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ABSTRACT 

As population grows, more water and oil resources are needed to make 

more products. In addition, more contaminants are also created due to daily 

uses. Consequently, environment protection will be a necessary duty for 

everyone.  

As produced water is a by-product from the oil production process, and  

constitutes a large portion of the extracted liquid from the oil well, treatment of 

the produced water is necessary before discharging. Treatment of produced 

water is a benefit for many reasons such as extracting more oil from the 

produced water, using the treated water for irrigation, and finally for protecting 

the environment.  

In the present research, dissolved air flotation technique (DAF) was used 

to study the optimum removal efficiency of oil, chemical oxygen demand, 

turbidity and total organic carbon using different coagulants. Five types of 

coagulants were used in the experiments. A widely used coagulant 

(aluminium sulphate), and four more environmentally friendly ionic liquids (1-

methyl-3-octylyimidazolium tetrafluoroborate, 1-methyl-3-octylimidazolium 

hexafluorophosphate,1-butyl-3-methylimidazalium bis(trifluoromethyl- 

sulfonyl)imide and 1-dodecyl-3-methylimidazolium chloride) were assessed. 

1-Butyl-3-methylimidazalium bis(trifluoromethyl sulfonyl)imide was not the 

appropriate ionic liquid to be used with the dissolved air flotation technique 

due to its anionic nature in the aqueous media, which helped make the 

emulsion stable by decreasing the zeta potential below -30 mV.  
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The best removal efficiencies of oil were those of alum (93.83%) and 1-

methyl-3-octylimidazolium hexafluorophosphate (93.26%). 1-Methyl-3-

octylyimidazolium tetrafluoroborate, 1-dodecyl-3-methylimidazolium chloride 

could successfully removed 88.01% and 90.46% of the oil, respectively.  

According to the results, 1-dodecyl-3-methylimidazolium chloride was a 

strong cationic ionic liquid which could be used in the emulsion if higher 

amounts of oil content were present.  
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CHAPTER 1: INTRODUCTION  

 

In past decades due to the high increase in world population, high daily 

demand of oil and oil related products and its high cost, companies and 

researchers have been looking for new methods to improve enhanced oil 

recovery (EOR) process, and also the amount of oil extraction from water. 

Consequently, methods such as decreasing the interfacial tension (IFT) or 

using new chemicals such as ionic liquids were applied (Thomas, 2008; 

Zeinolabedini Hezva et al., 2013; Painter et al., 2010 a&b). Since up to 80 % 

of the extracted liquid from the oil wells is produced water, it is then 

necessary to treat it before discharging it to the environment. Treated water 

can be used for irrigation in agriculture, if certain quality guidelines are 

respected. 

One of the most well-known techniques in the wastewater area as a 

pretreatment method to remove oil is the Dissolved Air Flotation (DAF) 

technique. Many researchers have been using this method as it is efficient 

and economic. One of the main benefits of the dissolved air flotation is the 

cost of the method in comparison to some other methods such as 

ultrafiltration, microfiltration and reverse osmosis by membranes. In addition, 

this method does not require large space and has high efficiency (Abo-El Ela 

and Nawar, 1980; Moursy and Abo-El Ela, 1982; Rubio and Tessele, 1997; 

Tessele et al., 1998; Rubio et al., 1996; Rubio, 1998a,b; Santander et al., 

1999; Da Rosa et al., 1999, Metcalf and Eddy, 2003; Crossley and Valade, 
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2006; Yulianto, 2007; Haarhoff, 2008; Edzwald et al. 2000; and Edzwald, 

2010).  

Furthermore, dissolved air flotation technique is better than the 

sedimentation method in the case of oil removal, because oil droplets density 

is less than that of water. Consequently, oil removal from emulsions is more 

efficiently achieved by DAF than by sedimentation. In addition, the product 

stream of a dissolved air flotation technique can be used as feed for 

membrane treatment due to its low cost, and its ability to remove algae and 

suspended solid. Consequently, membrane cleaning cost can be decreased 

dramatically.  

In order to break the emulsion, based on the zeta potential and other 

characteristics of the emulsion, a coagulant must be used. In past years, 

researchers have used well-known coagulants such as aluminum sulphate 

(alum) and iron salts in DAF, but according to the reviewed literature ionic 

liquids have not been used as a coagulants in a DAF, which makes this study 

unique.  

In the current research, aluminium sulphate and four ionic liquids [1-

dodecyl-3-methylimidazolium chloride, 1-methyl-3-octylimidazolium hexa -

fluorophosphate, 1-methyl-3-octylyimidazolium tetrafluoroborate, 1-butyl-3-

methylimidazalium bis(trifluoromethylsulfonyl)imide)] have been used as 

coagulants to assess the optimum removal efficiency of the oil from synthetic 

produced water. It should be noted that the experimental conditions were the 

same for all of the chemicals. 

The following chapters make up the rest of the thesis:  
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Chapter 2 reviews previous works related to dissolved air flotation and 

coagulants. 

Chapter 3 explains the methods and describes the devices used in the 

different experiments.  

Chapter 4 presents the results of the experiments, a discussion of the 

result and a comparison of the results with previous works. 

Chapter 5 presents the conclusion of the work done. 

Chapter 6 suggests some ideas for future work.  
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CHAPTER 2: LITERATURE REVIEW 

 

In this chapter, a literature review related to current research from previous 

studies will be presented.  

 

2.1. Produced water 

Produced water constitutes the largest volume of waste produced during 

the extraction of the oil and gas from offshore and onshore wells. In the late 

stages of the production, the volume of the produced water can reach around 

80 percent of the total extraction (McCormack et al., 2001). According to 

Utvik (1999), the chemical composition of the produced water such as 

organic, inorganic materials and hydrocarbons is mostly dependent on the 

geological location of the extraction well. The total concentration of oil and 

grease is one of the most important factors influencing the system efficiency 

in treatment plants.  

Generally, produced water has some degree of salts as well as other 

contaminants which must be treated before being discharged to the surface 

water. Consequently, produced water is brine, brackish or salty. The total 

amount of oil and grease (hydrocarbon) for disposing in the offshore surface 

water is different from one country to the other. This amount varies from 15 

mg/l to 50 mg/l. In the US regulation, the monthly average limit is 29 mg/l, as 

for Canada as well as for North-East Atlantic Europe, it is 30 mg/l (Veil et al. , 

2004; National Energy Board, 2002; USEPA, 1996; Arnold and Stewart, 

2008). 
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As reported by Arnold and Stewart (2008), produced water can have 

different contaminants present in addition to hydrocarbons. The concentration 

and composition of the other components can vary from one place to the 

other. These substances are for example dissolved solids such as sodium, 

calcium, magnesium, iron, potassium, chloride, and other cations and anions. 

In addition, produced water may contain some dissolved gas like hydrogen 

sulfide and carbon dioxide, and suspended solid materials.  

 

2.2. Water quality parameters 

According to Ahmadun et al. (2009), there are some important water 

quality parameters which should be considered in produced water treatment. 

These parameters are:  

 Oil and grease (O&G) content which can vary between 3 to 1500 

mg/l, and can show as the amount of dispersed oil in the produced 

water.  

 Chemical Oxygen Demand (COD) reflects the total amount of 

dissolved oxygen that is used by organic matter to be converted to 

carbon dioxide, water and ammonia in the presence of some oxidizing 

agent.  

 Total Organic Carbon (TOC) represents the total amount of carbon in 

the combustible constituents of produced water representing the total 

amount of dispersed oil and dissolved organic compounds.  

 Total Dissolved Solids (TDS) represents the total amount of organic 

and inorganic dissolved substances in the produced water. 
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2.3. Dissolved Air Flotation 

As reported by Rubio et al. (2002), there are three types of flotation 

methods: dissolved air flotation (DAF), Induced air flotation (IAF) and electro 

flotation (EF). Dissolved Air Flotation can be a practical method for removing 

low density particles and reducing the turbidity by bringing the particles and 

suspended solid to the surface of the liquid (Gregory et al., 1990). In the DAF 

technique, water is supersaturated in the saturator tank (cylinder), and then 

the dissolved air in the water releases a large number of microbubbles in the 

flotation cell which attach to the particles in the emulsion. Because of the low 

buoyancy, the particles move to the surface of the liquid (Al-Shamrani et al., 

2002b). Consequently, the water in the bottom will be cleaner. 

 Dissolved air flotation method became a well-known method in the early 

20th century. The first DAF system was built and operated in the early 1960s 

in Sweden. Finland had the first unit in 1965 (Longhurst and Graham,1987; 

Heinanen et al. 1995; Haarhoff, 2008). According to Edzwald, (2010), 

Canada built its first DAF system in Port Huwkesbury (Nova Scotia), in 1996, 

and has now around 30 DAF plants with the largest one in Winnipeg (400 

Ml/d). 

According to (Abo-El Ela and Nawar, 1980; Moursy and Abo-El Ela, 1982; 

Rubio and Tessele, 1997; Tessele et al., 1998; Rubio et al., 1996; Rubio, 

1998a,b; Santander et al., 1999; Da Rosa et al., 1999, Metcalf and Eddy, 

2003, Crossley and Valade, 2006, Yulianto, 2007, Bensadok et al. 2007, 

Haarhoff, 2008, Edzwald et al. 2000, and Edzwald, 2010), DAF has several 

applications such as thickening of the sludge layer, separation of suspended 
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solids from wastewater treatment plants, clarification of the wastewater in 

refineries (industrial wastewater), and has several more advantages than the 

sedimentation such as:  

 no need to have large space for operation, 

 DAF is not sensitive to water temperature, 

 process is quick,  

 flexibility of application to various pollutants at various scale, 

 low cost, 

 good petrochemical hydrocarbon removal, 

 good algae, protozoa such as giardia and cryptosporidium removal, 

 good turbidity, natural color and organic matter removal.  

Removal of the emulsified oil in the oil-water emulsion due to the very fine 

oil droplets is very complicated. Using coagulation and flocculation to break 

the stability of emulsion followed by addition of very small bubbles of 

saturated water with air, helps increase the performance of dissolved air 

flotation technique (Gopalratnam et al.,1988). It should be noted that, 

because oil droplets carry negative surface charges in the pH range of 5.5 to 

9, and the oil content in the produced water is mostly in the stable condition, 

the emulsions are colloidally stable, consequently, removing the stable oil 

from the emulsion with typical physical methods is not easy. To destabilize 

the emulsion, coagulants and flocculants should be added (Duan and 

Gregory, 2003, Vincent, 1974; and Deng et al., 2005).  

In addition, characterization of the produced water in the lab in order to 

provide a value for the amount of dissolved oil is an essential part of the 

system design. Without the correct value for the oil content, the systems may 
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not be able to treat the produced water in the best possible way (Arnold and 

Stewart, 2008). 

Bremmell et al. (1994) reported that the flotation method is used when the 

sedimentation method is not applicable. In the case of oil separation, 

because of the very small light particles, sedimentation is not very practical. 

The oil droplets as well as fats and suspended solid particles attach to the air 

bubbles and due to buoyancy, will be taken to the surface of the liquid which 

can be easily removed from the emulsion. In addition, removal efficiency can 

be increased by increasing the droplet size and decreasing the air bubble 

size (Medrzycka, 1993). 

In the oil and grease removal technology from produced water, the oil 

droplets size plays an important role in the removal efficiency. Table (2-1) 

shows different oil removal methods and the minimum particle size removed 

(Arthur et al., 2005). In addition, the highest efficiency of DAF is expected 

when the floc size is between 25 and 50 micron (Edzwald, 2010). 

Table 2-1 Different technologies for oil and grease removal based on the size 

of the removal particles 

Oil removal technologies 
Minimum size of particles removed 

(microns) 

API gravity separator 150 

Corrugated plate separator 40 

Induced gas flotation (no flotation) 25 

Induced gas flotation (with flotation) 3-5 

Hydrocyclone 10-15 

Mesh coalesce 5 

Media filter 5 

Centrifuge 2 

Membrane filter 0.01 
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Several concepts and processes are involved with a dissolved air flotation, 

and will be discussed in details in the next sections (2.3.1. to 2.3.5.) 

