily wastewater and specifically oil in water emulsions hence the 

literature review was focussed accordingly. 

  

https://ssww.mendelev.com/
https://www.semanticscholar.org/
https://www.mendeley.com/
https://www.mendeley.com/reference-management/reference-manager/
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2.2. Oil contamination in water 

Oil contaminated water, often referred to as oily wastewater, is generally classified into four 

categories, namely free oil, dispersed oil, emulsified oil and dissolved oil [21,62,105,106]. 

These categories are defined according to the wastewater’s physical and chemical properties, 

with a key parameter being the droplet size distribution (DSD) [16,38,105]. It is often reported 

that oil in water may be dispersed, emulsified or soluble in concentrations of up to 1000 mg/L 

[14–16]. 

 

2.2.1. Free oil 

Free oil physically separates from water and floats to the surface under calm conditions due to 

its lower specific gravity compared to that of water [139]. The free oil droplets present in 

wastewater generally range in size from a few millimetres to large droplets. The non-dispersed 

oil droplets coalesce relatively easily and float to the surface of the water. Free oil is usually 

cleaned up and collected using skimmers, booms, chemicals and various other techniques to 

remove it from the water surface [21,31,62,111,140–142]. 

 

2.2.2. Dispersed oil 

Dispersed oil is defined as oil in water in the form of small droplets, the DSD is typically in 

the range of a hundred to several hundreds of microns [105,139]. Dispersed oils form when 

mixtures of oil and water move through pumps or pipelines, oily wastewater splashing in 

vessels, through natural phenomena like wave action, agitation or processes that break up free 

oil and disperse the oil droplets [22,31,103,143,144]. 

 

The oil droplets in the dispersion can either coalesce over time to form free oil or can be 

stabilised, leading to the formation of emulsions. For the separation of dispersed oils, gravity 

separation, gas flotation and filtration based technologies are commonly used techniques 

[56,145–147]. 

 

The separation efficiency of any processing technique utilised depends on a number of factors, 

which include oil droplet size, density of the oil, viscosity and density of the water phase, water 

pH, flow rate as well as temperature [79]. 
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2.2.3. Emulsified oil 

Dispersed oils can be stabilised leading to the formation of emulsions [148]. Oil emulsions that 

are formed from dispersed oils can be classified as mechanically or chemically stabilised 

emulsions [149]. 

Mechanically stabilised emulsions are formed by the development of surface electrical charge 

on the oil droplets in the water, which prevents their coalescence [84]. Chemically stabilised 

emulsions form similarly to mechanical emulsions; however, they have additional stability due 

to interactions of chemical agents at the oil droplet and water interface [150]. Chemical 

emulsions contain detergents, soaps or other additives that enhance the prevention of 

coalescence [54,105,149]. Depending on the formation conditions and relative proportions of 

the oil and water constituents, multiple emulsions of oil in water (o/w), water in oil (w/o), as 

well as complex oil in water in oil (o/w/o) multiple emulsions may be formed [78]. In the 

petroleum, pharmaceutical and food production industries the o/w and w/o simple emulsions 

are generally more common than the complex emulsions [76,78,151,152]. 

 

2.2.4. Dissolved oil 

Dissolved oil occurs when oil dissolves in water such that there are no oil droplets present. In 

general, aliphatic hydrocarbons have low solubility in water; however, aromatic hydrocarbons, 

such as the single-ring compounds benzene, toluene, ethylbenzene and xylene (BTEX), as well 

as two-ring naphthalenes, along with phenols and organic acids are more soluble and usually 

form the largest component of dissolved oil [21,48,139,148,149]. 

 

Dissolved oil cannot be removed from water by physical treatment and is typically removed by 

adsorption in activated carbon, chemical adsorbents, chemical oxidation and biological 

treatment [48,103,110,139]. Gravity, filtration and flotation based separation methods are 

ineffective for dissolved oil separation and processing [105]. 

 

2.3. Oily wastewater processing  

Oily wastewater causes a serious pollution problem, arising from wastewater generated by a 

wide range of industries [8,10–13]. Various methods are used to process and remove oil 

polluting contamination from water [7,22,43–45]. The methods are categorised as chemical, 

electrochemical, physical, physiochemical and biological 

[17,38,41,43,46,47,103,105,153,154]. The basic premise is that the processing and treatment 
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of oily water and the eventual separation of the oil from water is a function of the oil DSD 

[155]. 

 

Some of the more specific techniques include:  

• Gravity [49,105,147], 

• Air / gas flotation [55,56], 

• Filtration [156,157], 

• Absorption and adsorption [105], 

• Chemical / oxidation [17,158], and  

• Biological [17,38]. 

 

The steps in the process of removing oil from wastewater are firstly methods to remove the 

free and dispersed oil [49,52,53,159–162]. For example, in a gravity separator, with time and 

quiescence, most free oil droplets will rise to the surface where they are skimmed off, while 

the emulsified oil remains in the wastewater [159,160]. 

 

Once the free and dispersed oils are removed, the emulsified oil is processed and finally the 

dissolved oil is removed from the wastewater [17,18,108,163,164]. Depending on the 

characteristics and nature of oily wastewater, treatment methods are classified into primary, 

secondary and tertiary processes, which are a function of the specific type of oil pollution in 

the water [39,43,49,50,103]. 

 

The treatment methods are summarised and presented in Table 2.1 below.  
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Table 2.1. Forms of oil in wastewater and potential processing techniques. 

Oil in 

water 

form 

Droplet 

size 
Description Processing Techniques 

Free oil 
> 100 

µm 

• Low specific gravity, 

relatively easy to 

process, separate and 

float 

• Separate oil droplets of 

a sufficient droplet size 

• The buoyancy force 

causes the oil to float to 

the water surface 

• The free oil is relatively 

easily removed by 

decanting the floating 

surface oil 

• Essentially, coalescence and 

decantation 

• Techniques include the following: 

o API and Parallel Plate Interceptor 

gravity separators [100] 

o Long residence time skim tanks  

o Corrugated plate interceptors 

[165–167]  

Dispersed 

oil 

> 20 

µm 

• Oil in the form of small 

droplets in water 

• Oil droplets are not 

stable enough to form 

an emulsion 

• The coalescence and 

surfacing time of the 

free oil depend on the 

DSD 

• Larger droplets with 

greater buoyancy rise 

faster than smaller ones 

• Secondary techniques, designed to 

encourage coagulation and 

coalescence to form free oil 

• Techniques include the following: 

o Hydrocyclone [146,147] 

o Air flotation [56] 

o Centrifugal separation 

Emulsified 

oil-  

5 – 20 

µm 

• Emulsion forms as a 

result of mechanical 

action such as mixing, 

valve throttling, 

shearing and wave 

action 

• Secondary techniques, designed to 

destabilise droplets of emulsions and 

to form free oil 

• Techniques include the following: 

o Coagulation [168,169] 

o Flocculation [129,170] 

o Air flotation - with optimised 

chemicals [62,171] 

o Hydrocyclones [139] 

o Centrifuges [15,172] 

< 5 µm 

• Emulsion forms as a 

result of chemical 

action such as 

surfactants 

Dissolved 

oil 

 • Oils that have solubility 

in water Emulsion 

forms as a result of 

chemical action such as 

surfactants 

• Typically removed by 

adsorption, membranes, 

chemical oxidation 

• Tertiary techniques designed to meet 

very stringent discharge limits 

• Tertiary techniques 

o Biological treatment [48,110,139] 

o Filtration with sand 

o Activated carbon 

o Membrane methods separation 

[78,173] 
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and/or biological 

treatment 

o Reverse osmosis 

o Chemical oxidation 

 

Most industrial oily wastewaters contain oil emulsions as the major contaminants [81,128,174]. 

Emulsions tend to remain stable as a result of electrostatic repulsion between droplets, 

preventing them from coalescing into larger droplets, making processing by conventional 

methods a difficult and time consuming process [51–54]. 

 

The specific focus of this research is on o/w emulsions and their associated physical 

characteristics, chemical stability, processing, separation and removal form water. It is 

generally understood that the physical characteristics of o/w emulsions vary greatly based on 

the preparation parameters and formulation [38,175,176]. 

 

The methods and techniques, both conventional and the more novel, of emulsion treatment are 

reviewed and presented in the subsequent sections. However, in order to understand the 

principles of how the various processing techniques work it is of importance to firstly 

understand the physical properties and parameters of emulsions. 

 

2.4. Emulsion properties and parameters 

Emulsions are defined as liquid-liquid multiphase heterogeneous colloidal systems, consisting 

of two or more immiscible liquids, where the dispersed phase exists in the form of droplets in 

a continuous phase of a different composition [22,117,177]. A colloidal system contains at least 

one of the phases in the form of very small particles and in the case of an emulsion, as droplets 

[22]. 

 

British scientist, Thomas Graham, in 1861 defined the term “colloid”, from the Greek word 

“kola”, meaning glue [178]. Colloidal dispersions, or simply, colloids, comprise a collection 

of small particles, droplets, or bubbles of one phase dispersed in a second phase [179]  

 

Colloidal particles are larger than atoms and ions, however they are usually small enough not 

to be visible to the naked eye [180]. They range in size from 0.001 to 10 µm resulting in a very 

small ratio of mass to surface area. The consequence of very small particles is that they have a 

large surface area relative to their overall mass and the following resulting properties: 

• gravitational effects are negligible,  
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• particle surface phenomena dominate, and 

• particles assume electrical charges with respect to their surrounding environment. 

 

Colloids can be gases, liquids, or solids and examples of each are listed in Table 2.2. 

 

Table 2.2. Types of colloidal suspensions. Adapted from [179]. 

Continuous 

( External ) 

Phase 

Dispersed 

( Internal ) 

Phase 

Colloidal 

System 
Examples 

Gas Liquid 
Aerosol of 

liquids 

Fogs, clouds, mists, fine insecticide 

sprays 

Gas Solid 
Aerosol of 

solids 
Smoke, volcanic dust, haze 

Liquid Gas Foam or froth 
Soap lather. Lemonade froth, foam, 

whipped cream, soda water 

Liquid Liquid Emulsions Milk, emulsified oils, medicines 

Liquid Solid Sols 
Most paints, starch in water, proteins, 

gold sol, arsenic sulphide sol, ink 

Solid Gas Solid foam 
Pumice stone, styrene rubber, foam 

rubber 

Solid Liquid Gels Cheese, butter, boot polish, jelly, curd 

Solid Solid Solid sols 

(coloured 

glass) 

Ruby glass, some gemstones and 

alloys 

 

Colloidal particles in aqueous media have the tendency to adsorb ions from the surrounding 

medium that impart to the colloids an electrostatic charge relative to the bulk of the continuous 

phase. In pure water however, it is due to the orientation and charge of the water molecules at 

the surface of the colloidal oil particle [181]. 

 

The developed electrostatic repulsive forces prevent the colloidal particles from aggregating 

and consequently contribute to the overall stability of the colloidal suspension. The forces 

interacting on oil droplets in an emulsion are generally categorised according to the Derjaguin, 
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Landau, Verwey and Overbeek (DLVO) theory [182]. This model was developed in the 1940’s 

and is a simple visualisation tool of the balance of forces of a variety of systems in a quantitative 

manner in terms of the distance between the colloidal particles [182,183]. The stability of 

colloids has been explained by the DVLO theory, which is discussed in more detail in 

subsequent sections. 

 

Small particles are subject to constant Brownian motion, which is a thermally caused 

phenomenon and is directly related to the temperature of the solution [184]. Thermal motion is 

an essential factor keeping small particles homogeneously distributed in a solution. The 

diffusion rate of a colloidal particle further depends on the viscosity of the solvent and the 

particle size and shape. For spherical particles, the diffusion rate rapidly increases with 

decreasing particle radius. Sedimentation under gravitational forces is slower for small 

particles compared to larger ones. At sufficiently small particle sizes, rapid diffusion 

compensates for gravity and prevents particles from settling.  

 

Emulsions are distinguished from other types of mixtures and colloidal suspensions by several 

distinctive properties and are classified on the basis of a number of factors; however, the most 

commonly used are the mode of dispersion, droplets characteristics and thermodynamic 

stability [78,79,185,186]. Droplet parameters that are important include size, the concentration, 

charge, rheological behaviour and droplet interactions [79,187,188]. The DSD of oil droplets 

is an important parameter of an o/w emulsion, that affects the overall stability, rheology and 

appearance of the emulsion [21,79]. 

 

Emulsions constitute a wide variety of products and are formed and produced in many 

processes of industrial relevance [78,79,185,186]. Despite some of the environmental issues 

associated with oil in water emulsions, emulsions have special properties that make them very 

useful in many diverse fields such as food technology, pharmaceuticals, agriculture, lubricants, 

cosmetics, laundry and cleaning agents [189–191]. Most lubricants, paints, cosmetics and 

many food products are emulsions [102,192]. 

 

As highlighted in the previous section, oil dispersions under the appropriate conditions may 

result in the formation of emulsions, which are classified based on the mode of emulsification. 

The emulsions can include o/w, w/o as well as multiple and complex emulsions, as depicted in 

Figure 2.1 below [78]. 
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Figure 2.1. Graphical depiction of various types of emulsions. Adapted from [78]. 

 

An o/w emulsion consists of water as the continuous phase and the oil as the dispersed phase. 

Complex emulsions are those where the droplets of continuous phase are suspended in larger 

droplets of dispersed phase, which in turn is dispersed in the continuous phase. Emulsification 

is the process of formation of emulsions [21,79].  

 

Emulsions are described as thermodynamically unstable and kinetically stable [120,193,194]. 

The theoretical stability and thermodynamics of an emulsion can be expressed by a derivation 

of the Gibbs free energy as per Equation 2.1. 

 

ΔG = (γ A) - (TΔS), Equation 2.1 

 

where, γ = interfacial tension, A = interfacial area, T = temperature, ΔS = mixing entropy 

 

The magnitude of ΔG gives an indication of the thermodynamic stability of an emulsion. If ΔG 

is greater than zero, then the emulsion is relatively unstable and will result in separation. If ΔG 

is less than zero, then the emulsion is stable and no separation will take place [194]. 

 

The kinetic stability is a direct result of the DSD and the presence of an interfacial layer 

between the water and the oil droplet. When this interfacial film between the droplets thins and 

ruptures, the process of droplet coalescence occurs [195]. The kinetic stability of an emulsion 

can be increased with surfactants or emulsifiers, often referred to as stabilising agents [51]. The 



http://etd.uwc.ac.za/

25 

 

addition of stabilising agents slows phase separation by lowering the interfacial free energy 

through adsorption and the provision of additional electrostatic or steric stabilisation at the 

interface [176,195,196]. The stabilisers suppress the separation mechanisms in emulsions. 

These types of stabilised emulsions are referred to as microemulsions [152,197–199]. 

 

Oil in water emulsions can remain stable for substantial lengths of time, which according to 

Tansel et al. [175], is a function of the compositional materials and processing parameters, 

droplet surface charge, specific gravity, surface tension and solubility characteristics relative 

to the water phase. Eventually, over time, the emulsion will separate into oil and water and are 

referred to as nanoemulsions [152,186,191,197,200,201] 

 

2.4.1. Origin of charge on emulsion droplets 

Experimental evidence has demonstrated that oil droplets in water move toward the anode in 

the presence of an electric field in electrophoresis experiments, implying that they develop a 

natural negative charge [202,203]. This experimental observation has served as the 

confirmation of the negative charge, but it’s origin has been a matter of debate for a number of 

years [203]. Based on this observation, there are a number of conflicting interpretations 

underlying the origins of the negative charge, however most researchers in the field attribute 

the charging mechanism to the process of selective adsorption and dissociation of surface ions 

[204–208]. 

 

The selective adsorption mechanism is the more common interpretation and is explained by 

the fact that negatively charged hydroxide ions (OH–) absorbs and binds strongly to 

hydrophobic/water interfaces. It has been demonstrated that H+ and OH- have an effect on the 

droplet-water interfacial electrical charge. The ions originate from within the structure, where 

H2O molecules prefer to donate and accept electrical charges from their neighbours via an 

interaction known as hydrogen bonding [209]. However, when they are close to the oil 

molecules at the droplet surface, they no longer find enough water neighbours to hydrogen 

bond with and this results in the water molecules donating their imbalanced electrical charges 

to the oil molecules at the droplet surface [207,208]. This charging mechanism implies that the 

water-oil interaction occurs via hydrogen bonding [203,209,210]. 

 

https://phys.org/tags/water+molecules/
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Hydroxide ions in water may not adsorb to hydrophobic interfaces, but rather react with traces 

of organic acids, which have been dissolved in the oil droplets and are present at the 

droplet/water interface [206]. In addition the molecules, making up the oil droplet may 

themselves undergo dissociation and release H+ ions into the medium resulting in the 

development of a negative charge on the oil droplet. [205,206]. 

 

It has also been demonstrated that bubbles in water also have a negative charge via similar 

mechanisms to those described above [211]. 

 

It is clear that the properties of colloidal dispersions are dependent on the electrical charge of 

the particles and the properties, parameters and characteristics of emulsions will be discussed 

in the subsequent sections. 

 

2.4.2. Rheology 

Rheology is defined as the science of the flow and deformation of materials and is the study of 

the interaction between shear stress, shear strains and time [193,212]. The flow properties of 

emulsions are physical attributes that significantly affect the overall stability of emulsions 

[85,213,214]. 

 

According to a derivation of Stokes law, the stability of an emulsion, made up of immiscible 

liquids with different densities, is influenced by the DSD and viscosity of the emulsion 

[120,187]. 

 

 vs= 2gr2(ρ2−ρ1)/9η,  Equation 2.2 

 

where, vs = settling velocity, r = radius of the droplet, g = acceleration due to gravity, ρ2 = 

density of the sphere, ρ1 = density of continuous phase and η = viscosity of the continuous 

phase. 

 

From Equation 2.2, a derivation of Stokes law, if emulsion droplets are denser than the fluid 

(ρ2 > ρ1), then vs will be greater than zero and the droplets will fall to the bottom resulting in 

sedimentation. If the droplets are less dense compared to the fluid (ρ2< ρ1) then vs less than 

zero and the droplets will float to the surface. 
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For an emulsion, we can assume the droplets are spheres and that vs is an indicator of the rate 

of separation. Equation 2.2, infers that vs is inversely related to the viscosity of the water phase. 

This implies that the rate at which an oil droplet will move through the continuous phase 

increases as the viscosity decreases. It implies that more viscous emulsions are more stable 

than less viscous ones. This has been confirmed by a number of authors in industrial and 

pharmaceutical applications of emulsions [150,151,215]. 

 

Stoke’s law demonstrates the importance and significance of droplet size on phase separation 

of a colloidal suspension. It is therefore beneficial to destabilise the emulsion and increase the 

DSD in order for gravity separation to be practical. By way of an example, two oil droplets in 

an emulsion with different size will have a different rise velocity. An oil droplet of 10 µm in 

size, with a density of 877 kgm-3 has a rise velocity of 6×10−6 ms−1, as compared to a smaller 

droplet of 1 µm in size of the same oil has a rise velocity of about 6×10−8 ms−1. Based on the 

above, the 1µm droplet will take 93 hours (h) to rise 2 cm as opposed to 0.9 h for a 10 µm 

droplet to rise and travel the same distance. When the Reynolds number is less than 1.0, Stokes 

Law is applicable with the premise that the particle, droplet, is a spherical shape [216]. 

 

Parameters that affect and influence the emulsions rheological properties include, chemical 

composition of the continuous phase, droplet characteristics, i.e. size distribution, 

concentration, deformability, viscosity and droplet-droplet interactions, the volume fraction of 

the dispersed phase and the overall viscosity [187]. 

 

2.4.3. Droplet size distribution 

Several factors determine the DSD of an emulsion. These include bulk properties of the oil and 

water, presence of solid material, nature of emulsifying agents and interfacial tension 

[84,105,176,185]. The DSD in an emulsion determines, to a certain degree, the stability of the 

emulsion and is an important parameter in considering the most suitable processing technique 

[39,54,89]. 

 

According to Stoke’s law, the DSD of an emulsion is a factor that affects the stability of the 

emulsion [54,83]. 
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2.4.4. Zeta Potential 

The zeta (ζ) potential is also often referred to as electrokinetic potential and is a parameter 

applicable to all solid-liquid and liquid-liquid colloidal systems, including emulsions 

[202,217,218]. 

 

The origin of the ζ potential is the electric double layer (EDL), which results from the 

electrostatic charge of the oil droplet in water. The ζ potential is the measure of the difference 

in electrical potential between the bulk fluid in which a droplet is dispersed and the layer of 

fluid containing oppositely charged ions that is associated with the droplets surface [219]. In 

general, most particles or droplets dispersed or dissolved in water, naturally possess a negative 

surface charge [176,187,193]. Similarly for an emulsion, it is generally accepted that the 

surface of emulsion droplets are negatively charged [220]. 

 

The magnitude of the ζ potential gives an indication of the stability of the emulsion and the 

sign of the ζ potential gives an indication of the surface charges of the droplet [217,221,222]. 

It is generally accepted that emulsions with ζ potential values greater than ±30 millivolts (mV) 

are indicative of stable emulsions [221,223]. A lower-magnitude ζ potential is indicative of a 

less stable emulsion, where droplets will tend to aggregate or flocculate [221,224]. Emulsions 

with ζ potentials greater than ±60 mV have excellent stability, where particles with ζ potential 

values of between -5 mV and +5 mV, will experience rapid agglomeration, unless they are 

chemically stabilised. 

 

For oil in water emulsions, the ζ potential is an important parameter that describes the surface 

properties of the droplet and is a measure of the magnitude of electrostatic potential, which 

determines the force of repulsion between droplets [217,221,222]. 

 

The most important factor that affects the ζ potential is the pH of the medium [221,225]. Other 

factors include ionic strength, the concentration of any additives and temperature. Important 

factors to consider when analysing ζ potential include: 

• pH—– H+ ions can cause the build-up of positive charge on a particle's surface while 

OH- will add negative charge thus altering the ζ potential. Functional groups at the 

particle surface may become protonated or deprotonated. 
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• Electrical conductivity —– conductivity is inversely proportional to electrophoretic 

mobility. An increase in carrier conductivity in an applied electric field will yield a 

decrease in the average droplet velocity. 

• Carrier viscosity —– viscous mediums inhibit electrophoretic mobility, which is 

proportional to the ζ potential.  

• Temperature —– affects kinetic energy and carrier viscosity. 

 

In summary, the ζ potential is a key indicator of the stability of a colloidal dispersion and 

emulsions, which correlates to the particles ability to repel each other electrostatically 

[202,217,221,226]. Its measurement brings detailed insight into the causes of dispersion, 

aggregation or flocculation and can be used to improve the formulation of emulsions. In 

general, when the ζ potential of an emulsion is high, the repulsive forces exceed the attractive 

forces, resulting in a relatively stable system [223]. The sign of the ζ potential gives an 

indication whether positive or negative charges are dominant at the surface of the droplet [221]. 

If two adjacent particles have sufficiently high ζ potentials of the same sign, they will not 

agglomerate due to repulsive electrostatic forces between particles with like charges. 

 

Empirically, it is generally accepted that emulsions with absolute ζ potential values higher than 

±40 mV are indicative of stable emulsions [221]. Table 2.3 gives an indication of the stability 

of emulsions in relation to their ζ potentials. 

 

Table 2.3. Schematic representation of the electrical double layer. Adapted from [221]. 

ζ potential  

(mV) 
Colloid stability 

0 to ±5 Unstable rapid agglomeration 

±10 to ±30 Developing stability 

±30 to ±40 Moderate stability 

±40 to ±60 Good stability 

Greater than ±60 Excellent stability 

 

Another possibility to modulate the electrostatic repulsive force is via the surface charge of the 

droplet [227]. The higher the surface charge, the stronger the electrostatic repulsion. At the 

isoelectric point (IEP) or point of zero charge, the number of negative and positive charges are 



http://etd.uwc.ac.za/

30 

 

balanced, the electro static double layer collapses and the total surface charge becomes neutral 

[228,229]. By adjusting the pH to the IEP, the surface can be gradually reduced to initiate 

particle assembly and flocculation [230]. 

 

Figure 2.2, depicts a plot of the ζ potential of a sample measured as a function of the pH. In 

this example, the isoelectric point of the sample is at pH 5.8. In addition, the plot can be used 

to predict the pH ranges of emulsion stability. It can be seen that the sample should be stable 

at both extremes of pH. 

 

 

Figure 2.2. A plot of the ζ potential of a sample measured as a function of pH. 

 

At pH values less than 4, there is significant positive charge present. In addition, at pH values 

greater than 8, there is significant negative charge present. At these extremes of pH, the forces 

resulting from this electrostatic repulsion should be sufficient for the sample to resist 

flocculation. 

 

Understanding an emulsion’s isoelectric point can assist in assessing stability and the possible 

processing technique to be utilised [231]. Similarly, the ζ potential of a colloidal system also 

demonstrates a dependence on pH. 
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2.5. Emulsion droplet interactions 

Emulsions are stabilised by a balance of competing inter droplet forces resulting in inter droplet 

repulsion between the droplets making up the emulsion [114,118–120]. The concept of 

demulsification is based on the premise that droplets need to collide with each other and 

following the collision they aggregate, coalesce forming larger droplets and free oil. Three 

different transport mechanisms are at play which facilitate potential droplet collision, namely 

Brownian diffusion, fluid convection and interparticle interactions [22,117,185]. 

 

During the separation process, oil-in-water emulsions can proceed via several mechanisms 

which cause separation into the respective phases [54,193]. To date, the following mechanisms 

have been identified and extensively discussed in the literature, as key steps in the 

demulsification process, which consist of flocculation, creaming, sedimentation, Ostwald 

ripening, coalescence and phase inversion [78,193,200]. Demulsification is also described as 

an instability process whereby emulsions separate into the respective phases [51,129]. Figure 

2.3, below, schematically presents the instability processes and mechanisms of o/w emulsion 

phase separation. 
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Figure 2.3. Diagrammatic representation of the oil in water emulsion separation process. 

Adapted from [78]. 

 

Of particular significance, that should be highlighted, is that for flocculation, creaming and 

sedimentation there is no definitive change in the associated droplet size and DSD [228,232]. 

However, with coalescence, phase inversion and Ostwald ripening there is a distinct change in 

the droplet size and DSD of the emulsion, as shown in Figure 2.3.  

 

The section below provides a short description of different demulsification processes. 

