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ABSTRACT 
 

With climate change ever still a focal point of discussion among the world leaders, 

amidst the growing interest in carbon capture, now than ever before, it has become more 

imperative to engage in not only innovative ways to treat water globally but also cost effective 

too, in order to ensure the sustainability, global acceptance and utilization of the process. The 

average production of water to oil in oil producing well is currently estimated at a ratio of 3:1 in 

favour of water, this number is estimated to rise to as high 12:1 in the next decade. Hence the 

onus is on researchers to meet up with the demands that come from the volume of produced 

water generated from these numbers in terms of treatment for discharge and reuse in the 

environment. Produced water treatment is very essential to the society as it facilitates better oil 

recovery from the reservoir, improved environmental condition and aquatic life sustainability, 

and also reuse in industrial processes such as oil sands, water reinjection and irrigation. 

 In this present study, Experiments were done to determine the optimum oil removal 

efficiency using dissolved air flotation system under specified experimental conditions using a 

3*3 Taguchi method of experimental design. An ionic liquid (1-ethyl-3-methyl-Imidazolium 

actetate) (EMIMAc) and an organoclay(OC) (JC 9450) were used as coagulant initially in the 

process to determine the optimum removal efficiency of oil, COD and turbidity at 3 different 

concentrations for both coagulants, the relationship between TDS, Salinity and Conductivity was 

also analyzed based on how they were affected by the different concentration levels and Recycle 

ratio. A third experimental set was done using both ionic liquid and organoclay together during 

mixing to determine the synergistic effect of the coagulants with DAF. In all experiments the 

zeta potential and pH of the feed were measured and compared with that of the treated water, and 
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the relationship between both parameters analyzed. The highest removal efficiency obtained for 

the ionic liquid was 97.1% at a concentration of 200 ppm, while at a similar organoclay 

concentration of 360 ppm, the removal efficiency was obtained as 95.9%. The synergistic 

reaction between organoclay and ionic liquid yielded a removal efficiency of 96.95% at a 

concentration of 360 ppm OC and 50 ppm Emim[AC].  The removal efficiencies were compared 

with that obtained from control experiments using DAF only as well as using Coagulants only. 

At appropriate mixing levels, the removal efficiency of oil using each coagulant only was also 

observed to be greater than the control experiment of DAF only. 
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    Chapter 1 

Introduction 

The demand for an efficient and cost-effective process/technology in produced water 

treatment has more than ever before become more imperative to the engineering society and the 

world in general. This is clearly evident from reports suggesting an increasing water to oil 

production ratio in a production well from the current 3:1 to as high as 12:1 in the future decade 

(Arowoshola et al., 2011). 

 A futuristic approach is henceforth needed to manage this occurrence. 

Produced water can be simply be referred to as formation water trapped in the oil reservoir, 

which is produced along with oil and gas during exploitation of crude oil i.e. water that flows out 

from the production well along with crude oil (Munirasu et al., 2016; Jimenez et al., 2018), 

hence the term produced water. Other times, formation water may also include water that has 

been injected into the well known as injected water (Neff, 2002; Veil et al., 2004;  Fakhru'l-Razi 

et al., 2009; Arthur et al., 2011; Jimenez et al., 2018), which was added to increase the well 

pressure and hence increase the oil productivity of the well. Produced water is the highest waste 

generated in oil field constituting about 3parts to one part of oil produced per barrel. It is 

composed primarily of organic and inorganic materials (Zolfagari et al., 2016). 

 

1.1 Sources of Produced water 

The sources of produced water primarily include processes such as exploration of oil and 

gas wells, coal bed methane wells (Halem et al., 2010) as well as secondary processes like 

refinery which generates wastewater cleaned up from the oil during petroleum refining (Igunnu 

and Chen, 2012). This is also known as process water which differs from produced water only by 
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composition, such that produced water contains more inorganic ions compared to process water, 

although process water due to the various chemical processes involved during oil refining, has a 

lot of chemical compounds from breakdown of chemical reactions which are not present in 

produced water (Munirasu et al., 2016) 

1.2 Composition and Effects of Produced Water 

The composition of produced water is dependent on the production activity generating 

the produced water i.e., oil and gas wells, CBM and oil shale etc (Al Halem et al., 2009), as well 

as type, geological formation (Jimenez et al., 2016),  and age of the production field i.e. 

composition changes as the oil field ages (Dickhout et al., 2017). While it has been established in 

the previous paragraph that variations exist in the composition of produced water from field to 

field, however a general composition of produced water can be said to include: oil and grease, 

suspended and dissolved solids, PAHs (polyaromatic hydrocarbons), phenol residual 

hydrocarbons, dissolved organic and inorganic species, heavy metals, naturally occurring 

radioactive and chemicals used in hydrocarbon extraction. (Sheng, 2011; Arthur et al., 2011; 

Jimenez et al., 2018; Dickout et al., 2018). 

Produced Water also usually contains natural and added surfactants, which is responsible for the 

emulsification of the oil/water, and this emulsion tend to be stable enough to stay in the aqueous 

phase, making the treatment process a bit more difficult. A table illustrating typical composition 

of produced water and values is presented below; 
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Table 1.1. Summary of Produced Water Composition 

Summary of Produced Water Composition 

Source : Tibbetts et al., 1992; Bhadja and Kundu, 2012; Zheng et al., 2016 

Parameter Range Unit 

Oil and Grease 2-565 mg/l 

Salinity <0.1 to >300 g/l 

Organic acids <0.001-10,000 mg/l 

Total Organic Carbon <0.1 to >11,000 mg/l 

COD 1220 mg/l 

Chloride 46,100 - 14,100 mg/l 

Carbonate 30-450 mg/l 

Calcium 2530 - 25,800 mg/l 

Sodium 23,000 - 57,300 mg/l 

Potassium 130 - 3,100 mg/l 

pH 4.3-10   
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Table 1.2. Produced Water Discharge Limit (Zheng et al., 2016). 

 
    Standard 

Region/Country Legal Base Daily Max(mg/l) Average(mg/l) 

North Sea 

OSPAR Convention (Trump and 

Wieriks, 1994)  - 30 

Baltic Sea 

HELCOM Convention 

(HELCOM, 2007) 15 - 

Mediterranean 

Barcelona Convention 

(Pavasovic, 1996) 100 40 

Red Sea  

Kuwait Convention 

(Mahmoudi,1997) 100 40 

United States (Alaska) 40 CFR 435  42 29 

canada Act RSC 1987 60 30 

China GB 4914-85 70 30-50 

Indonesia MD KEP 3/91;42/97 100 75 

Thailand NEQA 1992: Gov. Reg. 20/90 100 40 

Vietnam Decision No. 333/QB 1990 - 40 

Australia - 50 30 

Brazil - 20 - 

 

 

1.3 Oil/Water Emulsion 

Oil in wastewater can be categorized into two categories, which are free oil and emulsified 

oil. The definition of both types of oil is aligned with their mode of existence and separation i.e. 

free oil exist freely in the waste water, such that they can easily separate naturally by gravity, and 

float to the waste water surface where they can be skimmed off (Salam et al., 2009). Emulsified 

oil on the other hand is more difficult to separate, due to their existence in the form of suspension, 
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held together by surfactants or high electrical energy (Salam et al., 2009), which could be generated 

from a commercial blender at a very high mixing speed during the preparation of the feed. 

Emulsified Oil in emulsions exists in a molecular structure which are called Micelles, these 

micelles are incapable of separating on their own, and hence requires the application of advanced 

methods and technologies to break up such oil/water emulsions (Hayatdavoudi, 2006). Emulsion 

break up could be initiated by a change in the pH value or by the addition of a chemical that serves 

as a coagulant in the process of oil removal (Zouboulis and Avranas, 2000). In oil removal from 

oil/water using DAF, the extent to which there is permanent contact between particles and air 

bubbles is dependent on the resulting forces at the gas–water–solid interface deriving from 

physical attraction forces and physicochemical repulsion forces, which is majorly a physically and 

chemically  controlled reaction step. 

Standard primary and secondary separation technologies usually involve a combination of 

gravitation, and flotation technologies. This occurs such that the mechanism for oil removal partly 

depends on the droplet buoyancy. The design of these technologies is based on mathematical 

relationships which are derived from stokes law (Stewart and Arnold, 2011) which contains the 

function, F: 

F =d2∆ρq/µ    (1) 

where, 

d = oil droplet size 

∆ρq = the density difference between the oil droplet and the water 

µ = water viscosity  

Based on this function, oil removal via these technologies is therefore largely influenced by oil 

droplet size, and to a minor extent, also on the oil fraction and temperature which in turn affects 
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the viscosity. Chemical pretreatment of oil/water emulsions prior to application of treatment 

technologies makes oil droplets more inclined to coalesce and facilitate their removal due to an 

increase in buoyancy (Judd et al., 2014). Most emulsions are thermodynamically unstable as a 

result of the interfacial area that exists between water and oil which increases along with the free 

energy in the system while making an emulsion. This is given by the equation below (Dickhout et 

al., 2017) 

∆F = γ ∆A(j)    (2) 

where,  

∆F = change in free energy,  

γ = interfacial tension 

∆A = change in interfacial area 

 Making an oil/water emulsion can be done by stirring or mixing both oil and water at high speeds, 

the procedure is however cost intensive due to the energy demands for high speed mixing (Kundu 

et al., 2013; Dickhout et al., 2017). The inclusion of additives in an emulsion could either increase 

or decrease the stability of the emulsion, depending on the nature of the additive. 

Emulsions naturally tend to decrease the free energy of the system making the oil to coarsen 

(Dickhout et al., 2017). Two notable factors in emulsion instability include coalescence and 

Ostwald ripening, and they are both influenced by the interfacial tension. While the former simply 

involves the merging of tiny droplets to form a bigger one, Ostwald ripening involves the 

deposition of smaller droplets to bigger droplets. In both processes the free energy of the system 

decreases because the surface area also decreases as is shown in the previous equation. 

Coalescence is the quickest destabilization mechanism with an equation such that it involves short-
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ranged forces enabling coalescence to occur only when the oil droplets are in close proximity. As 

a simple equation for the occurrence of coalescence is given below (Dickhout et al., 2017); 

 -𝑑𝑁/𝑑𝑡 = P N2    (3) 

where P = coalescence rate,  

N = Number of droplets 

The Laplace pressure (DP) inside the droplets increases based on this and If two unequal sized 

droplets coalesce, the higher pressure in the smaller droplet will cause the flow of oil to the bigger 

droplet. 

Considering Ostwald ripening, larger droplets grow at the cost of smaller droplets. Since the 

Laplace pressure in smaller droplets is the largest, there is therefore an increase in solubility in the 

bulk phase, which can be described by the Kelvin equation (Dickhout et al., 2017),  

in: 

P/P0 =2γVm/dRT    (4)     

where P = vapour pressure of droplet phase 

 P0 = vapour pressure of bulk phase 

 Vm = Molar volume of droplet phase 

 R = Universal gas constant 

 

There is a supersaturation of the larger droplets that occurs upon the release of oil molecules 

from the small droplets in the bulk phase which are picked up from the aqueous phase to reduce 

the concentration of oil molecules again. However, while Ostwald ripening is a much slower 

activity compared to coalescence, its contribution to the emulsion destabilization is much 

noteworthy (Dickhout et al., 2017) 
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This explains the observation made during the experiment in which the small bubbles formed 

easily move towards the bigger bubbles over a short area.  

The stability of an emulsion is influenced by both attractive van der Waals forces and repulsive 

electrostatic forces between the droplets. This can be described by the DLVO (Derjaguin-Landau-

Verwey-Overbeek) theory, which is based on the addition of the attractive forces VA and repulsive 

forces VR in the total potential (Dickhout et al., 2017) 

VT= VA + VR  (5) 

 

1.4 Produced Water Treatment Technologies 

Prior to the use of treatment technology, water minimization technology has been used to 

reduce the amount of produce water being generated. While this might be argued to be largely 

insignificant considering the large volume of Produced water that is still being produced daily, A 

few innovative approaches are being used in the oil and gas industry to reduce the volume of 

produced water which includes (Arthur et al., 2011);  

• The use of mechanical blockers such as packers, plugs, water shut-off chemicals like 

polymer gel etc. to minimize the volume of water that enters the production wells. 

• Construction of dual completion wells and sea floor separation modules to reduce the 

volume of water managed at the surface via remote separation. 

• Minimal use of hydraulic fracturing during oil production. 

In general terms, produced water can be treated via physical, chemical and biological means. 

Further breakdown of these means reveals treatment processes such as; Membrane filtration which 

includes micro filtration, ultrafiltration, nano filtration, reverse osmosis, polymeric and ceramic 

membrane, air flotation i.e Induced air and dissolved air flotation, carbon adsorption, as well as 
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chemical oxidation and biological treatment(Igwe et al. , 2013, Munirasu et al.,  2016; Jimenez et 

al., 2017). Other means being explored further include: electrochemical treatment, chemical 

coagulation, treatment using ultrasound dispersed nanoscale zero-valentiron particles, 

titaniumdioxide, vacuum ultraviolet and natural minerals, and hybrid technologies (Jamaly et al., 

2015). It is however worthy to note that the choice of selection of a particular treatment technology 

for PW treatment, is largely dependent on the location of installation i.e. if the installation is based 

onshore or offshore (Judd et al., 2014) 

 

1.4.1 Membrane Treatment process  

Membrane filtration involves the use of a membrane to physically separate liquid content 

from a suspension under pressure (Jamaly et al., 2015). Advantages of this treatment process 

includes the high quality of the treated permeate, ease of operational process, generation of 

minimal amount of sludge, little chemicals are required for this process and low energy penalties 

as well, with the latter contributing to the moderate capital costs of the membrane treatment 

technology (Ashaghi et al., 2007). The membrane treatment can be classified into four groups 

based on their selective pore size, with each having its individual strength and weakness in terms 

of removal of oil constituents. 

 

 Microfiltration membranes, having pore size of 0.1µm is particularly suitable for removing 

suspended particles, bacteria and some viruses, ultrafiltration is more inclined towards removal of 

colloidal particles, viruses, proteins. Nanofiltration has selectivity for ions with multiple valency 

and dissolved compounds, while the last of them which is reverse osmosis, is restricted to only 

water passage (Dickhout et al., 2015).  
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Operation of membranes can either be via crossflow filtration, or dead-end filtration.  

In dead-end filtration, the part of the feed to be treated which doesn’t pass through the membrane 

is known as the retentate, which concentrates on the membrane. However, in the case of crossflow 

filtration, some part of the Feed, leaves through the pores of the membrane and this is referred to 

as the Permeate, while the concentrated retentate flows away over the membrane e (Dickhout et 

al., 2015). 

 Membranes can be categorized in terms of the materials which they are made of into polymeric 

or ceramic membrane. Ceramic membranes are known to have superior thermal and chemical 

stability, and are made from materials like silica, metal oxides or carbon, and recent progress in 

technology has found their useful application in the oil and gas industry, particularly towards oil 

recovery (Deriszadeh et al., 2010; Alpatova et al., 2014, Emani et al., 2014). Polymeric membranes 

on the other hand have high retention ability for particles, emulsified oil, and dispersed oil, and 

they are mainly made of polyacrylonitrile (PAN) and Polyvinylidene fluoride (PVDF), with an 

efficiency of 85-100 % for dead-end and cross flow operations. They have the added advantage of 

being economically cheaper than ceramic membrane with a life span of 7 years (Mcghee, 1991), 

but however are lacking in thermal strength in comparison with ceramic membranes and also 

highly sensitive towards cleaning products (Ashaghi et al., 2007). 

 While membranes are suitable for separation of micron and submicron particles with no 

chemical contamination of emulsion, the persistent disadvantages attributed to this process include 

Fouling, concentration polarization, relatively low permeate flux and high cost is incurred when 

treating large volume of effluent (Zolfagari et al., 2016). A way to combat the major problem of 

membrane treatment which is fouling via pretreatment to reduce both the organic and inorganic 

matter that causes membrane fouling and hence makes membrane treatment more viable and 
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economical (Munirasu et al., 2016) A recent attempt has been made to  improve the efficiency of 

MF membranes, by eliminating fouling problems through the improvement of the  surface 

properties of membranes in a bid to combine hydrophilicity with oleophobicity, and thereby take 

advantages of these affinities to improve performance separation of MF membranes (Zhu et al. , 

2014). 

 

1.4.2 Biological Treatment 

Microorganisms have been employed for use in produced water treatment, which is also 

referred to as oil/water emulsion, with some notable results reported, from the combination of 

microbes used to remove hazardous pollutants in oily wastewater (Jamaly et al., 2015). However 

there exists limitation in the use of biological treatment as a treatment process by itself due to the 

low BOD/COD ratio, hence, it was suggested by Aslan et al. (2009), that biological treatment is 

more inclined towards acting as a secondary treatment after primary treatment with chemicals and 

flotation/adsorption, and the low COD/BOD ratio is an indicator of how imperative it is to have a 

physical and chemical treatment prior to biological treatment. 

 

1.4.3 Flotation 

Flotation process is used conventionally as a treatment process in various industries, while 

microbubbles-enhanced flotation processes which is applied to Produced water treatment is 

adequately suitable based on its ability to remove small size droplets of oil, including emulsified 

oils (Benyahia et al., 2006).   Flotation technologies fundamentally has four steps which are;  

• Formation of air bubbles  

• Contact between air bubble and oil droplets 
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• Air bubble attachment to oil droplets;  

• Rise of air bubble attached to oil droplet (Goududey and Kaushal, 2013),  

Since water is ultimately denser that the oil-bubble attachment, the latter floats at the surface of 

the water, resulting into a foam which can be removed via skimming at the surface while the clean 

water can be taken from the bottom. (Casaday, 2013),  

The major flotation processes include the Dissolve Air flotation, which is a focal point of this 

study, and Induced air flotation. Other flotation technologies emerging include foam separation 

and mechanically agitated flotation cells (Pintor et al., 2016).  

Foam separation is a flotation method that is more applicable to the mining industry 

particularly in ore flotation, and it makes use of the spontaneous formation of air bubbles in the 

presence of a foaming agent that makes the flocs and bubbles attach together more adhesively. The 

generated foam thereby brings to the surface not only the coagulated oily matter but also suspended 

solids (Suzuki et al., 2005).  

Mechanically agitated flotation cell (MFC), is a flotation method that operates under the 

same flotation principle, but it generates a higher turbulence than DAF or IAF, and has higher 

capacity than DAF and IAF. While these characteristic mentioned highlights an increase in energy 

efficiency, MFC treatment has a lower oil removal efficiency compared to DAF and IAF. Welz et 

al. (2007) observed in their studies, that MFC treatment could not achieve O and G concentrations 

below 50 mg/l   

Electrocoagulation is another process that simply involves the use of consumable 

electrodes  to produce coagulants are generated in situ, While electroflotation, is on the other hand 

the generation of gas bubbles via the electrolysis of water, corresponding to an air flotation process 

[Patterson, 1985] High efficiency gains are associated with this method as a result of the combined 
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process of electrocoagulation and electroflotation employed in this method. The consequential 

effect of this is that as the metallic cations are being released to the solution, there’s an increase in 

the aggregation of oil droplets and the formation of hydrogen bubbles, which in overall improves 

the agitation conditions and rising of flocs to the surface (Yang et al., 2007). 