 

2.3.1. Zeta potential 

Zeta potential is an index which represents the surface charge of the oil 

droplets, and therefore the stability of the emulsion. An emulsion with zeta 

potential between -30 mV to +30 mv is an unstable emulsion, and out of this 

range the emulsion is stable. When the zeta potential is closer to zero means 

there is a small repulsive force between the droplets. Consequently, the oil 

droplets can attach together and increase the flotation efficiency. Breaking 

the stable emulsion or charges can be achieved by decreasing the potential 

by adding anionic coagulants, or increase it by adding cationic coagulants 

(Zouboulis and Avranas, 2000; Sato et al., 1979; Dunstan, 1992). Zeta 

potential was The Double Layer Theory 

 measured with a Malvern Mastersizer and reported in mV, (Zetasizer 

manual, 2009; Al-Shamrani et al., 2002).  

 

2.3.2. The Double Layer Theory 

The DLVO (Derjaguin and Landau, Verwey and Overbeek) theory deals 

with the electrostatic repulsion and van der Waals attraction forces. A recent 

version of the double layer theory describes the different zones around a 

colloidal particle in suspension. One is the Stern layer, which has positive 

charges, and the other is the Diffuse layer which contains positive and 

negative charges. The negative colloidal surface is attracted by the Stern 

http://en.wikipedia.org/wiki/Boris_Derjaguin
http://en.wikipedia.org/wiki/Lev_Landau
http://en.wikipedia.org/w/index.php?title=Evert_Johannes_Willem_Verwey&action=edit&redlink=1
http://en.wikipedia.org/w/index.php?title=Theo_Overbeek&action=edit&redlink=1
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layer and repelled by the other layer. Figure (2-1), shows a colloid with Stern 

and Diffuse layers. In addition, it shows the electric outline around the colloid 

surface. To determine the surface charges of the particles, the zeta potential 

term is used. In other words, zeta potential is the estimate of the electric 

potential at the boundary of shear plane. The shear plane is located near the 

boundary between the Stern and Diffuse layer (Gregory, 2006; Qasim et al., 

2000).  

 
Figure 2-1. Schematic representation of the distribution of ions around a 

charged particle in solution 

 

2.3.3. Coagulant 

Coagulant is the chemical that is added to the water and causes small 

particles to come together to form larger particles by breaking down the 

stabilizing forces or enhancing the destabilizing forces. Consequently, the 
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bigger particles can settle down due to gravity (Qasim et al., 2000; Metcalf et 

al., 2005).  

2.3.4. Coagulation 

According to Bratby (2006), Egyptians were the first people to use 

coagulation for water treatment. The purpose of the coagulation was to create 

bigger particles in the water emulsion to allow them to settle down by gravity. 

The small particles in the water like colloids have surface charges and 

because of the repulsive force between them will remain suspended in the 

water. In order to settle down the particles, the surface charge between them 

should be neutralized. In other words, coagulation is chemical conditioning of 

the emulsion (Qasim et al., 2000; Metcalf et al., 2005; Edzwald, 2010).  

 

2.3.5. Flocculation 

Flocculation is the process which comes after the coagulation to let the 

neutralized particle attach together with higher efficiency to form bigger 

particle. The ensemble of bigger particles is called a “floc” and the process is 

called flocculation. In other words, flocculation is the physical conditioning of 

the emulsion (Qasim et al., 2000; Metcalf et al., 2005). Figure (2-2) shows the 

schematic view of coagulation, flocculation and flotation processes.  
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Figure 2-2. Schematic view of coagulation, flocculation and flotation 

processes 

 

According to Duan and Gregory (2003), there are four regions of coagulant 

dosage (mostly for metal salt, e.g. alum or ferric salts): 

- Very low dosages of the coagulant, consequently particles still have 

negative charges and emulsion is stable. 

- Sufficient dosage to neutralize the particle charges by coagulation. 

- Higher concentration makes the particles neutral and the emulsion re-

stabilize. 

- Very high concentration will cause hydroxide precipitation and sweep 

flocculation (when the added coagulant is more than the charge 

neutralization, the metal precipitation occurs due to heavy, sticky and 

large particle size for metal hydroxide compounds e.g. alum or ferric 

salts, http://www.epa.gov)  

Some of the most widely used coagulants in the wastewater industry are 

aluminium and ferric salts. These salts are usually aluminium sulfates or ferric 

chlorides/sulfates (Al-Shamrani et al. 2002; Dempsey, 2006; Duan and 

Gregory, 2003; Qasim et al. 2000; Hanafy and Nabih, 2007; Koivenen and 

http://www.epa.gov/
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Heinonen-Tanski, 2008; Karthik et al., 2008; Zhou et al., 2008; van 

Benschoten and Edzwald, 1990)  

 

According to Qasim at al. (2000), the best pH condition for aluminium and 

ferric salts is in the range of 5 to 8. In other words, these salts can work as 

coagulant and reach their highest efficiency in the pH range of 5 to 8. In 

addition, zeta potential is controlled by pH (Alshamrani et al., 2002 and 

Crossley and Valada, 2006)  

Fukushi et al. (1998), recommended that as long as the pressure of the 

saturator is higher than 392 kPa, the average air bubbles size stay constant. 

Bratby and Marais (1975) also mentioned that a complete saturation can be 

obtained if pressure is greater than 350 kPa.  

Some researchers worked on the size distribution of the bubble for the 

dissolved air flotation method. They concluded that bubbles will reach a 

constant size between 10 to 100 micrometers with a size of 40. According to 

their findings, the bubble size depends on the saturator pressure, recycle flow 

rate and nozzle dimension (Takahashi et al.,1979). It is worth to add that the 

amount of bubbles for injection into the wastewater is related to the saturator 

pressure and recycle flow. In other words, the quality of the water at the end 

of the experiment depends on the amount of air added to the emulsion 

because of the pressure and recycle flow (Zabel and Ives,1984). The two 

coagulation and flocculation processes are considered as pre-treatment 

processes for DAF according to Gregory et al. (1990). In addition, the highest 

level of flotation in DAF is achieved when the zeta potential of the droplets is 

close to zero (Takahashi et al. 1979; Sato et al., 1979). By adding chemicals 
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(coagulants) the repulsive force between the particles will be reduced; 

consequently, they can come close to each other and attach into large flocs                      

(Singh,1994; Kamel et al., 1987).  

In another study, Zouboulis and Avranas (2000) mentioned that factors 

such as the existence of nonionic surfactant, pH, coagulant concentration and 

recycle ratio will affect the removal efficiency of oil from the emulsion. The 

highest removal efficiency was more than 95 % of the 500 mg/l of primary oil 

concentration and was achieved at pH 6, a recycle ratio of 30%, and 50 mg/l 

sodium sulphate and 100mg/l ferric chloride. 

Sato et al. (1979) and Dunstan (1992) reported that oil droplets have 

negative surface charges. As the zeta potential is a measure of the surface 

charges of the oil droplets, therefore, whenever the zeta potential is closer to 

zero means there is no repulsive force between droplets. Consequently, the 

oil droplets can attach together and increase the flotation efficiency. Charges 

can be decreased by adding anionic coagulants or increased by adding 

cationic coagulants (Zouboulis and Avranas, 2000).  

Rigas et al. (2000) mentioned that the DAF technique has higher efficiency 

that the Induced Air Flotation (IAF) because of the smaller air bubble sizes 

involved. In their research, the coagulant and flocculant concentration, pH 

recycle ratio and saturator pressure were considered as design factors and 

correlated their influence on the treatment of the refinery’s wastewater. They 

used aluminium sulphate as coagulant and NALCO 71403 as cationic 

flocculant. According to Lavallee and Nadreau (1997) and Malley and 

Edzwald (1991), the optimum concentration of the coagulants and flocculants 

are determined in the lab using the jar test technique.  
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Abo-Elela and Nawar (1980) used ferric and alum chlorides in a DAF to 

decrease the BOD, COD and turbidity levels. Many researchers such as 

Miskovic et al. (1986), Moursy and Abo-Elela (1982) and Boyd et al. (1971) 

worked with a DAF devise for clarification of the oil-water emulsion. They 

reported that DAF is an effective method for removing oil from an aqueous 

phase.   

In a similar study, aluminium and ferric sulphate were used to eliminate oil 

from oil-water emulsion. Al-Shamrani et al. (2002a) found that different 

factors may affect the removal efficiency, factors such as the coagulant 

concentration, rapid and slow mixing times, speed and pH. According to their 

results, the oil droplets had negative zeta potential (negative charge) and the 

type of the selected coagulant is important in the reduction of oil droplet 

charges. In the case of aluminum sulphate in high concentration, a charge 

reversal was observed. The highest removal efficiencies of 99.94% at pH 7 

and 99.3 at pH 8 were observed for ferric and aluminum sulphate, 

respectively. They considered 120 sec as optimal rapid mixing time and 15 to 

20 min as flocculation time. They used a blender with 18000 rpm for 4 

minutes to prepare the oil-water emulsion. Rapid mixing was 1 min with 200 

rpm, a slow mixing with 20 rpm for 15 min, and the flotation time was set at 7 

min. 

In a study, Al-Shamrani et al. (2002b) selected the recycle ratio, saturator 

pressure and air to oil ratio as effective parameters influencing oil removal 

efficiency. In this study, aluminum sulphate and four other cationic 

polyelectrolytes were used as emulsion destabilizer. According to the results, 

the recycle ratio has more effect on the removal efficiency that the saturator 
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pressure. In addition, those four cationic polyelectrolytes were not helpful for 

the separation of the oil from emulsion. On the other hand, aluminum 

sulphate was effective in improving the separation. The feed was prepared in 

a blender with 18000 rpm for 4 min. Furthermore, 200 rpm and 20 rpm were 

selected for the rapid and slow mixing at 1 min and 15 min, respectively. The 

recycle ratio considered was at 10 % and the flotation time was 7 min. 

In a study by Gorczyca and Zhang (2007), at the University of Manitoba, 

DAF was applied on tap water to study the effect of DAF on the turbidity. 

Three concentrations of aluminium sulphate were considered: 41.7 mg/l, 25.5 

mg/l and 15.5 mg/l. In addition, rapid mixing was selected for 2 minutes with 

300 rpm and a slow mixing of 16 minutes was chosen at 30 rpm. The working 

pressure and recycle ratio were 90 psi and 8 %, respectively. According to 

the measured values, the best result was for 25.5 mg/l for alum which could 

decrease the turbidity from 0.8 NTU to 0.25 NTU. Koivunen and Heinonen-

Tanski (2008) applied the dissolved air flotation technique for municipal 

wastewater to study the DAF effects on the total phosphorous and total 

coliform. Polyaluminium chloride was selected as the proper coagulant for the 

research. By adding 5-10 mg/l of that coagulant, 95-98% of the phosphorous 

and 70-80% of the total coliform were removed. Based on the results for the 

mentioned criteria, DAF was deemed a suitable technique for tertiary 

treatment of wastewater.  

Multon and Viraragavan (2008) used three types of polymers (anionic, 

cationic and nonionic) as coagulants, and two types of produced water (PW 1 

& 2) were used as the feed to a DAF devise to treat an oil-water mixture with 

suspended solids. The initial oil content and suspended solid for PW1 were 
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264 mg/l and 880 mg/l, and 212 mg/l and 427 mg/l for PW2. In addition, three 

saturation pressures (276, 345 and 414 kpa) and three recycle ratios (25, 33 

and 50%) were selected for the experiments. According to their results, the 

maximum oil removal efficiency was 94% using a nonionic polymer for PW1 

and 81% for PW2 using a cationic polymer. In addition, the maximum 

removals of suspended solid were 66% and 51% for PW1 and PW2, 

respectively.  

According to Han et al. (1999), the zeta potential and size of the bubble 

have an effect on the treatment efficiency. Sohn et al. (2009) and Edzwald 

(2010) reached the conclusion that it is the zeta potential that controls the 

amount of coagulants to be added in the experiments. Oil droplets (particles) 

carry negative charges and by adding more coagulant, the zeta potential 

moves from the negative values toward the positive ones. It was also 

mentioned that if flotation time increases then the produced floc will be 

bigger.  

According to Edzwald and Walsh (1992), the recycle pressure and ratio 

(RR) in DAF control the bubble size and volume, respectively. Consequently, 

the recommended pressure and recycle ratio should be in the range of 400-

600 kpa and 6-30%, respectively. On the other hand, Crossley and Valade 

(2006), mentioned that the saturation pressure and recycle ratio typically 

could be considered between 400 and 700 kpa, and around 10%, 

respectively.  