 

2.5.1. Flocculation 

Flocculation is the process where individual droplets in the emulsion aggregate to form flocs 

[129]. Although the droplets aggregate and even make contact, they do not coalesce and they 

retain their individual droplet characterisation. During flocculation the emulsion structure 

changes, however, the DSD remains unaltered [233]. 
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The rate of flocculation, depends on various factors such as temperature, pH, viscosity and 

density of the aqueous phase [234,235]. To increase and accelerate the process of flocculation, 

coagulants and flocculants can be added to the emulsion [124,160,175,236–238].  

 

2.5.2. Creaming 

Creaming is a process where, the less dense phase migrates to the surface to form a layer on 

the denser phase [54]. The creaming phenomenon occurs frequently in o/w emulsions, where 

the droplets move up to the surface because of the lower density of the oil droplets. During 

creaming the emulsion structure changes; however, the DSD typically remains unchanged 

[150]. 

 

2.5.3. Sedimentation 

Sedimentation is the process that occurs when the denser-dispersed phase forms a layer of 

droplets at the bottom of the continuous phase. During sedimentation, the emulsion structure 

changes, however, the DSD typically remains unchanged [22,212]. 

 

The phenomena involved in each process highlighted above, is relatively complex and requires 

a detailed understanding of the droplet interactions and associated forces. It should be noted 

that the processes can take place simultaneously rather than consecutively, which adds to the 

overall complexity of the process of demulsification [193].  

 

2.5.4. Phase inversion 

Phase inversion occurs when the continuous phase of the emulsion changes to the dispersed 

phase. This occurs when an o/w emulsion becomes a w/o emulsion. This instability process 

can also occur when an emulsifier develops solubility in the dispersed phase rather than the 

continuous phase [198]. Phase inversion can often occur by altering the temperature or 

increasing the concentration of ionic solutes in the aqueous phase [193]. 

Phase inversion can be considered as instability of the emulsion system, it can also be used as 

an energy efficient method to prepare a stable emulsion by the formation of a micro emulsion 

using a minimum of mechanical energy. Phase inversion in a micro emulsion of very small 

droplets occurs readily, due to the interfacial tension between phases being extremely low at 

the inversion temperature.  
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2.5.5. Ostwald ripening 

Ostwald ripening of an emulsion is the process in which smaller droplets in an emulsion 

dissolve into the bulk phase and deposit their material onto larger droplets. It reflects the theory 

that larger droplets are thermodynamically more stable as the surface area to volume ratio is 

lower [195]. Alternatively, one may view the process purely in terms of the reduction in free 

energy of the system through the lowering of the interfacial area [195]. Overall, the effect is an 

increase in the average radius of the emulsion droplets with time as number of smaller droplets 

decreases. Ostwald ripening is the growth of larger emulsion droplets at the expense of smaller 

ones and leads to an increase in DSD with time, as highlighted in Figure 2.4 [193]. 

 

Figure 2.4. Process of Ostwald ripening. Adapted from [239]. 

 

Ostwald ripening also occurs in o/w emulsions where small oil droplets diffuse through the 

aqueous phase and add their material to the larger droplets [193,195,239]. With Ostwald 

ripening, the droplets do not need to be in close proximity to each other, because the process 

occurs by transport of small droplets through the dispersion medium [194,195]. Over time, this 

causes emulsion instability and eventually phase separation. In the literature it has also been 

referred to as isothermal distillation or molecular diffusion [195,228,232].  

 

2.5.6. Coalescence 

Droplet coalescence is a process in which two droplets merge to form a larger droplet, as 

highlighted in Figure 2.5. 
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Figure 2.5. Process of droplet flocculation and coalescence for droplets in a o/w emulsion. 

Adapted from [176]. 

 

In order for two oil droplets to coalesce into one larger droplet, the film of liquid trapped 

between them must drain away [85]. As the drainage proceeds, the film between the droplets 

becomes thin enough for the attractive inter-droplet forces to dominate and to form a thin 

capillary link between the droplets. This link grows and the droplets coalesce [176,193]. 

 

Without the influence of additional emulsifying forces, coalescence can be considered as an 

irreversible process, which is enhanced by a high rate of flocculation, creaming and 

sedimentation, the absence of mechanically strong films, high interfacial tension, low 

viscosities and high temperatures [54,193]. An understanding of the conditions associated with 

droplet coalescence is important for the design of emulsion separation processes. The 

coalescence between droplets in an immiscible liquid medium, or between a droplet and its 

own bulk phase occurs in three stages [176,240]. In the first stage, the droplets approach each 

other and are separated by a thin film of the continuous phase. The second stage involves the 

thinning of this film to reduce the interfacial area which is affected by the capillary pressure. 

The third stage occurs when the film reaches a certain critical thickness, any significant 

disturbance or instability will cause it to rupture and coalescence occurs [120] . 

 

The physical phenomena involved in each process highlighted above and associated with 

emulsion stability is not trivial and requires a detailed analysis of the various surface forces 

involved [193]. The disturbance of the initial emulsion equilibrium can be achieved with 

additives such as acids, bases, electrolytes, ligand stripping agents or non-solvents. Another 

possibility is the use of non-additive triggers such as temperature, irradiation or mechanical 

https://www.researchgate.net/publication/284439934_Practical_Aspects_of_Emulsion_Stability?el=1_x_8&enrichId=rgreq-4fa4b9ea-aca2-4d92-97ff-e3163535b795&enrichSource=Y292ZXJQYWdlOzIyMzMzNjg2NztBUzoxMDQxNDc4NzM0MzU2NTRAMTQwMTg0MjE5NjgyMQ==
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methods such as centrifugation or ultrasonication. The difficulty in the destabilisation step lies 

in finding suitable triggers, which increase the overall attraction sufficiently and act uniformly 

over the entire volume.  

 

The destabilising processes of emulsions has been extensively studied. However, a number of 

questions still remain unanswered in terms of the overall interaction of these forces on the 

processing of emulsions. The interaction of these forces on emulsion droplets will be discussed 

in more detail in the next section. 

 

2.6. Forces related to droplet interactions 

Emulsions are stabilised by a balance of competing inter droplet forces, which either act to 

repel or attract the individual droplets making up the emulsion [114,118–120]. The interaction 

of the forces in the emulsion play a crucial role in determining the properties of the emulsion 

as well as being highly relevant to a range of industrial and environmental protection processes 

[176,178,186,213]. 

 

 

Figure 2.6. Schematic representation of the Electrostatic and Van der Waals forces. Adapted 

from [228]. 

 

It is generally accepted, as presented in Figure 2.6, there are two fundamental intermolecular 

forces that act on an emulsion droplet and in turn affect the stability of an emulsion, these 

include: 

• Van der Waals forces, which are short-range attractive interactions and dominate when 

the separation distance between the droplet surfaces is small, 
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• Electrostatic forces, also known as Coulombic forces, which are repulsive forces, acting 

between the negatively charged oil droplets. 

 

When the attractive forces are weaker than the repelling forces, the droplets remain dispersed, 

resulting in the emulsion being stable.  

 

2.6.1. Van der Waals Interaction 

The van der Waals (VdW) forces exist between atoms, molecules and colloidal particles 

including emulsion droplets [241]. These forces originate from the electric dipoles in the atoms 

and molecules [220]. These electric dipoles develop from oscillations in the electron clouds of 

atoms and molecules. The VdW interaction is a universal force and is present in every system. 

As mentioned in the previous section, the VdW force between similar particles in a medium is 

always attractive. Droplets further away from each other are also affected by the VdW force, 

however the force is relatively weak [227,242]. The VdW force increases rapidly with 

decreasing distance between droplets and results in irreversible droplet aggregation in the 

absence of any repulsive forces [183]. 

 

In stable emulsions, it is accepted that a counteracting repulsive force is present that prevents 

flocculation, creaming, sedimentation and eventual coalescence, this electrostatic interaction is 

a result of the charge on the particle surfaces and can be explained via the electrical double 

layer model. 

 

2.6.2. Electrostatic Interaction 

The electric double layer (EDL) model is an important concept in understanding the mechanism 

of the electrostatic interaction, which is associated with the stabilisation of colloids and 

emulsions [220,243,244]. In general, most particles and oil droplets dispersed in water have a 

negative surface charge and this results in the EDL [220,245]. 
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Figure 2.7. Diagrammatic representation of the electrical double layer. Adapted from [232]. 

 

The EDL is electrically neutral and consists of the following distinct parts around the droplet 

or particle, which is depicted in Figure 2.7 and is described below: 

Surface charge - The droplets initially have a negative change (see section 2.4.1 above) 

Stern layer -   The negatively charged droplets attract positively charged ions that attach 

firmly to the charged droplet, forming a rigid layer around the droplet. 

Diffuse layer – Outward from the Stern layer there is a concentration of free counter-ions. This 

region is called the diffuse layer and together both layers are referred to as the 

EDL [228]. 

Slipping plane – Is the boundary layer that develops as the colloidal particle moves in the 

medium and consists of the surrounding liquid close to the particle. 

 

The electrical potential decreases with an increase in distance from the surface of the droplet. 

The ζ potential is the electric potential at the slipping plane and is an important parameter in 
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the theory and measurement of interaction between colloidal particles [219]. The electrical 

potential is at its maximum value on the droplet surface. 

 

The approach of two charged oil droplets closer to the thickness of the double layers results in 

electrostatic interactions and the generation of an electrostatic force between the droplets [244]. 

It is this electrostatic repulsive force that prevents the droplets from aggregating and 

consequently contributes to the stability of the emulsion [246,247]. 

 

As highlighted in the previous section, the forces interacting on oil droplets in an emulsion can 

be categorised according to the DLVO theory [182]. The DLVO theory was developed in the 

1940’s and is named after the Russian scientists B. Derjaguin and L. Landau with Dutch 

scientists E. Verwey and J. Overbeek. The theory represents the cornerstone of the 

understanding of interactions between colloidal particles and their associated aggregation 

behaviour [182,183].  

 

The theory, however, has its limitations and the existence of non-DLVO forces has also been 

proposed and observed [114,244,246–248], and will be discussed in more detail in the ensuing 

sections. 

 

Non-DVLO forces described in the literature includes following: 

• Hydration sphere repulsion 

• Hydrophobic attraction 

 

When polymers are added to the emulsion the following forces are present: 

• Depletion attraction 

• Bridging attraction 

• Steric repulsion 

 

The DVLO and non-DVLO forces are described in more detail in the following sections. 
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2.6.3. DLVO model 

The DLVO model represents the basis of colloidal particle interactions and their associated 

aggregation behaviour [120]. The DLVO theory of emulsions is based on the following 

assumptions, which include the following: 

• The dispersion is dilute 

• The droplets of the emulsion have the same charge [220,241] 

• The charge is distributed uniformly over the droplet surface 

• Only two forces act on the emulsion droplet, these are van der Waals (VdW) and 

electrostatic forces 

• The distribution of ions in solution is a function of the electrostatic force and Brownian 

motion 

 

The total energy interaction (VT) between two droplets is the resultant force of the sum of the 

attractive (VVdW) and repulsive (Velec) force, which in simplistic terms can be described by 

Equation 2.3,  

 VT = VVdW + Velec Equation 2.3 

 

The total energy interaction (VT), between two oil droplets, is obtained by Equation 2.3 and 

can be plotted as a function of interparticle distance. 

 

Figure 2.8. Energy interaction for stable dispersions as per the classical DLVO theory. 

Adapted from [228]. 
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A typical interaction of stable dispersions as per the classical DLVO theory with distance is 

depicted in Figure 2.8. 

 

The primary minimum is the lowest-energy state of an emulsion and this is where the droplets 

are expected to reside in a completely phase separated emulsion [183]. The primary maximum 

is the energy barrier that must be overcome for coalescence to occur. The secondary minimum 

is generally seen as the flocculated state, the droplets will only coalesce when they overcome 

the primary maximum and reach the primary minimum energy state [182]. 

 

When two droplets in an emulsion collide, the following outcomes are potentially possible: 

• The droplets collide, do not aggregate but bounce off each other  

• They aggregate, flocculate but do not coalesce 

• The droplets collide and coalesce. This only happens when the droplets collide with 

enough energy to surpass the primary maximum state 

 

DLVO theory suggests that the stability opposing aggregation in an emulsion is a function of 

van der Waals attraction and electrostatic repulsion [182]. However, these two forces do not 

represent a full account of all the interactions that may occur in colloidal systems [118]. The 

additional forces and interactions include steric repulsion, depletion attraction, hydration 

sphere repulsion and hydrophobic interactions, oscillatory surface forces and other forces 

[246]. These forces, often referred to as non-DLVO forces, will be discussed in more detail in 

Section 2.6.4 

 

2.6.4. Non-DLVO Model 

As highlighted in the previous sections, the interaction and behaviour of droplets in an emulsion 

is of significance for a quantitative understanding of the overall stability of the emulsion. For 

situations where the DLVO theory disagrees with experimental measurements, the model has 

been extended and referred to as non-DLVO forces [230,246,249]. 

 

These additional forces can be much stronger than the DLVO forces at small separation 

distances and can be repulsive, attractive and oscillatory. The following interactions, namely, 

hydrogen bonding and the hydrophobic effect, hydration force, non-charge transfer Lewis acid 
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base interactions and steric interactions are not considered by the traditional DLVO model 

[118,210,250] 

 

The non-DVLO forces of repulsion, which act between droplets in an emulsion include: 

• Steric forces, originating from hydrophilic molecules, which get attached to the surface 

of oil droplets [118] 

• Depletion repulsive forces, are a result of hydrophilic macromolecules dissolved in an 

aqueous phase [250] 

• Hydration forces are observed at small distances between droplets and result in the 

surfaces repelling each other [251] 

 

The non-DVLO forces of attraction, which act between droplets in an emulsion include: 

• The hydrophobic effect, which describes the attraction between hydrophobic molecules 

and surfaces that draws them together [210,220,252,253] 

• Depletion attraction forces occur in emulsions that have a combination of large and 

small droplets. According to the literature, the small droplets push the larger droplets 

toward each other when the separation distance between the larger droplets is less than 

the size of the small droplets [250,254] 

 

Of particular importance in the understanding of emulsion stability and processing has been 

research associated with the role of polymers either to stabilise the emulsion or to destabilise 

it for processing [118,255]. 

 

2.6.4.1. Non-DLVO forces resulting from polymer addition 

Polymers are widely used as emulsion stabilisers in a number industries and in particular 

protein polymers are used in the food and pharmaceutical industries [255]. The addition of 

polymers to an emulsion can facilitate the breakage of oil droplets during emulsification, by 

lowering the oil–water interfacial tension, as well as stabilising the droplets against coalescence 

during emulsification as well as during storage of the formed emulsions [118]. 

 

The non-DVLO forces, which arise from the addition of polymers to an emulsion as depicted 

in Figure 2.8 include: 

• Depletion attraction 
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• Steric depletion, and 

• Bridging flocculation 

 

 

Figure 2.9. Forms of non-DVLO forces developed through the addition of polymers. 

 

The efficiency of polymer agents depends on the density and structure of the polymer’s 

adsorption layers on the droplet surface [223,250,256,257]. The quantity of polymer adsorbed 

and the structure of the adsorbed polymers is a function of a number of factors, which include 

the polymer and electrolyte concentration, pH, pre-heating of the polymer solutions and type 

of the polar phase [256,258,259]. It should be noted these effects are still not well understood 

and require additional research in the field. 

 

2.6.4.2. Depletion attraction 

Depletion interaction processes have been widely used and reported on in colloid chemistry 

since the theory was first proposed in the 1950’s by Asakura et al. [193,242,254]. The theory 

describes the presence of an attractive force appearing between two bodies immersed in a 

solution of macromolecules, i.e. polymers. The magnitude of the force varies with 

concentration, shape and charge of the polymers [250,257]. The depletion interaction is an 

entropic interaction that occurs in a mixture of large and small colloids [223]. This force 

functions as an attractive interaction between droplets and is schematically presented in the top 

half of Figure 2.9 [254]. 
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2.6.4.3. Steric repulsion  

Steric repulsions are forces between emulsion droplets that result from adsorption of polymer 

chains on emulsion droplets and are defined quantitatively in terms of the free energy change 

during that adsorption process. [118]. The stabilising role of the adsorbed polymers is explained 

by their effect on the surface forces, e.g., by modifying the electrical potential of the droplet 

surface and the Van der Waals interactions or by creating a steric barrier to droplet coalescence. 

The most important type of steric interaction is repulsive in nature and the phenomenon is often 

described as a volume restriction effect [260]. It is commonly referred to as steric or overlap 

repulsion and is schematically illustrated in the bottom half of Figure 2.9. 

 

The physical basis of the steric repulsion is a combination of (i) a volume restriction effect 

arising from the decrease in possible configurations in the region between the two surfaces and 

(ii) an osmotic effect due to the relatively high concentration of adsorbed polymers in the region 

between the two surfaces as they approach one another. It is assumed here that the particles 

themselves are impenetrable. 

 

The polymer adsorption layers result in the stabilisation of the emulsion films formed between 

neighbouring droplets against rupture. The detailed molecular mechanisms for emulsion 

stabilisation by adsorbed polymers are still only poorly understood and are constantly being 

investigated to gain a better understanding. 

 

2.6.5. Pickering emulsions 

Solid particles added to an oil-in-water emulsion may attach to droplets and impart stability for 

significant periods, which could last for weeks or even months [261–263]. Particle stabilised 

emulsions, also known as Pickering emulsions, have garnered interest in recent years and in 

particular the process by which particles alter the stability of an emulsion [264]. The particles 

stabilise the emulsion preventing processes such as flocculation and coalescence [262].  

 

Conventional Pickering stabilisers include rigid micro or nano sized particles of highly cross-

linked polymers, which include compounds such as polystyrene polymethylmethacrylate and 

amorphous solids like silica [213]. Particle stabilised oil droplets may have applications as drug 

delivery or formulations may attach to droplets and impart kinetic stability for significant 

periods, namely weeks or even months [261–263,265].  

https://www.sciencedirect.com/topics/chemistry/emulsion
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Softer particles like proteins have been used effectively for the stabilisation of emulsions 

[213,264]. Predicting the lifetime of an emulsion and the processes by which it destabilises 

remains challenging, even for surfactant and Pickering stabilised emulsions [165,261–

263,265,266]. 

 

2.7. Principles of emulsion processing 

The technologies and processes associated with breaking and separating emulsions into the 

phases of oil and water can be induced chemically, electrically and physically 

[101,112,139,147,156]. This process of breaking and separating emulsions is called 

demulsification. Technologies for treating emulsions of oily wastewater include gravity 

separation, microfiltration and ultrafiltration, membrane separation, activated carbon 

adsorption, dissolved air flotation, induced air flotation, electro flotation, column flotation, 

biochemistry, coagulation, coalescence, hydrocyclonic separation as well as many novel and 

hybrid systems [81,101,112,114,139,147,156,267,268]. 

 

In order to initiate the separation of the emulsion, droplets need to collide, aggregate and 

coalesce to form larger droplets and eventually free oil. Droplets can collide under the influence 

of three different transport mechanisms, namely Brownian diffusion, fluid convection and 

droplet interactions [269]. 

 

In summary, the process of emulsion separation can be understood as follows: 

1. The oil droplets in an emulsion are negatively charged 

2. All of the oil droplets take on the same charge  

3. Droplets need to collide to aggregate, flocculate and coalesce to form free oil 

4. In a pure oil-in-water emulsion, particularly with a small DSD, the electrostatic 

repulsive force between droplets prevents the droplets from aggregating, flocculating 

and coalescing; implying their ζ potential is too strong and Brownian diffusion is not 

sufficient as a transport mechanism to overcome electrostatic repulsion 

 

Different results may occur when two droplets collide depending on the droplet size and the 

possible presence of surfactants as schematically represented in Figure 2.10: 

(i) the droplets can rebound;  
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(ii) they can flocculate if the intermolecular repulsive forces are sufficiently strong to 

hold the droplets separated at a small equilibrium distance; 

(iii) they can coalesce if the film ruptures.  

 

 

Figure 2.10. Process of droplet approach and coalescence. Adapted from [120]. 

 

Taking into account the above, one of the key processes always considered in emulsion 

treatment is charge neutralisation and electrical double layer compression of the individual 

droplet [270,271]. This reduces the repulsive potential of the droplets and allows them to 

approach each other in closer proximity, potentially forming microflocs. This process of charge 

neutralisation and electrical double layer compression of the individual droplets is known as 

coagulation [41,259]. 

 

The neutralised surface charge and electrical double layer compression directly impacts and 

lowers the ζ potential of the emulsion, which then allows droplet interactions causing droplet 

aggregation [272]. Despite coagulation being a very simple process arising from droplet charge 

neutralisation, it is often confused with flocculation. The difference between the two processes 

will be further explained in the following sections. 
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2.7.1. Coagulation  

Coagulation is an essential process in wastewater treatment [168,169]. As reported in the 

literature, coagulation is one of the most widely applied processes for water and wastewater 

treatment to remove suspended particles, decrease turbidity, remove colour and remove 

pathogens [9,47,122,124,125,168,273–275]. 

 

Coagulation is a process that is considered to alter the nature of droplet interactions [276–278]. 

In the treatment of emulsions, the coagulation process disrupts the electrostatic stability of the 

emulsion and in particular assists with enhancing the collision of emulsion droplets [7,279]. 

The droplet interactions during coagulation are enhanced due to charge neutralisation resulting 

in aggregation and the formation of microflocs or free oil [125]. 

 

The efficiency of coagulation depends on a number of factors such as temperature, pH, dose 

and type of coagulant material, the size and distribution of the particles, total dissolved solids 

(TDS) and the concentration the colloidal particles in the suspension. With these parameters, 

the molecular and chemical characteristics of the pollutants need to be taken into account 

before selecting and applying the process of coagulation. 

 

2.7.1.1. Coagulation mechanisms 

In the literature, four mechanisms of coagulation are generally referred to, which include, 

charge neutralisation, adsorption, bridging and sweep [276–278]. Figure 2.11, depicts 

graphically the coagulation mechanisms. 
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Figure 2.11. Schematic representation of the mechanisms of charge neutralisation and micro 

floc formation during coagulation in a colloidal suspension.  

 

Charge neutralisation coagulation also often referred to as electrical double layer compression, 

occurs when the coagulants added to an emulsion result in increasing the concentration of 

positively charged ions in the diffuse layer around the droplets [278]. This results in the 

compression of the diffuse double layer and lessens the electrostatic repulsive forces between 

approaching droplets [41,259,280]. 

 

Adsorption coagulation takes place with the addition of coagulant which results in cations 

species being adsorbed onto the surfaces of the oil droplets, which neutralises their surface 

charge [272,281].  

 

Bridging coagulation, also referred to as inter droplet bridging coagulation, dominates the 

coagulation process, especially when chemical polymers are used as the coagulant [279,281]. 

The polymer adsorbs onto the droplet surface and causes charge neutralisation as well as 

bringing the droplets into close proximity to each other. Polymers possess chain structures that 

bind the particles into larger and compact agglomerates. Polymers with high molecular weight 

are frequently more effective due to their longer chain lengths [279,281]. 

 

Sweep coagulation, also known as colloidal entrapment or enmeshment, occurs when a metal 

salt is added to wastewater at concentrations sufficiently high to cause precipitation of 

http://wcponline.com/glossary/coagulant/
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amorphous metal hydroxides, where droplets can be enmeshed in these precipitates 

[126,275,276,282]. It is the formation of these precipitates that instigate the sweep coagulation, 

however these precipitates, combined with oil droplets, result in the formation of sludges 

[12,48,124–127]. These sludges may be toxic and often require further processing. [12,128–

131]. This mechanism consumes coagulants in excess of that predicted by the stoichiometry. 

 

Coagulation is the primary treatment process used in the production of clean drinking water 

treatment, it involves the addition of iron or aluminium, usually added as ferric sulphate or 

aluminium sulphate, which are readily soluble in water, however other chemicals, such as lime 

(Ca oxide or hydroxide), are also employed [245,283]. At low coagulant dosages, adsorption 

and charge neutralisation are possibly the dominant mechanism of coagulation [276,284]. 

However, at high doses of coagulant sweep coagulation is the dominant coagulation 

mechanism [276,285]. 

 

In practice, coagulation can be achieved by chemical and electrical means and will be reviewed 

in the subsequent sections in more detail [286,287]. Chemical coagulation (CC) and to a lesser 

extent, electrocoagulation (EC), are used in wastewater treatment processes for suspended 

particle removal [236,288,289]. Even though both, CC and EC are used for similar 

applications, they specifically differ in the dosing method. With EC the coagulant is added by 

electrolytic oxidation of an appropriate anode material, while in CC dissolution of a chemical 

coagulant is used [123,288]. These different methods operate different physical and chemical 

regimes, which impact the mechanism of coagulation and the formation of the flocs [245].  

 

In summary, chemical coagulation utilises chemicals to achieve coagulation while 

electrocoagulation technology is a treatment process involving the application of electrical 

current, to produce the metal coagulants at the anode [154]. Coagulation is one of the most 

common pre-treatment processes for a number of wastewater treatment applications, which 

include flotation, biological treatment, filtration and membrane methods [56,125,290–292]. 

 

2.7.1.2. Chemical coagulation  

Chemical coagulation (CC) is the use of specific chemicals, called coagulants, to drive the 

coagulation of colloidal suspensions [286,293]. As highlighted in the previous section, the key 

function of the coagulant is to disrupt the forces of electrostatic repulsion, between the colloidal 
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particles, which in turn disrupts stability of the colloidal suspension, resulting in the formation 

of microflocs [169,294]. Coagulation processes utilising coagulants, are among the most 

widely applied processes for water and wastewater treatment [286,293]. Coagulants are 

typically solutions of salts with high ionic strength or polymers, which attract the colloidal 

particles or oil droplets causing them to agglomerate forming larger particles [295].  

 

In the area of water treatment, clarification of water with coagulating chemical agents, 

coagulants, has been practiced since ancient times, using a variety of substances, with the most 

notable being crushed seeds. The clarification of water with coagulants has been practiced by 

the Egyptians, from as early as 2000 BC, using crushed almonds smeared around the inside of 

a vessel to clarify water [274,294,296]. The most common and commercially available 

coagulants are the metal salts of aluminium and iron, which include aluminium sulphate, 

Al2(SO4)3, also known as alum, poly aluminium chloride (PAC), Al2Cl(OH)5, ferric sulphate 

and ferric chloride [47,125,138,293,294,297]. Aluminium sulphate, also known as alum, has 

been used as a coagulant in water treatment in England for the treatment of public water 

supplies since 1881 [274].  