Induced Air Flotation 

The history of Induced gas flotation (IGF) dates as far back as 1970, around when it began 

(Murakami and Robe, 1971). It involves the generation of bubbles by high-speed rotating 

impellers, by diffusers, or by homogenization of a gas/liquid stream (Bassett, 1971), and the direct 

injection of the gas inside the flotation tank (Jimenez et al., 2017). This process is good for removal 

of oil and solid materials, as the process involves the adhesion of the air bubbles to the suspended 

material, and as they both rise to the surface, can be removed by skimming (Salam et al., 2009). 

This process is characterized by a low-retention-time, with a lot of activity using a relatively large 

volume of gas (Degner and Winter, 1979). An attribute of this process is that the bubble sizes tend 

to be bigger for IGF than in DAF, which consequently decreases the efficiency of the process 

(Jimenez et al., 2017). Since flotation is dependent on the bubble size i.e. the smaller the bubble 

size, the higher the attachment to the droplet and hence the higher the flotation and oil removal 

efficiency. 

Air Flotation process is also used as primary treatment prior to membrane treatment of 

produced water to help reduce fouling problems of the membrane (Zhang et al., 2005). This was 

reported in a study conducted by da Silva et al. (2015), in which the Induced Air Flotation (IAF) 

was used as a primary treatment, which was further complemented by using photo-Fenton process 

as a secondary treatment for the treatment of oil/water emulsion. The results obtained from the 

experiments conducted revealed that the IAF process in combination with non-ionic surfactant, 
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(ethoxylated fatty alcohol), was able to achieve about 90% oil removal efficiency in a Feed effluent 

of 300mg/l, while the remaining oil in the water was removed by photo-Fenton process using 

H2O2and FeSO4·7H2O.  

 

Dissolved Air Flotation (DAF) 

In the flotation of oil droplets from oil/water emulsions, collision efficiency is an important factor 

that is considered due to the extent of how it affects the flotation of oil droplets during separation 

(Zouboulis and Avranas, 2000). Hence, utmost consideration is given to the effectiveness of 

collisions between the oil droplets in the emulsion and the air bubble from the saturator (Zouboulis 

and Avranas, 2000).  This collision efficiency is largely influenced by surface energy of air/water, 

oil and water, oil, and air boundaries. The surface energy in turn depends on the type and 

concentration of the surfactant present in the flotation system (Zouboulis and Avranas, 2000).  

DAF helps to improve the buoyancy difference of emulsified-oil droplets via the attachment of 

tiny air bubbles (Karhu et al., 2014). 

DAF is a flotation process that involves the production of very fine gas bubbles, which 

are generated by introducing highly pressurized water from the saturator tank, that is 

supersaturated with air into a Feed of the wastewater, hereby creating bubbles due to the pressure 

gradient between the saturator  and the atmosphere (Al-Shamrani et al., 2002; Bennet and 

Shammas, 2010 ).  The small bubbles generated due to the release of the pressure from the 

saturator tank  attach to oil and solids particles, and are eventually  entrapped thereafter rising  to 

the surface, as a result of increase in buoyancy due to the attachment of bubbles to the oil 

droplets where they are removed by skimming. 
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Three forces are known to exist between the air bubble and the oil droplet, which influences the 

separation of oil and water in emulsion, and they are namely (Zouboulis and Avranas, 2000); 

• Repulsive forces: These forces are due to the electric double layer interaction 

• van der Waals: adhesive forces which are due to intermolecular attraction, and finally  

• Hydrodynamic forces of interception and drainage, while the viscosity and density of the 

solution also play a part in affecting the hydrodynamic forces. 

Bubble attachment to oil droplets isn’t as simple a process as it seems, it involves series of 

steps/factors that could influence the degree of oil removal efficiency of the oil droplets/solids. 

Such factors may include the generation of air bubbles, bubble size, Air-solid ratio and rise velocity 

etc. The most important factors that govern the generation of air bubbles are Air pressure in the 

saturator tank or pressure difference between the air compressor and atmosphere, and the flux of 

recycled water through the system relative to the feed stream. (Shammas et al., 2010). 

 

The importance of air bubble in DAF is such that the extent of bubble attachment to the suspended 

oil and other particles that are to be removed from the waste stream indicates how effective a DAF 

system is while the particles’ surface charges and bubble-size distribution is responsible for the 

attraction between the air bubble and particles (US EPA, 1980) 

Pressurization in the saturator tank generally employs three flow schemes which are briefly 

described below: 

1. Full Flow System: This involves the pressurization and saturation of all the incoming raw 

wastewater with air. 

The effect of this system compared with the other two methods is that most air being dissolved 

which produces the maximum probability of good particle–bubble contact. Unfortunately, the 
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limitation of this flow scheme is that it requires a larger saturation system and may break up 

previously formed floc due to the shearing action of the pump and pressure-reduction process. 

(Bennet and Shammas, 2010) 

2. Split-flow system: This is a system that involves only a part of the incoming wastewater  to be 

under pressure, and its advantages includes; Minimum space requirement, reduction in pumping 

costs, the system also reduces the effect of flow variations, and causes a reduction in the breakup 

of the flocs. 

3. Recycle Flow System: This is process was considered the best flow system according to Rohlich 

in 1954, and this statement is still upheld till date (Shammas, 2010).  

This flow system is a process of recirculation, in which less than half to half of the treated 

wastewater is returned through the pressurization system, thereby making it to avoiding disruption 

of flocs or separation of the oil/water emulsion in the untreated influent. The process requires a 

larger flotation tank compared to the other flow systems, which is needed to provide for the 

recirculation flow. 

Improvement of the DAF system efficiency can be achieved by combining the treatment process 

with coagulation and flocculation, in which coagulation is a pretreatment process prior to the DAF 

treatment (Zouboulis and Avranas, 2000). 

 Features of DAF System 

• Ease of Operation and a high level of reliance on the efficiency of the system as a treatment 

process 

• The system facilities are designed in such a way that the operational pressure is usually 

between 400–600 kPa.  
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• The energy penalties could be significant, incurring a lot of cost, since energy is required 

to produce air bubbles and it is dependent on the saturator pressure and recycle rate (Karhu 

et al., 2016). 

Flotation of very fine oil droplets in the size range of (2–30 µm), can be enhanced by employing 

demulsifiers, and periodically dormant hydrodynamic conditions in the cell separation zone prior 

to flotation, due to collection and adhesion factors during separation (Gopalratnam et al., 1988) 

During treatment, the flocculation residence time for sedimentation process is longer than that of 

the DAF process, which is also known as the flotation time in DAF. This is as a result of smaller 

floc size required for effective separation in DAF, owing to the ability of flocs such as oil droplets 

to naturally float in a DAF system (Crossley and Valade, 2006), upon application of water 

saturated with pressurized air in the form of air bubbles which are negatively charged Akagi et al. 

1990). This occurrence is contradictory to the mode of operation in a sedimentation process. 

Oil droplets carry a negative charge which is the effect of charged surfactants or due to adsorption 

of hydroxyl ions (Al-Shamrani, 2002), Hence, the acquisition of a surface electric charge by oil 

droplet occurs when the droplet comes in contact with aqueous solutions (Zouboulis and Avranas, 

2000). Microbubbles in water are also negatively charged due to their negative zeta potential, and 

hence it is expected that the similarity in charge would affect the attachment of oil droplets onto 

the air bubbles due to repulsive electrostatic forces in action. Modification of the charge of the air 

bubble from negative charge to positive charge i.e. cationic, can be employed to improve oil-

bubble attachment via increasing coalescence and coagulation of the oil droplets (Karhu et al., 

2016), thereby leading to increase in attraction of the coagulated oil droplet to the microbubble 

due to charge difference and consequently enhance oil separation in a DAF system (Rosa and 

Rubio, 2005). 
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Certain limitations in the use of DAF treatment has been raised as issues of concerns in 

certain treatment processes such as produced water treatment.  

It has been reported that it is preferable to use methane rather than air in air flotation due to the 

possibility of metal precipitation and explosion, caused by the presence of oxygen in the air. 

Methane is a viable option which is readily available and is compatible with influent aqueous 

solution (Jayaprakash et al., 2016).  

Air flotation systems are particularly good for treatment of feed stream as high as 300 ppm, 

However, pretreatment with systems such as the API gravity separator helps to enhance oil 

removal using DAF, via removal of free and floating oil by the gravity separator in a pretreatment 

process prior to applying DAF to remove the remaining emulsified oil in the feed stream (Bennett 

and Shammas.2010). It worthy to note however that the efficiency of the API separator in this 

instance is dependent on how much of the oil to be removed is free and how much is actually 

emulsified (Bennett and Shammas, 2010). 

  

1.5 Theory of Bubble formation, bubble size, oil attachment, and bubble rise to the 

surface. 

Bubbles are generated upon a release of water saturated with air under pressure from the 

saturator tank via the release valve into the flotation jar. Thereafter the bubbles will nucleate 

initially to any available low-energy sites on solid particles. If none is available, the bubbles will 

nucleate homogeneously in the liquid phase, which will grow until their growth is limited by 

diffusion (Shammas and Bennett, 2010)  

An influential factor in the generation of air bubble is the air pressure of the compressor, which is 

a major factor that determines how much of the air is dissolved in the flotation unit. Therefore, 

increasing the pressure of the saturator will produce a greater amount of micro air bubble 
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(Saththasivam et al., 2016).  The flow rate from the DAF tank, the pressure in the tank pressure at 

the valve opening is proportional to the size and volume of air bubbles produced in the flotation 

jar (Shammas and Bennett, 2010), 

The amount of air dissolved in the saturator tank is usually 0.5-3% of the volume of water 

in the tank, and while air has been most frequently used, other gases such as Nitrogen, Carbon 

dioxide and Methane have been considered and used on trials (Shammas and Bennett, 2010). 

Generally, it has been suggested from findings that gases with a higher tendency to dissolve in 

aqueous medium, tend to produce thicker floats at a lower recycle flow rate of the DAF system 

which would help improve treatment of produced water using DAF system (Conway et al., 1983) 

The oil droplets are selectively adsorbed onto the surfaces of bubbles rising through the liquid, this 

occurs when water saturated with air is injected via the nozzle into the contact zone in the flotation 

jar, whereupon collisions and coalescence of the oil droplet and microbubble is initiated 

(Saththasivam et al., 2016), and the efficiency of oil droplet removal at the surface dependent on 

both the differences in surface activity, and also on the number and size of the air bubbles 

(Shammas and Bennett, 2010), with bubble size playing a far more important role in the efficiency 

of the separation of oil-bubble at the surface.(Shammas and Bennett, 2010) 

 

1.5.1 Bubble Size 

The microbubbles in the contact zones are usually characterized with sizes within the range 

of 40–80 µm (Karhu et al., 2016;  Hague, 2003), and bubble sizes grow as they rise from the 

bottom of the tank to near the top of the separation zone, and the optimum velocity required for 

the air bubbles to rise is about 12 in/min (30.5 cm/min), and should not be less than 5 in/min (12.5 

cm/min), nor over 20 in/min (50 cm/min) .(Shammas and Bennett, 2010). The larger the air bubble 
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produced, the faster the rise of the bubble to the surface, and consequently the lower the contact 

time between droplet/ particle and air bubble as well as bubble surface  area , which ultimately 

affects the removal efficiency at the surface (Bennett and Shammas, 2010). 

 In other words, oil droplets and particles removal is more efficient with smaller air bubbles due 

to longer time spent in contact with the droplet/ particle i.e., the smaller the air bubble, the higher 

the removal efficiency (Bennett and Shammas. 2010). This contact angle arguably represents the 

most significant parameter in the determination of the optimal bubble size that would ensure a 

stable Air–solid aggregate, reducing the contact angle (i.e., for more hydrophilic flocs or particles), 

and the generation of smaller bubbles are required to attain stable gas bubble–floc complex .normal 

wastewater conditions lead to contact angles in the order of 40–50o requiring very small bubbles, 

<100 mm in size ( Bennett and Shammas, 2010). 

A model was developed by Schmidt and Morfopolous in 1983, it was revealed that bubbles 

are nucleated at the central part of free liquid eddies, and the minimum velocity required for the 

formation of a bubble nuclei is termed the critical velocity of gas-liquid solution, where the number 

of nuclei formed is directly proportional to the solution velocity such that the number of nuclei 

increases with an increase in velocity, and decreases with surface tension, viscosity and nozzle 

size. More predictions have been forthcoming with reports that an increase in the collection 

efficiency of emulsions will be caused by an increase in the droplet size and a corresponding 

decrease in bubble size (Medrzycka, 2015) 

 

1.5.2 Oil-Bubble attachment and rise to the surface 

The theoretical explanation of bubble rise, and factors that initiate the rise of bubble to the surface 

can be given in terms of Stoke’s equation: 
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Vt = {gdb
2

 (ρl – ρb)/18 µl}   (6) 

where, 

  g = acceleration due to gravity (m/s2) 

 db = Droplet diameter(m) 

  ρb = Droplet Density (kg/m3) 

 ρl = Liquid Density (kg/m3) 

  µl = Liquid viscosity (kg/m∙s) 

 Vt = Terminal velocity (m/s) 

It can be inferred from the equation above that the larger the surface the area, i.e the smaller the 

diameter, the lower the velocity with which bubbles rise to the surface, and the higher the time 

spent to rise to the surface, which inevitably increases bubble droplet collision for a higher bubble-

droplet attachment rate and ultimately a higher flotation efficiency (Robinson, 2013).  

While bubbles tend to be noticeably slower when they collide with themselves when rising (Bennet 

and Shammas.2010), Bubble size also plays a role relative to salinity. It has been observed that 

bubble size is inversely proportional to salinity, i.e the higher the salinity, the lower the size of 

bubble and vice versa (Eskin et al., 2015). Therefore, it can be inferred that separation efficiency 

is increased in water having a high salinity (Saththasivam et al., 2016). 

Deviations from Stoke’s law however exist such as; 

• Variety of particle shapes and sizes (diameter) due to coalescence 

• The flow of liquid is of a turbulent nature. 

These deviations exist due to the limitations of stokes law to laminar flow, and spherical shape of 

particles (Saththasivam et al., 2016). 
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A property with a controlling influence over the attachment of droplets to microbubbles is 

the interfacial tension between oil, water and air bubbles. The difference in interfacial tension 

between water-gas (γwg), oil–water (γow), and oil-gas (γog) is an indication of how strong the 

attachment of oil droplet to microbubble is, and this is also known as the spreading Coefficient. 

(Saththasivam et al., 2016). The role of bubble rise to the surface in removal efficiency cannot be 

over emphasized; other factors that govern bubble rise theory can further include effective density 

of the oil droplet to be removed and the Air-solids ratio (Bennet and Shammas, 2010). 

Air-solids ratio is the defined as the mass of air that comes out of the saturator tank 

containing the air-saturated water upon pressure release in the tank, per unit mass of the emulsion 

impurities such as oil and grease, and suspended solids (Bennet and Shammas.2010). This property 

is also very useful in the design of flotation systems, as it dictates the amount of air to be used in 

the flotation system, such that Increasing either the pressure difference or the volume of water 

recycled/recycle ratio, or both together would help to attain a higher A/S ratio which consequently 

increases the process efficiency, assuming there are no hindrances in the flow pattern of the 

recycled water, or additional turbulence that was not considered initially (Bennet and Shammas, 

2010). However, it should be noted that the use of an amount of air lower than optimum amount 

of air required in the DAF system would result in reduction in the efficiency of oil removal, and a 

reverse case of air supply would like wise lead to wastage of power used in compressing the 

unnecessary excess air.  
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1.5.3 Bubble Collision and Separation 

Upon attachment of oil droplets to microbubbles, activities such as thinning and breakage 

of interstitial film between the oil droplet and air bubble occurs, which is later followed by 

coalescence of droplet-bubble to form aggregates that can be removed at the surface via skimming 

(Rawlins, 2009). 

Factors that play a role at this stage of separation includes, the bubble size, distribution of bubbles 

bubble dispersion (Rawlins, 2009). 

The probability of collision between oil droplets and air bubbles is dependent on factors such as 

concentration of oil droplets and air bubbles, surface area of droplets and bubbles (Walsh, 2012). 

The lower the concentration and surface area of the droplets and bubbles, the lower the rate 

of collision and vice versa (Bahadori et al., 2013). Therefore, to increase the efficiency of removal 

via increase in collisions, it is required that there be an injection of finer air bubbles for better 

collisions since collision efficiency is proportional to droplet size and inversely proportional to 

bubble size (Oliveiraetal, 1999). It is important to note that for collisions to be effective, the 

occurrence of collisions should be such that it thins and ruptures the interstitial film between the 

oil droplet add bubble, which forms the basis for the mechanism of adhesion (Saththasivam et al., 

2016). 

While there are different mechanisms of adhesion, Encapsulation due to direct 

contact/impingement is most preferred method, because the air bubble-oil droplet bond formed is 

strongest when the droplets encapsulate/coats around the bubble surface, but for the case in which 

the oil droplet is in direct contact with air bubble at a point rather than encapsulating, a weaker 

bond is formed (Saththasivam et al., 2016). An example of a second adhesion mechanism forming 

a weak droplet-bubble bond is the hydrodynamic wake capture mechanism (Saththasivam et al., 
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2016). Oil encapsulated bubbles are formed when the spreading coefficient is greater than zero, 

and the complete encapsulation of oil on bubble surface with effective flotation is achieved when 

there is a formation of a continuous oil droplet film between the air and water (Moosai and Dawe, 

2003). Overall, the spreading coefficient is increased with a decrease in bubble size, increase in 

droplet size and an increase in salinity which all leads to an increase in removal efficiency 

(Rawlins, 2009) 

 

 

1.5.4 Coagulation/Flocculation 

Coagulation can simply be explained as a process involving the use of chemicals to 

destabilize oil/water emulsions by breaking the protective action of emulsifying agents in 

emulsions to neutralize the effect of repulsion of the electrical double layer, in order to achieve the 

coalescence of bigger oil droplets from the smaller droplets (Sato et al., 1979). 

In clear terms, coagulants function in such a way to allow proximity between individual 

particles-particles and bubbles. A significant factor to consider when employing the use of 

chemical additives in pretreatment for the emulsification would be the concentration of the 

chemicals, due to its effect on the separation efficiency (Zouboulis and Avranas, 2000). Effective 

chemical demulsification would further require complete mixing of the chemical with the 

emulsion, sufficient residence time for settling following demulsification should also be allocated, 

and heating of the emulsion may be required at times to break up the emulsions completely (Zhang 

et al., 2004).It is worthy to note however that it is imperative to use the optimum demulsifier 

concentration, as too little amount would not completely break up oil/water emulsion, and too 

much of it would exceed the equilibrium condition of the reaction and lead to the emulsion 
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restabilising itself (Nguyen and Houston, 2012; Sabagh et al., 2011) with both scenarios having a 

lower removal efficiency overall. Hence, it is imperative to have the right amount of demulsifier 

needed for maximum removal efficiency. This is determined from the hydrophilic or lipophilic 

nature of the demulsifier, In other words, The affinity of the demulsifier to the oil/water phase of 

the emulsion, as well as its molecular weight are factors that determine the volume and quantity  

of the demulsifier to be added to completely break up the oil/water emulsion. (Zolfagrai et al., 

2016) 

Coagulants can initiate a physico–chemical reaction, with the purpose to demulsify emulsion, 

and increase droplet size, to improve droplet-bubble adhesion and consequently leading to an 

improvement in the overall oil removal. Destabilization of colloidal particles or emulsions by 

chemical coagulant is achieved by four distinct mechanisms (Weber and Bochardt, 1972), which 

are: 

• double layer compression 

• charge neutralization, 

• entrapment in a precipitate  

• intraparticle bridging  

The role of coagulants in improving DAF efficiency cannot be overtly emphasized. Droplets 

coalescence has been proven to improve the process as a result of coagulant activity destabilizing 

oil/water emulsion (El-Gohary et al., 2010; Saththasivam et al., 2016). Chemical coagulants such 

as Alum, Iron (III) chloride, and ferrous sulphate have been reported to be effective pretreatment 

chemicals In DAF with significant effects in reducing produced water parameters such as Oil and 

grease content, COD, turbidity and suspended solids at optimized conditions (El-Gohary et al., 

2010; Rattanapan et al., 2011,) Aluminum salts function effectively as coagulants and are highly 
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useful in wastewater treatment) (Al- Shamrani, 2002). The addition of aluminium salts to water, 

results in Al+3 hydrates, which reacts to form monomers, polymers and solid precipitates. These 

polymers are of a hydrophobic nature, with a large surface area, an amorphous structure and a 

positive charge which forms the basis for adsorption onto negative oil surfaces, making them 

insoluble (Al- Shamrani, 2002). 