According to Edzwald (2010), DAF can remove dissolved organic carbon 

(DOC) as well as algae as a pre-treatment stage for microfiltration, 

ultrafiltration and reverse osmosis processes. Consequently, the membrane 
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fouling can be reduced significantly which therefore leads to a decrease in 

the operation cost of the membrane.  

In a study on water that has high and unstable silt density index (SDI) and 

some level of hydrocarbon, two treatment methods were used where ferric 

chloride was the coagulant were examined; DAF and dual medial filtration 

(DMF). According the study result, the removal efficiency of organic matters 

were the same for the both methods, but DMF particle removal efficiency was 

higher than DAF. Moreover, it should be noted that a combination of the two 

methods could be more effective as pretreatment process to produce the 

feed for the reverse osmosis (RO) process, than when only DAF or DMF 

were used (Bonnelye et al., 2004). The other conclusion of the study was  

that by increasing the particle size, DAF efficiency increased. In other words, 

for a particle size higher than 14 micrometers, DAF was better than DMF.  

In a study dealing with optimizing the removal efficiency of the petroleum 

refinery waste using DAF, Santo et al. (2012) selected three types of 

coagulants and one flocculant. Coagulants were aluminium sulphate, ferric 

sulphate and PAX-18 and the flocculant was NALCO 71408. Some 

parameters such as chemical oxygen demand (COD), total organic carbon 

(TOC) and turbidity were measured to examine the effect of the DAF and 

chemicals on the removal efficiency. Rapid and slow mixing were 300 rpm for 

3 minutes and 20 rpm for 20 minutes, respectively. According to the results, 

the combination of the PAX-18 and NALCO produced the best removal 

efficiency for COD, TOC and turbidity found to be were 97%, 90 % and 88%, 

respectively.  
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In a recent study on the pretreatment of produced water, the maximum 

removal efficiency of oil and grease was 70.6 % by applying 20 mg/l of ferric 

chloride. At optimum conditions, by adding 100 mg/l of powdered activated 

carbon to the synthetic produced water with an oil content of 300 mg/l, the 

removal efficiency was 78.1%. This result was achieved at pH 8 and a mixing 

time of 10 minutes (Temitope, 2012). 

Younker and Walsh (2014) published a paper on the pretreatment of the 

synthetic produced water using dissolved air flotation. Oil content and salinity 

of the water were considered as 100 and 32000 mg/l, respectively. Three 

scenarios for the pretreatment were considered in the research:  

1- Use of ferric chloride as coagulant and DAF, 

2- Adsorption on organoclays and DAF, 

3- Adsorption, coagulation and DAF. 

In addition, DAF by itself without any chemical was considered as the 

control experiment. Results showed that the three methods could decrease 

the oil content below 30 mg/l (30 mg/l is the maximum standard oil content for 

the discharge), but the control could not reach that level. In other words, the 

lowest residual of oil content was related to adsorption-coagulation-DAF 

(7±1.4 mg/l). For coagulation-DAF and adsorption-DAF the residuals were 

(10±1.6 mg/l) and (15±1.2 mg/l), respectively. Furthermore, they reached the 

conclusion that coagulation is more effective than the adsorption for oil and 

grease removal.  
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2.4. Ionic Liquids (IL) 

 “An ionic liquid is a salt with poor coordinates which makes it possible to 

be liquid at a temperature below 100oC or even at room temperature”. In 

other words, for room temperature ionic liquid (RTIL), the melting points are 

below 100oC .  

In terms of ionic liquids structure, it should be noted that ionic liquids are a 

combination of organic or inorganic anion with a cation. Moreover, there are 

many combinations of anions and cations that can form new ionic liquids. 

Theoretically, an almost unlimited number of ionic liquids can be introduced    

(Huddleston et al., 1998; Brennecke and Maginn, 2001; Bosmann et al. 2001; 

Katritzky et al., 2002; Bates at al., 2002; Gui et al., 2004; Xing et al., 2005; 

Luo et al., 2006; Selvan et al., 2000; Nockemann et al., 2006; Valderrama 

and Robles, 2007; Wasserscheid and Welton, 2009; Sun et al., 2009; Egorov 

et al., 2010; Guzman-Lucero et al., 2010). Ionic liquids have several 

physiochemical benefits such as: 

 High thermal stability, 

 Good electrochemical stability, 

 Negligible vapor pressure, 

 Relatively high ionic conductivity, 

 Low melting point, 

 Recyclability, 

 Green an ecofriendly solvents, 

 Non-flammable. 

It should be mentioned that because of these benefits, ionic liquids can be 

used for liquid-liquid extraction. 
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In the study related to the applications of the ionic liquids, Zeinolabedini 

Hezave et al. (2013) mentioned that by using appropriate ionic liquids the 

interfacial tension (IFT) could be decreased. Consequently, enhanced oil 

recovery (EOR) can be increased. NaCl and heavy crude oil were selected to 

provide the brine and oil sources for the experiments, respectively. In 

addition, 1-dodecyl-3-methylimidazolium chloride was considered in order to 

study the effect of the mentioned ionic liquid on the interfacial tension. 

According to the results, the interfacial tension dropped from 45.7 mN/m in 

50mg/l of the ionic liquid to 0.83 mN/m in 250 mg/l. On top of that, increasing 

the ionic liquid concentration to 10000 mg/l did not lead to significant 

decrease in interfacial tension. The authors reached the following 

conclusions:  

 Higher salinity improves the capacity of ionic liquid for decreasing 

interfacial tension, 

 1-dodecyl-3-methylimidazolium chloride is a cationic surfactant with 

positive charges which can reduce the IFT, 

 1-dodecyl-3-methylimidazolium chloride could be appropriate for 

the enhanced oil recovery process.  

Painter et al. (2010 and 2009) worked with three ionic liquids to extract 

bitumen from sand. Hot or warm water was used for the extraction of bitumen 

from tar sand or Canadian oil sand. The three used ionic liquids were 1-butyl-

2,3 dimethyl-imidazolium tetrafluoroborate [bmmim][BF4], 1-butyl-3-methyl-

imidazolium trifluoromrthanesulfonate [bmim][CF3SO3] and 1-ethyl-3-methyl-

imidazolium acetate [emim][Ac]. The best result was obtained with 1-butyl-2,3 

dimethyl-imidazolium tetrafluoroborate [bmmim][BF4] which could extract 
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more than 90% of the bitumen from the sand. They also noted that, the 

[bmmim][BF4], [bmim][CF3SO3] and [emim][Ac] were neutral, acidic and basic 

in the aqueous solution, respectively.  

To study the demulsification power of the ionic liquids by using microwave 

irradiation in the water-crude oil emulsion, two different ionic liquids from the 

BF4 and PF6 groups were considered by Lemos et al. (2010). The 

experimental results showed that the microwave irradiation could give better 

results than the conventional heating methods. In addition, experiments 

proved that omimPF6 was more efficient than the omimBF4. In other words, 

the highest efficiency for omimPF6 and omimBF4 were 95.6% and 87.1%, 

respectively. It should be mentioned that the highest efficiency in 

conventional heating were only 24.7% and 70% for omimBF4 and omimPF6, 

respectively.  
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CHAPTER 3: METHOD AND INSTRUMENTATION 

 

3.1. Introduction 

In this chapter, the method for feed preparation, sampling technique, the 

chemicals (coagulants) and the devices used in this study will be discussed in 

details. Based on the literature review (chapter 2) and in consultation with 

scientific expert in Iolitec (IL manufacturer) and Sigma-Aldrich (coagulant 

manufacturer), it was decided to select four specific ionic liquids and 

aluminium sulphate as coagulant. The experimental conditions (rapid mixing 

time and speed, slow mixing time and speed, recycle ratio, recycle pressure 

and flotation time) were selected based on previous work in the literature and 

the ensuing recommendations.  

 

3.2. Coagulants 

As mentioned in the literature review section, five chemicals were selected 

to act as coagulant for dissolved air flotation technique. Aluminium sulphate 

(Alum) is one of the most widely used chemical in water treatment industry 

(Abo-Elela and Nawar, 1980; Rigas et al. 2000; Al-Shamrani et al., 2002; 

Qasim at al., 2000). Furthermore, using ionic liquid as coagulant was a new 

idea in the water treatment area. Table (3-1) shows all of the applied 

coagulants for this research in details. Aluminium sulphate was purchased 

from Sigma-Aldrich and the ionic liquids from Iolitec. 
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Table 3-1. Used coagulant 

Coagulant name 

Measured 

Density at 

20oC g/cm3 

Density Given by 

the company at 

20oC g/cm3 

1-Dodecyl-3-methylimidazolium 

chloride 98% (solid) 

C16H31CIN2 

Solid  

1-methyl-3-octylimidazolium 

hexafluorophosphate 99% 

C12H23F6N2P 

1.239218 1.237 

1-Methyl-3-octylyimidazolium 

tetrafluoroborate 99% 

C12H23BF4N2 

1.106571 1.106 

1-butyl-3-methylimidazalium 

bis(trifluoromethylsulfonyl)imide 99% 

C10H15F6N3O4S2 

1.440653  

Aluminium Sulphate (Alum ) 

 

3.3.  Feed preparation  

In order to have more control and consistency on the feed during the 

experiments, it was decided to work with a synthetic produced water. It was 

also impossible to acquire filed produced water in sufficient quantities.  

Sodium chloride with 99% purity (Sigma Aldrich) was selected as a salt 

source for all the experiments. Sodium chloride is one of the most widely 

used salts for most of the experiments (Zeinolabedini Hezave et al., 2013). 14 

grams of sodium chloride were added to two liter of ultrapure water. The 

beaker was then placed on the stirrer for 10 minutes at 1200 rpm. Now, the 

brine is ready for the next stage which is the addition of the oil to make the 
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synthetic produced water. The oil used was from Bakken area with a density 

of 0.81 g/cm3. An automatic pipet was used to take 0.8 ml of the oil. It should 

be noted that, before adding the oil to the brine, the prepared brine was 

transferred to a stainless steel blender (Waring Commercial MX1200XT). Half 

of the brine was transferred to the blender, oil was added and then the rest of 

the brine. The blender was turned on for two minutes at 18000 rpm 

(Alshamrani et al., 2002). Nine trials with different amounts of oil, rpm and 

mixing time were carried on to reach the desired oil content (260 mg/l) and oil 

droplet distribution (based on the previous work by Multon and Viraraghavan 

(2008), the oil content for Saskatchewan produced water was considered to 

be around 260 mg/l). Two final feeds (after nine trials) were prepared to 

measure all of the feed parameters namely the TDS, pH, oil content, COD, 

zeta potential, turbidity and TOC. An average of the two final feeds 

parameters were calculated and considered as the feed parameter values 

(table 4-1 shows the results for the two final feeds and the average values).  

 

3.4. DAF System 

The DAF device had four jars with a volume of 2 liters each. The speed of 

the impellers can be adjusted through the device control panel from 30 rpm to 

200 rpm. The machine can be programmed through the control panel for slow 

and rapid mixing. In other words, it is possible to set the mixing speed and 

mixing time for the two stages of slow and rapid mixing to decrease the 

sources of error. The DAF device has three types of impellers which is an 

option for the study on the effects of impellers on the experiment (figure 3-1). 

In order to select the impeller which will give the best results, two sets of 
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experiments were done, and oil removal efficiency was investigated. Based 

on the results obtained, the butterfly impellers were selected for the rest of 

experiments.  

 

Figure 3-1. Different types of impellers 

 

Figure (3-2), displays the DAF system, which includes the mixer, manifold, 

pressure cell and motor (pump). As presented in figure (3-2), each jar has a 

connection tube from the jar to the manifold. The manifold divides water 

which comes from the pressure cell to the jars. The manifold has one inlet 

and four outlets which gives the option to operate all those four jars 

simultaneously or operate them individually. The manifold is also connected 

to the pressure tank with a tube. Pressurized saturated water is transferred to 

the manifold with a valve at the bottom of the pressure cell and then to the 

jars. 
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Figure 3-2. DAF system, Mixer, manifold, pressure cell and pump 

 

Moreover, as can be seen in figure (3-3), the DAF mixer control unit has a 

source of light behind the jars which can be turned on to have a better vision 

through the emulsion. In terms of programing, the device has five types of 

options: manual, automatic, stop, up and down. This machine can work with 

the manual mode. By pressing the manual mode button, speed can be 

adjusted and the time increased. However, time is decreased in the 

automatic mode.  
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Figure 3-3. DAF mixer (control unit) 

 

The pressure tank is made of aluminium with a volume of 2 liters. On the 

top of the tank, there is screw for adjusting the desired pressure. In addition, 

a gage allows for the monitoring of the pressure inside the tank while 

adjusting the pressure through the screw. The tank itself is connected to a 

speed pump through a tube. There is a valve in the line between the pump 

and the pressure cell which can be closed to keep the pressure stable to 

some extent, if the motor faced any problem. It should be noted that, all of the 

connections are quick connections that can be connected or disconnected 

quickly and easily. Figure (3-4), illustrates a schematic view of the pressure 

cell in detail. It should be noted that the maximum pressure for the pressure 

cell is 100 psi.  
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Figure 3-4. Pressure cell 

 

 

Beside of all the advantages of this device, it has two disadvantages:  

 The jars are fragile, 

 It cannot be operated at an rpm below 30. 