 

In recent years, various types of coagulants have been developed and researched for emulsion 

separation, which include inorganic, organic, synthetic and natural polymers, biomaterial as 

well as combinations of materials [233,290,296]. Aluminium based coagulants such as alum 

and PAC are commonly used to treat drinking water to enhance the removal of particulate and 

colloidal material. Iron and aluminium form many different cationic species in the pH range 

normally used in water treatment works (7 to 8, but sometimes lower), which help destabilise 

the natural particles by compressing the electrical double layer and/or eliminating the negative 

surface charge on the particles. Many other salts and materials may be used to add cations into 

the water. Iron and aluminium, when added at a high enough concentration, readily precipitate 

in different forms of iron (III) hydroxide and aluminium (III) hydroxide. 

 

When added to water, the aluminium and iron salts dissociate and hydrolyse to form soluble 

polymeric and monomeric hydrolysed metal species, which form positively charged metal 

complexes and interact with the negatively charged droplets prior to precipitation. Mattson in 

1928 concluded that the hydrolysis products of the coagulant species is responsible for the 

reduction in the turbidity and colour during water treatment [271,298]. 
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The following Al hydrolysis products may be involved: 

• five monomers (Al3+, Al(OH)2+, Al(OH)2+ , Al(OH)3 and Al(OH)4
- 

• three polymeric species (Al2(OH)2 
4+, Al3(OH)4 

5+ and Al13O4(OH)24
7+ 

• as well as solid precipitate Al(OH)3 

 

It should be noted that the above Al hydrolysis species do not exist as free ions in water, but 

will always be hydrated with varying numbers of water molecules. 

 

Several other formulae for polymeric Al species have been reported in literature, which include, 

Al13O4(OH)24
7+, often denoted by Al13, which is the most effective and stable Al species in 

wastewater treatment [299]. As highlighted previously and reported extensively by Sillanpää 

et al., [125] for Al-based coagulant, the mechanism is the positive Al hydrolysis products and 

specifically Al-based precipitates that act as the drivers of emulsion destabilisation. The 

destabilisation process occurs through adsorptive deposition resulting in the charge 

neutralisation of the negatively charged particles. The positively charged Al-based precipitates 

neutralise dissolved anionic organic compounds and promotes precipitation. An example of 

this is with the carboxylic and phenolic functional groups in organic compounds, which can be 

neutralised by the hydrolysis products of alum [125].  

 

Fe(III) hydrolysis products are considered to be: 

• five monomers, Fe3+, Fe(OH)2+, Fe(OH)2 
+, Fe(OH)3 and Fe(OH)4

- 

• a dimer Fe2(OH)2 
4+ 

• a trimer Fe3(OH)4 
5+ 

• and a solid precipitate Fe(OH)3 

 

It should be noted that the above Fe hydrolysis species do not exist as free ions in water, but 

will always be hydrated with varying numbers of water molecules. 

 

As highlighted in Figure 2.12, the metal salts increase the concentration of positively charged 

ions in the diffuse layer around the particle, resulting in the compression of the EDL, reduction 

of the electrostatic repulsive forces between droplets and the formation of microflocs. [280]. 

The microflocs formed during coagulation are usually small, compact and extremely fragile.  
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Figure 2.12. Schematic representation of the mechanisms of charge neutralisation and micro 

floc formation during coagulation in a colloidal suspension.  

 

The extensive use and application of Al based coagulants in recent years have been a function 

of cost, where overall availability and efficiency to reduce turbidity are the main reasons for 

the prolonged application of Al based salts. It has also been reported that Al coagulants resulted 

in higher removal of organic content from wastewater as compared to other coagulants 

[237,300]. 

 

The toxicity issues of Al-based coagulants can possibly be attributed to monomeric aluminium 

ions, which are more available to living organisms than polymeric aluminium [115,263]. The 

residual aluminium concentration in the treated water was also found to be lower with PAC 

compared to using other aluminium based coagulants. The ancillary pollution generated from 

the addition of chemicals is considered the main drawback of the CC process. Lately, the 

application of ferric coagulants is gaining ground over the aluminium counter parts mainly due 

to the suspected health risks associated with residual aluminium and the better separation and 

removal capacities of ferric coagulants [130,136,302]. 

 

Determining the correct coagulant concentration and dosing process are important parameters 

and determine the overall treatment efficiency. It has been reported that coagulant overdosing 

results in a significant increase in the quantity of sludge generated and a decrease in pH 

[277,303]. An incorrect coagulant may also result in residual coagulant metals remaining in 

the treated water, hence the need for a closely regulated coagulation process [2,130,300]. 

According to reports, alum specifically produces significant amounts of sludge, but with a 

lower solids content, as compared with ferric chloride, which produces relatively smaller 

volumes of sludge [277,296]. 
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As highlighted previously, the pH is also an important parameter to be optimised to establish 

an efficient coagulation process. In this regard, when the reaction pH is above the pH at which 

the coagulant solubility is minimal, 5.8 and 6.3 for ferric chloride and aluminium chloride 

respectively, high molar mass polymers species are generated [283]. When the pH is below the 

pH at which the coagulant solubility is minimal, medium mass polymers or monomers are 

produced. The higher pH is preferred because of higher solubility of the coagulant.  

 

The selection of the coagulant for a specific emulsion is probably the most important initial 

process parameter and this is typically done through a jar test [304]. According to literature, 

the main operating conditions and parameters affecting the overall efficiency of any 

coagulation process are pH, the coagulant type and dosage [44,296,305,306]. Rapid mixing is 

required for proper dispersion of coagulant chemicals, to promote particle collisions and micro 

floc formation [307]. 

 

2.7.1.3. Electrocoagulation 

Electrocoagulation (EC) technology is a wastewater treatment process that applies an electrical 

current to treat and remove wastewater contaminants [154,286,308–310]. EC is an alternative 

to classical chemical coagulation, as it reduces the need for chemicals. The anodic electrodes 

deliver the coagulant directly into the suspension electrochemically [169,245,311].  

 

The most basic EC reactor consists of an electrolytic cell with an anode and a cathode 

[312,313]. EC uses iron or aluminium metal sheet electrodes that are arranged in anode and 

cathode pairs [314]. When electrochemically oxidised, the anodes generate the most commonly 

used ionic coagulants namely, Fe3+ (the initially formed Fe2+ is rapidly oxidised in air to Fe3+) 

and Al3+ [278]. As with CC, the dissolved Al3+or Fe3+ions are hydrolysed to form polymeric 

coagulant species [123,311,315].  

 

Over the last few decades EC has become recognised as an efficient technology for various 

wastewater treatment applications, including organic matter removal and emulsion processing 

[7,38,286,316–318].  

 

The dissolution of coagulant into solution is governed by Faraday's Law, as depicted by 

Equation 2.4 [303]: 
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 w=(i∗t∗M)/(Z∗F), Equation 2.4 

 

w = metal dissolving (g/cm2), i = current intensity (A/cm2), t = time (s), M = molecular weight 

of metal (g/mol), Z = number of electrons involved in the oxidation/reduction reaction, F = 

Faraday's constant = 9.64 x 104 coulombs per mole. 

 

For EC the active coagulant species are generated in situ by electrolytic oxidation of an 

appropriate anode material, therefore differing from the direct application of chemical 

coagulants such as metal salts or polymers and polyelectrolytes. The electrochemical half 

reactions occurring in the EC cell, utilising an aluminium anode and their corresponding 

standard electrode potentials, illustrated by Equations 2.5 and 2.6, are: 

 

Cathode:  

 2H2O + 2e− → H2(g) + 2OH-(aq), Eº = −0.83V, Equation 2.5 

 

Anode: 

 Al(s) → Al(aq)3+ + 3e-, Eº = 1.662V, Equation 2.6 

 

Al(aq)3+ species produced by electrolytic dissolution of the anode (Equation 2.6) immediately 

undergo spontaneous hydrolysis reactions, which generate various monomeric species 

according to the following sequence (omitting co-ordinated water molecules for convenience): 

 Al3+ + H2O → Al(OH)2+ + H+ , Equation 2.7 

 Al(OH)2+ +H2O → Al(OH)2
+ + H+ , Equation 2.8 

 Al(OH)2
+ + H2O → Al(OH)3 +H+  Equation 2.9 

 

Hydrolysis reactions, illustrated by Equations 2.7– 2.9 make the anode vicinity acidic. 

Conversely, hydrogen evolution at the cathode (Equation. 2.5) makes the electrode vicinity 

alkaline. Cationic hydrolysis products of aluminium then react with OH− ions to transform 

finally in the bulk solution into amorphous Al(OH)3(s) [319]. 
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In EC, as opposed to in CC, no negative counter ions besides OH- are added. Cl- or SO4
-2 ions 

can influence the aluminium hydrolysed species, because they can replace the hydroxyl ions 

and their absence in EC may affect the coagulation mechanisms.  

 

The overall efficiency of the EC processes is a function of the duration of the electrolysis, the 

value of the electrical current, concentrations of the targeted contaminants, pH and conductivity 

of the aqueous phase. To date, several studies have investigated the use of EC to improve the 

separation of emulsions; these have also included the use of EC in combination with other 

technologies like centrifugation, filtration, heating and chemical treatment [320]. In the 

literature, EC is also often referred to as electro-coalescence [154,320–322]. 

 

High commercial electricity consumption is one of the disadvantages in the operation of 

lengthy electrocoagulation processes. To alleviate this problem, an integrated photovoltaic-

electrocoagulation system has been demonstrated and used in treating oil palm mill effluent 

[323]. 

 

In wastewater treatment, in order to increase the overall efficiency, coagulation is almost 

always utilised as a pre-treatment process followed by processes such as flocculation, filtration 

or flotation. It should be noted that coagulation and flocculation are distinctly different 

processes and phenomena. A number of literature reports incorrectly use the term coagulation 

and flocculation interchangeably, coagulation is correctly defined as the electrostatic disruption 

and destabilisation of colloidal particles [14,129,238]. Flocculation describes the process in 

which the destabilised particles are induced to make contact leading to the formation of larger 

aggregates. Flocculation is a physical process, requiring gentle mixing in which the charge 

neutralised suspended colloidal particles clump together into a floc. In modern water treatment, 

coagulation is a fundamental process and often used as a pre-treatment process in combination 

with other treatment technologies [219,286,287].  

 

2.7.2. Flocculation as a process 

Flocculation is defined as a process that is used in water treatment to aggregate colloidal 

material after charge neutralization by coagulants, or by the use of flocculants to form floccules 

(flocs), which can then be removed from the solution [129,324]. Flocs can be described as 

loosely held aggregations of small particles or in the case of emulsions droplets.  
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The flocculants are typically high molecular weight synthetic polymers; however, in recent 

years natural environmentally friendly and biodegradable flocculants, like chitosan, tannin, 

various agricultural gums and resins have increasingly been used [237]. 

 

The two basic mechanisms of flocculation are particle bridging and charge patch interactions. 

Polymer-induced bridging occurs when droplets are adsorbed onto long-chain polymers with 

high molecular weight and low charge density [237,268]. The adsorption is considered to be 

due to hydrogen bonding between hydroxyl groups in the polymer and hydroxylated sites on 

particle surfaces [256]. After adsorption and attachment of the droplets, the polymers create 

bridges from one droplet to other droplets, forming a three-dimensional matrix, as depicted in 

Figure 2.13.  

 

 

 

Figure 2.13. Schematic representation of polymer bridging flocculation. 

 

Charge patch flocculation occurs when positively charged regions of a low-molecular-weight 

polymer adsorb colloidal particles due to their negatively charged surfaces. It is also called 

'electrostatic patch' due to the formation of cationic ‘patches’ along the polymer chain, as 

depicted in Figure 2.14. 

 

 

 

Figure 2.14. Schematic representation of charge patch flocculation. 
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In contrast to the process of coagulation, manipulation of the electric charge of the particle is 

not the dominant mechanism of flocculation. Flocculation is, in principle, all about collisions 

between the flocculants and the particles. The flocculation process is generally classified into 

two types, perikinetic and orthokinetic [324]. Perikinetic flocculation refers to collisions of 

droplets due to Brownian motion [325–327]. Orthokinetic flocculation is a result of bulk fluid 

motion, such as stirring, which results in the collisions [325–327].  

 

Flocculation can occur as a result of the reduced surface charge of the particles and hence a 

decrease in electrical repulsion force between colloidal particles, which allows the VDW force 

of attraction to stimulate initial aggregation of colloidal and fine suspended materials. 

 

The process of flocculation and floc formation generally involves the following steps, which 

occur sequentially: 

• Mixing and dispersion of the flocculant, 

• Adsorption of the particles onto the flocculant, 

• Aggregation of the combined particle /flocculant species, 

• The development of larger and stronger flocs. 

 

Flocs are fragile with various internal structures and in recent years researchers have focused 

on the floc breakage and regrowth process to better understand floc characteristics and 

formation mechanisms [306,328]. The rate of floc formation is a balance between breakage 

and formation, with the process eventually reaching a steady state either peri- or 

orthokinetically. The parameters that still need clarification include the number of bonds, 

location of attachment points and internal attractive and repulsive forces within the structure. 

Better flocculants can be developed on the basis of improved understanding of the flocculation 

mechanism. 

 

Flocculation combined with other treatment processes can be more efficient than flocculation 

as a process on its own [329]. 

 

2.7.3. Hybrid methods of oil separation 

It is evident that based on the scale and complexity of oil pollution in water, there is not one 

technique that can be considered the silver bullet for treating and processing oily wastewaters 
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and emulsions [7,271,330,331]. It is evident that the integration of various technologies, 

processes and methods to obtain the most optimised configuration and methodology is essential 

and a necessity for efficiently processing oily wastewater [20,78,110,292,332]. 

 

A number of researchers have to date evaluated and reported on the basis and design of novel 

hybrid wastewater treatment systems and these have been successfully applied in a number of 

other industrial wastewater associated applications [46,113,192,332]. Multiple hybrid 

treatment technologies are currently being studied, including biodegradation, advanced 

oxidation processes, electrocoagulation and microbial fuel cell technology 

[62,169,245,311,333].  

 

The next sections of this thesis, review the effectiveness of different coagulation-based hybrid 

treatment methods applied to oily wastewaters and emulsions. 

 

2.7.4. Coagulation / flocculation  

Coagulation followed by flocculation is one of the most widely used process combinations for 

the removal of suspended solids, colloidal material, organic matter and for emulsion processing 

[17,124,129,274,275]. It is a relatively simple and efficient method for wastewater treatment 

and has been extensively used for the treatment of various types of wastewater and widely 

employed in many industrial fields, including mining, oil extraction and paper production 

[160,237,334]. It is essential that the fundamentals of the processes are clearly understood in 

order to maintain the desired processing results. 

 

The efficiency of coagulation / flocculation, depends on factors such as temperature, ionic 

strength, pH, type and dose of coagulant material, the size and distribution, TDS, concentration 

and properties of organic materials and colloidal particles in suspension. 

 

Flocculants facilitate the agglomeration of the coagulated particles to form larger floccules and 

thereby hasten gravitational settling. In wastewater treatment, coagulation and flocculation are 

employed, to generate flocs following which, a solid separation process is employed to separate 

suspended solids from the aqueous phase [17,124,129,160,237,274,275,334]. Many 

researchers have added coagulants during wastewater treatment even though it was not 

necessary. When flocculation occurs after a coagulation process, the micro flocs created during 
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the coagulation process are further aggregated to form larger flocs utilising controlled levels of 

flocculants and mixing [237,268,329]. Coagulation–flocculation is a two-phase process 

designed at destabilising colloidal particles and aggregating the particles into larger flocs which 

is then followed by a separation process [286].  

 

Flocculation is the second part of the hybrid process that results in the aggregation of 

coagulated particles and floc formation. Particle aggregation is contingent on the degree of 

destabilisation achieved during the coagulation process and on the rate of successful collision 

between the particles. According to the literature, flow system forces and the collision 

geometry will have a major impact the floc structure which varies significantly between 

different systems [286]. Coagulation with flocculation in sequential steps are common pre-

treatment processes for a number of wastewater treatment applications such as flotation, 

biological treatment, filtration and membrane methods. 

 

2.7.5. Coagulation / flocculation / flotation  

Coagulation with flocculation, has most notably been used for the separation of oil from oil in 

water emulsions, as a pre-treatment method with other water treatment technologies such as 

dissolved air flotation (DAF) or membrane processes, as depicted in Figure 2.15 

[125,160,168,275]. 

 

 

Figure 2.15. Wastewater treatment utilising DAF with coagulation and floculation as 

pretreatment. 

 

Gas flotation is a process whereby suspended particles are separated from the liquid bulk phase 

with the assistance of gas bubbles. These bubbles are introduced into the wastewater stream 

and adhere to the solid particles as they rise through the liquid phase [335,336]. The attached 
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bubble drastically improves the buoyancy of the particle and causes the particle to rise to the 

surface. 

 

The general approach of the flotation process is to pre-treat the wastewater with coagulants and 

flocculants [337]. The gas bubbles, usually air, selectively attach to the flocculated solids and 

carry them to the surface of the liquid where they can be separated. The efficiency of the 

flotation process is a function of the probability of particle-bubble collision, particle-bubble 

attachment and particle-bubble detachment [338,339]. The flotation and separation of fine 

droplet emulsions usually requires, coagulants, flocculants, small bubbles and quiescent 

conditions in the separation zone of the flotation unit [62,336,340]. It is important to note that 

in order to increase the efficiency of the flotation process the bubbles preferably need to be 

(much) smaller than the particles to be floated. It is for this reason that coagulation and 

flocculation parameters need to be optimal in order to get the best flotation performance.  

 

Gas flotation methods have been used for several decades in drinking water treatment as an 

alternative clarification method to sedimentation. During flotation, fine particles, oil droplets 

and other colloidal contaminants are removed from wastewater utilising the hydrophobic or 

hydrophilic properties of these contaminants, where the particle–bubble interaction is the 

fundamental process. However, the principles governing the interactions are not fully 

understood in detail. 

 

Flotation as a wastewater treatment technique has been studied and reported in detail and has 

proved to be a cost-effective method to process oily wastewater and emulsions, which are not 

easily processed by other standard separation techniques [15,56,62,268,341]. By attaching gas 

bubbles to the oil droplets, both oil and associated solids can be floated to the surface. 

Separation of oily wastewater is enhanced by the rise velocity of the gas bubble being much 

higher than that of a comparably sized oil droplet, due to the higher specific gravity differential 

with water [329]. The mechanism of flotation for oil separation is a function of the forces in 

the bubble-droplet, the differences in density between the gas bubble, oil droplet aggregations 

and the aqueous phase [11,63,342]. 

 

Flotation is considered an effective process for oily wastewater treatment with the appropriate 

pre-treatment for increasing the DSD of the oil droplets or oil aggregates in the emulsion 

[57,340,343]. The other important aspect is that the oil droplet must be brought into contact 
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with the bubbles in order for the bubbles to attach to the droplet surface [62,145,335,344]. The 

principle is that if the bubbles and the droplets don’t come into contact, flotation will not take 

place [268,338,345–347]. The floated oil droplets rise to the surface, while the processed water 

is removed from the bottom of the flotation tank. In order to remove dissolved organic 

compounds from the wastewater, post flotation treatment processes are implemented [103]. 

 

Efficient flotation can only be achieved if the surface properties of the oil droplets are 

thoroughly understood in order to create the conditions necessary for the optimal amounts of 

chemicals to be added, which has a direct impact on costs. With cost reduction and the 

utilisation of less chemicals, flotation technology could become more widely considered for 

emulsion treatment and processing. As observed in the literature, flotation is slowly becoming 

a technology of interest for processing and treating oily wastewater, specifically where the 

density of the oil is close to that of the aqueous phase [6,16,18,43,145]. 

 

Flotation processes for o/w emulsion separation is a function of the physicochemical properties 

of the aqueous phase, gas bubbles and the oil phase [257]. Understanding the physical and 

chemical properties of these parameters is a prerequisite to achieve an optimal and a functional 

flotation process [348]. The density and viscosity of the fluids, as well as the interfacial tensions 

between the fluids need to be carefully considered in order to design an efficient flotation 

process. Important parameters to consider include, size of bubbles generated, oil droplet size, 

the bubble droplet attachment as well as the bubble rise rate [349]. 

 

The use of chemicals, such as coagulants and flocculants is mostly utilised prior to the flotation 

process, however, the chemicals may contaminate the water and/or degrade the oil, which 

produces large quantities of potentially toxic water and sludge [125,136,158,296,350]. The 

sludge often requires further processing and dewatering, following which it is often disposed 

of at solid waste landfills where it is exposed to the environment [121,122,128,351]. The 

current drivers in oil in water emulsion treatment are to produce clean water and to recover the 

oil as a secondary product for reuse [127,174,352]. 

 

As reported in the literature, small gas bubbles can adhere and capture small oil droplets , while 

larger bubbles capture the larger oil droplets, implying that a range of gas bubble sizes is 

advantageous for optimal emulsion separation [340,348]. In addition to bubbles, chemical pre-

treatment is usually required for effective emulsion treatment in order to ensure destabilisation, 
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the coalescence of oil droplets and phase separation. Gas bubbles and oil droplet collisions and 

adhesion is a crucial step in gas flotation, which can only be successfully achieved if this 

mechanism is understood. 

 

The mechanism where gas bubbles and oil droplets interact, can be explained as the entrapment 

of gas bubbles by oil droplets to facilitate the rapid flotation and separation of the oil. Initially 

there must be a collision between the bubble and the oil droplet. Due to the fact that gas rises 

faster than oil, the flow pattern around the rising bubble could be reducing the possibility of 

attachment. Oily water flotation processes require the following important steps, which include 

[1,6]: 

• Flocculation and coalescence of oil droplets, 

• Collision of oil droplets and gas bubbles, the attachment of bubbles to oil droplets and 

the spreading oil droplets onto gas bubbles are required for successful flotation, and 

• The rise and flotation of flocculated and coalesced oil droplets to the surface. 

 

From an oily wastewater processing perspective, flotation as a technology has proved itself to 

be an established, feasible and practical method [162]. Depending on the parameters of the 

wastewater, coagulation and flocculation is often utilised as an essential pre-treatment process 

for efficient flotation. The flotation process depends strongly on the charge of the particles and 

bubbles with the maximum rate of flotation achieved when the ζ potential of the bubbles and 

particles are substantially different [60,353,354]. 

 

By increasing the collision frequency between bubbles and droplets and capture efficiencies, 

greater separation efficiencies can be achieved. Increasing the amount of gas utilised and 

reducing the bubble size in the flotation process, collision probability between bubbles and oil 

droplets can be increased. Through efficient coagulation and the generation and use of micro 

sized bubbles the adhesion efficiency can also be increased. 

 

Flotation is considered a complex process, that is a function of thermodynamic and 

hydrodynamic forces associated with physicochemical interactions. The process of oil flotation 

is in essence different to mineral flotation in the fact that the oil droplets and the bubbles are 

elastic and have the same charge, which often results in them deforming each other rather than 

resulting in attachment. It is experimentally and theoretically clear that the flotation rate 
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increases with increasing particle size. Because of this, a number of techniques have been 

developed, which increase particle size. All of these techniques have the same feature; fine 

particles are induced to form flocs or aggregates [268]. A detailed review of the principles and 

associated mechanisms of flotation is described in the next sections. 

 

2.7.6. Flotation systems 

It is generally accepted that gas flotation as a separation process had its origins in mineral ore 

processing and separation [355]. In mineral processing, flotation is commonly referred to as 

froth flotation and is a process that selectively separates materials based upon there 

hydrophobic or hydrophilic character. During the flotation process stable froths are utilised to 

selectively separate different minerals from aqueous media [58,59,268,276,356–359]. The 

attachment of fine hydrophobic particles to gas bubbles results in the formation of lighter flocs 

that can be floated and removed at the water’s surface, while hydrophilic materials remain in 

the liquid phase, as presented in Figure 2.16. 

 

Figure 2.16. Schematic representation of the interaction of hydrophobic and hydrophilic 

particles with gas bubbles. 

 

Gas flotation and sedimentation are often referred to as gravity based separation technologies 

and are widely used in wastewater treatment processes [56]. Flotation processes are often 

preferred over sedimentation techniques and systems due to the following key advantages 

[268]:- 

• compact and smaller footprint 

• retention times which are much shorter with higher loading rates 

• higher effluent quality with the aid of coagulants and flocculants, and 
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• smaller and lighter particles have an enhanced separation efficiency 

 

In flotation processes and systems, a variety of different gases are utilised with air being the 

most common [360]. In some instances, air is avoided due to the presence of oxygen, which 

could potentially lead to metal oxide precipitation. Carbon dioxide and nitrogen are also used 

as an alternative in some gas flotation applications.  

 

Since its initial application, flotation has evolved and has become a fundamental process for 

oily wastewater treatment [16,62,216,335,343,361,362]. The attachment of droplets on a 

bubble is the result of a successful collision, attachment and the balancing of forces between 

the droplets and the bubble [363]. 

 

Within the relevant literature, four key steps of gas flotation treatment of oily wastewater 

treatment are often referred to and include: 

i. Gas bubbles generation: The quantity and size of the bubbles generated in relation 

to the oil droplets is essential in forming stable bubble-droplet aggregates. Low gas 

volumes and relatively large bubbles lead to poor droplet capture and separation 

efficiency [336]. 

ii. Bubbles and oil droplets contact: frequent collisions between bubbles and oil 

droplets are required to promote bubble droplet attachment and adhesion [56]. 

iii. Gas bubbles and oil droplet attachment: adhesion between oil droplets and bubbles 

is necessary to produce the required flotation buoyancy force. A low attachment 

efficiency results in ineffective separation. 

iv. Flotation of the oil aggregates and the removal of oil: the floated oil aggregates 

form an oil layer at the surface, which needs to be removed as part of the continuous 

flotation process.  

 

The two most commonly used flotation methods for industrial applications are induced and 

dissolved gas flotation systems [145,307]. These systems are used in floating organic material, 

small suspended particles and hydrocarbons [323,364,365]. Reports in the literature have 

demonstrated that particles with size as small as 3 μm can be removed by flotation with 

coagulation and flocculation [56,291]. Gas flotation is a commonly used in processing 

technology for wastewater treatment, oxygenation of wine, fermentation and many other 

processes [58,358,366].  
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According to the literature, the gas bubbles need to be smaller than the particle or droplet being 

floated out of solution, which implies a larger surface charge and a more efficient flotation 

process [63,338,367]. It has also been demonstrated by Lim et al. [64], that microbubbles in 

particular enhances separation of oil in water contamination as compared to larger bubbles. In 

certain applications, the addition of “frothers” results in smaller bubbles with a narrower bubble 

size distribution [368,369]. Frothers work by preventing bubble coalescence and act in concert 

with gas dispersion devices to control bubble size [355,368–372]. Despite the advantages 

associated with using frothers, there are however some reported disadvantages which include, 

choosing the correct frother for the associated application, frother stability, the selectivity of 

the frothers in separation efficiencies as well as blends have proven to be more effective 

[355,370,373]. 