  Coagulation/Flocculation is considered as one of the viable options of pretreatment of 

produced water prior to DAF treatment (Munirasu et al., 2016). Based on the nature of the 

produced water to be treated, coagulation or flocculation may occur independently as a 

pretreatment process, and other times may occur together to boost the effectiveness of the 

treatment process in produced water treatment (Munirasu et al., 2016).  

Flocculation is a similar stage as coagulation, however there is less intense mixing than the latter, 

and the microflocs formed from emulsion destabilization, bond together to form macroflocs. 

Flocculants are mostly cationic, anionic or non-ionic polymers having high molecular weight. 

They adsorb at solid-liquid or liquid-liquid interfaces and they enhance colloidal aggregation, via 

formation of bridges between the dispersed oil droplets, and they also form particles of adequate 

size which can be attached to the surface of air bubbles (Zouboulis and Avranas, 2000).  

Ionic Liquids:  These are organic salts that exists in liquid form at a temperature below100˚C 

(Ghandi, 2014; Hazrati et al., 2018; Saien and Hashemi, 2018), which is due to the poor 

coordination of organic cation to organic or inorganic anions (Hazrati et al., 2018). They are 

characterized by several attractive properties such as; low vapour pressure, high resistance to heat, 

and the ability to undergo modification, nonflammability, nonvolatility as well as being recyclable, 

which together have ionic liquids being referred to as Green chemicals or Green solvents (Ghandi. 
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2014; Hazrati et al. 2018; Saien and Hashemi, 2018; Ezzat et al. 2018; Adewunmi and Kamal. 

2019). However, this terminology has been contested recently on the basis that some ionic liquids 

could be corrosive with a high level of toxicity to support the report of Earle et al. 2006, that 

vaporization and re-condensation of some ionic liquids could be achieved (Earle et al., 2006; 

Ibrahim et al., 2017). In the meantime, though, there remains a considerable level of interest in 

ionic liquids as replacements for less attractive solvents.   

Based on their remarkable properties, complemented by an excellent solvating potential, along 

with their inclination to modification based on appropriate selection of cations and anions, they 

are considerably useful as medium candidates for chemical synthesis (Kashayar Ghandi. 2014).  

Ionic Liquids are commonly classified depending on their cationic segment into 4 groups 

namely; alkylammonium-, dialkylimidazolium-, phosphonium- and n-alkylpyridinium- based          

(Ghandi, 2014). Each of these groups find its application in different in forms, for example, 

ammonium-based Ionic liquids are commonly used  

In the electrochemical industry as electrolytes in high-energy electrochemical devices as a result 

of their good electrochemical cathodic stabilities, low melting points and low viscosities 

In more recent times, ionic liquid (ILs) have found application in separation processes, 

whereby they effectively act as separation solvents due to their attractive properties such as high 

selectivity and stability, which makes these compounds applicable for the successful removal of 

heavy metal and carbon dioxide capture (Salar-Garcia, 2017) Moreover, they can be used as bulk 

liquid or in immobilized form 

Common ionic liquids are mostly formed from salt-metathesis reactions amidst other possible 

reactions to synthesize ionic liquids such as acid base-neutralization reactions (Ibrahim et al., 

2017).  
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While the ability to modify ionic liquid by varying the type of cations and anions in their structure 

is a very important attribute that makes them adaptable to specific processes (Salar-Garcia, 2017), 

studies have emerged on the feasibility of using mixtures of ionic liquids for separation processes. 

The mixtures of the ionic liquid 1-3-dimethylimidazoliumdimethylphosphate,[Mmim][DMP], 

with 1-methylimidazoliumtetrafluoroborate ([Mim][BF4]) and 1-methylimidazolium perchlo-rate 

([Mim][ClO4]), were analyzed by Sakal et al. (2012), and their extraction efficiencies compared 

respectively.  

Results obtained showed that values of selectivity and distribution factor for the systems including 

Ionic liquid mixtures and benzene were lower than those achieved with the pure ionic liquid 

[Mmim][DMP]. Thus, the use of a mixture of ILs as extractor phase does not seem to improve the 

separation of aromatic hydrocarbons comparison to pure IL phases. (Salar-Garcia et al., 2017). 

Known imidazolium-based ILs are frequently studied more often than most ionic liquids, 

and the selection of the imidazolium ring as a cation is due to the fact that they are resistant to 

oxidative and reductive conditions as a result of their characteristic high stability, low viscosity  

and their ease of synthesis. There are also several reports regarding the application of imidazolium- 

based ILs have been reported to be useful catalysts in terms of improving reaction time, yield and 

chemo-selectivity of   many organic reactions (Ghandi, 2014)  

Organoclays 

Organoclays are obtained from interaction between quaternary ammonium chloride and a layer of 

clay via ion exchange process (Mota et al., 2014). The formation of organoclay can be further 

simplified based on the ion exchange capacity of clay mineral montmorillonite, which is a major 

constituent of Bentonite. The ion exchange capacity of montmorillonite is about 70-90 meq/g, thus 
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enabling the exchange of the nitrogen end of a quaternary amine with sodium and calcium at the 

surface of the clay, thereby enabling the clay to become organophilic, i.e. its swelling in water is 

minimized (Alther, 1995).  

The selection of a  long-chain quaternary amine, such as di-methyl (di-hydrogenated) 

tallow ammonium chloride (12-18 carbons) will cause the clay to swell in organic fluids (Alther, 

1995), due to the hydration of inorganic cations on exchange sites, the mineral clay surface 

becomes hydrophilic, while unmodified clays remain as ineffective adsorbents for adsorbing 

organic compounds (Kim et al., 2003). The use of quaternary amine for practical and industrial 

purpose is mostly common owing to its higher preference than primary alkylammonium ions due 

to the absence of hydrolysis (alkylammonium/alkylamine equilibrium), and a reduction in the 

desorption of free alkylamine. In addition, the density of the dispersed particles is lower as a result 

of the large amount of organic material of about 30to 40% (Favre and Lagaly, 1991).  

 Observation has shown that the introduction of organoclays into water containing 

mechanically emulsified oil, greases, dioxenes, PCB, PCP, and other chlorinated hydrocarbons 

(both smaller compounds like vinyl and methyl chloride, and larger ones) as reported by Alther, 

(1995). The mechanism of removal of these compounds by organophilic clay is via a partitioning 

process, such that the carbon chains of the quaternary amine will stand up perpendicularly to 

platelet of the clay in the presence of water (Alther, 1995), Hence it is justifiable that that 

organoclays exhibit better adsorption capacity in all solvents in comparison with unmodified clay 

(Mota et al., 2014). Mota et al. observed from regression analysis that initial concentration of 

organoclay and mixing speed had a positive effect on removal efficiency. 
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Organoclays have been useful in areas such as adsorbents, rheological control agents, 

paints, grease and cosmetic care products, as well as oil well drilling muds etc. (Xi et al., 2005; de 

Paiva et al. 2008). Further industrial uses of organoclay includes the pretreatment for activated 

carbon, ion-exchange resins, membranes, RO units and UF units, in which they function to prevent 

blinding and fouling for a more effective use and longer life span of the separation media (Alther, 

1995). Organoclays are also efficient in improving the separation of oil/water emulsions in 

oil/water separators as well as DAF (Alther, 1995). 

 

Other Processes 

Processes have evolved in the treatment of produced water that made use of low-density glass 

microspheres in place of air microbubbles (Ometto et al., 2014; Jimenez et al., 2017). Simulation 

studies revealed addition of microspheres into the system during rapid mixing of the coagulant in 

the coagulation stage, after which they are incorporated into the flotation chamber to propel the 

buoyance process resulted in high removal efficiencies of oil and grease in the range of 90%, along 

with the added incentive of saving energy cost that would have been required in air compression 

and dissolution in a DAF unit (Ometto et al., 2014; Jimenez et al., 2017). 
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Chapter Two 

Literature Review and Background to study 

2.1 Recent Advancements in Produced Water Treatment via Dissolved Air Flotation 

Process 

Research is currently ongoing on more effective ways of oil removal from produced water prior to 

discharge to the environment. This section briefly outlines recent progress recorded using DAF 

and other water treatment methods for produced water treatment. 

 Etchepare et al. (2017) studied the demulsification process of crude oil in saline water using 

microbubbles and nanobubbles i.e. bubbles in the range of 30 to 40 µm and 150 to 350nm 

respectively, which were generated in the DAF system. Flocculation was achieved using cationic 

polyacrylamide (Dismulgan) at a neutral pH (7). Maximum oil removal efficiency was attained at 

a concentration of 5mg/l of Dimulgan and a saturator pressure of 72.51 psi, followed by flotation 

with microbubbles and nanobubbles, to be >99%. Also, they observed that the trend of oil removal 

efficiency increased with increasing concentration of the flocculating agents and the effect of 

saturator pressure of 58psi- 87 psi used showed increasing oil removal efficiency with increase in 

saturator pressure indicating higher air/solids (oil and grease) ratio and consequently higher 

collision efficiency. 

 DAF has been applied to remove other impurities in wastewater apart from oil and grease, 

one in particular that has been reported is its use in the removal of sulphate ions from waste waters 

generated from the mechanical, petroleum and mining industries etc.  

Filho et al. (2016) studied the removal of sulphate ions from wastewater using DAF along with 

polyaluminium chloride for precipitation at a pH of 4.5, flotation of the precipitate wasn’t so 

effective, hence they resorted to using cationic polyacrylamide as a flocculating agent. The 
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observed that removal of sulphate ions in the form of sulphate bearing flocs was achieved using 

microbubble and nanobubbles in the size range o 30-100 µm and 150-800nm respectively. The 

maximum removal efficiency reported was obtained at a concentration of 20mg/l of the flocculant 

and a molar ratio of 4:1 of Al/SO4
2-, to be between 80 and 82 % removal efficiency. The 

mechanism for removal of sulphate ions were reported to be entrapment and formation of flocs 

with the use of a flocculating agent, bubble attachment to sulphate bearing flocs, bubble rise and 

rapid flotation of bubble containing sulphate ions for removal. 

 An approach was made to optimize DAF treatment process of produced water via coagulant 

mixtures by Karhu et al. (2014). The coagulants used were cationic surfactant CTAB, 

PolyDADMAC (polydiallydimethylammonium chloride) and Epi-DMA (Epichlorohydrin-

dimethylamine copolymer). The chemicals were directly added to the saturator tank and air passed 

into it. They observed an increase in the efficiency of DAF treatment process via this approach 

compared to the conventional coagulation and flocculation followed by DAF procedure. COD 

reductions of 100% were reported using PolyDADMAC of 330 pm in concentration, more than 

when using coagulant Epi-DMA, where recorded COD reduction was about 93%. For 

concentration of 575 ppm of Epi-DMA. Total surface charge (TSC) was also measured, which 

were totally neutralized using PolyDADMAC to treat oily waters. Generally, performance rating 

of DAF with the chemicals in terms of COD and total surface charge is such that it follows the 

trend: PolyDADMAC> Epi-DMA>CTAB. 

 Younker and Walsh (2014) studied the effect of chemical coagulation and adsorption on 

the enhancement of DAF using ferric chloride (FeCl3) and Organoclay (OC) in a completely stirred 

tank reactor. Concentrations of oil were measured after treatment for the different treatment 

methods used which were coagulation with DAF (i.e. DAF with FeCl3), Adsorption with DAF 
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using OC (i.e. DAF with OC). Results recorded showed removal efficiency between 91.4  and 

94.4% when coagulation and adsorption were used with DAF, between 88.4% and 91.6% for 

Coagulation with DAF using Fe Cl3 dose between 10-50 mg/l, and between 83.3 and  86.4% for 

OC adsorption with DAF. They concluded that coagulation is more effective than adsorption with 

OC at 300 mg/l of OC, but removal efficiency increased with increasing concentration and mixing 

time as higher removal efficiency was reported up to OC concentration of 100 mg/l, above which 

no significant difference was observed. The effect of the experiments on the removal of aromatic 

hydrocarbons like naphthalene and phenol were also considered, and generally it was observed 

that adsorption with OC was more efficient at removing dissolved aromatic hydrocarbons than 

coagulation with FeCl3 under the same conditions. Suggestions were however made on the use of 

a stronger coagulant like PAC and Alum for higher coagulant effectiveness in removing dissolved 

aromatic hydrocarbons. 

 Jimenez et al. (2017) investigated the performance of DAF in the treatment of produced 

water, comparing the results obtained from the use of DAF based on glass microspheres and DAF 

using microbubbles, results obtained using FeCl3 revealed the highest percentage removal of oil, 

COD and turbidity at an optimum concentration dose of 86 mg/l were 86%, 69% and 90% 

respectively. At 300 mg/l concentration of glass microspheres, the removal rates were 94% and 

87.2% for oil and turbidity removal. It was reported that settling time, agitation intensity and 

concentration affected both COD and turbidity removal. It was concluded based on their results 

that using glass microspheres without air injection yielded a higher removal of oil and turbidity, 

with the suggestion that introduction of air bubbles into the jar breaks up the flocs formed from 

coagulation thereby making the flocs inconsistent. 
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Table 2.1. Summary of Contributions to Produced Water Treatment using different Removal 

Technologies 

Author/Reference Research Approach Contribution Remarks/Limitations 

Zouboulis and 

Avranas (2000) 

Removal of oil in water 

emulsions using 

polyelectrolyte and 

inorganic coagulant 

with DAF 

Using 50 ppm and 100 

ppm of sodium oleate 

and ferric chloride 

respectively with 

DAF, removal 

efficiencies of oil and 

grease in the excess of 

95% was achieved  

Using poly electrolytes alone 

couldn't suffice in the 

removal of oil and grease, 

optimum condition to achieve 

removal was 30% Recycle 

ratio, pH of 6, 100 ppm 

FeCl3 and 50 ppm sodium 

oleate. 

Ebrahimi et al. 

(2010) 

Use of ceramic 

Membranes in the 

treatment of oilfield 

produced water 

They were able to 

achieve up to 99% and 

49% removal 

efficiency of oil and 

TOC respectively 

using membrane 

pressure between 0.5-

2.0 bar. 

Using microfiltration as 

pretreatment removed 93% of 

oil and combination with 

ultrafiltration and 

Nanofiltration achieved a 

removal percentage of 99..5% 

Rattanapan et al. 

(2011) 

The use of acidification 

and coagulation process 

to improve removal 

efficiency of DAF in 

wastewater treatment 

COD and oil removal 

efficiencies were 

recorded at 50 and 

80% respectively after 

24hrs retention, more 

so using PAC, Alum 

and FeCl3 removed 

above 95% of oil and 

grease, complete 

removal of SS was 

achieved at 150mg of 

Alum and higher doses 

It was observed that DAF 

with acidification and using 

DAF alone wasn't efficient in 

the separation of oil and 

grease from wastewater, the 

inclusion of coagulation in 

the process improved 

efficiency up to 95 % 
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Radzuan 

et al. 

(2016) 

Removal of fine oil 

droplets using DAF 

It was observed that 

removal efficiency 

increased with decrease in 

inlet oil concentration and 

increasing pressure to 4 

barg resulted in removal 

efficiency of up to 80.8% 

Decrease in inlet concentration 

meant more collisions and 

attachment between oil droplets 

because a lower number of oil 

droplets reduce the level of 

coalescence between oil droplets. 

Biniaz et 

al. 

(2016) 

Demusilfication of water 

in oil emulsions using 

Ionic liquids 

The bottle test method 

was applied in the 

breaking of crude oil 

emulsions using 3 

different Ionic liquids, 

It was determined from results 

that pH and temperature had a 

significant role to play in the 

separation of water from oil in 

emulsions and increasing the 

concentration of the ionic liquids 

up to critical aggregation 

concentration 

increases the water removal 

efficiency 

Santos et 

al. 

(2018) 

Removal of oil from 

produced water using  

high and low MW 

polyethylenimine as 

flocculants with anionic 

surfactant  SDBS 

Achieved an oil removal 

efficiency of up to 65% 

using only the flocculant 

which increased with 

increase in SDBS 

Removal efficiency of the 

polyethylenimines is governed 

by a balanced mechanism 

between the molar mass of the 

polymer and the cationic demand 

of the oil droplets 

Jimenez 

et al. 

(2019) 

Treatment of produced 

water using advanced 

oxidation processes 

Processes such as 

photolysis, Fenton based 

processes and ozonation 

techniques were 

compared. Ozonation 

reportedly had the highest 

removal efficiency of 

TOC at 74%, and 78% of 

acetic acid. 

Photocatalysis was found to be 

less effective for produced water 

treatment with TOC removal 

lower by 20%, best ozonation 

results were observed when 

combined with 1500 ppm H2O2 

at pH of 10 and 4g/h O3 after 4hr 

treatment 
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2.2 Background to Research and Recent progress in the applications of DAF and the 

use of surfactant in Produced Water Treatment. 

DAF is efficient in the removal of particle and oil droplets in the size range of 10-100µm from 

produced water. Radzuan et al. (2016) investigated the performance of DAF treatment of 

produced water in terms of droplet size and reported the effectiveness of the method in removing 

many oil droplets in the size range of 15-80µm (check ref) (which oil did he use? 

DAF flotation system find its unique application in produced water treatment based on the ability 

to remove particularly low-density particles, as well as particles with low settling velocity. 

The different methods employed in produced water treatment include mainly physical, chemical 

and biological methods. For the purpose of this experiment both physical and chemical methods 

of oil/water separation were employed. The physical part of this experiment that dealt with the 

oil/water separation include both the Jar Mixer and the DAF system itself, while the chemical 

part could be identified as the Ionic Liquid (IL) and the organoclay. It is rational to presume that 

the goal of produced water (PW) treatment technology is to proffer treatment methods with 

optimal efficiency of the process, minimal cost and impact on the community, as well as 

sustainable and engaging for future development in this area. 

2.3 Factors influencing oil removal efficiency 

Concentration of demulsifier: this is influenced by the hydrophilic nature and the molecular 

weight of the demulsifier i.e. lower weight would decrease the demulsifying ability of the 

coagulant. 

Droplet Size: The smaller the droplet size, the higher the viscosity and hence the more stable the 

oil/water emulsion is. (N.B droplet diameter is usually between 0.1-100µm 
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Agitation Speed and Duration: The higher the mixing time and speed, the more viscous the 

oil/water emulsion and the more stable it is. According to Zolfagari’s report, increase in mixing 

speed increases emulsion stability and viscosity, by decreasing the average size distribution via 

particle-particle interaction. 