3.5. Experiment 

After preparing the feed, two liters of the feed were divided into two jars 

with the same amount (1 liter each). It should be noted that the connection 

tubes should be connected from the jars to the manifold before transferring 

the emulsion to the jars.  



30 
 

By putting the jars in place, the coagulant with different dosage was added 

to the jars with an automatic pipet (adjustable volume 100-1000 µl). The DAF 

device was then turned on with the program mode. At this stage, the 

impellers rotated at 200 rpm for 2 minutes as rapid mixing and then for 20 

minutes at 30 rpm as slow mixing. After slow mixing, the air saturated water  

was transferred to the jars (working pressure was 90 psi for all the 

experiments). By adding the saturated water into the jar, the air bubbles 

started to attach to the oil droplets and take them to the surface due to 

buoyancy (Bremmell et al., 1994; Al-Shamrani et al., 2002). Consequently, 

the water at the bottom of the jar is the clearest water. Sampling was done 

after 20 minutes (flotation time) from the addition of the saturated water (Al-

Shamrani et al., 2002; Edzwald, 2010; Crossley and Valade, 2006). 

The released saturated water from the pressure cell to the jars usually 

expressed based on the amount of synthetic produced water in the jars and is 

technically is called the recycle ratio. In other words, the recycle ratio is the 

amount of saturated water with air which is transferred from the pressure cell 

to the jars divided by the total amount of produced water. In this case, it was 

100 ml and the produced water was 1000 ml, then the recycle ratio would 

have been 10 percent. It should be mentioned that, the pump should be 

turned on for 30 minutes before releasing the saturated water into the jars 

(factory recommendation).  

To determine the maximum removal efficiency of oil, the jar test method 

should be followed. In other words, the chemical concentration should be 

increased slowly to reach to the optimum removal efficiency. 
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3.6. Sampling from the jars 

At first, it was decided to take the sample from the tap on the jar’s wall that 

was provided by the manufacturer, but it was not logical due to the bad 

position of the tap, as shown in figure (3-5). In other words, the tap should be 

at the lowest part of the jar. It was then decided to detach the connection tube 

from the jar, and take a sample from the bottom. Using this method, the  

sample taken will be the most transparent sample. Figure (3-6) shows all the 

sampling glassware marked by stickers. 

The sample was tested for the residual oil content, COD, zeta potential, 

turbidity, TOC, IC and TC (measurements) and oil removal, COD removal, 

average zeta potential, turbidity removal and TOC removal were calculated.  

 

Figure 3-5. Sampling tap position 
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Figure 3-6. Sampling glassware 

 

3.7. Ionic liquid contribution 

As ionic liquids (ILs) have a carbon chain in their structure, they will affect 

the chemical oxygen demand (COD) and the total organic carbon (TOC). In 

order to figure out the contribution of the ionic liquid and the oil on the TOC 

and COD, separately, some experiments were done only with ionic liquids. To 

illustrate, one sample with a concentration of 600 ppm of ionic liquid was  

prepared the same way the DAF experiments were prepared (the same rapid 

and slow mixing time and speed and recycle ratio). 

To measure the COD and TOC due to the contribution of the ionic liquid, 

other concentrations of (50, 100, … 600) ppm were prepared by dilution. 

Then, linear regressions relating each ionic liquid were drawn to check the R2 

and the intercept. These graphs can be used for the future works with these 

ionic liquids.  

It should be noted that, the contribution of ionic liquid in each concentration 

was deducted from the TOC and COD of the related experiments to 

determine the oil contribution in both COD and TOC.  
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3.8. Instrumentation 

In this section, the instruments used in the measurements will be 

discussed in details. 

 

3.8.1. pH meter 

To measure the pH of the emulsion, a HORIBA F-55 pH meter was used. 

This device should be calibrated before measuring the pH with three standard 

solutions with pH 4, 7 and 10. After using each calibration using a standard 

solution (or sample measurement), the electrode has to be rinsed thoroughly 

with acetone at first and then with ultra-pure water. Calibration should be 

done weekly to have more accurate measurement. This device has a glass 

electrode which must be filled from the top with 3.33 mol/L potassium 

chloride. It should be noted that the filling spot should not be covered during 

the measurement of the pH of the sample (Horiba, 2003). Figure (3-7) shows 

the pH meter. 

 

Figure 3-7. . HORIBA F-55 pH meter (www.horiba.com) 

  

http://www.horiba.com/
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3.8.2. TDS and Conductivity meter 

To measure the Total Dissolved Solid or the conductivity of the emulsion, a 

HANNA TDS meter (HI 4522) bench top was used. This devise has two 

separate probes for measuring the TDS or the conductivity which should be 

calibrated by HI 7036 as TDS standard solution. For measuring, the electrode 

should be immersed in the sample; the device shows the TDS value after a 

couple of seconds, automatically. It should be noted that, for TDS or 

conductivity measurement, the device should be on the specific channel 

related to TDS or conductivity. In addition, the electrodes have to be cleaned 

with acetone at first and then ultra-pure water thoroughly after each 

measurement (Hanna, 2006). Figure (3-8) shows the TDS meter. 

 

 

Figure 3-8. HANNA HI 4522 TDS meter (www. hannainst.com) 

 

3.8.3. Oil Content Analyzer 

To determine the amount of residual oil content in the produced water 

emulsion, OCMA-350 from HORIBA was used. OCMA-350 uses non-



35 
 

dispersive infrared spectrophotometer method. The two usable solvents for 

OCMA-350 are the S-316 and CFC-113. For all the experiment in this study, 

the S-316 was used. The OCMA-350 has two types of calibration, one is zero 

calibration and the other is a span calibration. These two types of calibration 

give the range of measurement. To do the zero calibration, the pure S-316 is 

used and for the span calibration the B-heavy oil in S-316 should be used. 

Based on the zero and span calibration, the range that OCMA can be used is 

from 0 to 200 mg/l of oil content in the emulsion. To measure the higher oil 

content, the sample has to be diluted with S-316. To measure the residual oil 

content, after taking a sample (around 30 ml) the pH should be decreased to 

below 2 by adding hydrochloric acid (2 molar). In the next stage, 8 ml of the 

sample with pH below 2 should be transferred to another clean vial as well as 

the addition of 8 ml of S-316. The combination of the sample and S-316 has 

to be shaken vigorously for 1 minute. S-316 extracts all of the oil from the 

sample and the content of the vial is separated into two layers. The layer at 

the top is just water without oil and the lower layer is S-316 which has all of 

the oil content from the sample. Then, from the lower layer with a pipet as 

much as possible should be extracted (at most 8 ml as the same volume as 

added S-316). The extracted sample has to transfer the OCMA cell and the 

rest of the taken sample to the used S-316 container for regeneration. Before 

putting the cell in the device, the cap of the cell should be in position in order 

to prevent splashing the solvent inside the device. By closing the lid of the 

device and pressing the measure button, the oil content value will appear on 

the screen.  
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It should be noted that the used S-316 in the cell has to be returned to the 

used S-316 bottle for future regeneration. Figure (3-9) shows the OCMA-350, 

cell and the regenerator column. The SR-300 is a regeneration column which 

uses activated carbon and activated aluminium sulphate.  

To measure the oil content, the OCMA-350 has to be turned on at least 30 

minutes before the measurement, as it needs to be warmed up (Horiba, 

1995).  

 

Figure 3-9. Left to right, OCMA-350, cell and the regenerator column 

 

3.8.4. UV- Vis Spectrophotometer  

To measure the Chemical Oxygen Demand (COD), HACH DR 5000 UV- 

Vis Spectrophotometer was used. There are three types of COD vial, low 

range, high range and high range plus. The low range vial can be used for 

samples with COD range of 0.7 mg/l to 40. In addition, for the high range and 

the high range plus, the measuring ranges are 20-1500 mg/l and 200-15000 

mg/l, respectively. 
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Generally, for the feed, because the COD is high, it is better to use the 

high range plus vial. Using inappropriate vial gives inaccurate reading or out 

of range value.  

It is required to prepare a low range, high range and high range plus blank 

before doing the measurement. To prepare the low and high range blanks, 

2ml of ultra-pure water should be added to each of the vials (for high range 

plus 0.2 ml of ultra-pure water), after shaking them vigorously for a couple of 

minutes and put them in the reactor with 150oC for 120 minutes (In order to 

measure the COD, the reactor should be turned on in advanced to reach to 

150 oC). After 120 minutes, the reactor gives three beeps and when the 

temperature inside the reactor reached to 120 oC, the vials can be taken out 

from the reactor and set aside to reach room temperature.  

Before putting the sample vials in the spectrophotometer for reading, one 

specific blank should be placed and it becomes the reference for the rest of 

the samples. By pressing zero (when a blank vial is inside the spectro-

photometer), the device will consider the blank as zero. By keeping a sample 

vial in the device, the amount of chemical oxygen demand will be shown on 

the screen automatically.  

It can be useful to mention that, by adding the sample to the vials, the vial 

content color, after 120 minutes of heating, will change from orange to green. 

The more greenish means the more COD. Also, the used vials are not 

reusable (HACH, 2005).  
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Figure 3-10. DRB200 reactor on the left and DR5000 Uv-Vis 

Spectrophotometer on the right 

 

3.8.5. Turbidity meter 

To measure the turbidity, a HANNA HI83414 was used. This turbidity 

meter is a simple device and does not need regular calibration. This device 

has a tungsten lamp with 525 nm infrared filter which provides the light 

source, and turbidity is measured based on the amount of the scattered light. 

There are some factors such as particle size, particle shape and refractive 

index that can affect the turbidity. In order to calibrate this device, there are 5 

calibration points: 0, 15, 100, 750 and 200 NTU1 and the measuring range is 

from 0 to 4000 NTU. To measure the sample turbidity, the measuring cuvet 

has to be filled up to the determined line which is clear on the cuvet. Then, 

the cuvet should be placed in the device and after closing the lid by pressing 

the read button, the amount of turbidity will be shown on the screen based on 

the selected unit (NTU). It should be noted that, the outer and inner walls of 

the cuvet should not have any scratches, otherwise, the reading would not be 

                                            
1 NTU: Nephelometric Turbidity Units 
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accurate and it could not be representative of the sample’s turbidity. By using 

silicone oil which is provided by manufacturer, scratches can be filled 

(HANNA, 2007).  

 

Figure 3-11. HANNA HI83414 turbidity meter 

 

3.8.6. Total Organic Carbon Analyzer 

To determine the amount of total organic carbon (TOC), SHIMADZU TOC-

L was used. This device achieves total combustion of the material, by heating 

the sample to 680 oC in the combustion tube which is filled with a platinum 

catalyst. The produced carbon dioxide will be cooled and becomes ready for 

detection by infrared gas analyzer. To determine TC1, the detected value in 

the previous stage, is compared to the calibration curves.  

To measure the IC2, 1 mol/l of hydrochloric acid is added to the sample to 

remove the inorganic carbon. In the next stage, the produced carbon dioxide 

in the sparging process is detected and the amount of inorganic carbon will 

be determined.  

The calibration curve was provided for TC by using potassium hydrogen 

phthalate and for IC sodium carbonate and sodium bicarbonate were used. 

                                            
1
 Total Carbon 

2 Inorganic Carbon 
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Figure (3-12) shows a schematic process for TC and IC (SIMADZU, 2010) 

and Figure (3-13) illustrates the TOC device. 