 

Microbubbles have a relatively high ζ potential and experimental evidence has shown that the 

strong negative charge of microbubbles limits their coalescence, where the bubble integrity is 

maintained at any depth and can remain stable for extended periods of time [343,374]. The 

charge of the particles, combined with higher concentration of microbubbles in the media 

improves separation efficiency in flotation processes by the increasing collision 

probability.[344,375]. 

 

The operating parameters of an IGF and DGF have been described extensively in the literature 

and specifically for the processing of oily wastewater and emulsions 

[11,16,134,171,216,307,357,362,376,377]. 

 

2.7.6.1. Induced gas flotation 

IGF is often referred to in the literature as dispersed gas flotation, operates by dispersing and 

inducing gas bubbles into the aqueous influent [171,378]. The dispersion of gas can be 

achieved by mechanical or hydraulic methods.  
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Figure 2.17. Graphical depiction of a mechanical IGF system. Adapted from [357]. 

 

As depicted in Figure 2.17, for mechanically based IGF, centrifugal pumps or high speed 

impellers are used to generate a vortex that mixes and disperses the gas into the aqueous stream 

which assists to generate gas bubbles [378]. For hydraulic IGF system a venturi is used to mix 

and entrain gas bubbles. In most systems the design requires that a portion of the processed 

effluent is recycled and delivered to the flotation chamber to deliver gas bubbles into the 

wastewater. The flotation mechanism post gas dispersion is the same for both mechanical and 

hydraulic IGF systems. The floated oil and other light aggregates, resulting from the bubble-

droplet attachments, will rise to the surface of water where it will be skimmed off and removed. 

 

IGF is the major flotation method for the processing of mineral ores. IGF, in terms of practical 

application has a number of advantages over DGF, which include a compact flotation system 

that can be easily setup at a laboratory scale [16,62,171]. However, due to the relative coarse 

bubbles produced during IGF it is less efficient than DGF, which has much smaller bubbles. 

 

2.7.6.2. Dissolved gas flotation 

DGF is a separation process for removing suspended particles from liquid by floating the 

particles to the surface of the liquid with gas bubbles, where the gas bubbles are formed and 

released into the liquid after having been dissolved in the liquid under pressure [56]. As a 

separation technique DGF is used to treat wastewater contaminated with microorganisms, 

particles and droplets with (an un-flocculated) size range of between 10 – 100 µm [379]. The 
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most common gas utilised is air, where air is dissolved at high pressure in a saturator, or,  using 

a micro-bubble generating pump, and microbubbles are formed when water is released in the 

flotation unit at atmospheric pressure [343,380]. DAF as a process has been applied in many 

industries which include, wastewater treatment plants, in the mining and mineral processing 

industries to remove particles, as pre-treatment in desalination processes, for processing animal 

waste in the agricultural sectors, for wastewater at food processing plants and at crude oil 

refineries [343,379,381]. 

 

 

Figure 2.18. Graphical depiction of a DGF system utilising air. Adapted from [382]. 

 

As depicted in Figure 2.18, the water is saturated with air in a saturator at a pressure of between 

1 and 5 bar [63,382]. The dissolved air in the air saturated water is released when the water is 

fed through a nozzle usually located at the bottom of the of the DAF tank. In the contact zone 

the rapid pressure reduction results in the formation and release of microbubbles [343,383]. 

 

DAF is usually considered for the clarification process when the raw source water contains low 

density contaminants [382]. This includes solids formed by adding inorganic aluminium or 

iron-based coagulants that form hydroxide flocs in alkaline solution, which on removal lower 

turbidity, colour and organic content. 

 

Good coagulation is an important factor affecting flotation [160,277].  
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Three operating configurations have been described for DAF systems. These are: 

• Full-flow pressure flotation, where the influent is pressurised and then released in the 

flotation tank where the bubbles are formed. This is commonly used for particles, which 

do not need flocculation but require large volumes of air bubbles. 

• Split-flow pressure flotation, where part of the influent is pressurised and directly 

introduced into the flotation tank. This is employed in applications where suspended 

particles are susceptible to the shearing effects of pressure pump, also where suspended 

particles are at low concentration and thus have a low air requirement. 

• Recycle-flow pressure flotation, where a portion of treated wastewater is pressurised 

and recycled to the flotation tank. This is generally employed where coagulation and 

flocculation are needed and the flocculated particles are mechanically weak. Recycle-

flow pressure flotation is used more often than the others for applications, including oil 

removal. 

 

As a process IAF has a number of operational advantages over DAF, which include lower 

retention times, less than 5 mins, and a more compact flotation unit. IAF can have airflow rates 

of 100% of the water stream as compared to DAF where airflows relatively low at between 

 5% and 6% [343]. Mechanically agitated flotation systems are commonly used in the mineral 

industry with tank sizes up to 250 cubic metres (m3) [16]. In addition, IAF systems have the 

advantage of large capacities, high aeration rates and vigorously turbulent particle/droplet-

bubble contacting. However, a major disadvantage of IAF is that much coarser (and thus less 

efficient) bubbles are produced than in the case of DAF. Mechanically agitated flotation 

systems are used commercially for oil flotation, there is very little published studies on their 

overall flotation performance [16]. 

 

The attachment and spreading of oil on a bubble’s surface is much easier for smaller gas 

bubbles. Flotation efficiencies can be improved significantly by coalescing the oil droplets and 

manipulating the concentration and size of gas bubbles. Oil droplet coalescence can be 

achieved through the addition of coagulants, resulting in larger aggregates with more efficient 

collision and adhesion frequencies with the bubbles. 

 

It has been reported that the flotation process depends strongly on the charge of the particles 

and bubbles and that the maximum rate of flotation can be achieved when the ζ potential of the 
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particles is zero [14,22]. Chemical pre-treatment of oil–water emulsions to enhance, 

demulsification, is based on the addition of chemicals that destroy the protective action of the 

emulsifying agent, overcoming the repulsive effects of the electrical double layers to allow the 

micro sized oil droplets to form larger droplets through coalescence [23,24]. 

 

DAF requires high-pressure conditions to create a sufficient amount of dissolved air in water 

for the release of significant number of fine bubbles upon decompression. The emulsified oily 

wastewater is first pre-treated with appropriate coagulant and flocculant. Tiny bubbles, 

commonly between 10 -100 µm, are produced when the water flows through a pressure control 

valve (or patent pressure reduction nozzles) into an atmospheric pressure flotation tank. Gas 

solubility in a liquid is a function of pressure, which implies that larger amounts of 

microbubbles can be generated by increasing the saturator pressure. The gas saturated water is 

then released into the contact zone area of the flotation, where the bubble-droplet collisions 

and adhesions occur.  

 

The most common commercial DGF system is the dissolved air flotation (DAF) system. DAF 

systems are primarily used as a drinking water and wastewater clarification process when the 

raw source water contains low density contaminants [340]. 

 

Table 2.4. A comparison between IGF and DGF. Adapted from [16,62]. 

Parameters IGF DGF 

Bubble size  100–1000 μm 10–100 μm 

Bubble generation 

process  

Velocity based with dispersion 

of gas bubbles 

Gas bubble formation upon 

depressurization of gas liquid 

Bubble generation 

volume 

High Low (limited by saturation) 

Operating 

environment 

Turbulent multi-unit 

environment 

Quiescent single unit 

environment. 

Capital investment Relatively low Relatively high  

Foot print Relatively small and compact  Relatively large 

Maintenance Substantial; particularly 

associated with wear and tear in 

mechanical IAF systems 

Relatively small, few moving 

parts 

 

As highlighted in Table 2.4, there is a clear difference between the operating mechanisms of 

IAF and DAF, and a direct comparison between the process data is not always practically 

possible [56,62,160,336,340,362]. IAF and DAF have proved to be a viable technique for 
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processing oily wastewater and emulsions with dispersed oil droplets larger than 20 μm 

[14,57,62]. 

 

IAF, in terms of practical application, has a number of advantages over DAF, which include a 

compact flotation system that can be easily setup at a laboratory scale [16,171]. IAF utilises 

bubbles of greater than 100 µm in turbulent hydrodynamic conditions with relatively short 

retention times of less than 10 mins [377,384–386]. DAF on the other hand employs bubbles 

of less than 100 µm in size and quiescent environments. The smaller bubble sizes produced in 

DAF, ensures that the process is much more efficient in removing suspended solids as 

compared to IAF [377,387]. 

 

2.7.6.3. Electroflotation 

An alternative and effective smaller scale flotation technique is electroflotation, which is also 

known as electrolytic flotation [268,388]. The basis for the bubble generation at the cathode is 

electrolysis of the aqueous solution, where large amounts of small bubbles (hydrogen in case 

of water as the liquid) are formed at the cathode with minimum turbulence. The gas production, 

residence time and the other operating conditions of electroflotation can be evaluated quickly 

and are generally easily controlled [278,338,389,390]. 

 

Applications of electroflotation at an industrial scale, have been mainly in the area of colloidal 

system removal such as emulsified oils, pigments, ink and fibres from water as well as effluents 

that previously would not have been considered suitable for treatment by flotation [391,392].  

 

In general the electroflotation equipment is reliable and safe to operate since only low voltages 

in the range 5–20 Volts are utilised [388]. The relative quantities of gases produced are a 

function of current density and salinity of the solution. Electroflotation can be used in cases 

where air or other gases could be difficult to dissolve in a particular effluent. As highlighted 

previously, when a sacrificial iron or aluminium anode is utilised, the metal dissolves and 

produces coagulant ions implying electrocoagulation precedes flotation [319]. Electroflotation 

is an alternative to chemical treatment methods and can be implemented without adding 

chemicals [126,245]. 
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Throughout the process, fine bubbles nucleate at the cathode, detach and while rising to the 

water surface, attach to solid or liquid particles suspended in water [389]. The bubble-particle 

aggregates formed, float to the water surface and are collected by mechanical skimming [388]. 

 

In electrolysis of pure water using inert electrodes, the following redox reactions, as illustrated 

by Equations 2.10 to 2.12, occur. 

 

At the cathode electrode:  

 2H2O (l) + 2e- → H2 (g) + 2OH- (aq), Equation 2.10 

 

At the anode electrode: 

 2H2O (l) → O2 (g) + 4H+ (aq) + 4e-, Equation 2.11 

 

The overall reaction: 

 2H2O (l) → 2H2 (g) + O2 (g),  Equation 2.12 

 

These two gases, oxygen and hydrogen can be used either separately or together, or in 

combination with air bubbles in electroflotation [338]. The advantages reported in the literature 

include increased clarity of the treated wastewater and one of the disadvantages include low 

throughput volumes [366]. 

 

It has also been demonstrated by Lim et al. [64], that microbubbles in particular enhances the 

separation of oil in water contamination as compared to larger bubbles. As highlighted in this 

section, electroflotation produces small bubbles, however it has very little impact on the on the 

aggregation, flocculation and coalescence of oil droplets. As highlighted in previous sections, 

the emphasis for emulsion processing has been on the destabilisation of the emulsion to allow 

for aggregation, flocculation and coalescence of droplets to make larger droplets in order to 

increase the efficiency of the flotation technology. There are a number of reported processes 

associated with destabilisation of emulsions, which result in the flocculation, coalescence and 

flotation of oil droplets, however one flotation process that has caught the interest of a number 

of researchers is that of shear induced flocculation flotation [65–67].  
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2.7.7. Shear flocculation flotation 

Shear flocculation flotation, also referred to as shear flocculation technology, has been 

recognised as a phenomenon applicable to fine minerals and coals beneficiation for nearly 30 

years [69,70,73,393]. According to the literature, Warren in 1975 first reported and observed 

the aggregation of fine particles of scheelite with the application of hydrodynamic shear of 

sufficient magnitude [68,69]. Following this initial report, numerous authors from the mineral 

processing industry have reported the use of shear flocculation for the recovery of mineral fine 

particles, referred to as fines or slimes, which otherwise would have been discarded to tailings 

dumps [385,393,394].  

 

The formation of aggregates under shear conditions is commonly referred to as shear 

flocculation or selective flocculation [69,71]. The fines represent a potential resource and the 

recovery of valuable minerals and is an additional income stream. The fines are generally 

difficult to separate by gravity separation and flotation alone. Through selective shear 

flocculation the fines are increased in size and are then floated as larger flocs.  

 

The mechanisms of shear flocculation are generally believed to be as follows:  

• an added collector molecule adsorbs onto a mineral surface, leaving an aliphatic chain 

pointing toward the bulk solution, which results in the particle having a hydrophobic 

surface;  

• if a collision of sufficient momentum occurs, the kinetic energy of the particles is 

sufficient to overcome the surface repulsive force; 

• the hydrocarbon chains come together and form a hydrophobic bond, resulting in floc 

formation.  

 

The advantage of shear flocculation as reported in the literature, is the production of relatively 

stable hydrophobic flocs, which are strong and stable enough to withstand the turbulence in 

subsequent mineral processing operations [86,395]. The hydrophobic flocs can be separated 

from remaining hydrophilic dispersed particles by sedimentation or flotation. The importance 

of the shear flocculation in mineral processing has been increasing gradually since the initial 

report [393,396].  
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In addition to the hydrodynamic requirements, the mineral surface needs to adopt a 

hydrophobic surface, which usually requires the addition of surfactants that encourages 

aggregation at the particle-particle interface [69,385]. Selective adsorption of the hydrophobe 

or polymer onto the valuable particles is considered key and subtle effects of surface chemistry 

are involved in obtaining adequate selectivity [397]. Shear flocculation occurs when particles 

with hydrophobic surfaces collide at sufficient velocity to result in attachment. Flocs formed 

in this manner are smaller, but stronger than flocs formed with high molecular weight 

polymers. 

 

Despite extensive research by various investigators, shear flocculation has not been widely 

adopted in the mineral processing industry. Shear flocculation was found to have a narrow 

window in which optimal floc size is obtained, although the size increase was found to be 

relatively modest. A complication in real systems is that the initial suspension is often naturally 

coagulated and needs to be dispersed before being selectively flocculated. 

 

Following from the early reports, Bilgen et al. [69], reported in 1991 that highly charged 

particles in a suspension can be aggregated if they are hydrophobic and providing enough 

kinetic energy is applied to the system through agitation to overcome the energy barrier 

between the particles. It was this report, which led to several authors describing similar results, 

whereby shear is utilised to process and induce flocculation and coalescence of liquid - liquid 

dispersions [71,88,398]. 

 

2.7.7.1. Hydrodynamic shear 

Shear stress is most commonly applied to solids and shear forces act tangentially to a surface 

of a solid body, which may cause an associated deformation [91]. In contrast to solids that can 

resist deformation, fluids lack this ability and flow under the action of the force [399].  

 

When a fluid is in motion, shear stresses are developed due to the particles in the fluid moving 

relative to one another. For a fluid flowing in a pipe, fluid velocity will be zero at the pipe wall, 

the velocity will increase moving towards the centre of the pipe [399]. Shear forces are 

normally present because adjacent layers of the fluid move with different velocities compared 

to each other, as schematically depicted in Figure 2.19 [399].  
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Figure 2.19. Schematic representation of shear forces in a fluid. Adapted from [399]. 

 

To generate large amounts of hydrodynamic shear rotor–stator mixers and high shear 

homogenisers are often utilised [400]. Shear forces are key in a rotor stator homogeniser in 

which a metal shaft (rotor) rotates inside a stationary casing (stator) [401]. The sample is drawn 

into the narrow space between the rotor and stator and the droplets are broken into smaller 

droplets as depicted in Figure 2.20. 

 

 

Figure 2.20. Schematic representaion of a rotor stator mecahnism for droplet break. 

 

From the laws of fluid mechanics, the velocity of the fluid immediately adjacent to the rotor is 

the same as the velocity of the rotor [402]. It therefore follows that the velocity of the fluid 

directly adjacent to the stator is zero, which results in a high velocity gradient in the small gap 

between the rotor and stator and subjects the sample to high shear forces [403].  
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As highlighted in the previous sections as well by various literature reports, it is evident that 

there is not one technique that has the ability to effectively process all oily wastewaters. A 

hybrid technology of combining shear flocculation with flotation is a potential technique and 

has the possibility to yield exciting results in the field of emulsion processing. The process of 

shear flocculation for emulsion processing will be discussed in subsequent sections. 

 

2.7.7.2. The effect of shear on emulsions 

As highlighted in previous sections of this chapter, for an emulsion hydrodynamic shear forces 

affect both droplet break-up as well as droplet coalescence. The utilisation of high speed mixing 

is often associated with the formation of emulsions, where the oil is dispersed in the water 

phase and oil droplets are fragmented and broken into smaller droplets [151,404,405]. Smaller 

droplets take a longer time to separate and in presence of emulsifying agents they can form 

stable emulsions [151]. 

 

As discussed in the previous sections, for oil in water mixtures exposed to high shear 

environments, droplet break up is the dominant process and this results in the formation of 

emulsions with relatively small droplets, whereas in specific lower shear regimes, emulsion 

droplet aggregation and coalescence dominate [151,197,405]. 

 

If the energy dissipation rate is constant, shear forces acting on an emulsion balance the 

mechanism of coalescence and break-up, creating a stable range of droplet sizes existing in the 

flow. In general, the higher the energy dissipation rate and shear forces acting on the emulsion, 

the smaller the average DSD of the dispersed phase [74]. In an intermediate shear regime the 

balance between coalescence and breakup can shift either way [269]. The ratio between 

coalescence and break-up of droplets determines the droplet-size distribution in an oil-water 

mixture. 

 

This emulsion separation process is often referred to as shear coagulation, shear flocculation 

or shear coalescence [87,88,91,196,261,269,394,406,407]. It should be noted that it is not 

correct to describe the process as shear coagulation as no charge manipulation is conducted 

during the shearing process, however a number of reports use this term incorrectly including 

Vanni et al., Higashitani et al. and Bal [269,407,408]. 
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When an emulsion is subjected to shear flow, droplet collisions increase because of the inter 

droplet relative motion increase induced by the velocity field of the medium. If there are no 

repulsive surface forces between droplets, every collision will lead to flocculation and eventual 

coalescence. At low shear rates, when the shear stresses are small compared to the interface 

stresses, coalescence is the dominant process, while breakup of droplets occurs at high shear 

stresses [197]. 

 

Based on the literature, shear separation can be described in terms of two principal mechanisms 

[409]. The first being an increase in temperature, which breaks the outer film of droplets, as 

described in Section 2.5, and reduces the viscosity of the emulsion. The other is molecular 

rearrangement resulting from the movement of ions around the oil droplets in the water, which 

impacts the ζ potential due to the rearrangement of electrical charges surrounding the 

associated water molecules [409]. A combination of the above processes results in separation 

of an emulsion without the addition of any chemical agents. Therefore, the oil recovered from 

an emulsion can be reused and secondary pollution from chemical coagulants and flocculants 

are non-existent. 

 

In comparison to Brownian flocculation, based on the random motion of particles in the fluids, 

shear flocculation is due to the velocity gradient of the flow field. The mechanism of shear-

induced droplet flocculation has been studied in detail by a number of researchers, the 

mechanism generally depends on the balance between the shear forces and inter-droplet forces, 

as well as the susceptibility of the thin film between adjacent droplets to rupture [91]. Several 

studies have investigated the impact of relatively low shear stress on the flocculation rate [95]. 

There have also been reports that have demonstrated an increase in particle size distribution as 

a result of increasing shear rate [93,94]. Similarly, it was shown that by increasing shear rate 

on an oil–water emulsion the rate of droplet growth is increased [410].  

 

Shear induced flocculation can be described in terms of the DLVO theory [182]. Shear 

flocculation is a direct consequence of hydrodynamic shear, which plays an important role in 

the efficacy of the shear flocculation process [65,66,86,394]. Particle aggregation is a result of 

attractive force dominating, however it is accepted that droplets may require additional kinetic 

energy to overcome the energy barrier caused by repulsive forces [65,196,385]. Shear force 

has the potential to induce flocculation and droplet coalescence, despite unfavourable inter-

droplet forces [91]. 
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It is also known that in some cases, when hydrophobicity is sufficiently high, aggregation may 

occur in the absence of additional shear [14,51,129,397]. This is a result of transport 

mechanisms that facilitate droplet collisions, which include Brownian diffusion, fluid 

convection and interparticle interactions [14,78,129,193,233]. A number of studies have also 

reported that a specific amount of shear needs to be applied to an emulsion for shear 

flocculation to occur [87,91]. Shear-induced flocculation and coalescence with flotation has 

the potential to process emulsions with reduced amounts of chemicals and produce a relatively 

clean water stream and an oil product that can be recycled. 

 

According to the literature the collision frequencies for Brownian motion and laminar shear 

are independent, however the effects are additive for a wide range of conditions [411]. Despite 

the above rule of thumb, it is also accepted that in high turbulent flow or high shear 

environments, the mechanism of droplet fragmentation and break up is also accompanied by 

some degree of droplet aggregation and coalescence [151]. The equilibrium of droplet 

fragmentation and aggregation is a function of the properties of the emulsion and the associated 

hydrodynamic shear force [197,412,413]. The shear induced droplet aggregation, flocculation 

and coalescence has been reported by a number of authors in various levels of detail 

[65,87,91,196,394,414,415]. The mechanism of droplet aggregation is a function of inter-

droplet forces, the amount of applied shear, the ability of the thin film between adjacent 

droplets in an aggregation to rupture and result in droplet coalescence [91,196,269,409].  

 

Despite this interest, very little work has been done to quantify the exact parameters associated 

with the phenomenon of shear aggregation and flocculation in emulsions. It is therefore the 

aim of this research to further develop and understand this process of shear induced aggregation 

and flocculation through which, it may be possible that the use of chemical coagulants and 

flocculants can be reduced. 

 

The overall coalescence mechanism is driven by both hydrodynamic and thermodynamic 

factors. The rate of coalescence depends on parameters such as the viscosity of the droplet and 

of the continuous phase, the surface tension, the size of the droplets, type and intensity of flow. 

All of these parameters can be rearranged in a number of dimensionless parameters to describe 

the droplet deformation under flow and the kinetics of the coalescence process, with the 

Reynolds number being an important parameter describing the mixing of fluids. 
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2.7.7.3. Reynolds number 

The Reynolds number is a key parameter of fluid mechanics, which is especially useful in 

conceptualising industrial fluids mixing [416,417]. The Reynolds number is used in describing 

the boundary point between laminar and turbulent flow. Laminar flow is fluid flow 

characterised by long, smooth flow currents, mainly in the same direction as the bulk of the 

flow [416].  

 

In a closed mixing system, fluids with a laminar flow have Reynolds numbers less than 2,000 

[416,418]. Turbulent flow, is a fluid flow in which the velocity at any given point varies 

erratically in magnitude and direction. In a closed mixing system, fluids with a turbulent flow 

have Reynolds numbers greater than 4,000. Mixing, where Reynolds numbers are from 2,000 

to 4,000 is considered to be in the transitional zone, in-between laminar and turbulent flow 

regimes [419]. 

 

In wastewater treatment the Reynolds number can be calculated utilising Equation 2.13 below. 

 

 NR = D2ηρ/µ,  Equation 2.13 

where NR- Reynolds number, D- impeller diameter, η- revolutions per second, ρ- liquid mass 

density, μ- fluid dynamic viscosity. 

 

For water the ρ= 997 kg/m3 and μ= 0.0091 poise at 25 ºC 

 

2.7.7.4. Shear induced flocculation and flotation 

Shear flocculation with flotation has successfully been used in the processing of mineral ores 

and has been demonstrated to be a possible process of interest for the processing of o/w 

emulsions [92–95,240].  

 

Concerning the mineral processing industry, there is a considerable body of experimental and 

theoretical evidence to indicate that shear has the ability to play an important role as a pre-

treatment in the flotation process and on the overall flotation kinetics [65,69,72,385].  
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Studies have shown that low flotation efficiency in emulsion processing is mainly due to the 

low probability of bubble-droplet collision [335]. Efficient attachment of droplets to bubbles 

and improved flotation rate has been observed when a distribution of bubbles are produced, 

which includes bubbles in the range of 10 to 1000 µm, as described in Section 2.7.6. 

[23,161,335]. In an emulsion, the phase separation reaction kinetics are governed by the 

probability of droplet-droplet collisions [320,322]. It is therefore possible that the phase 

separation process can be enhanced by stimulating the interaction between the droplets, using 

external forces such as mechanical, electrostatic and chemical or a combination of these. For 

emulsion separation, it is experimentally and theoretically clear that the flotation rate increases 

with increasing DSD [338]. 

 

The use of shear to induce coalescence of oil in water emulsions followed by flotation has been 

reported by a number of authors, however the optimal parameters of the emulsion and of the 

conditions for coalescence and separation to occur still remain uncertain [87,88,91,261]. The 

shear rates used should be small enough such that droplet breakup is minimal and that 

coalescence due to Brownian motion is negligible. Also, the densities of the droplets and the 

continuous phase must be matched so that creaming-induced coalescence is insignificant. The 

increase in the overall DSD in the system, occurs due to shear-induced coalescence alone. The 

physicochemical properties of the two phases, particle characteristics and the nature of the 

interfacial layer will affect the shear rate at which these processes occur [200,328,420]. After 

a period of time, a steady state is reached between fragmentation and aggregation, which is 

marked by an aggregate size distribution that is constant and unique to the associated shear 

conditions of the system [286]. 

 

Taking into account the adverse effects of chemical processing, a number of authors have 

proposed that the utilisation of shear flocculation as a pre-treatment prior to flotation under the 

correct conditions could be a novel approach for emulsion processing [240,396,420]. The 

process has the potential to recover the oil from an emulsion, which can be reused and 

secondary environmental pollution caused by additional chemicals is avoided.  
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CHAPTER 3  EXPERIMENTAL DETAIL 

3.1. Chemicals and Materials 

This section presents the list of chemicals and materials used in the study. Analytical grade 

chemicals and solvents were used for all experiments and analyses as shown are in Table 3.1. 

 

Table 3.1. Source and purity of chemicals used. 

Chemical Source Purity 

Aluminium Sulphate Aqua Aero Vitae Pty Ltd 17% minimum 

Olive oil Sigma Aldrich 99.5% 

Hydrochloric Acid Kimix Chemical & Lab Supplies  37% 

Sasol Multigrade L SAE 20W-50 Sasol (South Africa) - 

Sasol Monograde 40 SAE 40  Sasol (South Africa) - 

Sodium carbonate Merck 99.5% 

 

All chemicals were used as purchased and received without further purification. The water used 

in all the experiments was ultra-pure purified water prepared with a Milli-Q water purification 

system supplied by a system from Millipore (South Africa, with resistivity 18.2 MΩ cm and 

TOC 2 ppb. 