 

Salinity: The effect of salinity in produced water is reflected in terms of ionic valency, such that 

salts that possess divalent cations enhances the demusilfication ability of oil/water emulsion 

much more than when the salt having a monovalent cation is present in the oil/water 

emulsion.(Zhang et al., 2014; Zolafgari et al., 2016) 

2.4. Effect of Contact Time on Oil removal efficiency: The effect of contact time on oil 

removal efficiency was studied by Hosny et al. (2016), They were able to establish a linear 

relationship between contact time and oil removal efficiency, using chitosan/coagulant mixture 

as coagulants. It was observed that oil removal increased as the contact time increased. 

2.5 Feed Sample Characteristics 

pH: 

pH of an oil/water emulsion affects particle charge and surfactant present i.e acidic or base 

groups can be influenced to undergo a change in charge to either positive or negative as a result 

of pH. In other words, a high pH would cause the dehydrogenation of hydroxyl groups of silica 

particle to become negatively charged (Dickhout et al., 2017), the extent to which pH affects oil 

removal is largely dependent on the oil phase and brine composition of the emulsion, hence 

increase in pH also affects surfactant by increasing the hydrophilic nature of surfactant 

(Zolfagari et al., 2016). therefore oil/water emulsions are characterized by high pH which reflects 

the basic medium. The oil droplets in oil/water emulsion is observed to acquire a surface charge 
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due to the ionization of the surfactant at the surface, this may explain the addition of acid to the 

emulsion prior to oil content test.  

It was reported that optimal pH for oil removal in the presence of a demulsifying agent is 

achieved at neutral pH (Zolfagari et al., 2016). Furthermore, better performance of coagulation 

and flotation have been observed in oily waste waters of pH range of 6 to 9 (Zouboulis and 

Avranas, 2000). pH is important during the use of metallic coagulants, due to its ability to affect 

the nature of the polymeric compound formed from the of the metallic coagulant in water 

(Zouboulis and Avranas, 2000). For a sample solution pH lower than the isoelectric point of the 

respecting metal hydroxide, positively charged polymers will be dominant and the adsorption of 

the polymers would result in the destabilization the negatively charged oil droplets by the 

mechanism of charge neutralization. In the reverse case, anionic polymers will predominate, and 

destabilization of particles may occur via adsorption and bridge formation. Conclusively on pH, 

when ferric salts are used as coagulants, monomeric and polymeric ferric species are formed, 

which are highly dependent on pH (Zouboulis and Avranas, 2000).    

At an acidic pH of 4 and below, nonionic polymers show the greatest activity, while anionic 

polymers are just slightly active  as a result of the substitution of the amide groups (found in the 

nonionic polymer)  with the more unreactive (at low pH) carboxylate groups which reduces the 

number of hydrogen bonding sites available in the 

Flocculant, thus making the non-ionic flocculants better at a lower pH value (J Pillai. 1997) 
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Figure 2.1 - Coagulant Anionicity and pH 

 

COD: The removal of total suspended solids also affects the BOD/COD load since some 

fractions of the suspended phase are organic. The BOD/COD load is also reduced because 

dissolved organic substances, included in these global parameters, may be adsorbed onto solids 

that are removed by flotation. 

Zeta potential:  

This parameter helps to interpret the stability of emulsions. Zeta potential is a measure of the 

thickness of the electrical double layer formed around the dispersed droplet, and it is measured 

via eletrophoretic mobility and laser Doppler velocimetry. In other words, it is an influential 

factor of double layer repulsion for both oil droplet and bubble (Zouboulis and Avranas, 

2000).The thicker the layer, the higher the zeta potential, and the higher the charge repulsion, the 

higher the mechanical stability of the emulsion (Zolfagari et al., 2016).  

Zeta potential can be used to determine how efficient the flotation process is and the effect of 

chemical additives on oil separation in terms of net surface charge (Zouboulis and Avranas, 

2000). For oil droplets to coalesce for effective separation, the net surface charge between them 
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should be zero, indicating that there is no repulsion between droplets, and this is caused by 

adsorption of oppositely charged surface active agents on the negatively charged surfaces of the 

oil droplets.  

Adsorption of negatively charge surface active ions would further increase oil droplet negativity, 

while cationic surfactant would reduce it (Zouboulis and Avranas, 2000). Oil removal efficiency 

can be enhanced in terms of zeta potential such that at the interface of the oil/water emulsion, 

coagulant/charge neutralizing polymer functioning as  the demulsifier is adsorbed, causing a 

reduction in the electrostatic repulsion between oil droplets due to lowering of the anionic charge 

on the droplets. This consequently result in lower zeta potential (less negative), which can be 

further enhanced via increase in demulsifier concentration (Zouboulis and Avranas, 2000, 

Zolfagari et al., 2016).  In all, flotation is improved as zeta potential of oil droplets tend towards 

zero (Zouboulis and Avranas, 2000).  

 

 

 

Figure 2.2 Representation of zeta potential in an emulsion (Malvern, 2009). 

 



 

41 

 

 

 

Salinity: 

This can plainly be defined in terms of salt as the concentration of salt in produced water. Produced 

water is usually characterized by salinities much higher than sea water even though it contains the 

same salt as sea water (Neff et al., 2011), and this consequently makes produced water heavier 

than sea water (Collins, 1975). Ion present in produced water usually includes; sodium, chloride, 

calcium, sulphate, potassium, magnesium, etc., with sodium and chloride being the most abundant 

of them all (Neff et al., 2011). 

The effect of high salinity in PW has a negative implication on the flotation process, due to a 

consequent increase in other physical properties like density, dynamic viscosity and surface 

tension, which are higher for high concentration of soluble species. In addition, solubility has been 

also known to flotation, due to the fact that lower solubility of air in this kind of matrix is 

unfavourable to flotation (Haarhoff and Edzwald, 2013).  

Total Organic Carbon: 

The total organic carbon of a produced water feed sample could be as high as 11,000mg/L , and 

as low as less than 0.1mg/L in terms of concentration (Neff et al.2011). The presence of 

hydrocarbons such as BTEX (benzene, toluene, ethylbenzene and xylene) is also associated with 

produced water and are dissolved in both oil phase and water phase (Dickhout et al., 2017). These 

compounds due to their solubility and low molecular weight are present in produced water as 

dissolved oil (Veil et al., 2004; Igunnu and Chen, 2012). They have minimal effect on the 

interfacial tension between the two phases, with an unknown influence on the stability of oil/water 

emulsion. (Dickhout et al., 2017).  
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Organic Acids: 

The organic acids present in a produced water sample are mainly aliphatic mono and di-carboxylic 

acids, as well as cyclic hydrocarbons (Neff et al., 2011). They are produced from degradation of 

the hydrocarbons by microbial agents or hydrous pyrolysis of the reservoir rock (Skaare et al., 

2007). The most abundantly present organic acid in produced water is acetic acid, which is 

dependent on its molecular weight such that a decrease in molecular  weight of the acid increases 

the abundance of the acid in the produced water(Fisher, 1987; MacGowan and Surdam, 1988), 

however the heavier aromatic acids and less soluble phenol occur in produced water as dispersed 

oil (Veil et al., 2004), dispersed oil are basically small droplets of oil suspended in the aqueous 

phase (Khosravi and Amaldari, 2009). 

 

Total Dissolved Solids: 

These are influential in terms of emulsion stability, specifically particles with roughened surface 

which helps to stabilize emulsion much more than particle with smooth surface (Vignati et al., 

2003). The solid particles emanate from surrounding bedrock and produced during oil drilling as 

a part of the produced water that comes out of the well along with the oil during production 

(Dickhout et al., 2017). Solid particles work in collaboration with charged surfactants to achieve 

great emulsion stability over variety of pH values when mixed together. The Solid particles are 

able to move over the oil/water interface, and towards the contact region of two closely aligned 

droplets to separate the droplets proximity due to attractive forces between the droplets and keep 

the emulsion stable (Dickhout et al., 2017). 
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Examples of solids in produce water includes; clays, precipitated solids and formation solids, 

carbonates, sand, silt, corrosion and scale products, proppant, and other suspended solids 

(Fakhru’l-Razi et al., 2009) 

 

One attractive property that makes a demulsifier suitable for oil/water separation is their 

amphiphillic character, which makes it selective towards both the dispersed phase and the 

continuous phase (Zolfagari et al., 2016). Examples of demulsifiers currently used include Ionic 

Liquids, Oganoclay, AlCl etc. 

The mechanism for demulsification process was explained by Zolfagari et al. (2016). In an 

oil/water emulsion, demulsified water is between the bulk oil layer and the oil droplet, which is 

drained into the bulk aqueous phase as the first stage of the demulsification, prior to the separation 

of the droplet in a process called drainage process. When the oil droplet is eventually about to 

separate at a time known as the drainage time, the droplet combines with bulk oil phase to form a 

full flat oil/water interface in the second stage, making the mechanism of demulsification a two-

staged process. 

  

The choice of selecting the appropriate treatment technology for produced water is based on 

location of the installation, i.e. whether it is offshore or onshore treatment (Judd et al., 2014)  

For onshore installations low-energy technologies may be employed, with focus on removal of 

suspended and dissolved oil depending on the level of water quality required after treatment 

(Sharghi et al., 2013). 
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Chapter Three 

Materials and Methods 

This chapter briefly discusses the materials and methods used in the experiments, the experimental 

setup, procedure and sampling techniques.  The coagulants used will also be discussed in detail, 

along with their properties and procurement.  

 

3.1 Characteristics of Bakken Crude oil used 

The following Table 3.1 describes the characteristics of the oil used in this study: 

Product name  Bakken Crude oil sweet 

Color Amber to Black 

Density 5.83-8.58 lbs/ga l Bulk 

Specific Gravity 0.7-1.03 @ 60ºF (15.6ºC ) 

Crude oil/Petroleum 100 by weight 

N- Hexane  <5 by volume 

Ethy benzene <3 by weight 

Xylenes <1 by weight 

Benzene <1 by weight 

Hydrogen Sulphide <0.2 by weight 

Naphthalene 0-0.9 by weight 

Table 3.1. Characteristics of Bakken Crude oil 

3.2  Objectives 

The objectives of this work are: 

• To determine the optimum removal efficiencies of Emim[AC] and new organoclay JC 

9450 with DAF using the Taguchi method of Design. 
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• To investigate the synergic effect of Emim[AC] and organoclay in the treatment of 

produced water 

• To establish the relationship between the pH and zeta potential of the permeate.  

• To compare the treatment of produced water with coagulants only to the control 

experiments with DAF only. 

3.3 Scope of Work 

• To conduct a comprehensive review on produced water, its parameters, composition, 

management and treatment, as well as its use. 

• Preparation of a stable synthetic feed from electric mixing at a very high speed which is to 

be utilized immediately for the experiments 

• To make use of coagulation and flotation in water treatment. 

• To compare the effects of coagulation with flotation in produced water treatment. 

• To utilize the available modern equipments in the measurements of oil characteristic such 

as oil content, Turbidity, eta potential, chemical oxygen demand (COD), pH, salinity, TDS, 

conductivity, viscosity meter and SFT.    

3.4 Ionic Liquid (1-Ethyl-3-Methyl, Imidazolium acetate) 

The ionic liquid was procured from Sigma Aldrich Company with 97% purity. This ionic liquid 

was selected based on review from its use in medium oil recovery (Alabarh et al., 2017). The 

properties of the ionic liquid are listed below in table (3.2). 
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Figure 3.1. Structure of 1-3-Ethyl-methyl imidazolium acetate 

 

Table 3.2.  Physical properties of 1-3-Ethyl-methyl imidazolium acetate 

Product Name (1-Ethyl-3-Methyl, Imidazolium acetate):  

Empirical Formula C8H14N2O2 

Specific Gravity (water=1): 1.027 

Density 1.101 g/cm3 at 20 °C 

Description Aprotic imidazolium 

Color pale yellowish 

Solubility Soluble in water 

 

 

Figure 3.2.  1-3-Ethyl-methyl imidazolium acetate 

3.5 Organoclay JC 9450 

The organoclay was freely supplied by Jenfitch Inc, for laboratory experiments. This organoclay 

is a new innovative solvent produced by Jenfitch company (LLC), which is synonymous to Mineral 

oxychlorides. The organoclay was designed and tested   to break up frac water with emulsions, 
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precipitate metal, eliminates hydrogen sulphide and bacteria. The properties of the organoclay are 

listed below: 

Table 3.3. Physical Properties of JC 9450 (Jenfitch Company, JC 9450 2015 MSDS). 

Product Name JC 9450 

Chemical Synonym Mineral Oxychlorides 

Specific Gravity 1.14-1.22 

pH-value @ 68 °F: 11.0 – 12.5, Typical 

Decomposition Temperature 26.70C 

Color Musty Yellowish Liquid 

Odour Slight Chlorine 

 

 

Figure 3.3. Organoclay JC 9450  Figure 3.4. Surface tension meter (Tensiometer). 

The surface tension of the organoclay at different concentration was determined using the surface 

tension measuring equipment. The different concentrations and the corresponding values are given 

in Table 3.5 below, and the corresponding graph is expressed in Figure 3.5 as well. The critical 

micelle concentration, which is the minimum concentration beyond which there was no further 

reduction in the surface tension, was determined from the results of the SFT measurement. At this 

concentration, there is equilibrium between the micelles of the surfactant and the micelles present 

in the system (Santos et al., 2018) 
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Table 3.4. Surface Tension Measurements 

Concentration (mg/l)  Surface Tension (mN/m) 

100 71.89 

500 71.891 

1000 71.898 

3000 71.818 

5000 71.474 

 

 

Figure 3.5.  Surface Tension Measurements 

3.6 Feed Preparation 

Ultrapure water is used in the preparation of synthetic produced water. Synthetic feed was used all 

through the experiments for availability, ease of preparation, uniformity and consistency of feed 

used all through the experiments. 2 litres of ultrapure water was used to prepare the synthetic feed, 

salts used include; sodium chloride, potassium chloride, magnesium chloride, calcium chloride, 

sodium bicarbonate and sodium sulphate. The salt composition of the feed is given in table (), and 
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this is to model the composition of salts present in produced water (Tibbetts et al. 1992; Zheng et 

al. 2016).  

Table 3.5. Salt Composition of Feed Sample 

Salt  Mass/litre of Ultrapure water (g/l) 

Sodium Chloride (NaCl) 7.4 

Calcium Chloride (CaCl) 2.32 

Magnesium Chloride (MgCl) 0.77 

Potassium Chloride (KCl) 0.27 

Sodium Bicarbonate (NaHCO3) 0.18 

Sodium Sulphate (Na2SO4) 0.09 

The salts were mixed in 2 litres of ultrapure water and stirred using a magnetic stirrer at 700rpm 

for 10 minutes, the water was then transferred into a waring commercial 2 litre capacity blender. 

About half of the water was transferred initially into the blender, while 0.79mls of oil was 

measured using a 1mls syringe rather than a 1mls pipette as it was more difficult to control the 

flow of the oil with such a low volume.  

The measured oil was added to one half of the 2L jar of ultrapure water before the 

remaining half of the water was poured into the blender and then turned on. The mixing of oil and 

water was done for 3minutes at 19000rpm (level 9.5) of the waring commercial blender MX 1000 

series. This was done to ensure stability of the emulsion as which can either be achieved by using 

a surfactant or mixing at very high speed (Al Shamrani et al., 2002). The freshly prepared feed 

concentration was measured using the oil content analyzer and the procedure repeated several 

times until an average range of feed oil content between 200-205ppm was attained. This was in 

order to model a typical oil feed produced water oil content range, and also to minimize the amount 

of solvent used in oil content analysis as the maximum range for the oil content analyzer was 
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216ppm, using a feed with a higher concentration would require twice the amount of solvent to 

analyze the oil content of the feed. 

 The freshly prepared emulsion was measured using several available equipments to determine the 

feed parameters such as; oil content, turbidity, conductivity, TDS, salinity, pH, COD, and zeta 

potential, with the average results present in Table 4.1. The Feed upon preparation was used 

immediately as leaving emulsion for awhile would affect the volatile composition of the feed and 

also allow the free oil droplets separate to the surface thereby affecting feed concentration. 

3.7 Dissolved Air Flotation System (DAF) 

The DAF system used for the experiment was made by the Platypus Jar Tester Company, and it 

consists of three main units which are; the jar testing unit, the saturator tank and the compressor 

unit.  

The Jar testing Unit: This is the mixing unit and has four 2 Litre jars in which the feed will be 

transferred into for mixing with the coagulants. The unit has a paddle shaft which is attached to 

the blades for mixing. The blades used could either be butterfly or rectangular shaped blades, but 

for the purpose of this experiment, a butterfly blade has been employed based on its mixing 

abilities.  The paddles are controlled by a mixing control unit which could be automatically or 

manually set to function. The control unit has an LED display light that displays the mixing speed 

in rpm (which is between 30 rpm -200 rpm) and mixing time. It also has five buttons which 

includes the program button to program the mixing conditions, the manual and automatic  buttons 

to set to either mode, pause button/continue button to pause in between experiments and the stop 

button to stop an ongoing experiment. It has directional keys to control mixing speed and set the 

time for experiments. 
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Air Compressor Unit: This unit functions to compress air which is transferred into the saturator 

tank for saturation of the water filled tank with air bubbles. The unit is connected to the saturator 

tank via a small connecting tube which is controlled by an air inlet valve in the saturator tank unit.  

The Saturator Tank: This is a 2L capacity stainless steel tank which has an inlet funnel through 

which reverse osmosis water is poured into the tank, and air inlet valve via which air enters it. It 

consists of an air pressure regulator and air bleed valve that controls the pressure in the tank, a 

saturator level gauge with a visual volumetric display between 0 -1800mls that indicates the level 

of air saturated water that is dispersed into the jar, a water outlet valve that is connected to 

distribution manifold via a connecting tube and a distribution manifold which is connected to the 

jars via multiple connecting tubes through which air-saturated water is dispersed into the jar. 

 

 

Figure 3.6. Platypus Jar Mixer (Platypus instructions manual, 2015) 
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Figure 3.7. The Saturator Tank (Platypus instructions manual, 2015) 

3.8 Experimental Section 

Initial experiments were done using DAF only, to compare results obtained from these experiments 

with coagulation/adsorption experiments, as well as optimization experiments involving 

coagulants and DAF. The experiments involving DAF only is referenced as control experiments 

for the purpose of this experiment, and the recyle ratio used were 10% and 20%.  The operating 

conditions used for the control experiments include a constant pressure of 90psi in the saturator 

tank, based on the effectiveness of the microbubbles formed at this pressure (Al-Shamrani, 2002). 

The flotation period was set to 20 minutes in all the experiments performed.  

3.9 Instrumentation and Procedure 

Precision balance:  

 Experiments began with the preparation of feed sample. The salts to be used as salt solution in the 

preparation of the synthetic feed were weighed using the Mettler Toledo precision balance which 

consisted of a weighing pan and a digital balance with LED display with control to turn on/off the 

equipment, and to reset it to zero. 
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Procedure: The digital balance was zeroed prior to the start of measuring by placing an empty 

aluminum weighing dish on the digital balance to zero with its control/reset button. The respective 

salts were measured into the pan with a spatula and weighed appropriately.  