 

Figure 3-12. Schematic process for TC and IC 

 

 

Figure 3-13. Autosampler and TOC Combustion Analyzer, left to right 

 

3.8.7. Mastersizer 

Oil droplet size distribution is one of the most significant factors in the 

dissolved air flotation technique which affects the oil removal efficiency 
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(Edzwald, 2010). Therefore, having the oil droplet size distribution graph is 

necessary for treatment works.  

In order to determine the oil droplet size distribution, Malvern Mastersizer 

3000 with hydro-LVwet dispersion was used. This device has different 

sections such as the Hyro-LV wet dispersion unit with a sample container 

(volume roughly 600ml), a Mastersizer software, an optical unit which 

contains the red laser, a blue sensor and a detector. The measurement range 

with Mastersizer 3000 is from 10 nm to 3.5 mm. This device uses the laser 

(light) diffraction method. Figure (3-14) shows two types of scattering with 

different objects.  

 

Figure 3-14. Scattering type with different objects 

 

Mastersizer has some detectors which measure the intensity of the 

scattered and unscattered light and then the Mastersizer software converts 

the data from scattered light to the particle size based on some modeling. It 

should be noted that, the red laser carry is 633 nm and the blue light is 470 

nm.  

To begin to work with the device, the refractive index and viscosity of the 

dispersant (which is oil in this case) should be given to software. According to 
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the Mastersizer manual, the obscuration is the amount of the light which is 

blocked or scattered by the sample. It is necessary to have the best 

obscuration (5-15%) unless the results won’t be accurate.  

The outputs from Mastersizer software are some graphs which show the 

oil droplets distribution and summary table which gives the D10, D50 and 

D90 of the particles. D10, D50 and D90 are the diameters of the oil droplets 

which 10 %, 50% and 90 % of the particles are smaller than them, (Malvern 

2011). Figure (3-15) shows the Mastersizer 3000. 

 

 

Figure 3-15. Mastersizer 3000 

 

3.8.8. Zetasizer  

To measure the zeta potential, the Malvern Zetasizer NanoZs was used. 

This device can measure the particle size as well as the molecular weight. 

Zeta potential is an index which shows the stability of the emulsion. 

Generally, there are positive and negative charges in all of the emulsions that 

contain salt(s). If the measured zeta potential is between -30 to +30, the 

emulsion is unstable and out of this range the emulsion is stable. Having 

large negative or positive values for zeta potential means the repulsive force 



43 
 

between particles is strong and particles cannot attach to each other easily. 

In other words, to bring the particle close to each other, more coagulant 

should be used. On the other hand, when zeta potential is close to zero, 

particles can come together easily.  

In a simple way, the device determines the moving velocity of the particles in 

an electric field by using the inputs.  

There are different types of cells for measuring the zeta potential. For this 

research, a polycarbonate folded capillary cell was used. The sample should 

be injected slowly into the cell using a syringe to prevent air bubbles from 

entering in the capillary tube.  

To measure the zeta potential of the samples with a temperature over      

70 oC or organic samples, a quartz cuvet should be used (Malvern 2009). 

Figure (3-16) represents the Zetasizer and figure (3-17) shows three different 

types of measuring cells. 

 

Figure 3-16. Zetasizer nano 
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Figure 3-17. Left to right, Standard cell, Dip cell and folded capillary cell 
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CHAPTER 4: RESULTS AND DISSCUSIONS 

 

4.1. Introduction 

In this chapter, the results related to the experiments, graphs and the 

analysis of the results will be discussed.  

 

4.2. Synthetic produced water 

As discussed in chapter 3, two feeds were prepared for the final 

characteristic analysis to be sure that the characteristic of the feed are under 

control. An average of the measured parameters of the two feeds was 

considered as the final value for the synthetic produced water. To illustrate 

this, table (4-1) shows the values related to the two feeds and their average. 

Also, figure (4-1), displays the distribution of the oil droplets for one of the 

feeds. It is clear through the picture (for that specific feed) that, 10 percent of 

the oil droplets are smaller than 15.7 micrometers, 50 percent smaller than 

239 micrometers and 90 percent smaller than 376 micrometers. These values 

are important in analyzing the oil removal efficiency. 
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Table 4-1. Synthetic produced water characteristics 

Characteristic Feed 1 Feed 2 Average 

TDS(mg/l) 6726 6698 6712 

pH 6.8 6.9 6.85 

Oil content (mg/l) 263 259 261 

COD (mg/l) 1900 1886 1893 

Zeta potential (mV) 

-29.4 -29.1 

-29.00 -28.7 -28.9 

-29.0 -28.9 

Turbidity (NTU) 500 490 495 

TOC (mg/l) 274.8 272.8 273.8 

IC (mg/l) 0.14 0.76 0.46 

TC (mg/l) 274.94 273.56 274.26 

Oil droplet size 

(micro meter) 

D10=15.7 D10=16.5 16.1 

D50=243 D50=239 241 

D90=376 D90=357 366.5 

 

 

Figure 4-1. Oil droplets distribution 
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4.3. Different impellers and different pressures 

In order to understand which type of impeller can make more turbulence, 

and mix the coagulant with the emulsion in the best way, three sets of 

experiment were done. Table (4-2) shows the results obtained for three 

impeller shapes and sizes. From the results, it is obvious that the butterfly 

impeller gives better results. It should be noted that the coagulant which was 

used for these three experiments was aluminium sulphate. 

In addition to the experiments with different impellers, two other sets of 

experiments were done to find out the difference in removal efficiencies 

between 80 and 90 psi. Table (4-3) shows the results for these experiments. 

In other words, these results were considered as the control, because no 

coagulant was used and they just represented the effect of DAF (Younker 

and Walsh, 2014). The results show that 90 psi gives better removal 

efficiency for oil. However, for aluminium sulphate and 1-methyl-3-

octylyimidazolium tetrafluoroborate, all of the experiments were completed 

with both 80 and 90 Psi pressure. 
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Table 4-2. Results for different impellers 

Characteristic 

Rectangular 

impeller  

(60*20) mm 

Rectangular 

impeller  

(75* 25) mm 

Butterfly 

Pressure (psi) 90 90 90 

Recycle Ratio (R.R 

%) 
10 10 10 

Flotation time (min) 20 20 20 

Chemical 

concentration (mg/l) 
10 10 10 

TDS (mg/l) feed feed feed 

Residual oil content 

(mg/l) 
62.1 55.7 40.6 

Oil removal (%) 76.21 78.66 84.44 

COD (mg/l) 443 391 304 

COD removal (%) 76.60 79.34 83.94 

Zeta potential (mV) 

-9.5 -9.4 -8.8 

-9.4 -8.7 -8.0 

-9.3 -8.8 -8.2 

Average zeta 

potential (mV)  
-9.4 -9.0 -8.3 

Turbidity (NTU) 105 92 70 

Turbidity removal 

(%) 
78.79 81.41 85.86 

TOC (mg/l) 63.8 55.09 33.79 

IC (mg/l) 0.84 0.88 0.81 

TC (mg/l) 119.7 98.91 34.60 

TOC removal (%) 76.70 79.88 87.66 
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Table 4-3. Results for different pressures 

Characteristic Butterfly impeller Butterfly impeller 

Pressure (psi) 90 80 

Recycle Ratio (R.R %) 10 10 

Flotation time (min) 20 20 

Chemical concentration (mg/l) No chemical  No chemical 

TDS (mg/l) Feed Feed 

Residual oil content (mg/l) 182 186 

Oil removal (%) 30.27 28.74 

COD (mg/l) 1245 1298 

Total COD removal (%) 34.23 31.43 

Zeta potential (mV) 

-27.8 -27.5 

-27.7 -28.6 

-28.3 -28.1 

Average zeta potential (mV) -27.93 -28.07 

Turbidity (NTU) 335 350 

Turbidity removal (%) 32.32 29.29 

TOC (mg/l) 187.07 192.18 

IC (mg/l) 0.6712 1.12 

TC(mg/l) 187.7 193.3 

Oil- TOC- contribution 187.07 192.18 

TOC removal (%) 31.68 29.81 

 

4.4. Results 

In this section, tables and graphs related to different coagulants are 

presented.  

 

4.4.1. Results for aluminium sulphate  

Table (4-4) shows the measured values for different parameters for 

aluminium sulphate with 80 psi, recycle ration of 10 and 20 minutes as 

flotation times. Experiments were started from 0.5 mg/l of aluminium sulphate 
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and continued to reach the highest oil removal which was 91.99 % with 40 

mg/l of aluminium sulphate. More experiments with higher concentrations of 

aluminium sulphate were done to be sure that 91.99 % was the highest 

removal efficiency. Table (4-4), shows the measured value for residual oil 

content, COD, zeta potential, turbidity and TOC. Also, the calculated values 

for oil, COD, turbidity and TOC removal, and average of the three 

measurements for zeta potential have been reported in table (4-4). 

Furthermore, the mentioned parameters were measured for the rest of 

coagulants.  

Figures (4-2) to (4-5) show the plotted results for the experiments with 

aluminium sulphate, 80 psi, recycle ration 10% and a flotation time of 20 min. 

As can be observed in figure (4-2), the zeta potential is a function of 

coagulant concentration (aluminium sulphate). In other words, zeta potential 

increases by increasing the concentration of aluminium sulphate. In addition, 

a concentration of 40 mg/l of alum gives the highest removal efficiency of oil 

which has the closest value of zeta potential to zero (0.9 mV). The results are 

expected as a zeta potential close to zero means having the smallest 

repulsive forces between droplets. Consequently, the highest removal 

efficiency should occur at that concentration. 
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Table 4-4. Aluminium sulphate experiments, 80 psi, RR 10 % and flotation time 20 min 

Characteristic Experiments 

Chemical concentration (mg/l) 0.5 1 3 5 10 20 30 40 

 Residual Oil content (mg/l) 113 97.9 82.7 59.1 43.7 28.3 23.4 20.9 

Oil Removal (%) 56.70 62.49 68.31 77.36 83.26 89.16 91.03 91.99 

COD (mg/l) 711 635 551 386 274 217 197 131 

COD removal (%) 62.44 66.46 70.89 79.61 85.53 88.54 89.59 93.08 

zeta potential (mV) 

-26.0 -23.2 -18 -16.1 -8.1 -2.2 -1.2 0.9 

-26.2 -23.9 -18.7 -16.5 -8.1 -1.6 -0.9 0.8 

-26.5 -24.8 -18.5 -16.6 -8.4 -2.5 -1.3 0.9 

Average zeta potential (mV)  -26.2 -24.0 -18.4 -16.4 -8.2 -2.1 -1.1 0.9 

Turbidity (NTU) 205 165 155 105 80 50 38 24 

Turbidity removal (%) 58.59 66.67 68.69 78.79 83.84 89.90 92.32 95.15 

TOC (mg/l) 113.81 102.26 79.6 64.32 49.48 32.12 29.64 25.19 

IC (mg/l) 0.63 0.38 0.48 0.45 0.11 0.67 0.98 0.14 

TC (mg/l) 114.44 102.64 80.08 64.77 49.59 32.79 30.62 25.33 

TOC removal (%) 58.43 62.65 70.93 76.51 81.93 88.27 89.17 90.80 
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Table 4-4. Aluminium sulphate experiments, 80 psi, RR 10 % and flotation time 20 min (Cont.) 

Characteristic Experiments 

Chemical concentration (mg/l) 50 100 150 200 250 300 350 400 

 Residual Oil content (mg/l) 21.4 25.1 30.9 32.2 35.5 35.1 35.9 36.6 

Oil Removal (%) 91.80 90.38 88.16 87.66 86.40 86.55 86.25 85.98 

COD (mg/l) 145 214 229 243 263 252 278 269 

COD removal (%) 92.34 88.70 87.90 87.16 86.11 86.69 85.31 85.79 

zeta potential (mV) 

1.3 2.9 4.2 5.4 5.1 6.3 5.8 6.2 

1.4 2.6 4.7 5.8 5.5 6.1 5.2 6.8 

0.9 2.7 5.2 4.6 5.9 5.7 6.9 5.2 

Average zeta potential (mV)  1.2 2.7 4.7 5.3 5.5 6.0 6.0 6.1 

Turbidity (NTU) 29 37 45 45 50 50 50 50 

Turbidity removal (%) 94.14 92.53 90.91 90.91 89.90 89.90 89.90 89.90 

TOC (mg/l) 26.83 32.27 37.49 39.92 46.51 43.75 43.9 49.26 

IC (mg/l) 0.65 0.92 0.623 0.53 0.15 0.43 0.46 0.24 

TC (mg/l) 27.48 33.19 38.11 40.45 46.66 44.18 44.36 49.50 

TOC removal (%) 90.20 88.21 86.31 85.42 83.01 84.02 83.97 82.01 
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Furthermore, by increasing the concentration of alum, a charge reversal is 

detected and after a certain time it reaches a straight horizontal line (Al-

Shamrani et al., 2002; Sohn et al., 2009; Edzwald, 2010; Santo et al., 2012). 