 

3.2. Experimental Design 

The research methodology and experimental design was developed to evaluate the use of 

hydrodynamic shear with flotation to destabilise a variety of oil in water emulsions. 

 

The effect of shear and shear with air flotation on oil in water emulsions was studied in this 

research. Three different emulsions were selected; one based on olive oil, one based on Sasol 

multigrade and one based on Sasol monograde oil. Three emulsions were treated to 

demonstrate the effectiveness of the application on emulsions with varying chemical 

properties.  

 

Experiments were designed to investigate the impact of shear and flotation on emulsion 

stability and processing efficiency. According to previous studies, the application of shear and 

air flotation to an emulsion has an impact on the overall stability of an emulsion, however to 
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date very little research has been done to compare the efficiencies of each process individually 

[65,151,413]. 

 

A laboratory scale IAF and a pilot scale DAF plant were designed and fabricated. With both 

the IAF and the DAF system a shear mixer unit was integrated as part of the overall system. 

Experiments and experimental procedures were designed and conducted to analyse and test 

various oil in water emulsions with the IAF and DAF systems. Turbidity, ζ potential, 

conductivity, DSD and COD were measured pre and post treatment to determine the overall 

effect of the treated water. 

 

Figure 3.1. Experimental design for the IAF hybrid system. 

 

 

Figure 3.2. Experimental design for the DAF hybrid system. 

 

Figure 3.1 and Figure 3.2 highlight the experimental designs for the IAF and DAF system. 

 

Desktop experiments were conducted in the wet chemistry laboratory at the SAIAMC building 

and once satisfactory results were achieved, similar emulsions were prepared and processed 

with the shear mixing and flotation unit located in the laboratory container at the SAIAMC 

Pilot Plant building.  

 

The intention of the experiments at the laboratory container is to process larger volumes of 

emulsified wastewater utilising the novel hybrid system consisting of an industrial pilot DAF 

unit and a uniquely designed shear mixer. The aim of this system is to evaluate the use of shear 

mixing with flotation to break emulsions with the use of minimal chemical pre-treatment of 

coagulants and flocculants. 
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Treated water samples were preserved in opaque plastic sample jars at room temperature prior 

to analysis of each sample in triplicate, unless otherwise stated. 

 

3.2.1. Preparation of emulsions 

A homogeniser (JRJ300-I, solid/liquid powder emulsification mixer) was used to prepare the 

surfactant and emulsifier free oil in water emulsions for both the IAF and DAF shear 

experiments. The choice of homogeniser was based on availability in the market, practicality 

and ease of use. 

 

 

Figure 3.3. High-speed homogeniser emulsifying mixer and small hole rotor stator. 

 

The oil in water emulsions were prepared utilising the following oils: 

• olive oil (Sigma-Aldrich, South Africa), 

• Sasol Multigrade L SAE 20W-50 (Sasol, South Africa), 

• Sasol Monograde 40 SAE 40 (Sasol, South Africa). 

 

The oil in water emulsions were prepared in the laboratory, with 500 mL deionised water with 

the addition of 20 mL, of the above oils. The water and oil where mixed in a 600 mL glass 

mixing beaker at ambient temperature at 6000 revolutions per minute (rpm) for 2 mins utilising 
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a high-speed homogeniser emulsifying mixer (JRJ300-1, China). The homogeniser has a 

mixing speed range of between 2000 and 11000 rpm. Various rpms were tested and the optimal 

rpm for a stable emulsification was established at 6000 rpm. The homogeniser was fixed in an 

upright position using a small hole rotor stator, the configuration is shown in Figure 3.3. 

 

The use of shear homogenisers have been reported to promote the reduction of emulsion droplet 

diameter ensuring physical stability of the emulsion [421,422]. 

 

3.2.2. Preparation of 0.0035 M Na2CO3 dilution solution 

1 g of Na2CO3 was diluted in 1000 mL with deionised water to produce a 0.0035 M solution 

with a pH of 11.4. 

 

3.2.3. Preparation of 0.01 M HCl dilution solution 

Concentrated (37%) HCl is 12 M. 0.83 mL of 37% HCl to 1 litre with deionised water to 

produce 0.01 M HCl solution with a pH of 2. 

 

3.2.4. Preparation of alum solution. 

A 5000 mg/L Alum solution was prepared by transferring 29.412 g of 17% Al2(SO4)3 into a 1L 

volumetric flask. The solution was used as a stock solution to prepare 10 mg/L, 30 mg/L, 50 

mg/L and 70 mg/L solutions which were then used in the jar test experiments. 

 

3.2.5. Preparation of emulsion aliquots for analysis 

The emulsion was prepared as per the procedure above and was allowed to stand for 10 mins, 

following which, a sample of 40 mL was taken at 5 cm below the water level using a syringe 

with a 1mm needle and transferred into a 60 mL sample vial. The pH, turbidity, conductivity 

and ζ potential were recorded immediately. Special care was taken to wipe the needle removing 

any trace of free oil in order to avoid contamination of the sample with the free oil floating on 

the surface of the jar or beaker. 
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3.2.6. Laboratory scale IAF experiments 

Oil in water emulsions were prepared with three different types of oils. The stable emulsions 

of the oils were then subjected to treatments consisting of air and shear. The emulsions post-

treatment were then analysed utilising the analytical techniques described above. 

 

A specifically designed shear flotation setup, as illustrated in Figure 3.4, was used to study the 

effect of shear and air flotation on a stable oil in water emulsion. The shear flotation setup 

consisted of a modified high-speed homogeniser emulsifying mixer with air tube inlets directly 

inserted into the rotor stator in order to disperse and mix the air and to create small air bubbles 

through mechanical agitation. Three different treatment methods were employed, the 

emulsions were sparged with air, exposed to shear, sparged with air whilst being exposed to 

shear. 

 

 

Figure 3.4. Specially designed and configured shear induced air flotation setup. 

 

For all three emulsion treatment methods, the rotor stator was placed in the centre of the beaker, 

with the top of the rotor stator at a depth of 5 cm below the emulsion level, to ensure that the 

stator is fully submerged.  

The placement of the rotor stator in the beaker and emulsion is illustrated in Figure 3.5. 
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Figure 3.5. Position of rotor stator in the glass beaker. 

 

3.2.6.1. Calculation of Reynolds number 

The complicated shape of the rotor stator makes it virtually impossible to calculate the 

Reynolds numbers achieved during these experiments. Also, the fact that the experiment deals 

with multiphase mixtures of uncertain composition (as the residence time of the bubble in 

suspension and therefore the air-liquid concentration, viscosity and density are challenging to 

quantify). However, the Reynolds numbers for the rotor-stator setup, utilised in the 

experiments, (see Figure 3.6) were calculated assuming a stator without any holes. In such 

case the Reynolds number for each rpm can be calculated utilising Equation 2.13, presented in 

Section 2.7.7.4. In reality the Re number should be significantly higher taking into account that 

the stator wall has holes, which results in a turbulent flow regime [147,423]. 

 



http://etd.uwc.ac.za/

86 

 

 

Figure 3.6. Graphical depiction and assembly of the rotor stator unit of the high-speed 

homogeniser emulsifying mixer. 

 

The measurements of the rotor stator of the high-speed homogeniser emulsifying mixer 

depicted in Figure 3.6, is presented in Table 3.2 below. 

 

Table 3.2. Rotor stator dimensions. 

Parameter 

Outside diameter 

(OD) 

(mm) 

Inside diameter 

(ID) 

(mm) 

Height 

(mm) 

Stator 31.2  28.0  19.6  

Stator coil 68.5 65.0 27.2 

 

The diameter of rotor was measured at 26.7 mm with the gap between rotor and stator was 

calculated at 1.3 mm. There are 18 holes in the in the stator all with a diameter of 5 mm in 

diameter. 
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Table 3.3. Calculated Reynolds numbers for the high-speed homogeniser emulsifying mixer 

with a simplified geometry and without air. 

Revolutions per minute 

(rpm) 
Reynolds number 

1000 781,045 

2000 1,562,090 

3000 2,343,136 

4000 3,124,181 

5000 3,905,227 

6000 4,686,272 

 

Based on the results of the calculations it is evident that the flow produced by the mixing for 

the rpm’s utilised in the experiments are all associated with turbulent flow, a flow in which the 

velocity at a given point varies erratically in magnitude and direction. The assumption is made 

that the Reynolds numbers for the more complex geometry are even higher, ensuring high shear 

rates which should be able to influence the destiny of emulsion droplets [87,147,423]. 

 

3.2.6.2. Experimental settings for the laboratory scale IAF setup 

The emulsions were prepared as per the procedure above and were allowed to stand for  

10 mins. Each of the prepared emulsions was divided into 4 batches. The first batch of each 

emulsion was left untreated and served as the control sample. The second batch was exposed 

only to air flow (1000 L/h) for 2 mins. The third batch was mixed with the high-speed mixer 

at 4000 rpm for 2 mins, without any air flow. The fourth batch of samples was mixed with the 

high-speed mixer at 4000 rpm for 2 mins, while a 1000 L/h air flow was introduced into the 

mixer. The treatment details of each emulsion batch are captured in Table 3.4. 
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Table 3.4. Particulars of experiments conducted utilising the modified IAF system. 

No. Experiment description Emulsion 
Air 

(L/h) 

Shear 

(rpm) 

1 Olive oil emulsion as prepared 

Merck Olive 

Oil 

0 0 

2 Exposed to air 1000 0 

3 Exposed to shear 0 4000 

4 Exposed to air and shear 1000 4000 

5 SAE 20W emulsion as prepared 

Sasol 

Multigrade L 

SAE 20W-50 

0 0 

6 Exposed to air 1000 0 

7 Exposed to shear 0 4000 

8 Exposed to air and shear 1000 4000 

9 SAE 40 emulsion as prepared 

Sasol Monograde 

SAE 40 

0 0 

10 Exposed to air 1000 0 

11 Exposed to shear  4000 

12 Exposed to air and shear 1000 4000 

 

3.2.6.3. Analysis of emulsions. 

Droplet size distribution samples were taken immediately after the treatment and all other tests 

were carried out after the solutions were allowed to stand for 10 mins. 

 

For all experiments, a sample of 40 mL of 5 cm below the water level was transferred into a  

60 mL sample vial. The pH, turbidity and conductivity were recorded immediately. Table 3.7, 

provides a summary of the experiments conducted utilising the IAF system. 
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3.2.7. Hybrid DAF shear wastewater treatment unit 

A pilot scale 3 L/min hybrid DAF shear wastewater unit was designed, fabricated and 

commissioned at the University of the Western Cape, specifically for this project. The system 

was designed utilising a conventional DAF treatment unit with the integration of a 

hydrodynamic shear mixer. The piping and instrumentation diagram (P&ID) of the DAF shear 

hybrid unit is depicted in Figure 3.7 and was drafted utilising Microsoft Office Visio 

Professional 2003. A detailed explanation of the entire system, the associated start-up 

procedure and an emergency shut down procedure is provided in Appendix A1, A2 and A3 

respectively. 

 

 

Figure 3.7. P&ID diagram for the DAF shear wastewater treatment system. 

 

The unit consisted of intermediate bulk containers (IBC) flocculation tanks, a stainless-steel 

flotation tank, a recycle tank, an excess bubble release vessel, an Ozone Green Plant micro-

bubble generation pump, dosing vessels, dosing pumps, needle valve, gate valve, shut off valve, 

water level adjustor, flow meter, ball valves (BV-1 to BV-26), sample points (SP-1 to SP-7) 

and pressure gauges (PG-1 to PG-4).  
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The objective of the system is to study the extent to which oil emulsions can be broken and 

separated into their specific phases utilising hydrodynamic shear, coagulation, flocculation and 

flotation. The unit was designed to produce air saturated water at 3.5 bar pressure. 

 

The unit, is graphically represented in Figure 3.8 and 3.9 and photographs of the system are 

shown in Figures 3.10, 3.11, 3.12 and 3.13. 

 

 

Figure 3.8. Hybrid DAF shear unit. 
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Figure 3.9. Top view of the hybrid DAF shear unit. 
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Figure 3.10. Photograph of the hybrid DAF shear unit wastewater system. 

 

Figure 3.11. Photograph of the hybrid DAF shear unit, highlighting the floc tanks and the DAF 

flotation tank unit. 
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Figure 3.12. Photograph of the hybrid DAF shear unit, highlighting the control panel, bumble 

pump generator, shear unit. 

 

 

Figure 3.13. Photograph of the hybrid DAF shear unit control panel. 
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The shear unit was constructed out of steel sheets joined together to form a rigid outer structure 

with a rotating inner watertight unit as depicted in Figures 3.14 and 3.15. The multi-layered 

steel structure provides an elongated rotor-stator shear gap with an inlet and outlet for the 

wastewater. 

 

 

Figure 3.14. Shear unit assembly attached a to electric motor with a drive belt. 

 

Figure 3.15. Internal structure of the shear unit assembly. 



http://etd.uwc.ac.za/

95 

 

 

Figure 3.16. Photo of the DAF shear unit. 

 

The sizes and volumes of the associated tanks of the DAF unit are presented in Appendix B. 

 

3.2.7.1. Preparation of emulsion for DAF shear unit 

For the DAF shear unit experiments only olive oil, surfactant and emulsion oil in water 

emulsions were prepared and processed.  

 

The o/w emulsion for the DAF shear unit was prepared in 50 litre (L) batches, in a 50 L open 

top plastic drum, making up a 1% emulsion solution. Batches were prepared to a total volume 

of 900 L, which was added to the 1000 L IBC tank. 

 

The oil in water emulsions were prepared, with deionised water with the addition of 1000 mL, 

of olive oil to 50 L of water. The water and oil where prepared and mixed in the 50 L plastic 

drum at ambient temperatures at 6000 rpm for 10 mins with a high-speed homogeniser 

emulsifying mixer. Following the emulsification process the 50 L emulsion was transferred 

into the IBC tank. Once the IBC container was filled to 900 L the entire IBC tank was stirred 

with an Ingo Mixer MX214008, 1400 W for approximately 30 mins and allowed to stand for 

30 mins. A sample of 200 mL was taken at 30 cm below the water level and transferred into a 

200 mL sample bottle.  

 



http://etd.uwc.ac.za/

96 

 

The pH, turbidity, conductivity and ζ potential were recorded immediately whereas the COD 

analysis was sent to an external laboratory for analysis.  

 

3.2.7.2. Coagulation test of emulsions 

A VELP Scientific jar test (South Africa) with 76 x 25 mm flat paddle impellers was used to 

perform the jar tests with 600 mL of emulsion at a room temperature (23 ± 1.0ºC) as depicted 

in Figure 3.18. 

 

The aim of the jar tests was to determine the appropriate pH and amounts of coagulant to use 

in the DAF experiments, jar tests were initially carried out to determine the alum dosing 

concentration for the best coagulation dosage. The coagulation and flocculation experiments 

were conducted with a jar test apparatus (FC4S, Jar test, VELP Scientifica, South Africa) with 

76 x 25 mm flat paddle impellers and 600 mL beakers to assess coagulation and flocculation 

of the emulsion samples.  

 

 

Figure 3.17. Photograph of the VELP Scientific jar test apparatus utilised for the jar tests. 
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After flocculation and sedimentation, 200 mL of the supernatant aqueous zone from 3 cm 

below the water surface was taken for the various analysis and measurements. 

Based on the turbidity of samples taken from the above initial investigations, the optimum 

conditions and the following jar test procedure was developed with the following steps: 

• 500 mL of the emulsion samples were transferred into beakers and the pH was adjusted 

with a 0.0035 M Na2CO3 solution to between 7 and 8. 

• Four different concentrations of the alum coagulant were used 10 ppm, 20 ppm, 30 ppm 

and 40 ppm, and added to the emulsions. 

• The coagulant, alum, were added to the jars immediately after the start of rapid mixing.  

• After adding the coagulant to the emulsified oily wastewater, the jar tests started with 

an initial rapid stirring at the maximum 200 rpm for 5 mins followed by slow stirring 

at 50 rpm for 2 mins and ended with a standing period of 3 mins. 

• Each coagulation experiment was repeated three times with an average final result. 

• The clarified water below the surface oil layer was collected using a syringe at a depth 

3 cm below the water surface was collected for the measurement of emulsion 

parameters. 

 

3.2.7.3. DAF with shear unit experimental procedure 

Oil in water emulsions were prepared and processed with the unit. The unit was designed to 

perform various experiments, which included the processing of emulsions with: 

• DAF with coagulation 

• DAF with shear, and 

• DAF with coagulation and shear 

 

It should be noted that no chemical flocculants were used during the experiments. This was 

done in order to recover as much oil as possible and to not degrade the recovered oil. 

 

The oily wastewater was pumped from the feed water IBC tank, through a filter into the DAF 

unit. During all experiments, the oily wastewater was first tested and pre-treated by adjusting 

the pH between a pH range of 5.5 -7.5 with the 0.0035 M solution of Na2CO3. 
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With reference to the P&ID diagram, Figure 3.7, the following procedure was developed and 

utilised during the experimental runs. Downstream of the flocculation tanks, the wastewater 

passed through the flotation tank with the dissolved air bubbles, where the microflocs of oil 

droplets were allowed to float up and subsequently be removed at the top of the flotation tank. 

 

Samples were taken at various points in the system to monitor chemical and physical processes 

in the system. The flotation tank was also designed with viewing windows at various levels in 

order to evaluate the bubble sizes and wastewater flows.  

 

The unit allows for the following wastewater cycles post the flotation tank: 

• Recycle back through the flocculation tanks back to the flotation tank 

• Pump via a micro-bubble pump and back to the flotation tank to allow for flocs, which 

did not form to be recovered, improving wastewater processing 

• Pumped via a micro-bubble pump and a shear mixer back to the flotation tank 

• Remove processed wastewater via the bottom of the flotation tank and the excess 

recycle tank 

 

The oil in water emulsion was prepared and pumped into the system from the feed water IBC 

via pump 1. The emulsion wastewater was circulated through the unit until the water level 

remained constant and the pressure constant at 2.5 bar as measured at pressure gauges (PG-4 

and PG-3). This pressure was maintained throughout the treatment process. After circulation 

and when the water level and pressures were stable the micro-bubble pump was switched on to 

dissolve air into the water and the needle valve (NV-1) was opened allowing the air to come 

out of solution and the wastewater stream and the micro-bubbles to enter into the flotation tank. 

 

After recirculation of approximately 30 mins the system became stable in terms of flow rate 

and water level. Processed and clarified water stream was routed and pumped (Pump 2)  

directly from the excess recycle tank into the product water IBC tank by opening ball valve 

BV-25. Samples of the processed water were collected directly from product water IBC tank 

and from sample point 7, by opening ball valve (BV-23). 
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Each experiment was conducted for approximately 4 hours, which resulted in the feed water 

tank being completely empty after this duration. After a steady state was achieved for the unit, 

samples were collected at the sample points (SP-7, SP-4, SP-5) and were analysed. 

 

The floated oil was removed and collected from the surface of the water at the flotation tank 

and analysed accordingly. 

 

3.2.7.4. Emulsions treated with DAF with coagulation 

The emulsions were prepared as per the procedure above and the feed wastewater in the IBC 

tank was pumped into the system with Pump 1. After circulation the wastewater stream was 

dosed with coagulant, alum, from the dosing vessel and dosing pump 2. The coagulant dosing 

was done for the entire duration of the experiment. Following from the coagulant dosing, the 

wastewater was pumped through the flocculation tanks to ensure adequately sized flocs to form 

for the micro-bubbles to collide with and attach to, in order to ensure efficient flotation.  

 

The micro-bubble pump was switched on and the needle valve (NV-1) was opened allowing 

the recycle stream with micro-bubbles to enter into the flotation tank. Treated water samples 

were analysed and characterised on the basis of pH, conductivity, turbidity, ζ potential and 

COD. 

 

3.2.7.5. Emulsions treated with DAF with shear 

The emulsions were prepared as per the procedure above and the feed water in the IBC tank 

was pumped into the system with Pump 1. The DAF with shear experiments were conducted 

by diverting the wastewater through the shear unity by opening ball valve (BV-10) and closing 

ball valve (BV-9). During the shear process, the shear unit speed was adjusted from 1Hz to 

10Hz on the control panel and kept constant at 10 Hz throughout the processing.  

 

The micro-bubble pump was switched on and the needle valve (NV-1) was opened allowing 

the wastewater stream with micro-bubbles to enter into the flotation tank. Treated water 

samples were analysed and characterised on the basis of pH, conductivity, turbidity, ζ potential 

and COD. 
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3.2.7.6. Emulsions treated by DAF with coagulation and shear 

The emulsions were prepared as per the procedure above and the feed water in the IBC tank 

was pumped into the system with Pump 1. The DAF with shear experiment was conducted by 

diverting the wastewater through the shear unit by opening ball valve (BV-10) and closing ball 

valve (BV-9). During the shear process, the shear unit speed was adjusted to 10 Hz (= rpm?) 

on the control panel and kept constant at this speed throughout the processing.  

The bubble pump was switched on and the needle valve (NV-1) was opened allowing the 

wastewater stream with dissolved air to enter into the flotation tank. 

 

Treated water samples were analysed and characterised on the basis of pH, conductivity, 

turbidity, ζ potential and COD. 

 

3.2.7.7. Emulsions treated with DAF without coagulation and shear 

The emulsions were prepared as per the procedure above and the feed wastewater in the IBC 

tank was pumped into the unit with Pump 1. No coagulant was dosed into the wastewater 

stream and the shear unit was by passed.  

The micro-bubble pump was switched on and the needle valve (NV-1) was opened allowing 

the wastewater stream with micro-bubbles to enter into the flotation tank.  

 

Treated water samples were analysed and characterised on the basis of pH, conductivity, 

turbidity, ζ potential and COD. 

 

3.2.8. Emulsion analysis and characterisation 

3.2.8.1. Visual character 

Colloidal particles are so small that they may appear uniform even under a microscope. The 

droplets generated in the present investigation were however large enough to scatter light and 

due to this scattering, most emulsions appeared opaque or cloudy unless they were very dilute. 

A light beam can be seen as it passes through a colloidal suspension, which is known as the 

Tyndall effect. The Tyndall effect makes it possible to see the light beam coming from a 

projector in a smoke-filled theatre as well as the light beam from a cars headlights on a dusty 

road [179]. 
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Due to the phenomenon of scattering of light at the oil/water interface, an emulsion generally 

looks opaque and muddy. In general, the colour will be lighter when the diameter of droplets 

is small, whereas it looks darker when the diameter of droplets are large [331]. The stability of 

an emulsion affects an emulsion’s appearance and in most instances emulsion instability can 

be observed visually. According to the literature, visually observing an emulsion is the 

simplest, quickest and cheapest method to assess and evaluate emulsion stability without 

analytical equipment [8,144,199].  

 

Depending on the interaction of light with the emulsion droplets, the size of droplets will affect 

the visual appearance of the emulsion, which can be opaque or optically transparent. 

 

The separation processes most easily visually observed is creaming and sedimentation. By 

observing the thickness of the sedimentation or creaming layer of an emulsion, the extent of 

the destabilisation as a process can easily be evaluated. Other instability phenomena and 

processes such as Ostwald ripening, sedimentation, flocculation and coalescence are easily 

assessed by visual observation alone. To observe the first stage of emulsion instability 

analytical equipment is required to make an accurate determination [239]. 

 

3.2.8.2. Microscopy 

Microscopy is also a visualisation tool, which can be used to examine emulsion droplets with 

sizes smaller than 100 μm, as well as observe processes that influence the stability of an 

emulsion. Different types of microscopes are available to characterise emulsions and its 

associated stability including properties which include, optical, electron, fluorescent and 

atomic force microscopy [187]. 

 

With the aid of microscopy, the distribution and dimensions of droplets can be observed 

providing valuable information on the origins of the emulsion systems stability. As an example, 

microscopy can identify if the droplets are homogenously distributed, if the emulsion is 

flocculated or non-flocculated. As highlighted in Chapter 2, the flocculation and sedimentation 

processes of an emulsion can be observed when the droplets aggregate in close proximity to 

each other without coalescing into larger droplets. In this research a RS PRO USB Digital 

Microscope was used to observe and photograph the bubbles produced. 
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3.2.8.3. Turbidity 

Turbidity and total suspended solids (TSS) are one of the most commonly used parameter of 

water quality. The visual appearance and water clarity is often considered an indicator of clean 

water [424]. Turbidity is an optical determined parameter and is often used to infer water 

quality based on clarity and for the determination of TSS [425]. Turbid water affects the 

physical look of the water making it appear murky or coloured and cloudy. Suspended solids 

and dissolved material may reduce water clarity by inducing a muddy, coloured or hazy, 

appearance. 

 

The turbidity of a water sample is a function of the amount of light scattered by the droplets or 

particles in the water. The light scattered is dependent on the particles that are present, therefore 

turbidity and TSS are related. It should be noted that turbidity is not a direct measurement of 

the total suspended materials in water. Instead, as a measure of relative clarity, turbidity is often 

used to indicate changes in the total suspended solids concentration in water without providing 

an exact measurement of the solids. Turbidity and water clarity are both visual properties of 

water based on scattering and attenuation of light.  

 

While turbidity and total suspended solids often overlap, there are a few outlying factors that 

only contribute to one or the other. Turbidity is determined by the amount of light scattered by 

these particles. While this measurement can then be used to estimate the total dissolved solids 

concentration, it will not be exact. Turbidity does not include any settled. In addition, turbidity 

measurements may be affected by dissolved organic matter. While this dissolved matter is not 

included in TSS measurements, it can cause artificially low turbidity readings as it absorbs 

light instead of scattering it. 

 

Dissolved natural organic matter (NOM) is also sometimes referred to as humic stain, which 

refers to the tea colour produced from decaying organic material with the release of tannins 

and other molecules into the water. It should be noted that dissolved organic material can 

contribute to the turbidity reading. Turbidity is most often measured with a turbidity meter. 

Turbidity is measured in a unit called Nephelometric Turbidity Unit (NTU). 

 

Total suspended solids, on the other hand, is a total quantity measurement of solid material per 

volume of water. This means that TSS is a specific measurement of all suspended solids, 
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organic and inorganic, by mass. TSS includes settleable solids and is the direct measurement 

of the total solids present in a water body. As such, TSS can be used to calculate the rate of 

sedimentation, while turbidity cannot be used [426]. 

 

Water turbidity is important from three aspects: aesthetic, filter blocking and disinfection. 