 

Figure 3.8.  Mettler PM4600 (Digital Balance) 

3.9.1  Simplicity Water Purification System 

After weighing the desired amount of salts, it was necessary to make a salt solution that would 

model the characteristics of an oil field produced water salt content. Hence ultra pure water was 

obtained from the ultraviolet water purification system. The system has a 2 Litre capacity which 

was filled with reverse osmosis water, the UV lamp in the system functions to reduce the organic 

content in water prior to deionization which occurs before the water is the passed onto the 

membrane filter which due to its pore size is able to remove bacteria and particles of certain size 

limit such that the water that is dispensed using the blue button in the picture below has a  total 

organic  content below 5 ppb (EMD Millipore. 2012) 
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Figure 3.9. UV Water Purification System 

3.9.2 Magnetic Stirrer 

To homogenize the salt solution to be used in the preparation of the synthetic feed, the magnetic 

stirrer was used. The salts weighed were dissolved in 2 L of water dispensed from the UV water 

purifier system and placed on the magnetic stirrer for mixing at 700 rpm for 10 minutes. Upon 

homogenous mixing, the stirrer was turned on, and the salt solution was transferred to the electric 

blender for mixing with light Bakken area crude oil. 

 

Figure 3.10- Cole Palmer Magnetic Stirrer 
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3.9.3 Waring Commercial Blender 

A litre of salt solution was poured initially into the blender, upon which approximately 0.79mls of 

oil was measured into an aluminum dish using a 1ml syringe and weighed to give about 0.78g of 

oil which was added to water, and the remaining 1L was also added and mixing done for 3 minutes 

at 19000 rpm to ensure stability of emulsion. The electric blender has 10 levels from 0-9 (200rpm 

- 20000rpm), the 9.5 level was used for mixing to make the stable synthetic oil in water emulsion 

which was used almost immediately. 

 

Figure 3.11. Waring Commercial MX1000 Series 

3.10 Analytical Instruments 

The following equipments were used to measure the synthetic feed parameters as well as analyze 

the treated produced water.  

3.10.1 Oil Content Analyzer: 

In order to measure the oil content of the synthetic feed and the residual oil content in the treated 

produced water, the OCMA-50 was used, which is a product made by the HORIBA Company. 

The oil content analyzer functions in such a way that it uses non-dispersive IR spectroscopy to 

measure oil content i.e. since hydrocarbons and the solvent used in oil content analysis absorb 

infrared rays at different wavelengths, the machine is programmed in such a way that the infrared 
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rays produced can only be absorbed by the hydrocarbon content, thereby giving the hydrocarbon 

content on the display screen. 

Solvent S-316 is a solvent used specifically for oil content analysis in the laboratory. A small 

volume of the synthetic feed about 20mls is mixed with about 2mls of 2M HCl to reduce the pH 

of the feed, after which 8mls of this is transferred to a vial where 8mls of the solvent S-316 is 

added and shaken rigorously for the solvent to absorb all the oil present in the sample and to settle 

at the bottom of the vial due to difference in density between the oil content analyzer and the 

sample, forming 2 layers after being left for some time. The solvent containing oil is extracted 

from the bottom of the using a pipette of 10mls via solvent extraction method. It is worthy to note 

that during extraction, care should be taken not to draw water at the top not to affect the 

measurement reading. About 6 – 6.5mls of solvent can be clearly extracted which is dispensed into 

the OCMA-350 cell which has approximately 6mls capacity, with two clear sides through which 

the rays of the machine pass through for absorbance and measurement. The cell has a clear white 

dot close to the tip that indicates the fill level, and the two clears are carefully cleaned by 

specialized thin wipes to avoid surface scratching which could affect validity of results. 

Calibration and measurement: The equipment has a measurement capacity of up to 

216mg/l, and a higher concentration of oil in the feed would require a feed to solvent ratio of 1:2 

in terms of volume for mixing and extraction. The equipment is calibrated 3 to 4 weeks via two 

process which are; the zero calibration and the span calibration. The machine should be initially 

turned on for 30 minutes for it to warm up before any measurement can be done on it. The zero 

calibration is done by filling the measurement cell with pure solvent and putting in a machine to 

be measured and after 20 seconds, the zero-button pressed to indicate zero level, and then taken 

out. The span calibration is done by taking 4.5µl of B- heavy oil and putting in a vial, after which 
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8µl of pure solvent is taken and mixed in the vial. 20mls of pure solvent is taken and mixed in the 

same vial and shaken very rigorously for complete dissolution of the heavy oil in the solvent. This 

mixture should give an approximate value of 200mg/l when measured, about 6mls if the mixture 

is dispensed into the cell and placed into the machine for measurement and after 20 seconds the 

span button pressed to indicate the 200mg/l mark. The measurement procedure is followed when 

measuring feed concentration and analyzing treated produced water. It is recommended by the 

manufacturer that zero calibration be done every 4-5 hrs of machine operation to maintain accuracy 

of results.  

In order to minimize costs and to reduce waste generated, it is highly beneficial to use SR-

305 to regenerate the solvent used during the experiment. The SR-305 functions as a solvent 

reclaimer which consists of a filter, activated carbon and aluminum oxide for oil and water 

separation, solvent containing the extracted oil content is poured into the reclaiming unit, passing 

through the activated carbon and aluminum component, and the regenerated solvent is extracted 

from the bottom of the column. 

 

(a)                                                        (b) 

Figure 3.12. (a) OCMA-300, and (b) OCMA-350 Cell and Solvent Reclaimer SR-305 
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3.10.2 TDS/Salinity/Conductivity Meter 

The presence of ions in a solution contributes to the conductivity of a solution. Since the feed water 

is composed of salt solution, it is typical for the synthetic feed to be characterized by high salinity 

which is proportional to the conductivity and TDS since salts of chlorides, carbonates etc, 

dissolved in water to form ions. The equipment has a probe which is immersed into the solution 

of interest until a stable reading is attained which is displayed on the screen. The mode of 

measurement can be switched between TDS, salinity and conductivity at the touch of a button, and 

calibration is done frequently once every month or two. The equipment is maintained by washing 

the probe with acetone and distilled water after each use. 

 

Figure 3.13. Hanna HI 4522 TDS meter (www. hannainst.com) 

 

3.10.3 Turbidity Meter 

This equipment operates on the principle of light scattering and transmittance which occurs when 

light is passed through a liquid, upon which the presence of suspended solids leads to light 

scattering, with the amount of light scattered proportional to the amount of suspended solids 

present in the liquid (Hanna HI 83414 Manual ). The light source in this case is a tungsten filament, 

with scattered light detector and transmitted light detector of 90 and 180 degrees respectively.  
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 Calibration of the equipment is done using standard solution of specific turbidity range 

which are <0.01, 15,100, 750 and 2000 NTU, contained in clean and clear sample cell. The 

standard solution samples are measured simultaneously based on command prompts from the 

machine till the calibration is finished and ready for measurement of sample. It should be noted 

that for operation of the machine, the sample to be analyzed is poured into an empty sample cuvette 

till the fill line is reached. Care should be taken to handle the cuvette with care to avoid stains and 

scratches which can be removed by cleaning with silicone oil. The cuvette should be placed in the 

machine with the vertical line on the wall of the cuvette aligned with the light source and closed 

before pressing the measure button upon which the result is automatically displayed on the screen 

of the machine. It is impossible to have a liquid sample with turbidity equal to zero as even the 

purest water sample does not have a turbidity value as a result of molecules of pure water sample 

capable of light scattering (Hanna 2007). The machine is capable of measuring between 0-4000 

NTU, and turbidity is influenced by a variety of factors including size and shape of particles in the 

liquid sample, color and refractive index, all of which is reflected in the manner and intensity of 

light scattered. 

 

Figure 3.14. Hanna (Hi 83414) Turbidity Meter 
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3.10.4 pH Meter 

This equipment is used to measure pH of the synthetic feed and the treated sample. The equipment 

consists of a display panel, support stand and measuring electrode probe which has an inlet for 

putting 3.3 mol/l of KCl solution in the probe. The pH measurement of a sample is taken by 

lowering the support stand holding the probe into the sample of interest and leaving for a while, a 

beep sound would occur afterwards, indicating the measurement is stable. Calibration of the 

equipment is done using 3 buffer solutions in the order of 4, 7 and 10. The probe is inserted into 

each buffer solution based on command prompts and the calibration button pressed. The probe is 

maintained by washing thoroughly with acetone and distilled water, before wiped completely with 

kim wipes.  

 

Figure 3.15. HORIBA F-55 pH Meter 

3.10.5 UV-Vis Spectrophotometer 

This is used to measure COD, which is a measure of oxygen needed for the degradation of organic 

matter present and to oxidize inorganic chemicals. The equipment has 2 parts which are the reactor 

and the spectrophotometer itself.  COD obtained from HACH Company are used in the 

measurement by adding the sample to the COD vials. Three types of vials are usually used in the 

measurement of COD depending on the range the sample to be analyzed falls into. The closer the 

COD range used is to the Sample, the more accurate the measurement will be. The COD vials 
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range are 0.7-400 mgl, 20-1,500 mg/l and 200-15,000 mg/l, all known as low range plus, high 

range and high range plus respectively. These vials contain oxidizing agent (K2Cr2O7) and catalyst 

such as sulphuric acid, silver sulphate and mercury sulphate. Blank vials are made in order to 

determine the appropriate range of Cod vials to use for the experiment. Blanks are made by adding 

2 mls of reverse osmosis water to each vial except the high range plus, in which case 0.2 mls of 

RO water is added to the vial and to the sample as well. The vials are heated up in the reactor 

which is turned on for a while to reach 150oC, prior to putting the vials in the reactor. The reactor 

is started and runs for 2 hours, upon which it stops automatically, and the temperature cools down. 

Once the temperature cools to 1200C, the vials are removed from the reactor and placed in the UV-

Vis spectrophotometer.  

 In the UV-Vis spectrophotometer, the machine is turned on to warm for a few minutes and 

for systems quality checks, the appropriate COD measurement range is selected on the display 

menu panel, which is the same for high range and high range plus vials. The machine is opened 

and the blanks placed in the sample holder for measurement and closed, upon which the zero icon 

on the screen is pressed to set the blank as a standard and zero point of measurement. The sample 

vials are then measured accordingly. It is worthy to note that when mixing the sample and RO 

water to the blanks before heating up in the reactor, it gives a hot sensation on the walls of the vial 

and after heating a change in colour should be observed in the color of the vials which is different 

from when it was placed initially in the reactor. In other words, the greener the COD vial is after 

heating, the higher the COD content in the vial. For the purpose of this research, the high range 

COD vials were selected, having established the proximity in values recorded to that in literature. 
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(a)                                                            (b) 

                  Figure 3.16. (a) HACH DRB 200 Reactor, (b) DR-5000 UV-Vis Spectrophotometer 

3.10.6 Zetasizer Nano series 

 Zeta potential is an important property in produced water treatment as it determines the 

capacity of particles within a liquid sample to flocculate. It can simply be referred to as the 

potential that exist between the loosely bound ions in a liquid sample, i.e the existing potential 

between the surface of the particles dispersed in a liquid and the liquid itself (Malvern. 2009). This 

equipment calculates the zeta potential from the determination of the electrophoretic mobility 

using the laser Doppler velocimetry to obtain the velocity of the particles within the sample 

(Malvern. 2009). The zeta potential is an indication of the potential stability of an emulsion. The 

values between +30 and -30 is the given threshold for instability in emulsions, the higher the 

positive and negative values of zeta potential, the higher the repulsion and the lower the ability to 

flocculate, hence lower positive or negative values are preferred in terms interpretation of the 

effectiveness of a treatment process (Malvern, 2009). 

 The equipment is operated is operated by turning on for some minutes to warm up for about 

10 minutes, with an amber coloured indicator light flashing till 2 beeping sounds are given 

indicating that it is ready for use and the amber changes to green color. The Zetasizer is capable 
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of measuring the particle size, the molecular weight and the zeta potential, hence different cells 

are applicable for the appropriate measurement of interest. Since the focus of the present study 

with regards to the equipment is zeta potential, the capillary cell was selected being the appropriate 

cell for sample measurement in this context. The cell is initially rinsed with distilled water using a 

5ml syringe for injection into the tiny holes of the cell, this is done up to 5 times, for measurement 

purpose the sample is injected slowly and carefully into the cell, with the cell inverted to ensure 

removal of air bubbles till it is half filled, after which it is turned and filled to the top before 

inserting a stopper into the openings. Two thermal contact plates are placed on each side of the 

folded capillary cell to improve temperature stability, and the cell opening and electrodes by the 

side of the cell wiped clean of water for stable measurement reading before being placed into the 

sample holder in the machine with the appropriate side facing the path of light and measured 

appropriately using the software components of the equipment. 

 

Figure 3.17.  Zetasizer Nanoseries ZS (Malvern Company) 
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Chapter Four 

Results and Discussions 

4.1 Synthetic Feed  

Two litres of synthetic feed was made as earlier described in previous chapter, an average of feed 

parameters is given in table (4.1) below. 

Table 4.1. Feed Composition 

Oil Parameters FEED 

Oil Content (ppm) 200 ± 6.0 

COD (ppm) 1000 ± 50 

Turbidity (NTU) 450 ± 10 

TDS (ppt) 9.356 ± 0.2 

Salinity (%) 39 ± 0.2 

Conductivity(mS) 19.2 ± 0.1 

pH 7.96 ± 0.4 

Zeta (mv) 1 -12.6 ± 2.5 

Zeta (mv) 2 -13.8 ± 3.0 

Zeta (mv) 3 -14.6 ± 2.0 

Zeta average -13.67 ± 2.5 

4.2 DAF Experiments 

Initial experiments commenced with the use of DAF only to treat produced water, this was to 

serve as control experiments. The 2L feed was divided into two equal parts and transferred to 

two jars, a recycle ratio of 10% and 20% were applied respectively, it is handy to note that based 

on manufacturer’s recommendation, the equipment was switched on for about 30 minutes at least 

before use. The saturator pressure was adjusted to 90psi using the pressure control valve, till the 

appointed time, after which saturator outlet is opened for the sudden release of air bubbles into 
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the feed jars, a flotation period of 20 minutes was applied. Sampling was done from the bottom 

of the jars using a 10ml volumetric pipette at first, after which the connecting tubes at the bottom 

of the jars were loosened to release water from the bottom of the jar which appears cleaner than 

upper layer due to bubble rise to top layer carrying attached oil droplet. The formula and 

calculation for the recyle ratio is given thus below. 

  Recycle Ratio (%) =    
Vs

(Vs + Vf)
   (7) 

Vf = Volume of feed in the jar 

Vs = Volume of air saturated water.  

For a Recycle ratio of 10%, to determine the volume of air saturated water to be dispersed into the 

jar, the calculation is given thus; 

Vf = 1000 

RR (%) = 10 

Vs =? 

RR =        .
Vs

(Vs + 1000ml)
    * 100   (8) 

 10 =        .
Vs

(Vs + 1000ml)
    * 100   (9) 

10Vs + 10000 = 100Vs  

10000 = 90Vs  

Vs = 111mls at 10% Recycle. 

 For a recycle ratio of 20%, substitute RR = 20 into equation (8) and solving gives  
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Vs = 250 at 20% Recycle  

4.3 Results of DAF Experiments only (Control Experiments) 

The results of DAF experiments have been given in Table 4.2, all the treatment experiments were 

carried out twice to test for repeatability and consistency of results. An average of the results is 

obtained from the two sets of experiments, and observations and conclusions are drawn from this. 

The corresponding removal efficiencies are also given in Table (4.3). 

Table 4.2.  Control Experiments 

    20 RR DAF 10 RR DAF     

oil Parameter FEED Test 1 Test 2 Test 1 Test 2 Avg 20RR Avg 10RR 

Oil Content (ppm) 200 70 75 120 128 72.5 124 

COD (ppm) 1000 665 675 793 802 670 797.5 

Turbidity (NTU) 450 240 250 280 291 245 285.5 

TDS (ppt) 9.356 7.638 7.8 8.429 8.501 7.719 8.465 

Salinity (%) 39 31.5 31.8 35.2 36 31.65 35.6 

Conductivity (mS) 19.2 15.28 15.33 16.96 16.98 15.305 16.97 

pH 7.96 7.8 7.8 7.82 7.8 7.8 7.81 

Zeta (mv) 1 -12.6 -9.02 -9.1 -9.14 -9.13 -9.06 -9.135 

Zeta (mv) 2 -13.8 -9.16 -9.23 -9.25 -9.34 -9.195 -9.295 

Zeta (mv) 3 -14.6 -8.9 -9.15 -9.16 -9.17 -9.025 -9.165 

Zeta Average -13.67 -9.03 -9.16 -9.18 -9.21 -9.09 -9.20 

 

The removal efficiency in the context of this study is simply calculated thus from below equation;  

(%) Removal efficiency = 
Vi

(Vi− Vf)
  * 100   (10)  

Where Vi = Initial feed result or initial value of the feed prior treatment  

And VF = Final result after treatment. 
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Table 4.3. Removal efficiency of Control experiments 

oil Parameters 20RR 10RR 

Oil Content (ppm) 63.75 38 

COD (ppm) 33 20.25 

Turbidity (NTU) 45.56 36.56 

TDS (ppt) 17.50 9.52 

Salinity (%) 18.85 8.72 

Conductivity (mS) 20.29 11.61 

pH 2.01 1.88 

From the results, it was calculated and observed that oil removal efficiency at 20RR and 10RRwere 

63.75% and 38% respectively, indicating that oil removal increased with increase in recycle ratio. 

Albeit as earlier stated, increasing the pressure beyond the optimum would result in a reversal of 

the efficiency of the flotation process (Bennet and Shammas.2010). The greatest effect of DAF 

system in produced water treatment was observed in oil removal, turbidity and COD removal with 

efficiency as high as 63.75%, 45.6% and 33% respectively. DAF had minimal effect on reducing 

TDS, salinity and conductivity with percentages of 17.5%, 18.8% and 20.3% attained at the highest 

recycle ratio used during the experiment.  obtained after treatment, reduction of oil content 

concentration below discharge limit (<30 ppm) is not feasible using DAF only as the maximum 

efficiency achieved at 20% recyle ratio and 90psi was 63.75%. It is therefore established based on 

these results and in accordance with literature that pretreatment with chemicals is imperative in 

the improvement of DAF treatment of produced water (Saththasivam et al. 2015; Rattanapan et al. 

2016) 

The effect of Recycle ratio is visually represented in Figures 4.1 and 4.2, in Figure 4.1, the left jar 

represents the synthetic feed prior to introduction of air-saturated water, the right jar represents the 

feed right after introducing air bubbles which makes it visibly cloudy. In Figure 4.2 on the other 
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hand, the right jar looking clearer contains permeate after 20% recycle ratio is introduced which 

makes it noticeably less turbid than the left jar where only 10% recycle ratio has been used. The 

clearly less turbid jar has a higher removal efficiency accounting for its lower turbidity as well. 

 

 Figure 4.1. Feed before recycle and feed after 10% recycle 

 

 

 

       Figure 4.2. Permeate after flotation with 10% RR and 20% RR 
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It is observed from statistical illustrations in Figure 4.3 that DAF has almost an equivalent effect 

on TDS, salinity and conductivity. An increase in the overall removal efficiency is observed with 

increasing recycle ratio, while the relationship between pH and zeta potential is expressed in 

Figure 4.4, indicating an indirectly proportional relationship between pH and zeta potential of the 

permeate such that as the pH tends to decrease, the zeta potential tends to increase and move 

towards positive values. From the residual oil content Figure 4.3 shows the removal efficiencies 

of the different oil parameters considered in the experiment. The effect of recycle ratio is 

observed to be more significant in oil content and turbidity, while   

 

Figure 4.3. Graph of removal efficiency of control experiments 

 

Figure 4.4. Graph of pH vs zeta potential of control experiments 
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Optimization results using DAF and Organoclay. 