The same trend was seen in the results related to the turbidity, COD and 

TOC. Zeinolabedini Hezave et al. (2013) reached the same conclusion for the 

trend of the zeta potential with the interfacial tension (IFT). In other words, 

IFT as well as ZP decreases dramatically at first and then reached a straight 

horizontal line.  

 

Figure 4-2. Residual oil content and zeta potential of oil droplets as a function 

of alum concentration 

 

Figure (4-3) shows the COD removal versus oil removal. It is clear, the 

regression has high coefficient of determination (R2) which means the plotted 

data are very close to the regression line. In other words, the COD removal 

depends on the oil removal. In addition, figure (4-4), displays the turbidity 

removal versus oil removal efficiency. As mentioned, the turbidity removal 
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follows the oil removal, because oil is the only source that controls the 

turbidity in these experiments and having high R2 proves this fact. It should 

be noted that the highest removal of COD, turbidity and TOC are 93.08, 

95.15 and 90.15 %, respectively. The average the zeta potential for the three 

measurements is 0.9 mV.  

 

 

Figure 4-3. COD removal vs. oil removal 

 

 

Figure 4-4. Turbidity removal vs. oil removal  
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Figure (4-5) shows the oil removal versus TOC removal. It is obvious that 

TOC removal follows oil removal, as there is no other source of TOC in the 

experiment, and oil content contributes solely to the TOC.  

 

Figure 4-5. TOC removal vs. oil removal  

 

The results of the current research were compared with previous studies, 

and it should be noted that other researchers have obtained the same trends 

and reached the same conclusions (Al-Shamrani et al., 2002; Sohn et al., 

2009; Edzwald, 2010; Santo et al., 2012; Zeinolabedini Hezave et al., 2013). 

The rest of the experiments follow the same trends and conclusions.  

Table (4-5) presents the results of the experiments for aluminium sulphate 

with a pressure of 90 psi, recycle ratio of 10% and 20 minutes of flotation 

time. Experiments started from 0.5 mg/l and ended at 400 mg/l. The highest 

removal of oil observed at 40 mg/l is 93.83 %. In addition, the maximum 

removals of COD, turbidity and TOC were 94.3, 96.36 and 93.11 %, 

respectively, in the same concentration as the highest oil removal (40 mg/l). 

y = 0.8812x + 8.4738 
R² = 0.9868 

50

55

60

65

70

75

80

85

90

95

50 55 60 65 70 75 80 85 90 95

TO
C

 r
e

m
o

va
l (

%
) 

Oil removal (%) 



56 
 

At 40 mg/l aluminium sulphate, the zeta potential is 0.8 mV which is the 

closest value to zero.  

Figures (4-6) to (4-9) represent the results for the aluminium sulphate 

experiments with 90 psi pressure.  
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Table 4-5. Aluminium sulphate experiments 90 psi, RR 10 % and flotation time 20 minutes 

Characteristic Experiments 

Chemical concentration (mg/l) 0.5 1 3 5 10 20 30 40 

 Residual oil content (mg/l) 104 87.4 73.1 59.9 40.6 22 20.4 16.1 

Oil removal (%) 60.15 66.51 71.99 77.05 84.44 91.57 92.18 93.83 

COD (mg/l) 711 597 531 429 304 148 130 113 

COD removal (%) 62.44 68.46 71.95 77.34 83.94 92.18 93.13 94.03 

Zeta potential (mV) 

-26.7 -23.4 -17.7 -15.1 -8.8 -1.8 -1.0 0.9 

-25.1 -23.5 -17.2 -16.2 -8.0 -2.3 -0.7 0.7 

-25.4 -23.9 -18.3 -16.4 -8.2 -2 -0.5 0.7 

Average zeta potential (mV)  -25.7 -23.6 -17.7 -15.9 -8.3 -2.0 -0.7 0.8 

Turbidity (NTU) 165 155 120 100 70 38 23 18 

Turbidity removal (%) 66.67 68.69 75.76 79.80 85.86 92.32 95.35 96.36 

TOC (mg/l) 103.81 90.26 71.6 56.05 33.79 21.83 20.16 18.86 

IC (mg/l) 0.63 0.38 0.48 0.41 0.81 0.26 0.21 0.38 

TC (mg/l) 104.44 90.64 72.08 56.46 34.60 22.09 20.37 19.24 

TOC removal (%) 62.09 67.03 73.85 79.53 87.66 92.03 92.64 93.11 

 

 



58 
 

Table 4-5. Aluminium sulphate experiments 90 psi, RR 10 % and flotation time 20 minutes (Cont.) 

Characteristic Experiments 

Chemical concentration (mg/l) 50 100 150 200 250 300 350 400 

Residual oil content (mg/l) 19.2 23.1 27.7 29.1 29.2 32.5 32.1 32.8 

Oil removal (%) 92.64 91.15 89.39 88.85 88.81 87.55 87.70 87.43 

COD (mg/l) 126 163 212 243 232 252 249 258 

COD removal (%) 93.34 91.39 88.80 87.16 87.74 86.69 86.85 86.37 

Zeta potential (mV) 

1.2 2.6 4.1 5.2 5.5 6.2 6.1 5.9 

1.4 3.1 4.4 5.2 5.5 5.5 5.8 6.0 

1.6 2.8 4.7 4.8 5.6 5.6 5.6 6.0 

Average zeta potential (mV)  1.4 2.8 4.4 5.1 5.5 5.8 5.8 6.0 

Turbidity (NTU) 23 30 30 35 35 34 35 35 

Turbidity removal (%) 95.35 93.94 93.94 92.93 92.93 93.13 92.93 92.93 

TOC (mg/l) 20.46 23.89 33.04 35.73 39.79 40.07 40.82 42.9 

IC (mg/l) 0.282 0.3525 0.4377 0.1994 0.2852 0.3414 0.2731 0.3228 

TC (mg/l) 20.74 24.24 33.48 35.93 40.08 40.41 41.09 43.22 

TOC removal (%) 92.53 91.27 87.93 86.95 85.47 85.37 85.09 84.33 
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As can be seen in figure (4-6), the zeta potential is a dependent parameter 

of the chemical concentration. By increasing the aluminium sulphate 

concentration, the zeta potential will increase, and charge reversal happens 

at 40 mg/l. At this dose, the oil droplets have the smallest charge. 

Consequently, oil droplets can attach to each other and make flocs easier 

than when the zeta potential is far from zero. It is worth to mention that the 

93.83 % oil removal was the highest removal of oil among the five coagulants 

used.  

 

 

Figure 4-6. Residual oil content and zeta potential of oil droplets as a function 

of Alum concentration 

 

Figure (4-7) shows COD removal versus oil removal. The plotted graph 

shows high coefficient of determination which means that COD removal has 

high relation with oil removal. The same can be found in figures (4-8) and (4-

9) for turbidity and TOC, respectively.  
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Figure 4-7. COD removal vs. oil removal  

 

 

Figure 4-8. Turbidity removal vs. oil removal  
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Figure 4-9. TOC removal vs. oil removal  
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4.4.2. Results for 1-methyl-3-octylyimidazolium tetrafluoroborate 

Table (4-6) reports the measured and calculated values for the 

experiments with 1-methyl-3-octylyimidazolium tetrafluoroborate. Since an  

ionic liquid has carbons in its structure, the contribution of ionic liquid in COD 

and TOC should be measured and only then the contribution of the oil in 

COD and TOC can be calculated. Table (4-6) shows these values. In 

addition, the highest removal of oil is 86.55 % at 350 mg/l. At 350 mg/l of this 

IL, the COD removal, zeta potential, turbidity removal and TOC removal are 

87.06%, -6.5 mV, 88.89 % and 86.41 %, respectively. 

Figure (4-10) to (4-15) display the graphs related to the experiments for 1-

methyl-3-octylyimidazolium tetrafluoroborate. 
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Table 4-6. 1-methyl-3-octylyimidazolium tetrafluoroborate experiments, 80 psi, RR 10 % and flotation time 20 minutes 

Characteristic Experiments 

Chemical concentration (mg/l) 50 100 150 200 250 300 350 400 450 500 550 600 

 Residual Oil content (mg/l) 53.1 52.3 44.4 42.2 40.4 36.9 35.1 37.6 37.5 38.7 37.7 37.9 

Oil Removal (%) 79.66 79.96 82.99 83.83 84.52 85.86 86.55 85.59 85.63 85.17 85.56 85.48 

COD (mg/l) 495 560 610 673 712 732 804 890 966 1050 1137 1227 

IL - COD - Contribution 86 166 247 321 401 476 559 639 711 794 876 954 

Oil - COD - Contribution 409 394 332 318 296 256 245 251 255 268 261 273 

COD removal (%) 78.39 79.19 82.46 83.20 84.36 86.48 87.06 86.74 86.53 85.84 86.21 85.58 

zeta potential (mV) 

-13.8 -10.6 -8.0 -6.9 -6.7 -6.4 -6.5 -6.8 -6.5 -6.3 -6.3 -6.8 

-14.5 -10.4 -7.8 -7.6 -6.8 -6.9 -6.5 -5.9 -6.1 -6.5 -6.7 -6.6 

-14.4 -10.2 -7.8 -7.7 -6.5 -6.2 -6.4 -5.8 -6.6 -6.5 -6.4 -6.2 

Average zeta potential (mV)  -14.2 -10.4 -7.9 -7.4 -6.7 -6.5 -6.5 -6.2 -6.4 -6.4 -6.5 -6.5 

Turbidity (NTU) 95 95 80 70 65 60 55 60 60 60 60 60 

Turbidity removal (%) 80.81 80.81 83.84 85.86 86.87 87.88 88.89 87.88 87.88 87.88 87.88 87.88 

TOC (mg/l) 79.5 100.54 118.1 138.37 158.12 179.54 201.01 229.62 251.38 279.2 302.23 317.35 

IC (mg/l) 1.02 1.10 1.08 1.21 1.02 1.00 1.00 0.98 1.00 0.98 0.79 0.94 

TC (mg/l) 80.52 101.64 119.18 139.58 159.14 180.54 202.01 230.60 252.38 280.18 303.02 318.29 

IL-TOC -Contribution 24.01 46.57 69.67 92.52 115.90 139.80 163.80 189.10 209.20 236.40 259.60 274.40 

IL-IC -Contribution 0.19 0.19 0.19 0.23 0.31 0.23 0.19 0.28 0.21 0.19 0.19 0.23 

IL-TC -Contribution 24.20 46.76 69.86 92.75 116.20 140.11 164.00 189.33 209.41 236.40 257.82 279.73 

Oil- TOC- Contribution 55.49 53.97 48.43 45.85 42.22 39.74 37.21 40.52 42.18 42.8 42.63 42.95 

TOC removal (%) 79.73 80.29 82.31 83.25 84.58 85.49 86.41 85.20 84.59 84.37 84.43 84.31 
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Figure (4-10) demonstrates the trend of the zeta potential and residual oil 

content versus concentration of IL. As can be seen, by increasing the IL 

concentration, the zeta potential moves toward the zero mark and the 

residual oil content decreases to a point and then becomes steady.  

 

 

Figure 4-10. Residual oil content and zeta potential of oil droplets as a 

function of IL concentration 

 

Figure (4-11) shows the plotted results for COD removal vs. oil removal. 

This regression has a relatively high R2 which demonstrates the high 

correlation between oil removal and COD removal. In addition, figures (4-12) 

and (4-13) shows the turbidity removal and TOC removal relation with oil 

removal and both give high R2.  
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Figure 4-11. COD removal vs. oil removal 

 

 

Figure 4-12. Turbidity removal vs. oil removal 
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Figure 4-13. TOC removal vs. oil removal 
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Figure 4-14. IL- COD contribution vs.IL concentration 

 

 

Figure 4-15. IL- TOC contribution vs.IL concentration 
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experiments was the pressure in the cell. Experiments started with 50 mg/l of 

the ionic liquid and continued until a value of 600 mg/l. 