Excessive turbidity could show a defect in a purification system, and because of the relationship 

between turbidity and some features of microbial organisms , turbidity can be considered as an 

indirect parameter in determining the removal efficiency or the presence of these factors. 

 

Turbidity was measured using a Hach TL2350 tungsten filament lamp turbidimeter supplied 

by Agua Africa CC (Hach, South Africa) utilising the ration nephelometric measurement 

method. The measurement range was between 0 - 10000 nephelometric turbidity units (NTU). 

 

3.2.8.4. Bubble size analysis 

As highted in Section 2.7.6, the efficiency of a flotation system is directly associated with the 

size of the bubbles generated [427]. The bubble size analysis was conducted utilising the 

ImageJ software for Windows. ImageJ is a public domain Java image processing program 

inspired by NIH Image, which is part of the National Institute of Health of the United State of 

America [428]. 

 

The software can display, edit, analyse, process, save and print 8-bit, 16-bit and 32-bit images 

as well as read images from various formats. It can measure distances and angles, which 

supports standard image processing functions such as contrast manipulation, sharpening, 

smoothing, edge detection and median filtering [428]. Spatial calibration is available to provide 

dimensional measurements, converting pixels in the image into various units of measurement 

making it possible to calculate the diameter of the bubbles in wastewater, which will be referred 

to as bubble size. High-definition pictures of the bubbles generated by the IAF and DAF units 

were analysed with the ImageJ software. The above photographic technique for bubble size 

measurements has also been reported by other research groups [340,429–431]. 

 

A threshold intensity was set to determine the segmentation so that each pixel in an image is 

matched with the set threshold. Next the scale of reference was entered as a known calibration, 

https://rsb.info.nih.gov/nih-image/
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after which, the ‘Analyse tool’ was employed to measure the area of the bubble. The effective 

bubble diameter was obtained by calculating the projected area of each bubble from images. 

 

For the bubble size analysis for an area of interest below the rotor stator was selected to ensure 

that the smallest bubbles within the bubble swarm was analysed. For a representative sampling 

of bubbles in the areas of interest, several images were captured and analysed. 

 

3.2.8.5. Droplet size distribution (DSD) 

There are a number of particle and droplet sizing techniques commonly used, which include 

light scattering, ultrasonic spectrometry and electrical pulse counting [187,285,432]. These 

instruments are relatively easy to operate, can be fully automated and provide substantial 

information within a short period of time. 

 

The light scattering technique measures the angle of backscattered light as well as the 

percentage of light when a beam of near-infrared monochromatic light is focussed on a sample. 

The larger percentage of backscattered light is indicative of higher droplet concentrations, 

while the droplet size distribution is associated with how the scattering pattern is observed 

through the number of scattering angles versus the associated light intensity. For light 

scattering instruments, samples with low droplet concentrations provides a more accurate result 

as it prevents the occurrence of multiple scattering effects [17]. 

 

The oil droplet size distribution (DSD) measurements of the emulsions were conducted with 

an Anton Paar particle size analyser model No. PSA 1190 (Anton Paar, South Africa) utilising 

a small volume unit for the analysis of small samples. The instrument utilises laser scattering 

for the measurement of droplet size. The P90 values of the emulsions were recorded and 

reported. The samples were measured in liquid mode using water as the carrier liquid. The 

measurements were performed without any sonication and stirring, to avoid any droplet 

breakage in the samples. 

 

3.2.8.6. Chemical Oxygen Demand 

The Chemical oxygen demand (COD) is the amount of oxygen that is required to oxidise 

organic materials in the water [44]. The COD is a measure of water and wastewater quality and 

an important measure of organic matter content [433]. The test has its widest application in 

https://www.sciencedirect.com/science/article/pii/S1021949816301831#bib17
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measuring waste loadings of treatment plants and in evaluating the efficiency of treatment 

processes.  

 

The COD test uses a strong chemical oxidant in an acid solution and heat to oxidise organic 

carbon to CO2 and H2O. The COD is essentially the amount of oxygen consumed to chemically 

oxidise organic matter. The COD is often measured using excess of a strong oxidant, usually 

potassium dichromate, potassium iodate, or potassium permanganate, under acidic conditions 

[273].  

 

In terms of process, a known amount of an oxidant is added to a sample. Once oxidation is 

complete, the concentration of organics in the sample is calculated by measuring the amount 

of oxidant remaining in the solution. The COD value gives an indication of the amount of 

oxygen consumed per litre of solution and is expressed in milligrams per litre (mg/L) [433]. 

COD is considered an important quality control parameter of effluent in wastewater treatment 

[434]. 

 

For the COD analysis a colorimeter method in water was utilised with a Thermo Scientific™ 

Orion™ AQUAfast™ AQ3140 COD colorimeter single parameter instrument. The AQUAfast 

AQ3140 COD colorimeter is used in sectors such as the food and beverage, pharmaceutical 

and agriculture for water analysis. The following procedure outlined below was utilised. 

 

3.2.8.6.1. COD sample preparation  

A COD high range digestion reagent vial was selected and or 0.2 mL of the sample to be tested 

was added to the to the digestion vial. Similarly, a blank was also prepared by adding 0.2 mL 

of deionised water to the digestion vial. The blank is stable when stored in the dark and can be 

used for further measurements with vials from the same batch. 

Following the addition of the sample to the digestion vials, the vials were slowly inverted 

several times, approx. 4-5 times to mix and ensure homogeneity of sample and reagent in the 

digestion vials. 

 

3.2.8.6.2. COD sample digestion and measurements 

The digestor oven was preheated to 150°C for approximately 10 mins, following which, the 

prepared samples were placed in the preheated COD digestor oven.  
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Figure 3.18. COD digestor oven and AQ3140 COD colorimeter utilised for the COD 

measurements. 

 

The vials were placed in the digestor oven and heated for two hours, Figure 3.18. Following 

the heating, the digestion vials and its associated contents were inverted several times, while 

still warm to allow for mixing and allowed to cool to ambient temperature. Once cooled, the 

samples were tested using the colorimetric procedures. 

 

3.2.8.7. pH 

The pH of the samples was measured by means of a glass pH electrode and Martini instrument 

Mi 150 pH meter (Kimix Chemical & Lab Supplies CC, South Africa). The pH meter was 

calibrated utilising a pH 4, 7 and 10 standards. 

 

3.2.8.8. Electrical conductivity 

Electrical conductivity, often referred to as conductivity is frequently used as a water quality 

parameter [435]. Conductivity is the measure of a material’s capacity to conduct an electric 

charge. For a liquid and specifically for emulsions, this ability depends on the chemical 
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composition and in particular the dissolved ion concentrations, ionic strength and temperature 

[436]. The electrical conductivity of a colloidal suspension is a function of the continuous phase 

particle size, charge and volume fraction [435,437–439]. 

 

The conductivity of emulsion systems has also been studied and reported by a number of 

authors [435,440–445]. It has also been demonstrated that o/w emulsions have a higher 

electrical conductivity than w/o emulsions, implying that the emulsion type can be 

distinguished by measuring the electrical conductivity [442,445]. It is known that organic and 

petroleum oils are poor conductors of electricity, however they do exhibit some degree of 

electrical conductivity [443,446]. The electrical conductivity of an emulsion decreases with an 

increase in the oil volume fraction. Also, an o/w emulsion has a higher electrical conductivity 

as compared to that of w/o emulsions [437,441,447–450]. 

 

The conductivity was measured utilising a Hach HQ40D portable multi meter supplied by Agua 

Africa CC (Hach, South Africa). The conductivity was measured utilising an Intellical 

CDC401, digital, graphite, 4-pole conductivity probe with a temperature sensor and a 

measurement range of between 0.01 µS/cm – 200000.0 µS/cm.  
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Figure 3.19. Set up of the conductivity instrument and probe during conductivity 

measurements of the emulsions pre and post treatment. 

 

The conductivity measurements were recorded at 5 cm below the water surface as per Figure 

3.19, depicting the setup and position of the conductivity probe. Every effort was made to 

ensure that conductivity measurements were taken at the same height below the water level, 

pre and post emulsion treatments. 
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Figure 3.20. Set up of the conductivity instrument and probe during conductivity 

measurements of the emulsions pre and post treatment 

 

For the DAF experiments the conductivity measurements were recorded at 4.5 cm below the 

water surface as per Figure 3.20. Every effort was made to ensure that conductivity 

measurements were taken at the same height below the water level, pre and post emulsion 

treatments. 
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3.2.8.9. Zeta potential 

The ζ potential measurements were performed immediately after emulsion preparation and 

emulsion treatment with IAF and DAF.  

 

The capillary cells were rinsed with methanol and deionised water prior to use. In order to 

avoid the introduction of air bubbles into the capillary cells, the filling was done with a 1 mL 

syringe. The capillary cell was filled with the diluted sample and then inserted into the ζ 

potential instrument. For data analysis purposes, all measurements were reported as the average 

of three separate readings per sample.  

 

The ζ potential measurements were conducted with a Malvern zetasizer Nano-ZS instrument 

(Malvern Instruments Ltd., South Africa) utilising folded capillary cells (DTS1070) and the 

universal dip cell kit (ZEN1002 – Serial Number MAL1050878). The ζ potential values were 

calculated by means of the Smoluchowski equation [209,451,452]. 
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CHAPTER 4  RESULTS AND DISCUSSION 

4.1. Analysis 

All measurements and data points recorded are presented and expressed as the mean value and 

a standard deviation of at least three independent measurements. 

 

Where variations in measurements were large, the data sets were normalised in order to identify 

and establish robust relationships between the data. The aim of the normalisation process was 

to make relational comparisons more informative between recorded measurements. The 

normalisation procedure utilised the minimum - maximum (max) process, normalising the new 

data value in the data set to a value between 0 and 100. The equation for the normalisation 

procedure is presented in Equation 4.1 below, 

 

 data value = (value – minimum) / (max – minimum) * 100 Equation 4.1 

 

In order to determine and establish trends and relationships between data sets regression 

analysis was performed. In this analysis as compared to other reports, R2 values greater than 

0.6 were considered significant and would imply a high level of correlation between data, 

whereas a measure below 0.4 would show a low correlation [56,453,454]. 

To determine statistical significance between datasets, Analysis of Variance (ANOVA) tests 

were conducted between data groups at a 95% confidence interval. Where applicable, one-way 

ANOVA tests were conducted and the null hypothesis assumed that there is no difference 

between the groups and equality between means. The alternative hypothesis tested was that 

there is a statistical difference between the groups and equality between means. Similar 

ANOVA statistical analysis were conducted by other researchers to evaluate the effects and 

relative importance of factors, interactions and performance associated with wastewater 

treatments [45,134,135,275,337,455]. 

 

The treatment efficiencies of the experiments were calculated utilising Equation 4.2.  

 

 Treatment efficiency, (TE) = (C0 – Cpt)/ C0 * 100),  Equation 4.2 
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Where, C0 is the initial measurement and Cpt the post treatment measurement with specific 

reference to turbidity and COD measurements before and after treatments, respectively.  

 

The data was compiled, analysed and presented graphically using the Microsoft Excel 365 

version and the Analysis ToolPak add-in. 

 

4.2. Calculation of theoretical COD of prepared emulsions 

Surfactant and emulsifier free oil in water emulsions were prepared utilising the following oils: 

• Olive oil (Merck, South Africa), 

• Sasol Multigrade L SAE 20W-50 (Sasol, South Africa), 

• Sasol Monograde 40 SAE 40 (Sasol, South Africa). 

 

The theoretical COD calculations are described below for each of the three oils used to prepare 

the o/w emulsions. It is assumed that the volumes of water and oil used are the same as those 

described in section 3.2.1. As described in the previous sections, the COD is a measure of the 

oxygen equivalent of the organic matter in an aqueous sample, which is oxidised by the 

addition of excess strong chemical oxidant. 

 

4.2.1. Theoretical COD of olive oil emulsion 

The theoretical COD of the olive emulsion was calculated utilising the following assumptions: 

• Olive oil density = 0.92 g/mL 

• Olive oil consists of fatty acids such as palmitic (C16:0), palmitoleic (C16:1), stearic 

(C18:0), oleic (C18:1), linoleic (C18:2) and linolenic (C18:3). Myristic (C14:0), 

heptadecanoic and eicosanoic acids are found in trace amounts with oleic acid 

consisting of between 55.0 - 83.0% [456]. 

• C88H164O10, is the representative molecular formula for olive oil and has a molecular 

weight 1382.2 g/mol [457]. 

 

Utilising the density assumption, 20 mL of olive oil has a weight of 18.4 g. In 500 mL of H2O 

the mass of oil per litre is 36800 mg/L.  

 

 C88H164O10  +  124 O2   →  88 CO2  + 82 H2O,  Equation 4.3 
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Utilising the balanced reaction Equation 4.3, the theoretical COD was calculated to be  

105645 mg/L. 

 

4.2.2. Theoretical COD of Sasol lubricating engine oil emulsions 

Most lubricating oils are of mineral origin and contain several different hydrocarbon species 

with mean molecular weights generally between about 300 g/mol and 600 g/mol [458]. 

 

 

Figure 4.1. Examples of molecule structures of typical hydrocarbon molecules present in 

lubricating base oils: (a) paraffin (C15H32); (b) branched paraffin (C20H42); (c) 

naphthenic (C16H32); (d) aromatic (C14H22). Adapted from [458]. 

 

Examples of typical molecular structures of lubricating base oils are depicted in Figure 4.1. 

 

4.2.3. Sasol lubricating engine multigrade oil  

The theoretical COD of the Sasol multigrade engine oil emulsion was calculated utilising the 

following assumptions: 
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• Combination of paraffin (C15H32) and naphthenic (C16H32) compounds 

• Density = 0.89 g/mL 

• C15H32 and C16H32, combined molecular weight 436.84 g/mol [458]. 

 

Utilising the density assumption, 20 mL of Sasol monograde engine oil has a weight of 17.8 g. 

In 500 mL H2O the mass per litre is 35600 mg/L.  

 

 C15H42  +  C16H32  +  49.5 O2   →   31 CO2  + 37 H2O,   Equation 4.4 

 

Utilising the balanced reaction Equation 4.4, the theoretical COD was calculated to be  

129087 mg/L. 

 

4.2.4. Sasol lubricating monograde engine oil 

The theoretical COD of the Sasol monograde engine oil emulsion was calculated utilising the 

following assumptions: 

• Combination of branched paraffin (C15H42) and aromatic (C14H22) compounds  

• Density = 0.92 g/mL 

• C20H42 and C14H22, molecular weight 472.87 g/mol [458]. 

 

Utilising the density assumption, 20 mL of Sasol monograde engine oil has a weight of 18.4 g. 

In 500 mL H2O the mass per litre is 36800 mg/L.  

 

 C20H42  +  C14H22  +  50 O2   →   34 CO2  + 32 H2O, Equation 4.5 

 

Utilising the balanced reaction Equation 4.5, the theoretical COD was calculated to be  

124516 mg/L. 
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Table 4.1. Comparison of theoretically calculated COD of emulsions versus measured results. 

Emulsion 

Theoretical 

calculated COD 

(mg/L) 

Measured COD 

(mg/L) 

Percentage of oil 

emulsified 

(%) 

Olive Oil 105645 1572±82 1.5 

Sasol Multigrade 129087 899±89 0.7 

Sasol Monograde 124516 411±40 0.3 

 

The theoretical calculated and actual COD measurements of the emulsions are presented in 

Table 4.1. Based on the comparison between the theoretical calculated and actual COD 

measurements, it is evident that with the emulsification procedure utilised, only approximately 

1.5% to 0.3% of the oil was present in the aqueous continuous phase and emulsified or 

dissolved oil. The balance of the oil remained present in the aqueous continuous phase as free 

oil. 

 

 

Figure 4.2. (A) olive oil and water mixture prior to emulsification process. (B) Olive oil 

emulsion highlighting free oil layer. 
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Figure 4.3. (A) Sasol multigrade oil and water mixture prior to emulsification process. (B) 

Sasol multigrade oil emulsion highlighting free oil layer. 

 

Prior to the emulsification process the oils were added to the water and as observed in Figure 

4.2 A and Figure 4.3 A, free oil was present on the surface of the water. During and after the 

emulsification process, free oil was also observed on the surface of the emulsion as highlighted 

in Figure 4.2 B and Figure 4.3 B, providing evidence that not all the oil was emulsified or 

dissolved during the emulsification process. Post the emulsification process, free oil was 

present and was observed on the surface of the emulsion, for all the prepared emulsions. 

 

4.3. IAF shear experiments  

The IAF shear experiments were conducted utilising the procedure described in Section 3.2.6. 

 

4.3.1. Bubble sizes analyses of IAF shear experiments 

As highlighted in Chapter 2, the bubble size, i.e. the bubble diameter, the hydrodynamic 

behavior are fundamental to the formation of bubble-droplet attachment, aggregation and the 

overall performance of flotation equipment and processes [62,159,336,340].  
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Figure 4.4. Picture of the bubble swarm generated in pure water during the IAF process. 

 

Prior to the IAF emulsion treatments, experiments were conducted to asses the bubble size of 

the bubbles generated within the bubble swarm of the IAF experimental set up, as per the 

experimental procedure described in Section 3.2.8.4., and highlighted in Figure 4.4. The 

bubbles generated at 4000 rpm with air in pure water were analysed visually from photos in 

terms of approximate size within the bubble swarm [348]. 
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Figure 4.5. Picture of the area of interest below the rotor stator selected for bubble analysis. 

 

For the bubble size analysis, an area of interest below the rotor stator was selected to ensure 

that the smallest bubbles within the bubble swarm were analysed as depicted in Figure 4.5. 

 

 

Figure 4.6. Area of interest enhanced by the ImageJ software to highlight the bubbles in pure 

water during the IAF process, bubbles are white in colour with the water matrix 

in black. 

 

The photo of the area of interest was converted to an 8-bit image and further enhanced with the 

bubbles depicted in white and the background water in black, Figure 4.6. 
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Figure 4.7. Area of interest enhanced by the ImageJ software to highlight the bubbles in pure 

water during the IAF process, the bubbles and bubble groups are represented as 

areas with black outlines with the bubble counts in red. 

 

The bubbles within the area of interest were analysed in terms of the size, which for the specific 

image, Figure 4.7, 1038 bubbles were identified. 

 

 

Figure 4.8. Histogram of bubble sizes identified within the area of interest for pure water. 

 

Figure 4.8 depicts a positively skewed histogram of the bubble size versus frequency in the 

area of interest for pure water. As depicted in Figure 4.8, in the area of interest there were no 
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bubbles with a diameter of less than 50 µm, approximately 6 % of the bubbles observed had a 

diameter of between 50 µm and 100 µm, 3% of the bubbles had a diameter of between 100 µm 

to 150 µm and 37% of the bubbles had a diameter of between 150 µm to 300 µm, this implies 

that 50% of the bubbles were greater than 300 µm.  

 

A similar procedure was followed to determine the spread of bubble sizes produced for the 

prepared emulsions exposed to IAF experiments.  

 

 

Figure 4.9. Histogram of bubble sizes identified within the area of interest for an olive oil o/w 

emulsion. 

 

As with the pure water experiment, the bubbles produced for an olive oil o/w emulsion are 

depicted in Figure 4.9 as a positively skewed histogram of the bubble size versus frequency. 

The results are similar to those for pure water. In the area of interest there were no bubbles with 

a diameter of less than 50 µm, approximately 10% of the bubbles observed had a diameter of 

between 50 µm and 100 µm, 11% of the bubbles had a diameter of between 100 µm to 150 µm 

and 39% of the bubbles had a diameter of between 150 µm to 300 µm, this implies that 38% 

of the bubbles were greater than 300 µm.  

 

The results as depicted in Figure 4.9, are similar to the bubble sizes reported by other authors 

in the literature for IAF flotation systems [16,62,349,386,459]. 
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4.3.2. Visual comparison of treatment on pure water 

Prior to the treatments being performed on the emulsions, the treatments were conducted in 

pure water and the effects were compared visually. 

 

 

Figure 4.10. Visual comparison of the treatments on pure water, with (A) picture showing the 

result of air through the water, (B) picture showing the result of hydrodynamic 

shear, and (C) picture showing the effect of air and hydrodynamic shear. 

 

The visual comparison and effects of the treatment on pure water are presented in Figure 4.10 

above. Exposing the water to air alone with no stirring produces air bubbles that are relatively 

large with no impact on the overall appearance of the water, Figure 4.6(A). Exposing the water 

to hydrodynamic shear alone, at 4000 rpm, results in high-speed mixing of the water with the 

water appearance becoming more turbid with a small number of very small bubbles being 

produced, Figure 4.6(B). Exposing the water to air and hydrodynamic shear produces a bubble 

swarm that consist of a large number of bubbles of various sizes. A large number of bubbles, 

small and large, rising through the liquid resulted in the formation of a short-lived foam or froth 

on the surface of the water, Figure 4.6(C). 

 

4.3.3. Properties of prepared emulsions prior to treatment 

The physical properties of the prepared emulsions are presented in Table 4.2. All the prepared 

emulsions produced and utilised in the experiments had measurements of ζ potentials greater 

than -60 mV, turbidity values greater than 282 NTU, conductivity’s greater than 24.48 µS/cm 
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and DSD of less than 20 µm. The parameters measured, are an indication of relatively stable 

oil in water emulsions, which were produced for all three oils used in the IAF experiments. The 

initial turbidity, conductivity and ζ potential measurements of the stable emulsion is associated 

with the typically small average oil droplet size in the continuous aqueous phase. 

 

Table 4.2. Properties of the prepared untreated emulsions. 

Emulsion pH 
DSD, D90 

(µm) 

ζ 

Potential 

(mV) 

Turbidity 

(NTU) 

COD 

(mg/L) 

Conductivity 

(µS/cm) 

Olive oil 7.2 2.7±0.02 -64.2±8 363±30 1572±82 61.7±3 

Sasol multigrade oil 5.3 4.8±0.004 -82.9±4 282±42 899±89 57.2±2 

Sasol monograde oil 6.2 18.1±0.6 -73.0±5 288±33 411±40 24.5±12 

 

4.3.4. Emulsions exposed to shear 

The ζ potentials of the associated o/w emulsions prepared from olive oil, Sasol multigrade and 

Sasol monograde oil, subjected to hydrodynamic shear over a rpm range of between 2000 to 

6000 rpm are depicted in Figure 4.11.  

 

 

Figure 4.11. Plot of ζ potential as a function of rpm of emulsions. 
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Based on the results presented in Figure 4.11, it is evident that emulsions exposed to high rates 

of shear, i.e. rpm’s greater than 4000 rpm, resulted in higher ζ potential values of between -60 

mV and -87 mV, which are reflective of emulsions becoming more stable. The negative values 

of the ζ potential imply that oil droplets in the water are negatively charged over the studied 

pH range (5.3–7.2), which is consistent with literature reports [57,134,204]. 

 

This result was also observed by other authors, utilising various organic material and oily 

solvents to produce o/w emulsions, highlighting that high shear mixing in various emulsions 

including ointments, o/w emulsions, w/o emulsions and other colloids, results in the rupture of 

oil droplets, creating a smaller DSD and produces relatively more stable emulsions at higher 

rpms [74,151,405]. As highlighted in Chapter 2, it is evident that when shear rates are high 

enough, the droplet rupture phenomenon becomes preponderant, resulting in smaller droplets 

[460]. Based on the results obtained and presented in Figure 4.10, to avoid producing stable 

emulsions during the treatments all the shear treatments were conducted as to not exceed 4000 

rpm. The amount of shear as well as the flow rate of air applied to the emulsions were kept 

constant at 4000 rpms and 1000 L/h respectively, where air and shear were applied during the 

treatments. 

 

4.3.5. Effect of treatment on zeta potential 

The ζ potentials of the emulsions pre and post treatments were measured as per the procedure 

in Section 3.2.8.9. 
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Figure 4.12. Graph of ζ potential readings of emulsions pre and post treatments. 

 

Figure 4.12 shows the effect of various treatments on the ζ potential. The treatment sparged 

with air shows no significant change in the ζ potential of the treated emulsion, this result is 

evident for all three oil in water emulsions utilised in the study. This highlights the fact that 

this treatment had no impact on the overall stability of the three emulsions. 

For the treatment exposed to shear only, and the treatment sparged with air and exposed to 

shear, the ζ potential of the emulsions are moving closer to 0. This change in ζ potential can be 

ascribed to a change in the stability of the emulsion with the specific treatments. It is evident 

that these treatments have a direct impact on the overall stability of the emulsions. As 

highlighted in Chapter 2, resultant ζ potentials below ±30 mV for emulsions result in processes 

like aggregation, sedimentation and flocculation resulting in demulsification and phase 

separation of the emulsion [221,224]. 

 

4.3.6. Effects of treatment on DSD 

For all DSD measurements, the D90 values are reported, which describe the diameter where 

ninety percent of the distribution of the sample analysed has a smaller particle size and ten 

percent has a larger particle size.  
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Figure 4.13. Graph of the DSD of the emulsions pre and post treatment. 

 

Figure 4.13 shows the D90 DSD measurement values of the emulsions before and after each 

treatment. Measurements of DSD did not include those of free oil and every effort was made 

to ensure representative and homogenous samples from the emulsions and processed water 

were recorded, as described by the procedure in Section 3.2.8. The DSD results presented in 

Figure 4.13, indicate that the emulsions sparged with air showed only a minor increase in the 

overall DSD. For the olive oil emulsion, it increases from 2.7 µm to 13.7 µm, for Sasol 

Multigrade emulsion increased from 4.8 µm to 7.7 µm and for the Sasol Monograde from 18.1 

µm to 24.8 µm. The DSD for all the emulsions sparged with air are all less than 25 µm indicting 

relative overall stability of the emulsions. 

  

0

20

40

60

80

100

120

140

160

180

200

emulsion untreated sparged with air exposed to shear sparged with air while
exposed to shear

D
ro

p
le

t 
Si

ze
 D

is
tr

ab
u

ti
o

n
(µ

m
)

Treatments

Olive oil Sasol Multigrade L Sasol Monograde



http://etd.uwc.ac.za/

126 

 

Table 4.3. Percentage increase of the DSD for the various treatments from the untreated 

emulsion. 

Emulsion 
sparged with air 

(%) 

exposed to shear 

(%) 

sparged with air while 

exposed to shear 

(%) 

olive oil 406 3140 3693 

Sasol Multigrade L 62 342 1654 

Sasol Monograde 37 188 886 

 

Table 4.3 presents the percentage increase of the DSD for the various treatments from the 

untreated emulsion. For the treatment, sparged with air while exposed to shear, there was a 

relatively large and significant percentage increase of DSD measurements. Due to fact that the 

increased change in DSD percentages were so large the dataset was normalised, utilising the 

procedure highlighted in Section 4.1, to give a clearer representation and presentation of the 

effect of various treatments on DSD. 