The process flow operation for the experiments involving pretreatment chemiocals with DAF 

system is simply presented, the feed when prepared is passed through jar mixing, and then 

flotation before sampling is done  

 

 

4.4 Design of Experiments 

For the design of optimization experiments of DAF with coagulants, a simple 3*3 Taguchi method 

of experimental design was employed using concentration, recycle ratio and mixing speed as the 

defining variables. The solvents under consideration were Ionic liquid (Emim[AC]), Organoclay 

(JC 9450), and a combined application of Emim[AC] and organoclay.  Rapid mixing between 160 

rpm-200 rpm was used for the jar testing in the optimization experiments. The Minitab software 

version 18 was used for the taguchi design of experiments, while low concentration of ionic liquid 

considered were 50 ppm, 100 ppm and 200 ppm of the ionic liquid Emim[AC]. The experimental 

design for DAF experiments with Emim[AC] is given in table 4.4. 

Ionic Liquid Experiments 

Table 4.4. 3*3 Taguchi Design of Experiment of Emim[AC] 

Test Concentration(ppm) Recycle Ratio (%) Mixing Speed(rpm) 

Test A1 50 0 200 

Test B1 50 10 160 

TEST C1 50 20 180 

Test D1 100 0 180 

Test E1 100 10 200 

Test F1 100 20 160 

Test G1 200 0 160 

Test H1 200 10 180 

Test I1 200 20 200 

FEED PREPARATION FLOTATION MIXING/COAGULATION PERMEATE

EE 
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From table 4.4 Test A-C is at 50 ppm concentration of Emim[AC], while the recycle ratio and 

mixing speed are varied accordingly.  Test D-F is at 100 ppm concentration of Emim[AC] and 

Test G-I is at 200 ppm concentration of Emim[AC].. Figure 4.5 illustrates the mixing process of 

Emim[AC] with the produced water prior to introduction of the air-saturated water, while Figure 

4.6 shows the flotation stage after the introduction of air-saturated water. From figure 4.6, the 

clearer bottom layer is observed and hence sampling is done at the bottom by unscrewing the tube 

connector from the jar. 

Figure 4.5. Jar mixing                     Figure 4.6. Permeate after mixing and flotation for 20 mins 

Table 4.5 shows the average of two results for permeate after pretreatment with Emim actetate 

and DAF Application. There is a reduction in the oil content from 200 ppm Feed to 39.35 ppm 

using 50 ppm of Emim[AC], this increases upon DAF Application 0f 10% and 20% recycle ratio 

to to 25.35 ppm and and 16.8ppm respectively. The lowest oil content attained is 5.9 ppm at 200 

ppm of Emim[AC] with 20% recycle ratio. The removal percentages of optimization 

experiments using Emim[AC] as pretreatment with DAF at low concentration is given in Table 

4.6, the statistical representation of the data is presented in figure 4.7. 
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Table 4.5. Results of DAF with Emim[Ac] 

    50 ppm 100 ppm 200 ppm 

Oil Parameter 
FEED 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF  

10RR 

DAF 

20RR 

DAF 

Oil Content 

(ppm) 200 39.35 25.35 16.8 26.6 17.4 9 25.3 11.9 5.9 

COD (ppm) 1000 553 437 388.5 657 608.5 540 846 735.5 650.5 

Turbidity 

(NTU) 450 37 35 21.5 33 28 18 30.5 23 15 

TDS (ppt) 9.36 8.86 8.11 7.68 8.96 8.13 7.68 9.05 8.20 7.72 

Salinity (%) 39 37.10 33.00 32.10 37.45 33.50 32.30 37.60 33.75 32.45 

Conductivity 

(mS) 19.2 17.84 16.26 15.59 18.04 16.57 15.61 18.15 16.67 15.85 

pH 7.96 7.81 7.65 7.58 7.65 7.52 7.33 7.60 7.49 7.25 

Zeta (mv) 1 -12.6 

-

11.35 -8.85 -9.32 -9.73 -6.35 -5.96 -9.40 -5.80 -3.04 

Zeta (mv) 2 -13.8 

-

11.05 -9.03 -9.18 -9.94 -5.39 -4.60 -9.41 -5.86 -2.82 

Zeta (mv) 3 -14.6 

-

10.50 -8.81 -9.05 -9.98 -6.00 -4.90 -9.57 -4.82 -3.65 

ZETA 

AVERAGE -13.67 

-

10.97 -8.90 -9.18 -9.88 -5.91 -5.15 -9.46 -5.49 -3.17 

Table 4.6. Removal efficiency of DAF with Emim[Ac] 

  

Removal Efficiency at 50 

ppm Emim Ac 

Removal Efficiency at 100 

ppm Emim Ac 

Removal Efficiency at 200 

ppm EmimAc 

Oil 

Parameter 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

Oil Content 

(ppm) 

80.3

3 87.325 91.6 86.7 91.3 95.5 87.35 94.05 97.05 

COD (ppm) 44.7 56.3 61.15 34.3 39.15 46 15.4 26.45 34.95 

Turbidity 

(NTU) 

91.7

8 92.22 95.22 92.67 93.78 96 93.22 94.89 96.67 

TDS(ppt) 5.32 13.32 17.95 4.27 13.16 17.59 3.29 13.13 17.53 

Salinity(%) 4.87 15.38 17.69 3.97 14.1 18.21 3.59 13.46 16.79 

Conductivit

y(mS) 7.08 15.31 18.83 6.04 13.7 18.77 5.47 14.24 17.45 
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From Figure 4.7, observation reveals that pre-treatment with coagulant increased removal 

efficiency significantly, which increased with increase in recycle ratio and concentration. The oil 

removal efficiency of Emim[Ac] at 50 ppm is given as 80.33%, the introduction of air-saturated 

water increases the removal efficiecny by 87.32% and 91.6% using 10% and 20% Recycle ratio 

respectively. Figure 4.7 shows the effcetiveness of DAF with Emim[AC] to be most siginficant in 

oil removal, turbidity and COD. While the effect on TDS, salinity and conductivity was only as 

high as 20% removal efficiecny.  

 

Figure 4.7. Graph of removal efficiency of DAF with Emim[Ac] 
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The effect of 50 ppm Emim[AC] with DAF on COD and turbidity removal is presented in figure 

4.8, turbidity removal efficiencies was 91.78% using Emim[AC] only without DAF, and 92.2% 

and 95.22% using Emim[AC] with 10% and 20% recycle ratio. The corresponding COD removal 

efficiencies were 44.7%, 56.3% and 61.15% for COD results using Emim[AC] only, 10% and 

20% recycle ratio respectively. From figure 4.8, the much greater effect of Emim[AC] with DAF 

on turbidity removal than COD removal is clearly observed with a difference in removal 

efficiency under the same condition as high as 47%. 

 

Figure 4.8. Graph of Turbidity and COD removal efficiency at 50 ppm Emim[Ac] 
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Figure 4.9 represents the TDS, salinity and conductivity values in their corresponding units. The 

TDS value of the feed was initially 9.36ppt from table 4.5, the results of the experiment on TDS 

were given as 8.86ppt, 8.11ppt and 7.68 for 50 ppm Emim[AC] pretreatment experiment without 

recycle, with 10%, and 20% recycle respectively. The corresponding Salinity values were 37.1%, 

33% and 32.10%, while the conductivity values were 17.84mS, 16.26mS and 15.59mS. The 

corresponding removal efficiencies are presented in table 4.6. From figure 4.9, It is observed that 

there is little difference in the feed values of TDS, salinity and conductivity in the jar mixi 

experiments, suggesting the minimal Effect of Emim[AC] on the subject parameters. The addition 

of DAF in the treatment process increases the removal efficiency albeit the highest removal 

efficiency was barely higher 20%. Conclusion drawn from figure 4.9 is such that Emim[AC] had 

little effect on reducing TDS salinity and conductivity, which was only improved a little with 

recycle ratio with increase in recycle ratio increasing the removal efficiency.  

 

Figure 4.9. Graph of TDS, Salinity and conductivity at 50 ppm Emim[Ac] 
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The relationship between pH and zeta potential of the treated produced water is given by figure 

4.10, the pH is observed to be lowest at the highest zeta potential an vice versa, this is observed to 

correspond to removal reduction at elevated pH levels i.e the pH tends to decrease as the removal 

efficiency increases. From figure 4.10,the introduction of air bubbles tends to push the values of 

zeta potential towards positivity confirming the influence of recycle ratio on zeta potential  (Al. 

Shamrani et al., 2002), which is observed in figure 4.4 as well.   

 

Figure 4.10. Graph of pH vs zeta potential at 50 ppm Emim[Ac] 
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Figure 4.11 shows the effect of increasing concentration of Emim[AC] to 100 ppm , the 

relationship between the different parameters is similar to the trend observed in 50 ppm 

concentration, the only difference is a higher removal efficiency at a higher concentration of 

Emim[AC]. The highest removal efficiency of oil, COD and turbidity is obtained at 20RR to be 

95.5%, 46% and 96% respectively. There is a 3.9%, and 0.78% increase in removal efficiency of 

oil and turbidity respectively, this shows that the optimization experiment affected the efficiency 

of oil removal more than turbidity upon increasing the dose of Emim[AC]. The COD removal 

efficiency is observed to be lower in 100 ppm Emim[AC] than at 50 ppm Emim[AC], with a 10.3% 

decrease recorded, this suggests an increase in the compound present in the permeate which 

consequently causes a reduction of the K2Cr2O7 present in the COD vials. The dichromate ions are 

reduced to Cr3+, which is reflected by a greener color observed in the COD vials containing the 

treated produced water. At these percentages, the corresponding minimum values obtained for oil 

removal, COD and turbidity, were 9 ppm, 540 ppm and 18 NTU respectively indicating that the 

discharge of these values satisfies regulatory limit.  

 

Figure 4.11. Graph of removal efficiency of DAF with Emim[Ac] at 100 ppm Emim[Ac] 
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Increasing Emim[AC} dose increase the tendency of zeta potential towards positivity as shown in 

Figure 4.12,  the highest zeta potential is obtained at an average value of -5.15mV.with a 

corresponding pH value of 7.33 at 20% recycle ratio, This compared with the pH value obtained 

at 50 ppm dose of Emim[Ac] is lower, confirming the role of concentration of Emim[AC] in oil 

removal efficiency, and zeta potential of permeate 

 

Figure 4.12. Graph of pH vs zeta potential at 100 ppm Emim [Ac] 

. 

From figure 4.13, similar effect is observed in TDS, Salinity and conductivity, although it is 

observed that salinity is affected the most by recycle ratio among the three parameters related to 
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in terms of TDS, 37.4%, 33.50% and 32.30% for salinity and 18.04mS, 16.57mS and 15.61mS  for 

conductivity values. The values indicates that there is no reduction in the values of the subject 

parameters, in contrary an increase is observed which doesn’t affect the effect of recycle ratio on 

the oil parameters i.e increasing the recycle ratio still tend to reduce the subject parameters 

although not very much.  

 

Figure 4.13. Graph of TDS, Salinity and conductivity at 100 ppm Emim[Ac] 
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Optimization experiments with Emim[AC] at 200 ppm concentration with DAF.   

Figures 4.14 shows that at 200 ppm Emim[AC] optimization experiments, oil removal efficiency 

is observed to be maximum at 97.03%, at 20% recycle, removal up to 96.67% and 34.95% is 

achieved as well in turbidity and COD at 20% recycle ratio. The removal trends observed in the 

previous doses of Emim[AC] optimization experiments are similarly observed at 200 ppm of 

Emim[AC],  

 

Figure 4.14. Graph of removal efficiency of DAF with Emim[Ac] at 200 ppm Emim[Ac] 
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Fighure 4.15 shows the COD and the tuirbidity removal efficiency of 200 ppm Emim[AC] with 

DAF, the COD removal effciency are obtained as 15.4%, 26.45%, and 34.95% respectively for 

tests using 200 ppm Emim[AC] only, 200 ppm Emim[AC] with 10% and 20% recycle ratio 

respectively. The results shows how flotation improves the COD removal  and turbidty. The 

correspomding turbidity efficiencies are obtained as 93.22%, 94.89% and 96.67% for 200 ppm 

Emim[AC] only, 200 ppm Emim[AC] with 10% and 20% recycle ratio. 

 

Figure 4.15. Graph of turbidity and COD removal efficiency at 200 ppm Emim[Ac] 

 

 

0

10

20

30

40

50

60

70

80

90

100

No DAF % 10RR DAF % 20RR DAF(%)

R
em

o
v
al

 E
ff

ic
ie

n
c
y
 (

%
)

Recycle ratio RR (%)

COD(ppm)

Turbidity (Ntu)



 

82 

 

From figure 4.16, final values of TDS, Salinity and Conductivity were obtained as 9.05ppt, 8.20ppt 

and 7.72ppt for TDS values, 37.6%, 33.75% and 32.45% for salinity values and finally 18.15mS, 

16.67mS and 15.85mS, using 200 ppm Emim[AC] only, 200 ppm Emim[AC] with 10% and 20% 

recycle ratio respectively. This corresponds to a TDS removal efficiency of 3.29%, 13.13% and 

17.53%, Salinity removal efficiency of 3.59%, 13.46%, and 16.79%, and finally 5.47%, 14.24% 

and 17.45% percentage removal of conductivity, which were achieved under the same conditions. 

 

Figure 4.16. Graph of TDS, salinity and conductivity at 200 ppm Emim[Ac] 
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The lowest zeta potential achieved is -3.27 at the lowest pH of 7.25 at 200 ppm of Emim[AC] 

with 20% recycle. Figure 4.17 shows the trend of pH reduction and increase in zeta potential 

while increasing coagulant concentration. These values corresponds to the oil removal efficiency 

obtained at 200 ppm which is 97.05%, revealing the relationship between oil removal efficiency, 

zeta potential and pH which are otherwise affected by concentration does and recycle ratio. 

 

Figure 4.17. Graph of pH vs zeta potential at 200 ppm Emim[Ac] 
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Effect of Coagulant Concentration and mixing on Oil removal efficiency  

Figure 4.18 presents the effect of using Emim[AC] in the treatment of produced water without the 

application of DAF, the removal efficiencies are 80.33%, 86.70% and 87.35 % respectively for 50 

ppm, 100 ppm and 200 ppm concentration of Emim[AC]. From Figure 4.18 above, oil removal 

efficiency can be observed to increase with increase in concentration. At the minimum 

concentration, the mixing speed was highest at 200rpm and at the highest dose, the mixing speed 

was 160 rpm 

 

Figure 4.18. Graph of removal efficiency of Emim[AC] without recycle 
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The results obtained shows that concentration is a higher priority during optimization experiments 

than mixing speed based on higher efficiency. Although in the course of the experiments, visual 

observation revealed larger floc size attained at 200rpm than at 160 rpm which is presented in 

Figure 4.19 image on the left shows larger flocs which can be attributed to elevated mixing speed, 

while image on the right appears turbid with less visible flocs, this shows increased agglomeration 

as a result of mixing intensity, while slower mixing at higher concentration revealed a higher 

removal efficiency than higher mixing at a lower concentration, it is arguable comparing based the 

removal efficiencies obtained that mixing does play a role in removal efficiency albeit it might be 

subordinate in terms of influence to recycle ratio and concentration.  

 

Figure 4.19. Jar mixing at 200rpm with visibly larger flocs, mixing at 160 rpm with smaller floc 

size 
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Effect of concentration on TDS, Salinity and Conductivity 

From figure 4.20, there is a slight reduction in TDS, salinity and conductivity upon addition of 

Emim[AC], which decreases  with increase in coagulant dose. Therefore at the highest dose of 

Emim[AC], which gave the maximum  removal efficiency at 97.05%, the lowest reduction in 

salinity was attained which indicates that higher salinity would imply a better removal efficiency. 

(Saththasivam et al. 2016). Similar trend is observed in TDS and conductivity as well, the results 

obtained indicate a higher dependence on recycle ratio than jar mixing for removal when compared 

with control experiments. 

 

Figure 4.20. Effect of concentration on TDS, salinity and conductivity 
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Effect of Concentration of Emim[AC] on COD 

The results portrayed in Figure 4.21 showing discolouration from slightly orange to light green, 

which deepens with increase in Emim[AC]. The highest removal efficiency using only Emim[AC] 

only is at 50 ppm which is calculated to be 44.7%. Further observation shows that increasing the 

dose of Emim[AC] reduces the removal efficiency of COD and at the highest dose of Emim[AC], 

a COD removal efficiency of 15.6% was observed suggesting a further reuction of the dichromate 

ions present in the COD vials by the increasing dose of Emim[AC], thereby increasing the COD 

level (Costa et al. 2017). Recycle ratio improved removal of COD, with the highest removal 

obtained as 61.15% 

 

Figure 4.21. Permeate added to COD vials with blank sample, COD vials after 2 hrs in the 

reactor 
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Figure 4.22 and Figure 4.23 shows the effect of recycle ratio on removal efficiency. The plot shows  

there is in accordance with the trend observed in the control experiments, i.e recycle ratio influence 

oil removal and at higher ratio of 20% used, oil removal is 97.05 % while under the same condition, 

but lower recycle ratio of 10%, oil removal is lower by 2%. In all cases observed during the 

experiment, higher recycle ratio had higher removal efficiency irrespective of the mixing speed 

but at the same concentration. 

Effect of Recycle ratio on Oil removal efficiency of Emim[AC] 

 

Figure 4.22 . Oil removal efficiency of Emim[Ac] at 10% recycle 
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Figure 4.23. Oil removal efficiency of Emim[Ac] at 20% recycle 
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Optimization Experiments with Organoclay (JC 9450) and DAF 

From tables 4.7, Test A1-C1is at 120 ppm concentration of organoclay JC 9450 while the recycle 

ratio and mixing speed are varied accordingly. Test D1-F1 is at 240 ppm concentration of 

organoclay JC 9450 and Test G1-I1 is at 360 ppm concentration of organoclay JC 9450. 

Table 4.7. 3*3 Taguchi design of experiment for organoclay JC 9450 

Test Concentration(ppm) Recycle Ratio (%) Mixing Speed (rpm) 

Test A1 120 0 200 

Test B1 120 10 160 

TEST C1 120 20 180 

Test D1 240 0 180 

Test E1 240 10 200 

Test F1 240 20 160 

Test G1 360 0 160 

Test H1 360 10 180 

Test I1 360 20 200 
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Table 4.8 presents the average of results of treatment experiments with DAF and Organoclay. The 

oil content is observed to reduce as the concentration of organoclay increases with the lowest oil 

content attained at 360 ppm of organoclay to be 8.6ppm. Average results of COD levels reached 

minimum concentration of 311.5ppm with a corresponding turbidity level of 16.25NTU. 