According to table (4-7), the maximum removal of oil is 88.01% at 350 mg/l 

of the mentioned ionic liquid. In addition, with 350 mg/l, the COD, turbidity 

and TOC removals were 88.33%, 91.92% and 87.32 %, respectively.  

By comparing the measurement values in tables (4-6) to (4-7), it can be 

concluded that pressure plays a significant role in the removal efficiency, 

since the highest removal in both set of experiments was at 350 mg/l, which 

was expected. In other words, 90 psi of pressure gives better result than 80 

psi. As a consequence, for the rest of experiments, it was decided to work 

with 90 psi instead of using the two pressures.  
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Table 4-7. 1-Methyl-3-octylyimidazolium tetrafluoroborate experiments, 90 psi, RR 10 % and flotation time 20 minutes  

Characteristic Experiments 

Chemical concentration 
(mg/l) 

50 100 150 200 250 300 350 400 450 500 550 600 

Residual Oil content (mg/l) 51.9 46.7 38.3 36.7 34.1 32.8 31.3 34.7 34.9 35.7 35.9 36.1 

Oil Removal (%) 80.11 82.11 85.33 85.94 86.93 87.43 88.01 86.70 86.63 86.32 86.25 86.17 

COD (mg/l) 462 517 515 586 655 721 788 890 966 1041 1145 1209 

IL - COD - Contribution 86 166 247 321 401 476 559 639 711 794 876 954 

Oil - COD - Contribution 383 347 267 259 248 235 221 251 255 266 269 255 

COD removal (%) 79.77 81.67 85.90 86.32 86.90 87.59 88.33 86.74 86.53 85.95 85.79 86.53 

zeta potential (mV) 

-14.7 -10.8 -7.1 -6.9 -6.9 -6.9 -6.5 -6.3 -6.1 -6.2 -6.8 -7.1 

-13.5 -10.0 -7.9 -7.6 -6.5 -6.0 -6.5 -6.8 -6.5 -6.4 -6.6 -6.2 

-14.0 -10.7 -7.1 -7.3 -7.3 -6.4 -6.3 -6.3 -6.6 -6.7 -6.2 -6.4 

Average zeta potential 
(mV)  

-14.1 -10.5 -7.4 -7.2 -6.9 -6.4 -6.4 -6.5 -6.4 -6.4 -6.5 -6.6 

Turbidity (NTU) 75 65 55 55 50 45 40 45 45 45 45 45 

Turbidity removal (%) 84.85 86.87 88.89 88.89 89.90 90.91 91.92 90.91 90.91 90.91 90.91 90.91 

TOC (mg/l) 78.33 95.84 111.00 132.34 154.57 176.20 198.52 229.70 249.70 277.70 301.50 315.00 

IC (mg/l) 0.51 0.37 0.32 0.32 0.60 0.27 1.02 0.67 1.61 1.65 1.64 1.57 

TC (mg/l) 78.84 96.21 111.32 132.66 155.17 176.47 199.54 230.37 251.31 279.35 303.14 316.57 

IL-TOC -Contribution 24.01 46.57 69.67 92.52 115.90 139.80 163.80 189.10 209.20 236.40 259.60 274.40 

IL-IC -Contribution 0.19 0.19 0.19 0.23 0.31 0.23 0.19 0.28 0.21 0.19 0.19 0.23 

IL-TC -Contribution 24.20 46.76 69.86 92.75 116.20 140.10 164.00 189.30 209.40 236.60 257.80 279.70 

Oil- TOC -Contribution 54.32 49.27 41.33 39.82 38.67 36.40 34.72 40.60 40.50 41.30 41.90 40.60 

TOC Removal (%) 80.16 82.01 84.91 85.46 85.88 86.71 87.32 85.17 85.21 84.92 84.70 85.17 
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Figures (4-16) to (4-19) show the results for 1-methyl-3-octylyimidazolium 

tetrafluoroborate with 90 psi pressure. As can be seen in figure (4-16), the 

residual oil has close correlation with zeta potential and the zeta potential is 

in turn affected by ionic liquid concentration.  

 

 

Figure 4-16. Residual oil content and zeta potential of oil droplets as a 

function of IL concentration 

 

Figures (4-17) to (4-19) highlight the relation between COD, turbidity and 

TOC removals with oil removal, resulting in  with high R2.  
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Figure 4-17. COD removal vs. oil removal 

 

 

Figure 4-18. Turbidity removal vs. oil removal 
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Figure 4-19. TOC removal vs. oil removal 
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4.4.3.  Results for 1-butyl-3-methylimidazalium bis (trifluoromethyl -

sulfonyl)imide 

The next ionic liquid used for the experiments was 1-butyl-3-

methylimidazalium bis(trifluoromethylsulfonyl)imide. Table (4-8) shows the 

measured values for different parameters such as the residual oil content, 

COD, turbidity and TOC, then, the removal efficiency of each factor was 

calculated.  

As can be seen in table (4-8) and figure (4-20), this ionic liquid in not 

efficient when used with the dissolved air flotation technique, because by 

increasing the dosage of the IL, the zeta potential decreases. In other words, 

the zeta potential passes the unstable rage (-30 to 30). In order to be sure 

that this IL cannot reduce the repulsive force between the droplets (or zeta 

potential), eight experiments with dosage of 50 mg/l to 400 mg/l were done. 

As a result, it could be concluded that this ionic liquid was an anionic ionic 

liquid which could not give good results in these experiments.  
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Table 4-8. 1-butyl-3-methylimidazalium bis(trifluoromethylsulfonyl)imide, 90 psi, RR 10 % and flotation time 20 minutes 

Characteristic Experiments  

Chemical concentration (mg/l) 50 100 150 200 250 300 350 400 

Residual Oil content (mg/l) 189 197 205 207 214 221 225 227 

Oil Removal (%) 27.59 24.52 21.46 20.69 18.01 15.33 13.79 13.03 

COD (mg/l) 1376 1459 1546 1615 1697 1769 1800 1843 

IL - COD - Contribution 36 67 103 135 160 190 222 259 

Oil - COD - Contribution 1340 1392 1443 1480 1537 1579 1578 1584 

COD removal (oil) % 29.2 26.5 23.8 21.8 18.8 16.6 16.6 16.3 

zeta potential (mV) 

-27.5 -27.8 -31.7 -33.0 -32.6 -35.0 -34.1 -35.9 

-29.1 -31.6 -31.6 -32.2 -34.5 -34.7 -36.0 -35.0 

-31.9 -32.8 -31.9 -32.7 -33.2 -34.2 -35.5 -35.3 

Average zeta potential (mV)  -29.5 -30.7 -31.7 -32.6 -33.4 -34.6 -35.2 -35.4 

Turbidity (NTU) 365 370 400 400 410 425 430 430 

Turbidity removal (%) 26.26 25.25 19.19 19.19 17.17 14.14 13.13 13.13 

TOC (mg/l) 206.44 229.14 255.55 269.70 284.66 304.08 323.86 338.93 

IC (mg/l) 0.27 0.30 0.34 0.26 0.93 0.23 0.37 0.48 

TC (mg/l) 206.71 229.44 255.89 269.96 285.59 304.31 324.23 339.41 

IL-TOC -Contribution 11.75 23.67 37.26 48.56 61.74 74.73 86.90 100.30 

IL-IC -Contribution 0.07 0.06 0.10 0.07 0.10 0.11 0.13 0.13.81 

IL-TC -Contribution 11.82 23.73 37.36 48.63 61.85 74.84 87.03 100.40 

Oil- TOC- Contribution 194.69 205.47 218.29 221.14 222.92 229.35 236.96 238.63 

TOC removal (%) 28.89 24.96 20.27 19.23 18.58 16.23 13.46 12.85 
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Figure 4-20. Residual oil content and zeta potential of oil droplets as a 

function of IL concentration vs. ionic liquid concentration 

 

Figures (4-21) shows the relation of the oil removal with COD removal. 

Figure (4-22) also shows the decreasing trend of the COD by increasing the 

dosage of the ionic liquid. As can be seen, the linear regression has negative 

slope which proves the reduction of the COD. Both regressions have high R2.  

According to figures (4-23) to (4-26), the turbidity and TOC follow the same 

trend as the COD. In other words, by increasing the dosage of the ionic liquid, 

the removal efficiency drops.  
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Figure 4-21. COD removal vs. oil removal 

 

 

Figure 4-22. COD removal vs. IL concentration 
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Figure 4-23. Turbidity removal vs. oil removal 

 

 

Figure 4-24. Turbidity removal vs. IL concentration 
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Figure 4-25. TOC removal vs. oil removal 

 

 

Figure 4-26. TOC removal vs. IL concentration 
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Figure 4-27. IL- COD contribution vs. IL concentration 

 

 

Figure 4-28. IL- TOC contribution vs. IL concentration 
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sure the highest removal is 93.26%. Other removal efficiencies such as COD, 

turbidity and TOC in 450 mg/l were 90.97%, 95.15 and 92.54%, respectively.  

Among the four ionic liquids used, this latter one had the highest oil 

removal efficiency (93.26%), which is very close to the result obtained using 

aluminium sulphate.  
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Table 4-9. 1-methyl-3-octylimidazolium hexafluorophosphate experiments, 90 psi, RR 10% and flotation time 20 minutes 

Characteristic Experiments 

Chemical concentration (mg/l) 50 100 150 200 250 300 350 400 450 500 550 600 

Residual Oil content (mg/l) 57.5 52.8 46.2 38.7 35.1 32 25.2 21.9 17.6 18 22.5 26.4 

Oil Removal (%) 77.97 79.77 82.30 85.17 86.55 87.74 90.34 91.61 93.26 93.10 91.38 89.89 

COD (mg/l) 415 441 427 421 449 485 502 528 541 589 653 726 

IL - COD - Contribution 39 78 121 156 205 246 286 332 370 414 453 498 

Oil - COD - Contribution 376 363 306 265 244 239 216 196 171 175 200 228 

COD removal (oil) % 80.14 80.82 83.84 86.00 87.11 87.37 88.59 89.65 90.97 90.76 89.43 87.96 

zeta potential (mV) 

-21.2 -14.9 -10.2 -7.7 -4.9 -3.3 -2.2 -2.4 -0.9 -0.8 -1.0 -1.0 

-19.8 -14.9 -10.1 -8.1 -4.9 -3.5 -2.3 -2.1 -0.9 -0.8 -1.0 -0.7 

-18.4 -15.6 -10.1 -7.5 -4.8 -3.6 -2.5 -2.1 -0.8 -1.0 -0.9 -0.9 

Average zeta potential (mV)  -19.8 -15.1 -10.1 -7.8 -4.9 -3.5 -2.3 -2.2 -0.9 -0.9 -1.0 -0.9 

Turbidity (NTU) 100 95 70 65 50 45 38 31 24 24 29 40 

Turbidity removal (%) 79.80 80.81 85.86 86.87 89.90 90.91 92.32 93.74 95.15 95.15 94.14 91.92 

TOC (mg/l) 73.03 75.84 82.87 90.15 100.09 107.67 109.44 120.25 128.73 142.41 163.97 177.86 

IC (mg/l) 0.78 0.64 0.56 0.72 0.89 0.81 0.42 0.21 0.45 0.35 0.30 0.32 

TC(mg/l) 73.81 76.48 83.43 90.87 100.98 108.48 109.86 120.46 129.18 142.76 164.27 178.18 

IL-TOC -Contribution 13.95 22.10 34.59 47.58 58.90 70.75 82.36 93.45 108.30 121.30 134.00 146.20 

IL-IC -Contribution 0.11 0.13 0.16 0.19 0.27 0.23 0.28 0.29 0.33 0.36 0.39 0.38 

IL-TC -Contribution 12.06 23.03 34.75 46.77 59.17 70.98 82.64 93.74 108.70 121.70 134.40 146.60 

Oil- TOC- Contribution 59.08 53.74 48.28 42.57 41.19 36.92 27.08 26.80 20.43 21.11 29.97 31.66 

TOC removal (%) 78.42 80.37 82.37 84.45 84.96 86.52 90.11 90.21 92.54 92.29 89.05 88.44 
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Figures (4-29) to (4-34) present the results for 1-methyl-3-octylimidazolium 

hexafluorophosphate. Figure (4-29) displays the zeta potential and residual 

oil content at different dosages of the ionic liquid. As can be seen, the zeta 

potential increases by increasing IL concentration and reached a plateau 

because of saturation. In addition, the residual oil content followed the zeta 

potential.  