 

As shown in the Table 4.3, there is also a relatively large percentage increase in the DSD for 

the olive oil emulsion exposed to shear, however only relatively small percentage increases in 

DSD’s were observed for the other two shear treated emulsions. The olive oil emulsion 

measurement does not follow the same trend and this could be due to a number of factors 

including the olive oil chemical composition. Perhaps it is the limited ζ potential of olive oil, 

requiring less effort to force droplet aggregation. Further work would need to be carried out to 

explain this anomaly in more detail. 
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Table 4.4. Normalised percentage increase of the DSD for the various treatments. 

Emulsion 
sparged with air 

(%) 

exposed to 

shear 

(%) 

sparged with air while 

exposed to shear 

(%) 

olive oil 10.08 84.87 100.00 

Sasol Multigrade L 0.68 8.34 44.23 

Sasol Monograde 0.00 4.13 23.23 

 

The normalised percentage increase of the DSD for the various treatments, as presented in 

Table 4.4 gives a clearer depiction of the overall DSD results. Based on the results, sparging 

of air had no significant effect on the overall DSD or on the overall stability of the emulsions. 

 

For the treatments utilising exposure to shear alone as well as those sparging with air while 

exposure to shear, resulted in a relatively large increase in the measured DSD. Based on the 

results observed in Figure 4.13, it is evident that application of shear rate resulted in droplet 

aggregation and coalescence, which corelates with the decrease in ζ potential. The treatment, 

sparged with air while exposed to shear, resulted in the largest DSD increase and destabilisation 

with separation of the emulsions. This result is consistent with other reports where emulsions 

exposed to shear, which results in an increase in the DSD and phase separation is observed 

[16,87,196]. The air being introduced within the high shear environment is a historically a 

means to introduce bubbles into the destabilised emulsion which attach to flocs which will rise 

to the surface thereby separating oil droplets from the aqueous phase.  

 

To the author’s knowledge, there has been no reports in literature of the role air plays in a high 

shear environment and how it initiates coagulation, it is clear, based on this research, that it is 

not only used to float flocs to the surface. The measured DSD is derived from samples that are 

drawn from below the surface of the water where the free oil is floating. The oil that floated to 

the top as a result of its attachment to air bubbles is not the oil in the DSD sample. This possibly 

is indicative of another mechanism which is at play that creates larger particles. The 

hydrophobic nature of air is likely facilitating oil to oil droplet aggregation, specifically in a 

high shear environment. The air being introduced within the high shear environment is 

historically a means to introduce bubbles into the destabilised emulsion which attach to flocs 

which will rise to the surface thereby separating oil droplets from the aqueous phase. This 
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phenomenon whereby the hydrophobic nature of air is likely facilitating oil to oil droplet 

aggregation, specifically in a high shear environment, was researched in more detail and 

transformed in the registration of a South African provisional patent with application number, 

2022/12418 

 

The change in the DSD with the treatments may be explained as a result of flocculation and 

coalescence processes of the emulsion droplets associated with destabilisation and separation 

of the emulsion, as have been reported in the literature [193,461]. These observations are 

consistent with other reports associated with stable emulsions exposed to hydrodynamic shear 

[74,143,144,405]. 

 

 

Figure 4.14. DSD curve of a prepared stable olive oil o/w emulsion. 

 

The DSD of the prepared emulsions before treatments were observed to be relatively 

monodisperse with a consistent uniformity. Figure 4.14, shows an example of the 

monodisperse nature of the DSD curve with a consistent uniformity for the prepared olive oil 

emulsion with a D90 DSD of 2.7 µm. For all the DSD results, three measurements of the same 

sample were recorded and are presented as a green, yellow and red curve on the DSD graph. 
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Figure 4.15. DSD curve of the olive oil o/w emulsion sparged with air. 

 

 

Figure 4.16. DSD curve of the olive oil emulsion exposed to shear. 
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Figure 4.17. DSD curve of the olive oil emulsion sparged with air while exposed to shear. 

 

In contrast to the monodispersed nature of the prepared olive oil emulsion prior to treatment, 

Figures 4.15, 4.16 and 4.17, shows the polydispersed nature of the olive oil emulsion post 

treatments. The polydispersed nature of the distribution curves post treatments are a result of 

emulsion destabilisation processes associated with the treatments. The results highlighted in 

Figure 4.10 indicate that the DSD in the emulsion has a relatively wide range, from between 

1.8 µm to 102 µm, implying that emulsion has become unstable with the DSD transforming 

from a relatively narrow range to a relatively wide range, associated with droplet flocculation 

and coalescence resulting in the formation of larger droplets [39,53,175,405,462]. 

 

4.3.7. Effect of treatment on conductivity 

The conductivity of the oils used prior to the emulsification process and those of the prepared 

emulsions were recorded utilising the procedure presented in Section 3.2.8.8, and presented in 

Table 4.5. The conductivity of the water used for the emulsion preparation was recorded a 

0.05±0.01 μS/cm at 20 ºC 
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Table 4.5. Conductivity measurements of the oils and prepared emulsions at 20 ºC. 

Oil 
Pure bulk oil 

(μS/cm) 

Emulsion 

(μS/cm) 

Olive oil 0.11 ±0.7 61.68±2.75 

Sasol multigrade oil 0.29±0.9 57.15±2.43 

Sasol monograde oil 0.33±0.9 24.48±12.7 

 

The results presented in Table 4.5, show there is an increase in the conductivity of the 

associated prepared emulsions, as compared to the original pure bulk oil. These results are 

consistent with literature reports for low concentration of o/w emulsions [445,446,450]. It has 

also been demonstrated that o/w emulsions, have a higher electrical conductivity than w/o 

emulsions, implying that the emulsion type can be identified through the measurement of its 

electrical conductivity [442,445]. It is generally accepted that organic and petroleum oils are 

bad conductors of electricity, however they do exhibit some degree of electrical conductivity 

[446]. The conductivity of oil is dependent on several factors, including the chemical 

composition of the base oil, additives and the associated polarity of the chemical compounds 

[443]. The increase in conductivity of the emulsion, as compared to that of the pure bulk oil 

and to that of the aqueous phase is associated with the physical properties of the oil making up 

the emulsion, which can include the size of the droplets, the associated charge of oil droplets, 

oil volume fraction and the dissolved ions in the continuous aqueous phase from the associated 

oils [440,441]. 

 

It is has been reported extensively that the electrical conductivity of o/w emulsion is directly 

related to the oil volume fraction [441,449,450]. The electrical conductivity of an emulsion 

decreases with an increase in the oil volume fraction, as well as an o/w emulsions has a higher 

electrical conductivity as compared to that of w/o emulsions [437,447,448].  

 

With respect to olive oil, it has been reported that it is rich in oleic fatty acid, which is known 

to act as an emulsifying agent, as well as being able to introduce protons from the carboxylic 

acid groups into the continuous phase [442,456,463]. For the Sasol oils, some degree of the 

conductivity increase can be attributed to the fact that the oils are zinc fortified. It has been 

demonstrated that the larger the concentration of metal-organic additives, the higher the 
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petroleum lubricant’s conductivity as well as that of the resultant produced emulsion as ionic 

metal complex species become charge carriers in the continuous phase [464,465]. 

 

 

Figure 4.18. Graph of conductivity measurements of the emulsions pre and post treatments. 

 

Figure 4.18 shows the effect of the treatments on the conductivity of the post treatment 

emulsion. The treatment, sparged with air, showed little change in conductivity, which is 

evident that sparging with air alone does not significantly affect the emulsion stability. Where 

the emulsion was exposed to shear and to shear combined with air sparging these treatments 

resulted in a decrease in the associated conductivity. This decrease in conductivity can be 

attributed to the increase in the amount of oil in the emulsion specifically at the level of the 

conductivity probe, located at 5 cm below the surface of the water. The decrease of the 

conductivity is a direct result of the increase in droplet size as pointed out in section 4.3.6. An 

increase in DSD constitutes a reduction of the total charge carrying droplet surface area, which 

is supported by the observed reduction of the ζ potential. This phenomena of emulsion 

destabilisation and coalescences during flotation IAF processes has been reported by a number 

of authors [268,466,467].  
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Figure 4.19. Regression analysis plot of conductivity as a function of DSD measurements of 

the emulsions post treatments. 

 

Figure 4.19 shows a plot of DSD versus conductivity data for the emulsions post treatment. 

The R2 for the olive oil emulsion is equal to 0.681, the R2 for the Sasol multigrade oil emulsion 

was equal to 0.611 the R2 for the Sasol multigrade oil emulsion was equal to 0.742. Taking into 

account the R2 values for the correlations, all are greater than 0.6, which shows a fair correlation 

between DSD and conductivity data, which is in line with research reports [436,437]. The data 

shows that a decrease in conductivity with an increase oil droplet size, consistent with literature 

reports [436,437]. 

 

4.3.8. Effect of treatment on turbidity 

The turbidity of the prepared emulsions was recorded utilising the procedure presented in 

Section 3.2.8.3. 
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Figure 4.20. Graph of turbidity measurements of the emulsions pre and post treatments. 

 

Figure 4.20 shows the effect of the treatments on the turbidity of the emulsions pre and post 

treatments.  

 

Table 4.6. Treatment efficiency percentage of treatments based on changes in turbidity. 

Emulsion 

Treatment efficiency (TE)  

Sparged with air 

(%) 

Exposed to shear 

(%) 

Sparged with air 

while exposed to 

shear 

(%) 

Olive oil -3.4 -3.2 20.6 

Sasol multigrade oil -3.9 -3.8 24.6 

Sasol monograde oil -0.5 -0.7 37.2 

 

As per Table 4.6, the two treatments, sparged with air and exposed to shear showed no decrease 

in the turbidity, however a relatively small increase in turbidity was observed, all less than 4%. 

Turbidity is both a function of droplet size and droplet numbers. With shear treatment alone, a 

significant droplet size increase and also a reduction in the absolute ζ potential was observed. 
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However, the number of droplets were still significant, leading to a small increase rather than 

decrease of the turbidity. The treatment where the emulsion was exposed to shear combined 

with air sparging resulted in a significant decrease in turbidity of the emulsion all greater than 

20%. It is suggested that this last treatment caused a higher degree of destabilisation leading to 

a larger number of droplets to coalesce to form free oil and as a result to remove itself from the 

sampling zone. Despite the increased size of the droplets within the sampling zone (as shown 

in section 4.6.3), the number of droplets must have been significantly less as the turbidity 

reading was reduced. 

 

4.3.9. Effects of treatments on COD 

The COD of the prepared emulsions were recorded utilising the procedure presented in Section 

3.2.8.6. 

 

 

Figure 4.21. Graph of COD measurements of the emulsions pre and post treatments. 

 

The results shown in Figure 4.21 highlights the effect of the various treatments on the COD.  

 

Sparging with air while exposed to shear had a treatment efficiency based on the COD of 51.9% 

for the olive oil emulsion, 33.2% for the Sasol multigrade oil and 16.7% for the Sasol 

monograde oil, as depicted in Table 4.7. The difference in treatment efficiency is a result of 
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the difference in physical properties and DSD of the respective emulsions. This is ascribed to 

destabilisation of the emulsions causing aggregation and flocculation followed by the resulting 

free oil rising to the surface of the water. Hence the oil content of the remaining emulsion 

decreases. 

 

Table 4.7. Treatment efficiency percentage of treatments based on COD. 

Emulsion 

Treatment efficiency percentage 

Sparged with air 

(%) 

Exposed to shear 

(%) 

Sparged with air 

while exposed to 

shear 

(%) 

Olive oil 1.4 -0.9 59.1 

Sasol multigrade oil 5.9 0.35 33.2 

Sasol monograde oil 5.0 0.25 16.7 

 

The treatments, sparging with air and exposed to shear resulted in a very small and insignificant 

change in the COD. A possible reason for the result obtained for sparging with air, is that the 

bubbles produced are large and hence were not effective in destabilising the emulsion. Similar 

findings, of bubble sizes have been described and reported by other authors [65,338,368,468]. 

The observed COD reduction, the increase of the average droplet size, the decrease of the 

absolute ζ potential, the decrease of turbidity and the decrease in conductivity are all providing 

a clear trend towards a reduced emulsion stability. 

The reduction of turbidity in conjunction with an increased droplet size can only be explained 

when a significant number of droplets have been removed from the sampling zone as free oil. 

The obtained COD results correlate well with the decrease in turbidity and increased droplet 

size.  

 

It is evident based on the results presented in Figures 4.18, 4.20 and Table 4.21 that the effect 

of shear combined with air sparging had a statistically significant impact on emulsion 

stabilisation, which resulted in a decrease in turbidity, conductivity, COD and an increase in 

droplet size of the treated emulsion. This change in the overall emulsion stability indicates the 

presence of the mechanism of shear flocculation and coalescence. Sparging with air while 

exposed to shear also generated small enough bubbles to make flotation possible and 



http://etd.uwc.ac.za/

137 

 

demonstrates the effectiveness of the treatment, resulting in a treatment efficiency ranging from 

16.7% to 51.9%. 

 

Researchers have demonstrated that petroleum hydrocarbons with smaller molecular weights 

in general have higher solubility in water, which implies these compounds have higher 

tendency to be removed by bubbles as air is released from the water in comparison to those 

with higher molecular weights [162,469]. This process has been reported to occur through the 

accumulation of petroleum hydrocarbons within the bubble film and eventual transport to the 

surface in the water column [162,469]. A number of authors also observed that the processing 

of organic compounds from wastewater by bubble formation and release during DAF treatment 

of wastewater is significant [162,469]. 

 

To increase the oil removal efficiency, chemicals in combination with air sparging and shear 

could be used, however, the amount of chemicals required could probably be reduced as 

compared with that of using chemicals alone. The combined process would include the use of 

shear prior to chemical addition. This has not been demonstrated in the current research study 

and is work for future research. 

 

4.4. Coagulation - jar test results 

Coagulation jar test analyses were conducted on olive oil, o/w emulsions, utilising the 

procedure presented in Section 3.2.7.2. The olive oil emulsions were prepared as per the 

procedure in Section 3.2.1. Only olive oil emulsions were utilised in the jar test due to the fact 

that only olive oil emulsions were used in the DAF experiments. 
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Table 4.8. Jar test results of the prepared emulsions used in the DAF experiments. 

Parameter 

Pretreatment 

Emulsion 

Parameters 

Jar test results 

1 2 3 4 

Coagulant dose (ppm)  10 20 30 40 

pH 7.1 6.4 6.8 6.1 6.3 

Turbidity (NTU) 368±10 349±8 290±11 169±10 287±11 

Turbidity Treatment 

Efficiency (%) 
 6 21 56 23 

Conductivity (uS/cm) 62±8 54.7±5 23.7±8 12.1±9 35.4±9 

ζ potentials (mV) -38.7±7.1 -25.7±0.4 -28.0±0.6 -4.4±0.9 -5.5±2.5 

 

Based on the results of the jar tests conducted, shown in Table 4.8, all the coagulant dose 

concentrations resulted in a decrease in the turbidity, conductivity and the absolute value of the 

ζ potential of the emulsion, indicating a decrease in the overall stability of the emulsion with 

the addition of the alum coagulant. This destabilisation of the emulsion is a result of the 

addition of positively charged Al(III) ions from the alum coagulant, which neutralise the 

negative charges of the oil droplets in the emulsion system. 

 

 

Figure 4.22. Plot of turbidity as a function of coagulant concentration of jar test results. 

 

As per Figure 4.22, the turbidity decreases with an increase in coagulant concentration until  

30 ppm. A further increase of the coagulant concentration, from 30 to 40 ppm, leads to a sharp 

increase of the turbidity from 169 to 287 NTU. The turbidity trajectory as a function of 
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coagulant concentration highlights that positive ions added to the system initially neutralise the 

negative charged oil drops of the emulsion. At a concentration of 30 ppm coagulant, it appears 

the surface is optimally neutralised, which correlates with the ζ potential results display in 

Figure 4.23. 

 

 

Figure 4.23. Plot of ζ potential as a function of coagulant concentration of jar test results. 

 

With an increase in coagulant dosage concentration, from 10 to 30 ppm, the ζ potential changed 

from -38.7 mV to -4.4 mV, as presented in Figure 4.23, it is indicative of a decrease in the 

overall stability of the emulsion. 

 

The decrease in emulsion stability resulted in a decrease in the conductivity. This decrease in 

conductivity is a direct result of the removal of the small oil droplets through droplet 

coalescence, a reduction of the overall droplet surface area and a neutralised droplet surface 

charge. This phenomenon of conductivity decrease with the increasing coagulant dose as well 

as with the increase in oil droplet size has been observed by other authors [437,470,471]. The 

increase in conductivity at 40 ppm can be explained by an excess Al(III) cations beyond the 

optimal coagulant dosage in solution. 
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Figure 4.24. Plot of conductivity as a function of coagulant concentration of the jar test results. 

 

Based on the results obtained and presented in Table 4.8, and the results presented in Figures 

4.22, 4.23 and 4.24 it is evident that alum as a coagulant, does impact the overall stability of 

the prepared olive oil emulsion. The impact on emulsion stability is a result of charge 

neutralisation and the electrical double layer compression, which in turn results in droplet 

coalescence, formation of larger oil droplets and eventually free oil.  

 

The coagulant dose of 30 ppm resulted in the highest treatment efficiency of 56% based on the 

turbidity measurements. A coagulant dose concentration increase from 30 ppm to 40 ppm, 

resulted in a significant increase in turbidity and conductivity with a relatively small increase 

of the absolute ζ potential. Taking into account the above results a coagulant dose of 30 ppm 

was used in the DAF experiments. 

 

4.5. Experiment using DAF combined with and without coagulation and shear 

The effectiveness of DAF with and without coagulant and shear was investigated for the 

processing of olive oil o/w emulsions, utilising the experimental procedure described in  

Section 3.2.7. For the DAF experiments, only olive oil emulsions were prepared and utilised, 

to mitigate against the risk of hazard oil spills associated with this research at the UWC campus. 

The tests were conducted at room temperature, which was between 19 and 23°C.  
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4.5.1. DAF Bubble size analysis 

Prior to the DAF emulsion treatments, experiments were conducted to assess the bubble size 

of the bubbles generated within the bubble swarm by the experimental set up, as per the 

experimental design procedure described in Section 3.2.8.3.  

 

 

Figure 4.25. Picture of the bubble swarm generated in pure water during the DAF process. 

 

The bubbles were analysed visually from photos in terms of approximate size and volume 

within the bubble swarm from observation window 1, located at the front side of the DAF unit. 

For the bubble size analysis an area of interest in observation window 2 was selected to ensure 

that the smallest bubbles within the bubble swarm were analysed as depicted in Figure 4.25. 

The bubbles in the observation window were located closest to the inlet and theoretically would 

have the smallest bubbles sizes. 
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Figure 4.26. Area of interest enhanced by the ImageJ software to highlight the bubbles in pure 

water during the DAF process, A) bubbles are represented in white with the 

water matrix in black, B) the bubbles are represented as circles with the bubble 

counts in red. 

 

The area of interest was converted to an 8-bit image and further enhanced with the bubbles 

enhances in white and the background water in black, Figure 4.26 (A). From Figure 4.26 (B) 

1236 bubbles were identified and analysed. 
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Figure 4.27. Histogram of bubble sizes identified within the area of interest for pure water in 

the DAF unit. 

 

Figure 4.27 depicts a positively skewed histogram of the bubble size versus frequency for pure 

water within the DAF unit. As depicted in the Figure 4.27, in the area of interest there were no 

bubbles with a diameter of less than 10 µm, approximately 33% of the bubbles observed had a 

diameter of between 10 µm and 50 µm, 34% of the bubbles had a diameter of between 50 µm 

to 100 µm and 33% of the bubbles had a diameter greater than 100 µm.  

 

A similar procedure was followed to determine the air bubble sizes produced in the prepared 

emulsions. As discussed in the Section 3.2.7, for the DAF unit, untreated water is recycled and 

pumped through the micro bubble generator. 
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Figure 4.28. Histogram of bubble sizes identified within the area of interest for the olive oil 

o/w emulsion in the DAF unit 

 

Figure 4.28 depicts a positively skewed histogram of the bubble size versus frequency within 

the olive oil o/w emulsion inside the DAF unit. As depicted in the Figure 4.28, in the area of 

interest there were no bubbles with a diameter of less than 10 µm, approximately 37% of the 

bubbles observed had a diameter of between 10 µm and 50 µm, 33% of the bubbles had a 

diameter of between 50 µm to 100 µm and 30% of the bubbles had a diameter were greater 

than 100 µm. This bubble size distribution result observed is also observed and reported by 

authors in the literature for DAF flotation systems [343,377,383,387]. 

 

4.5.2. Properties of emulsions prior to treatment 

The physical parameters of the prepared o/w emulsions used in the experiments are presented 

in Table 4.9. Of particular significance and importance were the ζ potential measurements of 

greater than -58 mV and DSD P90 measurements of less than 6.5 µm, indicating relatively 

stable emulsions. The results presented in Table 4.9 confirm the stability of the emulsions 

before each treatment. 
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Table 4.9. Parameters of the prepared olive oil emulsion samples prior to treatment used in the 

DAF experiments. 

Samples to be treated  
COD 

(mg/L) 

DSD 

P90 

(µm) 

Conductivity 

(µS/cm) 

Turbidity 

(NTU) 

ζ potentials 

(mV) 

Sample to be treated by 

DAF with coagulation 
1589±86 4.7±1.2 56.20±2.3 374±7 -58.7±0.9 

Sample to be treated by 

DAF with shear 
1549±59 6.4±0.2 60.45±1.7 376±13 -66.6±0.2 

Sample to be treated by 

DAF with coagulation 

and shear 

1657±77 5.2±0.4 51.93±2.3 380±13 -70.4±0.6 

 

To ensure the emulsions treated, were statistically the same, an ANOVA test was performed 

on the emulsions with the null hypothesis, that there is no difference between the emulsions. 

The summary of the data utilised and analysis of the results are presented in Table 4.10 and 

4.11 respectively. 

 

Table 4.10. Summary of the emulsion turbidity data utilised in the ANOVA analysis. 

Groups Count Sum Average Variance 

Reading 1 3 1151 383.666 44.333 

Reading 2 3 1105 368.333 9.3333 

Reading 3 3 1136 378.666 180.333 

 

Table 4.11. One way ANOVA analysis results based on the turbidity. 

Source of 

Variation 
SS df MS F P-value Fcrit 

Between Groups 366.88 2 183.44 2.351 0.176 5.143 

Within Groups 468 6 78 
   

       
Total 834.88 8 

    
 

Where, SS is the sum of squares for each source of variation. df is the degrees of freedom for 

each source of variation, the df is indicative of the number of independent pieces of information 
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used to calculate each sum of squares. MS is the mean square corresponding to the sum of 

squares divided by its associated degrees of freedom. F is the F ratio, which measures if the 

means of different samples are significantly different or not. The P-value is the probability 

calculation which determines if the results are statistically significant. Fcrit is the Fcritical 

determined by the ANOVA test. 

 

Based on the results of the ANOVA test with P-value of 0.389, which is greater than 0.05, 

implies that there was no statistical difference between the three emulsions used in the DAF 

treatment experiments. 

 

4.5.3. Effects of DAF treatment on conductivity 

The conductivity of the emulsion pre and post treatment, was conducted as per the procedure 

described in Section 3.2.8.8.  

 

 

Figure 4.29. Graph of conductivity measurements of the emulsions pre and post the DAF 

treatments. 

 

As with the IAF treatment, the decrease in conductivity associated with all three DAF 

treatments, shown in Figure 4.29, is a result of the destabilisation of the emulsions resulting in 

the coalescence of droplets and the increase of the oil droplet concentration in the surface 

region of the water where the conductivity readings were recorded. This result is consistent 
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with reports by other authors, especially where coagulants are utilised with DAF. [437,472]. 

The reduction of conductivity with DAF and shear is also noted indicating that the shear with 

bubbles and flotation has an impact on the overall stability of the emulsion resulting in 

separation and an increase in the concentration of oil droplets in the surface region of the water 

where the conductivity measurements were recorded. However, combining DAF with shear 

and coagulation did not significantly alter the conductivity reduction, caused by DAF with 

coagulation alone or with shear alone. 

 

4.5.4. Effects of DAF treatment on zeta potential 

The ζ potentials of the emulsions pre and post DAF treatments were measured as per the 

procedure in Section 3.2.8.9. 

 

 

Figure 4.30. Graph of the ζ potential of the emulsions pre and post the DAF treatments. 

 

For all the treatments there is a decrease of the absolute value of the ζ potential. This decrease 

of the absolute value of the ζ potential shown in Figure 4.31 is a result of destabilisation of the 

emulsion through the addition of a coagulant, which results in the neutralisation of the droplet 

surface charge and electrical double layer compression of the oil droplets. The treatments, DAF 

with coagulation and DAF with coagulation and shear resulted in a reduction of the ζ potential 

to below -5 mV, with the DAF with shear had a final ζ potential of -12.5 mV. The most 

significant decrease in ζ potential was for the treatment of DAF with coagulation with a 
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decrease from -58 mV to -0.8 mV. Combining DAF with coagulation and shear showed a lower 

decrease in ζ potential than that of DAF with coagulation but without shear.  

 

As described in Section 2.6, the oil droplet charge neutralisation and electrical double layer 

compression directly impact the emulsion stability and results in decreasing the absolute value 

of the ζ potential of the emulsion, which then allows droplet interactions causing droplet 

aggregation [183,272]. The treatment DAF with shear has a similar effect of ζ potential 

reduction, however the reduction in ζ potential is not as significant as with the addition of 

coagulants alone. 

 

4.5.5. Effects of DAF treatment on turbidity 

The turbidity of the prepared emulsions was recorded utilising the procedure presented in 

Section 3.2.8.3. 

 

 

Figure 4.31. Graph of the turbidity measurements of the emulsions pre and post DAF 

treatments. 

 

Figure 4.31 shows the effect of the DAF treatment on turbidity and for all the treatments there 

is a significant decrease in the turbidity. This decrease is a direct result of the efficiency of 

DAF with coagulation as a clarification process to decrease turbidity, which has been reported 

by a number of authors [334,343,377,425]. This decrease in turbidity with DAF and shear is a 
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result and evidence of shear flocculation in combination with the DAF unit. The process of 

shear flocculation has been described in detail in Chapter 2 whereby shear is utilised to induce 

flocculation and coalescence of liquid - liquid dispersions. Subsequently, with DAF, these flocs  

float to the water surface [71,88,398]. The results in Figure 4.31 correlate well with the results 

in Figure 4.30. 