Table 4.8. Results of optimization experiments with organoclay JC 9450 

    120 ppm 240 ppm 360 ppm 

Oil 

Parameter FEED 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

Oil 

Content 

(ppm) 200 37.7 27.9 24.9 27.15 14.3 10.3 25.65 13.4 8.6 

COD 

(ppm) 1000 489 433 362.25 442 404.5 344.5 386 343 311.5 

Turbidity 

(NTU) 450 32.50 27.50 22.50 27.00 24.50 21.50 24.00 23.50 16.25 

TDS(ppt) 9.35 8.95 8.01 7.78 9.02 8.07 7.74 9.03 8.35 7.82 

Salinity 

(%) 39 37.50 33.40 32.35 37.60 33.65 32.45 37.80 34.25 32.68 

Conductiv

ity (mS) 19.2 17.99 16.05 15.57 18.08 16.37 15.58 18.13 16.56 15.58 

pH 7.96 7.88 7.74 7.72 7.78 7.70 7.64 7.72 7.63 7.60 

Zeta   

(mv) 1 -12.6 -9.83 -7.21 -7.05 -9.40 -7.12 -4.41 -9.30 -6.55 -3.56 

Zeta    

(mv) 2 -13.8 -9.88 -7.61 -6.28 -9.63 -6.91 -4.95 -9.82 -6.70 -3.45 

Zeta  

(mv)3 -14.6 -9.64 -7.03 -6.56 -9.87 -6.80 -5.20 -8.94 -6.34 -3.49 

Zeta 

Average -13.67 -9.78 -7.28 -6.63 -9.63 -6.94 -4.85 -9.35 -6.53 -3.50 
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The removal efficiencies of the oil parameters considered are display in table 4.9. oil removal 

efficiency reached as high as 95.7%, COD and turbidity removal efficiency were recorded as 

high as 68.9% and 96.4% respectively. TDS, salinity and conductivity had the lowest removal 

efficiencies at the highest dose of the organoclay.  

Table 4.9 Removal efficiency of organoclay JC 9450 

    

Removal Efficiency 

at 120 ppm OC 

Removal Efficiency at 

240 ppm OC 

Removal Efficiency at 

360 ppm OC 

Oil 

Parameter FEED 

No 

DAF 

10RR 

DAF  

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

Oil 

Content 

(ppm) 200 81.2 86.1 87.6 86.4 92.9 94.9 87.2 93.3 95.7 

COD 

(ppm) 1000 51.1 56.7 63.8 55.8 59.6 65.6 61.4 65.7 68.9 

Turbidity 

(NTU) 450 92.8 93.9 95.0 94.0 94.6 95.2 94.7 94.8 96.4 

TDS (ppt) 9.35 4.3 14.3 16.8 3.6 13.8 17.3 3.5 10.8 16.4 

Salinity 

(%) 39 3.8 14.4 17.1 3.6 13.7 16.8 3.1 12.2 16.2 

Conductivi

ty(mS) 19.2 6.3 16.4 18.9 5.9 14.8 19.2 5.6 13.8 18.8 

 

 

Figure 4.24. Image showing effect of JC 9450 mixing with DAF 
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Figure 4.25 reveals greater removal efficiency achieved in oil content, COD and turbidity, with 

turbidity having the highest removal efficiency at 95%. TDS, salinity and conductivity had 

similar percentages with respect to removal. At 120 ppm organoclay, 81.2% of oil was removed 

using only organoclay, while combining with DAF of 10% recycle ratio yielded a percentage of 

86.1%, which increased to 87.6% by increasing recycle ratio to 20%. 

 

Figure 4.25. Removal efficiency of JC 9450 at 120 ppm 
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Figure 4.26 shows the effect of recycle ratio in optimization experiments. COD removal using 

organoclay at 120 ppm reached highest percentage of 63.8% at 20% recycle ratio which decreased 

to 56.7% using 10% recycle and 51.1% without recycle. Recycle ratio therefore influences COD 

removal in the same way as oil content. Considering turbidity, the permeate became clearer when 

sampled from the bottom of the jar after pre-treatment and flotation compared to pre-treatment 

which is confirmed from removal percentages recorded. 92.8% removal of turbidity was achieved 

in pre-treatment experiments, while combination with flotation increased turbidity removal to 

93.9% and 95% using 10% and 20% recycle ratio respectively.  

 

Figure 4.26 . Graph of turbidity and COD removal efficiency at 120 ppm JC 9450 
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From figure 4.27, Salinity is observed to drop from an initial feed concentration of 39% to 

32.35%, which increased without recycle to 33.4%. TDS showed similar reduction trend with 

and without recycle, at 7.78ppt and 8.95ppt respectively. Conductivity reduction improved from 

17.99mS observed with organoclay treatment only to as high as 15.57mS with a recycle ratio of 

20%. The corresponding removal efficiencies of organoclay with DAF at 120 ppm showed 

reduction in TDS, salinity and conductivity by 14.3%, 14.4% and 16.4% using 10% recyle ratio, 

and 17.5%, 17.1% and 18.9% at 20% recycle ratio. The smaller percentage removal observed in 

these oil parameters clearly suggests that DAF application is not much effective in their removal. 

Removal of TDS, salinity and conductivity using only organoclay isnt any better either, based on 

the results obtained, which are 4.3%, 3.8% and 6.3% , which are negligible. The use of 

membrane for removal in these perspective has yielded far better results (Radzuan et al. 2016; 

Munirasu et al., 2016; Zolfagari et al., 2016) 

 

Figure 4.27. Graph of TDS, salinity and conductivity at 120 ppm of JC 9450 
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The relationship between pH and zeta potential at 120 ppm of organoclay is expressed in Figure 

4.28, the lowest pH at this concentration is measured to be at an average of 7.72, using 20% recycle 

ratio. The oil removal efficiency is highest under this condition, and the average zeta potential is -

6.63. This supports the relationship given in literature that oil removal efficiency is related to zeta 

potential such that higher removal efficiency would result in higher zeta potential and the farther 

away from basicity the permeate will be. The zeta potential of permeate without recycle and with 

10% recycle is given as -9.78 and -7.28 respectively. 

 

Figure 4.28. Graph of pH vs zeta potential at 120 ppm JC 9450 
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Organoclay at 240 ppm concentration with DAF 

From Figure 4.29, at 240 ppm of organoclay, removal percentages are observed to increase for 

oil content, turbidity and oil COD. The removal efficiency of oil increased to 86.4%, 92.9% and 

94.9% respectively for organoclay treatment only, 10% and 20 recycle ratio. Turbidity efficiency 

is as high as 95.2% for 20% recycle and as low as 94% for treatment without DAF. As observed 

in previous experiments, recycle ratio was influential in increasing removal efficiencies of the oil 

parameters which is evident in figure 4.29 

  

Figure 4.29. Removal efficiency of JC 9450 at 240 ppm 
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From figure 4.30, high removal efficiency of turbidity is observed in experimental results 

pretreatment of organoclay only, which could be attributed to the intensity of mixing and dose of 

organoclay used.  COD removal reached 65.6% using 20% recycle ratio, while it was 59.6% and 

55.8% removal efficiency for 10% recycle with DAF and using organoclay treatment only. The 

effect of recycle ratio on turbidity and COD removal is once again observed in figure 4.30.    

 

Figure 4.30 Graph of Turbidity and COD removal efficiency at 240 ppm JC 9450 
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Figure 4.31 expresses the salt property of the permeate observed in terms of TDS, salinity and 

conductivity. An identical removal trend as observed using 120 ppm of organoclay with DAF is 

seen in figure 4.31. Using 20% recycle ratio reduces the TDS, salinity, conductivity to the 

minimum at 240 ppm to 8.07ppt, 33.65% and 16.37mS which corresponds to removal efficiencies 

of  17.3%, 16.8% and 18.8% respectively. With 10% recycle ratio and without recycle, removal 

efficiencies were recorded as 13.8%, 13.7%, 14.8%, and 3.6%, 3.65%, 5.9% respectively. The 

lower percentage of TDS, salinity and conductivity observed in organoclay treatment only shows 

the influence of DAF on TDS, salinity band conductivity when combined with organoclay 

pretreatment of produced water. 

 

Figure 4.31. Graph of TDS, salinity and conductivity at 240 ppm of JC 9450 
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Figure 4.32 shows a further reduction in pH 7.64 at a zeta potential of -4.41mV at 20% recycle 

ratio. This suggests further removal of oil content at these conditions. Using recycle ratio of 10% 

did not produce higher zeta potential while the lowest zeta potential under these conditions was 

observed organoclay pretreament experiments at the same concentration. Figure 4.32 shiows the 

relationship between pH and zeta potential, as well as their variation in how they are afffected by 

oil removal efficiency. i.e a higher zeta potential towards positive values depicts a better oil 

removal efficiency and a lower pH value.  

 

 

Figure 4.32. Graph of pH vs zeta potential at 240 ppm JC 9450 
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From figure 4.33, At 360 ppm concentration of organoclay, the highest removal efficiency was 

obtained as 95.7%, at 20% reccyle ratio, there was no deviation in the removal trend observed for 

lower concentrations of organoclay treatment with DAF, as removal increased with increasing rate 

of recyle. The lowest oil removal efficiency at 360 ppm of organoclay is achieved at 87.2% without 

application of DAF, which shows that using DAF with organoclay raised oil removal efficiency 

by 8.5%. 

 

Figure 4.33. Removal efficiency of JC 9450 at 360 ppm 
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Maximum efficiency of COD was achieved at 20% recycle ratio to be 68.9% with a corresponding 

removal efficiency of turbidty at 96.4%, as observed in figure 4.34. All experiments produced high 

removal of turbidity which is influenced also by recycle ratio. Based on recycle ratio, it is observed 

that turbidity and COD has a similar removal trend, and recycle ratio affects both in the same way, 

though removal of turbidity is cleary better using either pretreatment with organoclay, or 

combining organoclay pretreatment with DAF treatment.   

 

Figure 4.34. Graph of turbidity and COD removal efficiency at 360 ppm JC 9450 
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Reduction pattern in TDS, salinity conductivity results are expressed in figure 4.35, The highest 

removal of the parameters corresponds to a removal efficiency of 18.8%, 16.2% and 16.4% 

respectively, which is attained at 20% recycle ratio confirming the the role of DAF in the 

optimization experiments regarding the removal of TDS, salinity and conductivity. Removal of 

these parameters was better in the control experiments than optimization experiments with DAF, 

which in turn is better than pretretment with organoclay experiments.  

 

Figure 4.35. Graph of TDS, salinity and conductivity at 360 ppm of JC 9450 
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Zeta potential reached highest with -3.50 at a pH of 7.6, which was recorded during optimization 

experiments using 20 %RR. This corresponds to the highest oil removal efficiency of DAF 

experiments with organoclay pretreatment. Figure 4.36 shows the improvement of zeta potential 

relative to the zeta potential of the synthetic feed. 

 

 

Figure 4.36. Graph of pH vs zeta potential at 360 ppm JC 9450 
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The effect of concentration on removal efficiency of oil is presented in Figure 4.37, the efficiencies 

are in the order; 81.2%, 86.4% and 87.2% for 120 ppm, 240 ppm and 360 ppm of organoclay in 

feed sample. Increasing concentration is observed to result in an increase in removal efficiency. 

At the lowest concentration, the highest mixing speed is used and at the highest concentration, the 

lowest mixing speed is used. This might account for the proximity in oil removal efficiency 

observed among the doses of organoclay used, as well as the high removal efficiency of turbidity 

at lower concentration  

 

Figure 4.37. Effect of concentration of JC 9450 on oil removal. 
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Figure 4.38 and figure 4.39 illustrates the role of recycle ratio on oil removal efficiency during 

optimization experiment. From the figures, the oil removal efficiencies for 10% recycle ratio and 

20% recycle ratio at 120 ppm are 86.1% and 87.2% respectively, at 240 ppm, there is an increase 

in removal efficiency to 92.9% and 94.9% respectively, and a final oil removal efficiency of 93.3% 

and 95.7% is achieved at 360 ppm of organoclay using 10% recycle and 20% recycle ratio. 

The numbers therefore reveal a 1.1%, 2% and 2.4% increase in oil removal efficiency at 120 ppm, 

240 ppm and 360 ppm respectively by increasing recycle ratio from 10% to 20%. While it is 

tempting to assume based on increments in removal efficiency that effect of recycle ratio increases 

with increase in concentration, results however shows that at equal concentration, removal 

efficiency would depend on recycle ratio, suggesting that both both recycle ratio and concentration 

might be independent of each other.  

 

Figure 4.38. Oil removal efficiency of JC 9450 at 10% recycle 
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Figure 4.39. Oil removal efficiency of OC at 20% recycle 
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Optimization Experiments with Emim [AC] and organoclay JC 9450 using DAF 

Concentration C1 is concentration of organoclay JC 9450 which is varied based on the taguchi 

design, Concentration C2 is the concentration of Emim[AC], which is fixed at the lowest 

concentration. Conditions for the reaction are still in line with the taguchi design, although slight 

alteration have been made during jar mixing based on literature (Younker and Walsh. 2014). 

Table 4.10. Design of Synergistic Experiments of Emim[Ac] and organoclay JC 9450 

Test Test 

Concentration C1 

(ppm) 

Recycle Ratio 

(%) 

Mixing Speed 

(rpm) 

Concentration C2 

(ppm) 

Test 

A 

Test 

A1 120 0 200 50 

Test 

A2 120 10 160 50 

Test 

A3 120 20 180 50 

Test 

B 

Test 

B1 240 0 180 50 

Test 

B2 240 10 200 50 

Test 

B3 240 20 160 50 

Test 

C 

Test 

C1 360 0 160 50 

Test 

C2 360 10 180 50 

Test 

C3 360 20 200 50 
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After feed preparation, the 2L feed is divided into 2 equal halves and poured into the jars, 50 

ppm of Emim[Ac] is poured into each jar, and mixing done at the corresponding mixing speed 

for 5mins after which the organoclay is added and mixed for 10 minutes, sedimentation is 

allowed for 5 minutes prior to injecting air saturated water into the jars, upon which flotation is 

done for 20 minutes and the permeate sampled accordingly.  

Table 4.11 presents the average results from the DAF experiments with pretreatment using 

combination of Emim[AC] with organoclay JC 9450. From table 4.11, it is observed that there is 

a reduction in thhe oil content as the organoclay dose is increased while keeping the 

concentration of the Emim[AC] constant during the experiments. At the highest dose of 

oraganoclay combined with Emim{AC], it is observed that the oil content was reduced to a 

minimum of 6.1ppm, and the corresponding COD and turbidity content were 547ppm and 

16NTU respectively. The equivalent removal efficiencies are presented in table 4.12.  

Table 4.11 - Results of Synergistic Experiments of Emim[Ac] with JC 8450 

    

50 ppm Emim Ac + 

120 ppm OC 

50 ppm Emim Ac + 

240 ppm OC 

50 ppm Emim Ac + 

360 ppm OC 

Oil Parameter 
FEED 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

Oil Content (ppm) 200 37.05 17.65 14.55 26.1 14.85 9.1 25.5 12 6.1 

COD(ppm) 1000 532 432 419.5 620.5 532.5 500.5 653.5 583 547 

Turbidity (NTU) 450 41 28 22.5 32.5 20.5 20 27.5 19.5 16 

TDS(ppt) 9.36 8.93 7.98 7.35 8.99 7.87 7.48 9.07 7.98 7.51 

Salinity (%) 39.00 37.15 33.05 30.20 37.35 33.10 31.20 37.60 33.40 31.15 

Conductivity(mS) 19.20 17.80 15.91 14.91 17.79 15.89 14.84 18.10 16.22 14.95 

pH 7.96 7.84 7.61 7.51 7.65 7.56 7.38 7.54 7.55 7.29 

Zeta (mv) 1 -12.60 -9.76 -7.59 -7.54 -8.89 -6.76 -4.43 -8.43 -5.85 -4.29 

Zeta (mv) 2 -13.80 -9.67 -7.06 -6.39 -7.64 -6.60 -5.29 -7.47 -6.80 -3.62 

Zeta (mv) 3 -14.60 -9.63 -6.96 -6.11 -9.14 -6.70 -4.57 -8.58 -6.45 -3.35 

ZETA AVERAGE -13.67 -9.68 -7.20 -6.68 -8.55 -6.69 -4.76 -8.16 -6.36 -3.75 
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From Table 4.12, the removal efficiency of oil content was observed to reach a maximum of 

96.95% at the maximum organoclay concentration using 20% recycle ratio, corresponding oil 

removal efficiencies of 87.25% and 94% were recorded without DAF and with 10% recycle ratio 

respectively. Percentage reduction of TDS, salinity and conductivity were also calculated as 

19.74%, 20.13% and 22.16% respectively. From the table, the trend shows an increase in 

removal efficiencies of oil content and turbidity, removal efficiency of TDS, salinity and 

conductivity is observed to slightly drop with increase in concentration of organoclay dose. 

Table 4.12. Removal Efficiency of Emim[Ac] with JC 9450 

  

50 ppm Emim Ac + 120 

ppm OC 

50 ppm Emim Ac + 240 

ppm OC 

50 ppm Emim Ac + 360 

ppm OC 

Oil 

Parameter 

No 

DAF  

10RR 

DAF 

20RR 

DAF 

No 

DAF 

10RR 

DAF 

20RR 

DAF 

No 

DAF  

10RR 

DAF 

20RR 

DAF 

Oil 

Content 

(ppm) 81.48 91.18 92.73 86.95 92.58 95.45 87.25 94.00 96.95 

COD(ppm) 46.80 56.80 58.05 37.95 46.75 49.95 34.65 41.70 45.30 

Turbidity 

(NTU) 90.89 93.78 95.00 92.78 95.44 95.56 93.89 95.67 96.44 

TDS(ppt) 4.55 15.68 21.49 3.96 15.55 20.10 3.04 14.68 19.74 

Salinity 

(%) 4.74 15.26 22.56 4.23 15.13 20.00 3.59 14.36 20.13 

Conductivi

ty(mS) 7.29 17.16 22.34 7.27 17.14 22.31 5.73 15.52 22.16 
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Figure 4.40 shows the removal efficiency of oil parameters at the lowest concentration of both 

Emim[AC] and organoclay used. From the statistical illustration, oil content and turbidity are 

evidently the most positively impacted in the experiment with an oil removal efficiency of 

91.48%, 91.18% and 92.73%, using pretreatment with the chemicals only, using pretreatment 

with 10% and 20% recycle ratio respectively. The result shows the effect of recycle ratio on 

synergistic experiments, as well synergistic effect of both coagulants on oil content removal.  

 

Figure 4.40. Removal efficiency of 50 ppm Emim[AC] and 120 ppm JC 9450 with DAF 
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The relationship between COD, turbidity and recycle ratio is illustrated in Figure 4.41. This 

reflects the role of DAF in terms of COD and turbidity removal when combined with a mixture 

of pretreatment chemicals in produced water treatment. It is observed from figure 4.41 that 

recycle ratio affects both oil parameters in the same i.e increasing recycle ratio increases removal 

percentages in both cases. The effect of this is a clearer water with lower organic content. The 

COD removal percentages are 46.8%, 56.8% and 58.05% respectively using pretreatment 

chemicals only, using pretreatment chemicals with 10% and 20% recycle ratio. Turbidity has a 

higher removal percentage compared to COD, with 95 %, 93.78 % and 90.89 % reported at 20 % 

and 10 % recycle ratio, as well as pretreatment with only Emim[AC] and organoclay without 

recycle. 

 

Figure 4.41. Graph of turbidity and COD removal efficiency at 50 ppm Emim[AC] and 120 ppm 

JC 9450 with DAF 
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The effect of combing Emim[AC] with organoclay and DAF treatment is observed in Figure 

4.42, there is noticeable sharp drop in salinity and conductivity when recyle ratio applied gets to 

20%, this suggest the role of recycle in the experiments as a more influential  factor in the 

reduction of TDS, salinity and conductivity than using the coagulants only without recycle. With 

recycle, and at the given concentration of coagulant, TDS, salinity and conductivity removal 

efficiencies were up to 21.49 %, 22.58 % and 22.34 % respectively which was higher compared 

coagulants pretreatment without DAF which had removal efficiencies of 4.55 %, 4.74 % and 

7.29 %.  