 

 

Figure 4-29. Residual oil content relation with zeta potential; as a function of 

IL concentration 

 

Figures (4-30) to (4-32) show the relationship between COD, turbidity and 

TOC removal and oil removal, respectively. High R2 obtained in these 

regressions is representative of the high correlation between COD, turbidity, 

TOC and oil removal.  

-25

-20

-15

-10

-5

0

0

20

40

60

80

100

120

140

160

180

200

0 100 200 300 400 500 600 700
Ze

ta
 P

o
te

n
ti

al
 (

m
V

) 

R
e

si
d

u
al

 o
il 

(m
g/

l)
 

IL concentration (mg/l) 

Residual oil (mg/l)

Zeta potential (mV)



83 
 

 

Figure 4-30. COD removal vs. oil removal 

 

 

Figure 4-31. Turbidity removal vs. oil removal 
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Figure 4-32. TOC removal vs. oil removal 

 

Figures (4-33) and (4-34) are provided for future work with 1-methyl-3-

octylimidazolium hexafluorophosphate and can be used as calibration curves. 

The R2 for these two graphs is very close to 1 which proves the quality of the 

measurements and the accuracy of the data.  

 

 

Figure 4-33. IL- COD contribution vs. IL concentration 
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Figure 4-34. IL- TOC contribution vs.IL concentration 
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4.4.5. Results for 1-Dodecyl-3-methylimidazolium chloride 

The results of the experiments of the last ionic liquid (1-dodecyl-3-

methylimidazolium chloride) are presented in table (4-10). This ionic liquid 

was different from the rest. It was the strongest one among the four ionic 

liquids used in terms of carrying positive charges. In other words, a very low 

concentration of this ionic liquid, was able to change the oil droplet charges 

dramatically, therefore, neutralization happened faster than for the rest of the 

ionic liquids.  

According to table (4-10), the highest removal efficiency of oil (90.46%) 

happened at 10mg/l of 1-dodecyl-3-methylimidazolium chloride which a zeta 

potential around zero. The COD, turbidity and TOC removal in 10 mg/l were 

90.86%, 92.93% and 90.81%, respectively.  

Figures (4-35) to (4-40) are representative of the results for 1-dodecyl-3-

methylimidazolium chloride experiments.  
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Table 4-10. 1-Dodecyl-3-methylimidazolium chloride experiments, 90 psi, RR 10 % snd flotation time 20 minutes 

Characteristic Experiments  

Chemical concentration (mg/l) 1 3 5 10 20 30 40 50 100 

Residual Oil content (mg/l) 32.8 30.1 27.6 24.9 31.8 36.3 44.7 57.5 106 

Oil Removal (%) 87.43 88.47 89.43 90.46 87.82 86.09 82.87 77.97 59.39 

COD removal (mg/l) 264 249 248 246 303 345 428 529 916 

IL - COD - Contribution 3 8 14 24 45 66 87 109 217 

Oil - COD - Contribution 261 241 234 173 258 269 341 420 734 

COD removal (oil) % 86.21 87.27 87.64 90.86 86.37 85.79 81.99 77.81 61.23 

zeta potential (mV) 

-12.9 -7.2 -6.0 -2.9 4.5 9.7 15.4 20.3 38.1 

-15.0 -9.4 -6.1 -0.4 4.9 8.3 15.9 21.8 38.9 

-12.2 -9.2 -3.3 0.9 3.5 8.4 15.9 19.5 41.5 

Average zeta potential (mV)  -13.4 -8.6 -5.1 -0.8 4.3 8.8 15.8 20.5 39.5 

Turbidity (NTU) 55 50 45 35 55 55 75 95 180 

Turbidity removal (%) 88.89 89.90 90.91 92.93 88.89 88.89 84.85 80.81 63.64 

TOC (mg/l) 38.47 36.58 35.34 31.29 49.64 54.51 74.49 91.51 185.76 

IC (mg/l) 0.46 0.23 0.86 0.69 0.31 0.29 0.74 0.30 0.98 

TC (mg/l) 38.93 36.81 36.20 31.98 49.95 54.80 75.23 91.81 186.74 

IL-TOC -Contribution 0.55 1.82 3.84 6.13 11.47 17.32 23.14 28.98 58.68 

IL-IC -Contribution 0.01 0.03 0.05 0.06 0.07 0.19 0.20 0.24 0.22 

IL-TC -Contribution 0.56 1.84 3.89 6.19 11.54 17.51 23.34 29.22 58.90 

Oil- TOC- Contribution 37.92 34.76 31.50 25.16 38.17 37.19 51.35 62.53 127.08 

TOC removal (%) 86.15 87.30 88.50 90.81 86.06 86.42 81.25 77.16 53.59 
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As presented in table (4-10) and figure (4-35), experiments for 1-dodecyl-

3-methylimidazolium chloride were started with 1 mg/l up to 100 mg/l. The 

results show that by increasing the concentration of the ionic liquid, charge 

reversal happens around 10 mg/l and oil removal efficiency dropped with 

further increases in concentrations. The reason for the oil removal efficiency 

drop after 10 mg/l is the increase in zeta potential due to the increase in 

positive charges. Based on these results, it can be concluded that this ionic 

liquid is a strong cationic ionic liquid which would be useful when the 

emulsion has much higher oil content, a similar recommendation, in other 

conditions than DAF, was suggested by Zeinolabedini Hezave et al. (2013).  

 

 

Figure 4-35. Residual oil content and zeta potential of oil droplets as a 

function of aluminum sulphate 

 

Figures (4-36) to (4-38) show the correlation of the COD, turbidity and 
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all cases very close to 1, which proved the linear relation between the COD, 

turbidity and TOC with oil content, because oil was the source of the COD, 

turbidity and TOC.  

 

 

Figure 4-36. COD removal vs. oil removal 

 

 

Figure 4-37. Turbidity removal vs. oil removal 
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Figure 4-38. TOC removal vs. oil removal 

 

Figures (4-39) and (4-40) show the contribution of the ionic liquid to the 

COD and TOC, respectively. These two graphs can be used for future works 

in order to have an estimate for the amount of COD or TOC at different 

concentrations.  

 

 

Figure 4-39. IL- COD contribution vs. IL dosage 
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Figure 4-40. TOC contribution vs. IL dosage 
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4.5. Different flotation times  

Figures (4-41) and (4-42) display two types of flocs which were produced 

in DAF experiments for two different flotation times. Figure (4-41) was taken 

after a flotation time of 20 minutes (before taking sample) and figure (4-42) 

was taken for a flotation time of 40 minutes. As can be seen in figure (4-42), 

flocs were bigger and the removal efficiency could be increased by extending 

the flotation time, Sohn et al. (2009) reached the same conclusion.  

 

 

Figure 4-41. Floc size, right after flotation time 
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Figure 4-42. Floc size, 40 minutes after flotation time  

 

Error sources should have to be taken into account, because in some 

cases may have been resulted into inaccurate measurement. The possible 

error sources were:  

 Oil content analyzer cell could not be cleaned thoroughly by one time 

cleaning with the S-316 and needed to be cleaned several times, 

therefore experiment took more time. Consequently, COD, turbidity 

and TOC could be affected by time. 

 The last measured parameter in each set of experiment was turbidity. 

By assessing the results for turbidity removal in comparison with COD 

or TOC removal, it was clear that, time was an important factor, as the 

removal efficiency of turbidity was higher than the two others. It should 

be noted, that because the used emulsion was in the unstable stage, 

the oil droplets could move toward the emulsion surface with time and 

be separated from the emulsion.  
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 TOC device should be calibrated bi-weekly for more accurate results 

(factory recommendation was two months, which was not acceptable). 
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CHAPTER 5: CONCLUSIONS 

In these set of experiments, five chemicals were selected as coagulants. 

Experimental conditions such as rapid/slow mixing time and rpm, recycle ratio 

and flotation time were kept the same for all coagulants. Furthermore, 

ultrapure water was used to minimize the error sources (fluctuation). Several 

parameters such as oil content, chemical oxygen demand, turbidity, zeta 

potential, oil droplet size, total organic carbon, pH and total dissolved solid 

were measured for each experiment.  

In most of the previous studies, only a couple of concentrations of the 

coagulant were used. However, in the current research, a large number of 

possible concentrations of the coagulants were used to find the optimum 

removal efficiencies.  

In these experiments it was concluded that higher recycle pressure could 

give higher removal efficiency contrary to the results published by Multon and 

Viraragavan (2008), in different conditions. 

All coagulants could decrease the oil content below 30 mg/l (discharge 

standard) except 1-methyl-3-octylyimidazolium tetrafluoroborate and 1-butyl-

3-methylimidazalium bis(trifluoromethylsulfonyl)imide. It should be noted that 

the minimum residual oil content for 1-methyl-3-octylyimidazolium 

tetrafluoroborate was very close to 30 mg/l (31.2mg/l).  

The highest oil removal efficiency for alum was 93.83% with a 

concentration of 40 mg/l at 90 psi pressure. In addition, COD, turbidity and 

TOC removal related to 40 mg/ were 94.03%, 96.36% and 93.11 %, 

respectively. Among the four ionic liquids, the highest oil removal was 
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93.26% for 1-methyl-3-octylimidazolium hexafluorophosphate at 450 mg/l and 

the related COD, turbidity and TOC removal were 90.97%, 95.15% and 

92.54%, respectively. For 1-methyl-3-octylyimidazolium tetrafluoroborate, the 

maximum oil removal, COD, turbidity and TOC were 88.01%, 88.33%, 

91.92% and 87.32% with a concentration of 350 mg/l at 90 psi pressure, 

respectively. In addition, results for PF6 and BF4 followed the same trends of 

results published by Guzman-Lucero et al. (2010). In other words, PF6 in both 

studies showed higher efficiencies. 

The maximum oil, COD, turbidity and TOC removal efficiency results for 1-

dodecyl-3-methylimidazolium chloride were 90.46%, 90.86%, 92.93% and 

90.81%, respectively. Moreover, experiments for 1-butyl-3-methylimidazalium 

bis(trifluoromethylsulfonyl)imide showed that, this ionic liquid is not suitable 

for dissolved air flotation technique, as it was an anionic ionic liquid and 

pushed the emulsion towards the stable region (zeta potential below -30 mV). 

Consequently, oil droplets could not be removed by DAF. On the other hand, 

1-dodecyl-3-methylimidazolium chloride was a strong cationic ionic liquid 

which could neutralize charges in the emulsion faster than all others. 

Zeinolabedini Hezva et al. (2013), in a different study, also reached the same 

conclusion.  

Charge reversal happened at low concentration of 1-dodecyl-3-

methylimidazolium chloride, which proved that this ionic liquid was stronger 

than the rest of the ionic liquids in terms of charge neutralization.  

After analysis of the results for all of the coagulants, it can be concluded 

that oil removal has a linear relation with COD, turbidity and TOC removal, 

because oil was the only source for COD, turbidity and TOC, leading to high 



97 
 

R2 in regression analysis. Finally, it is important to note that ionic liquids are 

green solvents (environmentally friendly) and a good replacement to  

aluminum sulphate even when used with higher concentration. In the Safety 

data sheet of aluminum sulphate, it is mentioned that its release in the 

environment should be avoided.  
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CHAPTER 6: RECOMMENDATIONS  

The following recommendations are suggested:  

 Analysis of the zeta potential behavior at different pH values for 

different ionic liquids; 

 Applying dissolved air flotation technique for different oil content using 

different ionic liquids; 

 Preparing brine with different salts; 

 Comparing the effect of different type of brine (different salts) on zeta 

potential and oil removal efficiency with various ionic liquids; 

 Working with different rapid/slow mixing times, speeds, flotation times 

and recycle ratios; 

 Preparing synthetic produced water with different mixing times and 

rpm; 

 Performing experiments with different real produced waters; 

 For the emulsion with high oil content it is better to use 1-dodecyl-3-

methylimidazolium chloride, as it was strong cationic ionic liquid; 

 Using organoclay (adsorption) with ionic liquid; 

 Calibrate the TOD device every 2 or 3 weeks. 
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