 

4.5.6. Effects of DAF treatment on COD 

The COD of the prepared emulsions were recorded utilising the procedure presented in Section 

3.2.8.6. 

 

 

Figure 4.32. Graph of COD measurements of the emulsions pre and post DAF treatment. 

 

The effect of the treatments on COD are presented Figure 4.32. For all the treatments there is 

a decrease in the COD measurements of the processed water. This decrease in COD is a result 

of the emulsion destabilisation, that leads to less oil content in the treated water. It should 

however be noted that the total amount of oil in the sample remains the same, but the sample 

volume taken for COD is from below the level of the free oil on the surface of the water 

resulting from demulsification. The DAF with coagulation treatment results in the largest 

decrease from 1589 mg/L to 528 mg/L.  
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The treatment efficiencies of the treatments conducted, based on the changes in COD and 

utilising Equation 4.2, were calculated. The results of the treatment efficiency results are 

presented in Table 4.12 below. 

 

Table 4.12. Treatment efficiency with DAF treatments on the olive oil emulsions. Treatment 

efficiency percentage of treatments based on COD. 

Treatment 

COD before 

treatment 

(mg/L) 

COD post 

treatment 

(mg/L) 

Treatment 

Efficiency (TE)  

(%) 

DAF with coagulation 1589±86 479±49 69.8 

DAF with shear 1549±59 850±111 46.5 

DAF with coagulation and shear 1657±77 645±65 59.4 

.  

 

From Table 4.12 the best treatment efficiency was obtained with DAF and coagulation with a 

69.8% TE, followed by DAF with coagulation and shear and the least efficient being DAF with 

shear. From these results it evident that coagulation is an important part of processing stable 

emulsions and DAF with shear alone results in separation efficiencies of 46.5%. 

 

The measured treatment efficiency for DAF with coagulation, is comparable with the results 

achieved in similar experiments described in the literature [21,171,307,473]. It should be noted 

that in the literature reports, coagulation is almost always followed by flocculation whether it 

is necessary or not. 

 

During the DAF process, for all the treatments described, oil droplet removal takes place via 

the interactions of coagulants or shear, oil droplets and air bubbles. As discussed in Chapter 2, 

the addition of coagulant reduces the electrostatic charge of the oil droplets and enhances the 

aggregation of the oil droplets. There is the school of thought, that the formed aggregations 

could be disintegrated under turbulence and shear forces, however other reports have suggested 

that shear and agitation have the potential to enhance the contact between oil droplets and air 

bubbles. Accordingly, the observed removal of oil with shear is consistent with results reported 

by Wells et al. [29]. 
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The results of all the treatments, shown in Figures 4.28, 4.29, 4.30, 4.31 and 4.32, highlight a 

decrease in the conductivity, turbidity, COD and an increase in the ζ potential, highlighting that 

the treatments resulted in a destabilisation of the emulsion. Based on the results presented, it is 

observed that all the treatments had a relatively positive impact on the treatment of processing 

of the stable olive oil o/w emulsions.  

 

4.6. Analysis of free and treated oil post the DAF treatments 

The oil layer, usually referred to as the sludge or float layer, at the surface of the DAF unit was 

collected and analysed against the original olive oil utilised to produce the emulsions. A 

number of authors have reported that the presence of suspended solids and water has an impact 

on the stability of olive oils and may result in the degradation of the olive oil [474–476]. 

Coagulation applied in oily wastewater treatment has been reported to generate significant 

amounts of waste sludge and this has been identified as the main disadvantages of coagulation 

processes [109,216,283]. Waste sludge often requires additional treatment processes and/or 

needs to be disposed of as expensive, sometimes toxic, waste. As noted in Chapter 1 and 

Chapter 2, the processing of o/w emulsions is typically focussed on and optimised for the 

recovery of clean water with little regard for recovering the oil phase [15,22]. The available 

literature shows that the sludge is the result of oil degradation in aqueous media combined with 

the hydrolysis of coagulants that add to the sludge generation [121,172,283]. The sludge 

generated is a direct result of the degradation of the oil in the o/w emulsion, as well as the 

coagulant dose and pH [471]. 

 

The collected oils were analysed by means of the fatty acid methyl ester (FAMES) profile 

analysis to assess the quantity and degradation of fatty acids in the collected oil samples during 

the DAF treatment [477,478]. The profile comparisons is a common robust comparative 

method to measure the amount of degradation of the olive oils collected post the DAF 

treatments [479]. It is inferred that the lower the FAMES analysis measurements the more 

resultant degradation of fatty acids of the bulk oil has occurred during the processing. 

 

The FAMES analyses were conducted by an independent third-party laboratory Microchem 

Lab Services (Pty) Ltd (Cape Town, South Africa).  
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Table 4.13 highlights the FAMES profile analysis of olive oil sludge collected samples, while 

Table 4.14 presents the summary of the results of the measurements, post the DAF treatments.  

 

Table 4.13. FAMES profile analysis of olive oil samples analysed by Microchem laboratories.  

Sample ID AT85145 AT85146 AT85147 AT85148 AT85149 AT85150 

Description 

Original 

bulk 

olive oil 

(g/100g 

per 

sample) 

DAF with 

shear 

(g/100g 

per 

sample) 

DAF with 

coagulatio

n (g/100g 

per 

sample) 

DAF with 

coagulatio

n and 

shear 

(g/100g 

per 

sample) 

DAF with 

shear 

(g/100g 

per 

sample) 

DAF with 

coagulatio

n and 

shear 

(g/100g 

per 

sample) 

First Run 

Measurement 1 84.10 9.88 4.01 2.02 10.02 3.94 

Measurement 2 95.85 12.10 3.25 1.06 20.45 3.56 

FAT_Avg 89.98 10.99 3.63 1.54 15.25 3.75 

Second Run 

Measurement 1   5.76 3.64 16.63 3.5 

Measurement 2   9.71 4.1 8.16 5.12 

FAT_Avg   7.74 3.87 12.39 4.31 

 

Table 4.14. Summary of the FAMES profile analysis of olive oil samples 

Treatment 

FAT Avg 

g/100g per 

sample 

Original bulk olive oil 89.98 

DAF with coagulation 5.68 

DAF with shear 12.87 

DAF with coagulation and shear 3.37 

 

As shown in Table 4.14, the oily sludge collected post the treatment with coagulation, DAF 

with coagulation and DAF with coagulation and shear showed the most degradation from the 

bulk oil. This result corresponds well with the literature reports that the use of alum coagulants 

causes oil degradation and sludge formation during flotation [121,172,283]. It is observed that 

DAF with coagulation and shear resulted in most degradation, with a measurement of 3,37g/ 
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100g, as compared to 5.68g/100g of sample using DAF and coagulation. This result could be 

ascribed to a more intense mixing process of the coagulant with the oil droplet in a high shear 

environment. 

 

The oily sludge collected from the treatment of DAF with shear had the least degradation from 

the original bulk oil at 12.87g/100g of sample. The reason for this result can be explained by 

the fact that no coagulant was utilised. The fact that less degradation of the olive oil occurred 

during the DAF with shear process, is encouraging. 

 

It should be noted that based on the results, as presented in Table 4.14 all the treatments 

resulted in oil degradation as compared with the untreated olive oil. It can also be noted that 

only shear, without chemical addition, also lowered the FAMES levels substantially. This is a 

result of the oil droplets in the emulsion being exposed to agitation in an aqueous oxidising 

environment emanating from dissolved air in the DAF unit.  

 

Question: How significant is the degradation of the oil in terms of SAMES reduction in 

industry? Does it make the floated oil worthless, or is it not that important? 
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CHAPTER 5  CONCLUSIONS 

This chapter summarises the significance of the research findings related to the outlined aims 

and objectives described in Chapter 1. Further included herein is the overview elucidating the 

contribution to knowledge of the research. 

 

5.1. Overview 

As emphasised in Chapter 1 and Chapter 2, the processing of oily wastewater and specifically 

o/w emulsions, has been studied in various amounts of detail by a number of researchers 

[336,340,348]. The processing of o/w emulsions has been typically focussed on and optimised 

for the recovery of clean water with little emphasis on the recovery of the oil phase [15,22]. 

The current driver in emulsion treatment is to produce clean water as well as for the oil to be 

recovered as a secondary product. If the oil is not degraded to sludge, it can be recycled and 

sold as a secondary product. The available literature shows that sludge produced during the 

processing of o/w emulsions is the result of oil degradation in the aqueous media combined 

with the hydrolysis of coagulants and the pH of the emulsion [121,172,283,471]. 

 

This research is aimed at demonstrating flotation treatment techniques that are effective in 

processing o/w emulsions utilising shear with the minimum use of chemicals, such as 

coagulants. A hybrid technology solution utilising shear flocculation and flotation is proposed 

as a practical and efficient method to treat and process oily wastewater emulsions. This study 

is limited to the processing of surfactant and emulsifier free oil in water emulsions utilising 

shear and two specific flotation techniques, namely IAF and DAF. 

 

Based on the results presented in Chapter 4, it is evident that both IAF and DAF can be used 

in conjunction with shear to destabilise and process o/w emulsions, although DAF proved to 

be significantly more efficient than IAF.  

 

The results indicate that both the laboratory scale IAF and pilot scale DAF systems utilised in 

this research were able to produce micro sized bubbles necessary for the efficient flotation. In 

the IAF experiments there were no bubbles with a diameter of less than 50 µm, the produced 

bubbles sizes had a diameter of between 50 µm and greater than 300 µm. For the DAF 

experiments approximately a third of the bubbles observed in the area of interest had a diameter 

of between 10 µm and 50 µm with the balances of the bubble sizes greater than 100 µm. 



http://etd.uwc.ac.za/

155 

 

5.2. Laboratory scale IAF treatments 

For the laboratory scale IAF treatment three oils were used to prepare surfactant and emulsifier 

free oil in water emulsions utilising olive oil, Sasol Multigrade and Sasol Monograde oil and 

were subjected to three treatments, which included: 

• sparged with air, 

• exposed to shear, and 

• sparged with air while exposed to shear. 

 

Table 5.1. Summary of results obtained for the laboratory scale IAF treatments. 

Treatments 

Sparged with air Exposed to shear 
Sparged with air while 

exposed to shear 

 

No micro bubbles generated. 

 

 

For all the emulsions, no 

statistically significant result 

was observed in: 

• ζ potential 

• DSD 

• Conductivity 

• Turbidity, and  

• COD 

 

 

No micro bubbles generated. 

 

 

For all the emulsions, no 

statistically significant 

change was observed in: 

• Turbidity, and  

• COD 

 

For all the emulsions a 

statistically significant result 

was observed for: 

• ζ potential 

• DSD, and 

• Conductivity 

 

 

Micro bubbles generated in 

the bubble swarm. 

 

For all the emulsions a 

statistically significant result 

was observed in: 

• ζ potential 

• DSD 

• Conductivity 

• Turbidity, and  

• COD 

 

Treatment efficiency based on 

COD was calculated at: 

• Olive oil: 59.1% 

• Sasol Multigrade: 33.2% 

• Sasol Monograde: 16.7% 

 

 

As shown in Table 5.1, the treatment sparged with air had no statistically significant impact 

on the overall stability of the emulsions. The treatment exposed to shear only impacted the 
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turbidity and COD of the emulsions. However, the treatment sparged with air while exposed 

to shear had a statistically significant impact on all the observed measurements. The above 

results imply that the treatment exposed to shear alone does have an impact on the overall 

stability of the emulsions resulting in droplet flocculation and coalescence. However, due to 

almost no bubbles being generated during shear, the treatment does not result in complete 

emulsion separation. 

 

For the treatment sparged with air while exposed to shear the results show a complete 

destabilisation of the emulsions resulting in droplet flocculation, coalescence and the formation 

of free oil. As emphasised in Chapter 4, only micro bubbles were observed for the treatment 

sparged with air while exposed to shear. The micro bubbles generated resulted in making 

flotation possible and effective. Therefore, due to the generation of the micro bubbles, this 

treatment was most effective in processing the emulsions without any chemical coagulants and 

flocculants. This treatment resulted in a treatment efficiency ranging from 16.7% to 59.1% for 

the respective o/w emulsions.  

 

The conclusion from this is that the laboratory scale IAF treatment combining sparged with air 

while exposed to shear is a successful method for o/w emulsions processing. This treatment 

process has the potential to be scaled up to a pilot plant scale, which in turn addresses an 

identified gap in the current technologies and reduces the amount of chemicals utilised. It has 

the potential to produce a water phase with lower levels of toxicity and less sludge that needs 

to go to landfill.  

 

5.3. DAF treatment 

For the DAF experiments a pilot scale DAF unit with a shear unit was designed, fabricated and 

utilised for treating olive oil emulsions. The treatments included: 

• DAF with coagulation, 

• DAF with shear, and 

• DAF with coagulation and shear. 

 

For all the DAF treatments the results show a complete destabilisation of the o/w emulsions 

resulting in droplet flocculation, coalescence and the formation of free oil. As presented in 
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Chapter 4, micro bubbles were observed for all the DAF treatments. For all the treatments, 

statistically significant results were observed for the measurements of: 

• ζ potential 

• Conductivity 

• Turbidity, and  

• COD 

 

To the author’s knowledge, there are very few reports available in the literature that have 

analysed and described emulsions pre and post treatments to this level of detail. All the 

treatments resulted in oil degradation as per the results of the FAMES analysis. As discussed 

in Section 4.6 the oil droplets in the emulsion are continuously being exposed to an aqueous 

oxidising environment emanating from dissolved air in the DAF unit. It is observed that DAF 

with coagulation and shear resulted in the highest degradation of the oil in the emulsion. The 

least degradation of oil was obtained for the DAF with shear treatment with a measurement of 

12.87 g/100 g of sample.  

 

The best treatment efficiency was obtained with DAF and coagulation with a 69.8% TE, 

followed by DAF with coagulation and shear with a TE of 59.4% and the least efficient being 

DAF with shear resulting in TE of 46.5%. 

 

The conclusion from this is that hydrodynamic shear and DAF is a successful method for o/w 

emulsions processing, which based on the results confirms that this treatment results in the 

lowest oil degradation. Despite the relatively low processing efficiency compared to the other 

DAF treatments, the unique treatment DAF with shear has demonstrated that shear can replace 

chemical coagulants and can produce a water phase with lower levels of chemicals and 

relatively lower levels of sludge and degraded oil.  

 

Taking into account the results obtained an invention and patent relating to a process for 

recovering uncontaminated oil from a stable o/w emulsion has been filed accordingly, South 

African provisional patent with application number, 2022/12418. 
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CHAPTER 6  FUTURE WORK 

This chapter outlines recommendations for future research in the field of o/w emulsion 

processing utilising hydrodynamic shear and flotation technology. The research questions, 

aims and objectives raised in this thesis have been successfully addressed, however there are 

other interesting aspects, not within the scope of the study, which can be further researched. 

Based on the results and findings from this work, it is recommended further work to be 

undertaken in the following areas: 

 

• The processing and analysis of surfactant and emulsifier stabilised o/w emulsions and 

more complex emulsions, such as w/o and w/o/w emulsions, employing IAF and DAF 

pilot scale systems 

• The processing of other types of stable emulsions prepared from compounds frequently 

encountered in the petroleum, agricultural and pharmaceutical sectors 

• The processing of typical industrial effluents, where lower oil contents and other 

contaminants, such as other organics and suspended solids, are present 

• The use of inert (N2), oxidising (O2, O3), acidic (CO2) or basic gasses (NH3) instead of 

air 

• The upscaling of the laboratory scale IAF system to a pilot scale, which is able to 

process larger quantities of water 

• The evaluation of emulsion pre-treatments to increase associated treatment efficiencies 

and increase the recovery of the oil phase 

• The degradation analysis of the oil phase associated with the processing of emulsions 

utilising flotation and other separation technologies 
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CHAPTER 7 ANNEXURES 

A1. DAF shear system description 

A 3 L/min hybrid DAF shear wastewater unit was designed, fabricated and commissioned at 

the UWC campus, to test and treat oily wastewater. The system was designed utilising a 

conventional DAF treatment unit with the integration of a hydrodynamic shear mixer. Various 

o/w wastewater sample solutions will be processed to investigate the impact of chemical and 

physical factors on o/w wastewater emulsions. 

 

The unit, as highlighted in P&ID, Figure 3.7, in Section 3.2.7, the DAF shear system consists 

of two integrated units, a modified DAF treatment unit and a shear unit. The components of a 

modified DAF treatment unit are presented in the P&ID, Figure 7.1 below. 

 

Figure 7.1. P&ID, highlighting the components of the modified DAF treatment unit. 

 

The modified DAF treatment unit consists of the following key components and described as 

the wastewater flows through the system: 

• Feed water tank, to contain the o/w emulsion prior to processing through the unit 

• Screen filter, to screen any large particles or material present in the wastewater 
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• Pumps, to allow for efficient transfer of wastewater through the unit 

• Dosing vessels with dosing pumps, to allow for the controlled dosing of chemicals such 

as coagulants 

• Flocculation tanks, to allow for efficient mixing of chemicals downstream of the dosing 

pumps and to allow for the controlled flow of wastewater 

• Floatation tank, to allow for dissolved air, bubbles and wastewater to mix at the contact 

zone. The flotation tank is also where the processed and separated oil will float to the 

surface. 

• A rectangular DAF floatation tanks was fitted with a mechanical scraper, which 

removes floated sludge from the water surface. 

• Excess recycle tank with water level adjustor, to contain processed water and adjust the 

water level of the entire system. 

• Product water tank, to remove processed water from the system 

• Micro-bubble pump, to create pressurised air enriched water and ensures a high 

efficiency of dissolving air in water (up to 90%) and increase air content of the 

wastewater. The bubbles are only formed when the pressure is reduced over a valve 

• Excess bubble release vessel, the main functions is to release excess air sucked into the 

pump as large bubbles; and to provide a retention time for proper dissolution of the air 

into water. to regulate and ensure the pressure of the system does not exceed the design 

pressures 

• Needle valve before the DAF floatation tank, to release pressure and allow the air to 

come out of solution in the form of micro-bubbles before entering the contact zone of 

the DAF allow for efficient and steady release of bubbles into the floatation tank. 

• Control panel, to ensure control of the system which included controls for the pumps, 

the shear unit and the micro-bubble pump 

• Drip trays were fabricated and placed 

• Pressure gauges, to measure and ensure the system is operating at the safest and optimal 

parameters 

• Flow meters, to measure and ensure the correct flow rate is maintained at various 

sections of the system 

• Low flow resistance ball valves 

 

During wastewater treatment runs, the water was first pre-treated to adjust the pH and then 

dosed with the appropriate amounts of coagulants. The pre-treated water was then pumped 

through the flocculation tanks to allow for droplet floc growth. Following the flocculation 

tanks, the water passed through the DAF unit where air bubbles interacted with the oil droplets 

to float the flocs which were removed from the surface of the water in the flotation tank DAF 

unit. 
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The components of the integrated DAF shear treatment system are presented in the P&ID, 

Figure 7.2 below. This system includes the addition of the shear unit and its associated parts 

are highlighted in red, green and browns in Figure 7.2.
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Figure 7.2. P&ID, highlighting the components of the DAF shear integrated treatment unit highlighting the two units. 
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The DAF shear system with its components allows for the wastewater stream to bypass or 

include the dosing tanks which allows for the following treatment options: 

• DAF with coagulation 

• DAF with shear, and 

• DAF with coagulation and shear 

 

The system allows for the following wastewater cycles post the DAF unit: 

• Recycled back through the floc tanks back to the DAF unit 

• Pumped through a micro-bubble pump back to the DAF unit to allow for flocs, which 

did not form, to be recovered improving wastewater processing 

• Pumped through a micro-bubble pump and the high shear mixer back to the DAF unit 

• Add wastewater to and remove processed water from the DAF unit 

 

Samples were taken at various points throughout the process to monitor chemical and physical 

process of the treated wastewater. 

 

A2. DAF shear system start up procedure 

• Ensure all ball valves (BV) are in the closed position. 

• Connect unit to the power mains, following which the red indicator light will go on. 

• Turn the power switch to on at the control panel. 

• Turn the emergency switch clock wise and the green indicator light will go on. 

• Add coagulant and flocculant chemicals solutions to the dosing vessels as required.  

• Open the storage tank shut off valve (SV-1). 

• Open ball valves BV-2, BV-4, BV-7, BV-8, BV-13, BV-14. 

• Prime pump 1 with water. 

• Switch on power to the control unit panel. 

• Switch on power to pump 1 and increase the motor speed to under 18Hz. 

• Slowly fill up the floc tanks, DAF unit and monitor water level. 

• Adjust the water level with the water level adjustor in the excess recycle tank. 

• When the floc tanks and flotation tank are filled, close the wastewater feed tank and 

recycle for approximately ten (10) mins to get constant flow. 

• Adjust water level if required by adding water from the feed water tank. 
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• Continually check system for leaks. 

• Samples can be taken through Sample Point 2 (SP-1) by opening BV-5. 

 

Recycle through the bubble pump  

• Perform the DAF shear unit start procedure, as described above. 

• Once water level in the floc tanks, flotation tank and excess recycle tank are stable, close 

wastewater feed tank off valve, SV-1. 

• Switch off pump 1. 

• Close BV-2, BV-4 and BV-7. 

• Open needle valve-1 (NV-1), BV-12 and BV-16. 

• Prime bubble pump. 

• Switch on micro-bubble pump. 

• Slowly close BV-12 and adjust pressure at pressure gauge 2 (PG-2), to between 2.5 bar. 

• Pressure should not exceed 3.5 bar. 

• Adjust NV-1 until small fine milky bubbles are observed in the flotation tank 

observation window. 

• Slowly close BV-12 and adjust pressure at pressure gauge 2 (PG-2), to between 3 bar. 

• Let the system recycle through the flotation tank for approximately ten (10) mins to 

maintain milky small bubbles and constant water flow. 

• Samples were taken through SP-2 by opening BV-11. 

 

Recycle through the bubble pump and shear mixer  

• Perform the DAF shear unit start procedure, as described above, and recycle through 

micro-bubble pump. 

• Once water levels in the floc tanks, flotation tank and excess recycle tank are stable and 

small bubbles are observed in the flotation tank, open BV-15, BV-17 and close BV-16. 

• Adjust NV-1 until small fine milky bubbles are observed in the DAF observation 

window. 

• Slowly close or open BV-12 and adjust pressure at pressure gauge 2 (PG-2), to between 

3 bar. 

• Let the system recycle through the flotation tank for approximately five (5) mins to 

maintain milky small bubbles and constant water flow. 

• Switch on shear unit and adjust speed to 10Hz on the control panel. 
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• Monitor pressure at PG-2. 

• Slowly close or open BV-12 to adjust pressure at PG-2 to 3 bar. 

• Let the system recycle through the flotation tank for approximately five (5) mins to 

maintain milky small bubbles and constant water flow. 

• Increase or decrease the speed at the shear mixer control and do not exceed 40 Hz on 

the control panel. 

 

Adding wastewater and removing processed water from the system 

• Perform the DAF shear unit start procedure, as described above, and recycle through 

micro-bubble pump. 

• Once water level in the floc tanks, DAF unit and excess recycle tank are stable and 

small bubbles are observed in the DAF unit, open the wastewater feed tank, BV-2 and 

BV 7. 

• Adjust NV-1 until small fine milky bubbles are observed in the DAF observation 

window. 

• Slowly close or open BV-12 and adjust pressure at pressure gauge 2 (PG-2), to between 

3.5 and 5 bar. 

• Monitor pressure at PG-2. 

• Open BV-10. 

• Prime pump 1 with water. 

• Switch on pump 1 and slowly increase the motor speed to 22Hz. 

• Switch on pump 2 and slowly increase the speed to 15Hz. 

• Adjust speed of pump 1 and pump 2 to get a constant flow of water through the unit 

and in and out of the unit. 

• Monitor water level on the floc tanks, DAF and excess recycle tank.  

 

The water level in the unit was adjusted through slipping a tight-fitting sleeve over the pipe in 

the excess recycle tank, which can be moved up or down to adjust the water level of the system. 

This was only done during the initial run and then the level remained constant. 

 

There are two mechanical protections built into the system, which included: 

• A cover over the moving parts of the shear mixer, and 

• A pressure release valve set to 3.5 bar 
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A3. DAF unit emergency shut down procedure 

In order to ensure a safe operating environment a shutdown procedure was developed to assist 

the operator if the unit operates in potentially dangerous state and operating conditions. The 

procedure is presented in Table 7.1 below. 

 

Table 7.1. DAF unit emergency shut down procedure. 

TYPE OF 

EMERGENY 
OBSERVATION Action 

High 

wastewater 

levels 

Water overflowing in the floc tanks 

• Switch off pump 1 or reduce 

pump speed to below 10Hz. 

• Close feed water tank shut off 

valve, SV-1. 

 

Water overflowing in the DAF unit 

• Switch off pump 1 or reduce 

pump speed to below 10Hz at 

the control panel. 

• Close feed water tank 

• Adjust water level at the water 

level adjuster inside the excess 

recycle tank. 

Water overflowing at the excess 

recycle tank  

• Switch off pump 1 or reduce 

pump speed to below 10Hz at 

the control panel. 

• Close feed water tank 

• Adjust water level at the water 

level adjuster inside the excess 

recycle tank. 

• Open BV-9 to lower water 

level  

• Switch on Pump 2 and pump 

excess water to product tank. 

Water leaks 
Water leaks at pipes, tanks valves or 

pumps 

• Switch off system immediately, 

with the emergency shut off 

switch on the control panel. 

 

High 

wastewater 

flow rates 

Water overflowing in the floc tanks 

• Switch off pump 1 or reduce 

pump speed to below 10Hz at 

the control panel. 

• Close feed water tank shut off 

valve, SV-1. 

 

Water overflowing in the DAF unit • Switch off pump 1 or reduce 

pump speed to below 10Hz. 
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• Close feed water tank shut off 

valve, SV-1 

• Adjust water level at the water 

level adjuster inside the excess 

recycle tank. 

High 

pressure 

readings 

High pressures of above 3.5 bar • Release pressure through 

opening BV-12 or NV-1. 

High pressures of above 3.5 bar 

• Release pressure through 

opening BV-12 or NV-1. 

• Switch off micro-bubble pump. 

• Switch off pump 1 at the 

control panel. 

• Switch off system at the 

control panel and check for 

blockages throughout the 

system. 
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B. DAF shear system tank sizes and volumes 

 

 

Dimensioned side view of a scale model of the flocculation tanks, flotation tank and the excess 

recycle tank. 
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