 

Figure 4.42. Graph of TDS, salinity and conductivity at 50 ppm Emim[AC] and 120 ppm JC 

9450 with DAF 
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At the highest removal efficiency using 50 ppm Emim[AC] and 120 ppm of the organoclay, 

thereis a drop in pH 7.51 based on Figure4.43, with a corresponding zeta potential of -6.68 

recorded. Measurement of zeta potential at 10% recycle ratio and no recycle gave values of -7.2 

and -9.68 at this concentration. From Figure 4.43, it is observed that recycle ratio is involved in 

increasing zeta potential towards positive values as much as it is involved in oli removal 

efficiency based on the direct relationship that exist between the oil removal efficiency and zeta 

potential. 

 

 
Figure 4.43. Graph of pH vs zeta potential at 50 ppm Emim[AC] and 120 ppm JC 9450 with DAF 
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The effect of increasing the concentration of organoclay at a fixed dose of Emim[AC] is revealed 

in Figure 4.44, this change further increases removal efficiency in oil removal and turbidity. 

Increasing the organoclay dose to twice the initial amount leads to an oil removal efficiency of 

86.95 %, 92.58 % and 95.45 % for the experiments without recycle, with 10 % and 20% recycle. 

Generally removal trend is observed to be similar with that observed at lower dose of organoclay 

mixing with Emim[AC]. This shows the consistency of recycle ratio in affecting removal 

efficiency independent of concentration dose. 

 

 

Figure 4.44. Removal efficiency of 50 ppm Emim[AC] and 240 ppm JC 9450 with DAF 
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The corresponding COD values at oil removal efficiencies of 86.95 %, 92.58 % and 95.45 % are; 

37.95%, 46.75% and 49.95%. or synergistic experiments without recycle, with 10 % and 20 % 

recycle ratio respectively from Figure 4.45. This suggests that at higher recyle ratio, there is a 

higher oil removal efficiency, as well as higher turbidity removal. Removal efficiencies of 

turbidity are; 92.78 %, 95.44 % and 95.56 % respectively without recycle, and with 10 % and 20 

% recycle ratio. 

 

Figure 4.45. Graph of turbidity and COD removal efficiency at 50 ppm Emim[AC] and 240 ppm 

JC 9450 with DAF 
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TDS, salinity and conductivity is observed to increase with increase in the dose of organoclay 

while keeping Emim[AC] dose constant, and decrease as the recycle ratio increases as portrayed 

in Figure 4.46, hence the highest removal efficiency of TDS, salinity, and conductivity is obtained 

at 20% recycle, which is given as 20.1%, 20% and 22.31% respectively. 

 

 

Figure 4.46. Graph of TDS, salinity and conductivity at 50 ppm Emim[AC] and 240 ppm JC 

9450 with DAF 
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Zeta potential was increased up to -4.76 at 20% recycle ratio with pretreatment with coagulants, 

at a corresponding pH of 7.38. At this pH value observed in Figure 4.47, the permeate’s basicity 

is reduced, making it less basic compared to original feed. A gradual reduction in bar chart is 

observed across the graph in figure 4.47, depicting increase in in zeta potential values from -

13.67 mV to -8.55 mV and -6.69mV for no recyle and 10 % recycle ratio respectively 

 

Figure 4.47. Graph of pH vs zeta potential at 50 ppm Emim[AC] and 240 ppm JC 9450 with 

DAF 
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DAF Optimization Experiments with 50 ppm Emim[AC] and 360 ppm organoclay 

The final removal efficiencies obtained has been expressed in Figure 4.48. Highest oil removal 

efficiency achieved was 96.95 % at 20 % recycle ratio, 97 % at 10 % recycle ratio and 87.25 % at 

no recyle ratio. There is a larger gap difference observed between the bar charts of removal 

efficiencies of COD and removal efficiencies of turbidity and oil content in Figure 4.48. Removal 

efficiency of TDS, salinity, and conductivity are observed to be below 25 %.as seen in Figure 4.48.  

 

Figure 4.48. Removal efficiency of 50 ppm Emim [AC] and 360 ppm JC 9450 with DAF 
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Turbidity and COD removal efficiency are presented in a chart in Figure 4.49, removal 

percentages of COD and turbidity reached highest values at 96.44% and 45.3% respectively, 

while the lowest COD removal efficiency was recorded at 34.65%. the corresponding turbidity 

removal efficiency under these conditions was recorded as 93.89%. 

 

Figure 4.49. Graph of turbidity and COD removal efficiency at 50 ppm Emim[AC] and 360 ppm 

JC 9450 with DAF 
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At this concentration, removal efficiency of TDS, salinity and conductivity is at minimum with 

efficiency of 19.74 %, 20.13 % and 22.16 % calculated at no recycle, at 10 % and 20 % recyle 

respectively. There was little or almost negligible difference in values of TDS, salinity and 

conductivity values between using pretreatment with coagulants, and pretreatment with 

coagulant and DAF treatment fom observation in Figure 4.50. 

 

Figure 4.50. Graph of TDS, Salinity and conductivity at 50 ppm Emim[AC] and 360 ppm OC 

with DAF 
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The lowest zeta potentia attainable during this set of experiment was achieved at pH of 7.29 as -

3.75 mV. the zeta potentail using pretreatment chemicals only, and pretreatment with 10 % recycle 

ratio were -8.16 mV and -6.36 mV respectively as seen in Figure 4.51. From figure 4.51, it appears 

recycle ratio has a larger effect on zeta potential than in reducing the pH of the permeate, and while 

the values of the zeta potential attained may show a consistent trend in pH reduction, the efficiency 

of oil removal which is reflected in higher zeta potential values is not shown at the same magnitude 

in th pH values i.e very high oil removal efficiency will only tend to reduce pH of the permeatefrom 

basic to neutral and slightly acidic pH region.   

 

 

Figure 4.51. Graph of pH vs zeta potential at 50 ppm Emim [AC] and 360 ppm OC with DAF 
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Effect of Coagulant Concentration on Oil removal efficiency of DAF optimization 

experiments using Emim[Ac] and Organoclay 

The effect of concentration on the oil removal efficiency of a combination of Emim[Ac] and 

organoclay JC 9450 is illustrated in Figure 4.52,  at a fixed concentration of 50 ppm of Emim[Ac], 

the organoclay dose is varied between 120 ppm-360 ppm during the experimental run. The highest 

removal efficiency attained is 87.25% using 50 ppm Emim [Ac] with 360 ppm organoclay. 

Removal efficiency is initially observed to be 81.48%, which increases by doubling organoclay 

dose to 86.95% until it reaches 87.25% at 360 ppm dose of the organoclay. Based on results, initial 

combination of Emim [Ac] with organoclay could not achieve up to 30 ppm residual oil content 

in accordance with discharge regulations, but increasing the organoclay dose however reduced oil 

content levels to as low as 25.5ppm which falls within discharge limit. Improvement of oil removal 

was however maximum with the introduction of air bubbles using DAF with oil content dropping 

to as low as 6.1 ppm.  

 

Figure 4.52 Effect of concentration of Emim[AC] and Organoclay JC 9450 on oil removal  
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Effect of Coagulant Concentration on Oil removal efficiency of DAF optimization 

experiments using Emim[Ac] and Organoclay 

The effect of increasing organoclay dose on TDS, salinity and conductivity, in the combination of 

Emim[AC] and organoclay in produced water treatment is presented in figure 4.53. There appears 

to be a slight increase in TDS, salinity and conductivity as the concentration of organoclay 

increases gradually, however the difference is almost negligible such that the highest change in 

removal percentage between 120 ppm and 360 ppm dose of oragnoclay is ≤ 2%.  

 

Figure 4.53 Effect of concentration of Emim[AC] + OC on TDS, salinity and conductivity. 
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Figure 4.54. Effect of concentration of Emim[AC] and JC 9450 on COD removal 
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Effect of Recycle ratio on Oil removal efficiency of DAF optimization experiments using 

Emim[Ac] and Organoclay. 

The role of recycle ratio in the synergistic experiments has been investigated and it is observed 

from Figures 4.55 and 4.56 that the positive effect of recycle ratio observed in initial individual 

experiments is as well experienced in the synergistic experiments. Also it is observed that oil 

removal efficiency increases with increase in recycle ratio such that at equal concentration of 

organoclay dose of 360 ppm, the oil removal efficiency at 10 % and 20 % recycle ratio, is 94 % 

and 96.95% respectively. 

 

Figure 4.55. Effect of 10% recycle ratio on removal efficiency of Emim [AC] and JC 9450 
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Figure 4.56. Effect of 20% recycle ratio on removal efficiency of Emim [AC] and JC 9450 
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Comparative Analysis of Efficiency of Removal of Solvents 

At the lowest concentration, Emim[AC] is observed in Figure 4.57 to have the lowest removal 

efficiency compared to the others, as only 50 ppm was used compared to 120 ppm of OC used. 

The combination of 50 ppm Emim[AC] + 120 ppm OC had the highest oil removal efficiency at 

no recycle which is due to the combined removal effect of the coagulants. The application of DAF 

affects all experiments in the same way with removal efficiency increasing as the recycle ratio 

increase, although a maximum recycle ratio of 20% was used based on recommendation from Al 

Sahmarani (2002).  

 

Figure 4.57. Comparison of oil removal efficiency of solvents at low concentration 
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The effect of Increasing the dose of coagulant by doubling is studied, Figure 4.58 shows that 

increasing concentration of Emim[AC] from 50 ppm to 100 ppm, and organoclay from 120 ppm 

to 240 ppm made the Emim[AC] have a higher removal efficiency than the organoclay, In the 

absence of recycle ratio, increasing the dose of of organoclay to 240 ppm in the synergixtic 

experiment produced a higher removal efficiency than the others at 86.95 %. The oil removal 

efficiency in the absence of DAF is in the order Emim[AC] + organoclay > Emim[AC] > 

organoclay JC 9450 at this concnetration. Adding DAF treatment improved oil removal in all 

coagulants and at the highest recycle ratio, the oil removal efficiency of Emim[AC] and Emim[AC] 

+ organoclay JC 9450 were almost identical. 

 

Figure 4.58. Comparison of oil removal efficiency of solvents at medium concentration 
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At the end of the experiments, the maximum removal efficiency is observed in Figure 4.59, from 

which the oil removal Emim[AC] to be highest at 97.05 % at 200 ppm , and next to it is the removal 

efficiency of Emim[AC] + OC which is  96.95% at 50 ppm of Emim[AC] + 240 ppm of organoclay 

JC 9450, at 95.7 %. Oil removal efficiency of JC 9450 at 360 ppm. This shows the dependence of 

a higher removal efficiency on Emim[AC] rather than the OC, and this is also a reflection of a 

better performance of Emim[AC] than OC in oil removal. 

 

Figure 4.59. Comparison of oil removal efficiency of solvents at high concentration 
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Comparative Analysis of Removal of COD 

The COD removal efficiency of the different solvents at low concnetration is presented in Figure 

4.60, Organoclay is observed to have the highest COD removal efficiency of 51.1 % at 120 ppm 

of the organoclay in the absence of reccyle. The COD removal efficiency of Emim[AC] was 44.7 

% and 46.8% at 50 ppm of Emim[AC], and 50 ppm Emim[AC] + 120 ppm of organoclay JC 9450 

respectively, which increases with increase in recycle ratio. 

 

Figure 4.60. Comparison of COD removal efficiency of solvents at low concentration 
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The COD removal is observed to increase with increase in concentration of organoclay while the 

reverse is observed when increasing Emim[AC] dose. From Figure 4.61, COD reemoval efficiency 

of organoclay was increased to 55.8% in the absence of reccyle ratio and 65.6% with the highest 

recycle ratio when the concnecntration of the organoclay was doubled. COD removal effiicency 

of Emim[AC} and the combination of Emim[AC] + organoclay behaved similarly, although using 

a mixture of  50 ppm Emim[AC] + 240 ppm of organoclay JC 9450 had a higher COD removal 

efficiency of 46.75%  than 100 ppm of Emim[AC], which produced a maximum COD removal 

efficiency of 46% at 20% recycle ratio.  

 

Figure 4.61. Comparison of Oil removal efficiency of solvents at medium concentration 
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The highest removal efficiency is observed in organoclay at 360 ppm and 20 % recycle ratio as 

68.9%, next to it is the removal efficiency of  50 ppm Emim[AC] + 360 ppm organoclay JC 9450 

at 45.3%, and 34.9% for 200 ppm  Emim[AC] as observed in Figure 4.62. 

The TDS, salinity and conductivity were observed to undergo similar removal during all 

optimization experiments, with only negligible differences. Emim[AC] removal was observed to 

have the highest zeta potential and lowest pH, which was as a consequence of a higher removal 

percentage exhibited by the ionic liquid.  

 

Figure 4.62. Comparison of oil removal efficiency of solvents at high concentration 
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Chapter 5 

Summary, Conclusion and Recommendation 

5.1  Summary 

Based on results of control experiment, removal of oil content was possible using the 

dissolved air flotation system, although the maximum removal efficiency achieved was 

63.75% which was not efficient enough for discharge within regulatory standards, hence a 

modification of the treatment process via pretreatment was imperative for effective oil 

removal. Control experiments were compared to coagulation experiments, based on the results,  

coagulation results produced better oil removal efficiency than dissolved air flotation system, 

such that for all concentrations used and in all solvents used in the experiment, oil removal 

efficiency was above 80% which was better than the 63.75% oil removal efficiency achieved 

using the DAF system alone. However, DAF was more effective in removal of TDS, salinity 

and conductivity than coagulation only from experimental results, which is a reflection of the 

removal efficiency of both processes. The use of organoclay JC9450 as an effective 

pretreatment chemical at low doses has been tested and the maximum efficiency achieved was 

95.7% at 360 ppm of organoclay, when used with DAF system. Observations from experiments 

makes it conclusive that increasing the organoclay dose increases the oil removal efficiency as 

well as the recycle ratio.  

The use of Emim[AC] in oil removal from sandpacks has been investigated having been 

used initially in medium oil recovery by Alaarbah et al. (2017). Results from produced water 

treatment experiments using Emim[AC] have shown the coagulant to be effective in oil 

removal, with a maximum oil removal efficiency of 97.05% achieved using a low 

concentration of 200 ppm. Efficiency was observed to increase with increase in Emim[AC] 
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dose and recycle ratio. Hence, recycle ratio is evidently an important factor in optimization 

experiments increasing coagulation effect by up to 8 and 10% in organoclay and ionic liquid 

respectively. 

 Comparative analysis between Emim[AC] and OC (JC9450) showed that Emim[AC] was 

better at oil removal than the organoclay since a maximum of 97.03% was achieved at 200 

ppm Emim[AC], compared to 95.7% achieved at 360 ppm OC under the same conditions. 

 Further analysis observed showed the same trend of removal in TDS, salinity and conductivity 

using both solvents, Also TDS, salinity and conductivity removals increased with increase in 

solvent concentration which increases the removal efficiency due to a higher number of smaller 

bubbles to attach to oil droplets and rise to the surface for skimming leaving clear water at the 

bottom of the jar (Sathathasivam et al. 2017). Oil removal efficiency in both solvent is 

congruent with the reduction in pH and increase in zeta potential which was the case during 

oil removal using solvents, in which case at the highest removal efficiency attained the 

corresponding pH and zeta potential values for both Emim[AC] and organoclay JC 9450 were 

7.25 and -3.17mV, and 7.6 and -3.5mV respectively. 

Organoclay achieved 68.9% COD removal efficiency at the highest dose which was more 

than COD removal efficiency achieved at the highest concentration Emim[AC] used. Also, 

COD removal efficiency decreases with increase in Emim[AC] concentration, and at 

maximum concentration used that produced highest oil removal efficiency of 97.03%, only 

34.95% of COD removal efficiency was achieved,  with a noticeable greener color observed, 

suggesting a further reduction of dichromate ions to Cr3+ ions by the Emim[AC], with 

photolytic associated reactions reported as possible ways to enhance biodegradability of 
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Emim[AC] (Costa et al. 2017). Hence, a combination of Emim[AC] with OC was used to test 

for improved removal efficiency and investigate the synergistic effect of the solvents. 

Under similar conditions as the individual solvent experiments, synergistic experiments 

produced average oil removal efficiency of 96.95% using lowest (50 ppm) concentration of 

Emim[AC] and highest concentration (360 ppm) of organoclay JC (9450) used in the 

preliminary experiments. At this combined concentration, the removal efficiency observed was 

very close to the highest removal efficiency in Emim[AC], but it however has a higher COD 

removal rate of 45.9%  than using Emim[AC] only which had a COD removal efficiency of 

34.95%, hence the addition of organoclay JC 9450 to Emim[AC] helps to improve COD 

removal at identical oil removal efficiency, and also increase the oil removal efficiency of 

organoclay. 

Addition of Emim[AC] to Organoclay had no significant effect on TDS, salinity and 

conductivity as difference in TDS, salinity and conductivity at equivalent doses were negligible 

and the same trend of increasing dose increasing the oil parameters was observed. Zeta 

potential was increased towards positivity from synergistic results as well as reduction pH was 

achieved showing that combination of both solvents yielded satisfactory removal efficiency. 

Effect of mixing shows greater floc size in the sample with the higher mixing speed (200 rpm) 

compared to others, which influences turbidity, however since concentration was more 

dominant, the effect of mixing was only significant when comparing equal doses of solvent, 

otherwise concentration overrides the effect of mixing. 

In terms of the parameters considered such as the concentration of solvent, recycle ratio and 

mixing speed, the order of influence or effect on oil removal efficiency is such that 
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Concentration >Recyle ratio >mixing speed, and at the end, there exists a linear relationship 

between oil removal, zeta potential and Turbidity such that increasing removal efficiency in 

one would consequently lead to an increase in the other. 
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5.2 Conclusion 

Based on experimental results, Coagulation with ionic liquid Emim[AC] and Organoclay 

JC 9450 produced better performance in oil removal than using Dissolved air flotation at 90psi 

pressure. Comparison of Emim[AC] with Organoclay as pretreatment before application of DAF 

system yielded a better oil removal performance and consequently a less negative zeta potential 

and lower pH for Emim[AC] than organoclay JC 9450. However, COD removal is better with 

organoclay JC 9450 than in Emim[AC]. 

Combining Emim[AC] with organoclay as pretreatment process prior to the application of DAF 

system produced oil removal performance identical to Emim[AC], and better than organoclay 

performance at a mixture of low concentration Emim[AC] and high concentration of organoclay, 

implying a lower treatment cost to achieve similar oil removal perecentage, due to the cost of 

procuring ionic liquid compared to the organoclay. 
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5.3 Recommendations 

Coagulation and Recycle ratio play a vital role in produced water treatment technology either 

independently or combined. While a few ideas and options have been explored in this study, more 

work is still required in order to further advance research in produced water treatment. Few 

suggestions have been listed below as point for consideration for future work such as  

• Determination of the effect of slow mixing in experiments involving DAF and Coagulants. 

• Determination the effect of mixing various doses of Emim[AC] with a fixed concentration 

of Organoclay at the lowest concentration. 

• Experiments should be done to determine Ionic liquid and organoclay contribution to TOC 

and OC removal. 

• Experiments should be done to determine the synergistic effect between ferric chloride and 

ionic liquid regarding produced water treatment. 

• Experiments should be done to vary pressure to determine the effects of different pressure 

on DAF optimization experiments with ionic liquid and organoclay.  

• Experiments can be done to incorporate ionic liquids with alum and other coagulants to 

further optimize treatment of produced water 

• Determination of Emim[AC] and other imidazolium compounds contribution to produced 

water treatment at higher concentration.   

• Use of distilled water with ionic liquid and/or organoclay inside the saturator to determine 

its effect on DAF treatment of produced water. 
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