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Abstract 

 

Global demand of energy is increasing due to population growth and industrial 

development. There will be an increase of 56 % in energy consumption between 2010 

and 2040 from 524 quadrillion Btu to 630 quadrillion Btu (IEO, 2013). However the 

production process generates a large quantity of produced water (PW) which consists also 

of toxic, persistent and carcinogenic constituents.  

In this research, organoclay adsorption in stirred tank was integrated with 

Dissolved Air Floatation (DAF) for the treatment of synthetic produced water. 

Experiments were divided into four sections: Control Experiments (only DAF), 

Screening Experiments (Screening of OC from Jenfitch LLC, Ecologix environmental 

systems and Clear creek systems Inc), Optimization Experiments (OC adsorption as pre-

treatment for DAF), and Optimization Experiments (OC adsorption as post-treatment for 

DAF). 

Results of control experiments indicate that the oil removal for 10 % and 20 % 

recycle ratios (RRs) were 88 and 84 mg/l as compared to the feed of 196 mg/l. Therefore, 

DAF alone is not able to remove oil constituents below the discharge limits. In the 

screening experiments, OC from Jenfitch LLC shows the best results in terms of oil, 

turbidity, COD and TOC removal reaching 93.3, 99.3, 88.4 and 96 %, respectively.  

Optimization experiments with this organoclay were done with different doses. 

For each dose, the recycle ratio was varied from 10 to 20 %, in order to determine the 

optimum combination of organoclay dose and recycle ratio. Performances of 

optimization experiments were much better than the control experiments in which only 
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DAF was used. The oil contents were below the discharge limits in all the optimization 

experiments ranging from 25.3 to 1.8 mg/l with OC adsorption as pre-treatment for DAF, 

and 16.2 to 0.2 mg/l with OC adsorption as post treatment for DAF. Therefore, results for 

the optimization experiments with OC adsorption as post treatment to DAF were better 

than those for the pretreatment experiments. Removal percentages were 91.7, 96.8, 83.6 

and 88.6 % for oil, turbidity, COD and TOC, respectively at an organoclay dose of 100 

mg/l and a recycle ratio of 10 %.  
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CHAPTER 1: INTRODUCTION 

1.1. Background 

Global demand of energy is increasing due to population growth and industrial 

development. Oil and gas are the major source of energy. Although renewable resources 

are fastest growing energy resources, however fossil fuels will continue to supply almost 

80 % of the world energy through 2040 (IEO, 2013). There will be an increase of 56 % in 

energy consumption between 2010 and 2040 from 524 quadrillion Btu to 630 quadrillion 

Btu (IEO, 2013). Oil and gas companies are pushing the limits of exploration and 

extraction in order to keep pace with ever increasing demand of energy. World proved oil 

and gas reserve in 2013 were estimated to be 1645.984 billion barrels and 6845.572 

trillion cubic feet respectively (EIA - International energy statistics, 2014). Figure 1.1 

shows the energy consumption in the world according to type of fuel from 1990 to 2040.  

 

Figure 1.1:  World energy consumption from 1990 to 2040 by fuel type 

 (Source:   International Energy Outlook, 2013, DOE/EIA-0484) 
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It is seen that there will be increase in consumption of oil and gas resources. 

Demand of consumption can be fulfilled by increasing the supply through production. 

However production process generates a large quantity of produced water (PW).  

Produced water contains a mixture of hydrocarbons, oil, salts, suspended solids, injected 

chemicals etc. These constituents are toxic, carcinogenic and persistent. If produced 

water is discharged untreated then it can pollute surface and underground water, degrade 

soil, deplete oxygen in aquatic environments which ultimately leads to harmful effects on 

living organisms and human health (Guerra et al., 2011). Therefore PW needs to be 

treated before discharge to protect the environment.  

Management and treatment of PW is a major challenge to oil and gas companies. 

PW is the largest waste generated during oil and gas production. Global generation 

volume of PW was estimated as 77 billion bbl annually (Khatib and Verbeek, 2003). 

Worldwide cost of treatment was estimated as 40 billion dollars annually (Mastouri et al., 

2010). Cost effective and efficient treatment will lead to reduction in millions of dollars 

when large quantities of PW are considered.  Various physical, chemical and biological 

methods are employed to treat PW up to discharge limits. 

Dissolved air floatation (DAF) is a conventional technology commonly used for 

the treatment of produced water. It is a physical process of removing the suspended 

particles from liquid by the addition of micro bubbles that brings the particles to the 

surface of the liquid due to their reduced density (Al-Shamrani et al., 2002). DAF is 

effective in removing low density particles, treating high volume of water and 

operationally reliable. However DAF alone is not sufficient to bring oil concentration 
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below discharge limits. Therefore it is integrated with other technologies to get 

satisfactory results (Younker and Walsh, 2014). 

Organoclay adsorption is an effective technology for the removal of oil from oily 

wastewater. Organoclay is clay whose surface nature is changed from hydrophilic to 

organophilic by cationic exchange process, after which it can sorb organic compounds 

from water. It is a low cost alternative adsorbent as compared to activated carbon and 

removes oil from water at seven times the rate as activated carbon does (Alther, 2001). 

OC is selected as a medium of adsorption because of low cost, availability in abundance 

and effectiveness in removing oil from Produced water (Moazed, 2000; Jaji, 2012). 

OC adsorption is generally employed in a fixed column. Little research has been 

done on DAF integrated with OC adsorption in stirred tank. Removal of oil and grease up 

to 78.1% has been achieved with OC dose of 300 mg/l in stirred tank reactor as 

pretreatment for DAF (Jaji, 2012). In this research study, OC adsorption is used as 

pretreatment as well as post treatment to DAF for the treatment of synthetic produced 

water.  

1.2. Objectives 

The objectives of this research are as follows:        

 Optimize the treatment of produced water using organoclay adsorption as a 

pretreatment as well as post treatment for Dissolved Air Floatation (DAF).  

 Understand the impact of operating parameters such as organoclay dose and 

recycle ratio on treatment of produced water. 
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 Determine the effect on different variables such as zeta potential, oil content, 

turbidity, oil droplet size, salinity, conductivity, total dissolved solids (TDS), 

total organic carbon (TOC), total carbon (TC), inorganic carbon (IC), 

chemical oxygen demand (COD) and pH of the efficiency of the treatment 

process.  

1.3. Scope 

        The scope of the research includes following tasks: 

 Conduct a comprehensive literature review related to produced water 

characteristics, treatment technologies, dissolved air floatation, organoclay 

adsorption and evaluate different commercially available produced water 

treatment technologies. 

 Prepare synthetic produced water by calculating and dissolving various 

amounts of different salts and mixing oil such that its properties become 

similar to the average properties of field produced water. 

 Use state of art instruments to characterize the water – oil systems including 

the Malvern Zetasizer Nano ZS, Malvern Mastersizer, HORIBA Oil content 

analyzer, Shimadzu TOC analyzer, HANNA Turbidity meter, HACH reactor 

and spectrophotometer.  

 Design experiments and establish conditions for evaluating and understanding 

impact of different parameters on efficiency of treatment. 

 Screen the organoclay from different companies on the basis of performance 

in terms of oil and turbidity removal. 
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 Perform experiments on dissolved air floatation and organoclay adsorption as 

pretreatment and post treatment and compare results of both experiments.  

1.4. Potential Benefits    

Potential benefits can be:                                                                                                                                                                                                                                                                                                                                   

 Reduction of the environmental impact by improving the quality of produced 

water. 

 Reduction in the overall cost associated with treating produced water.  

 Minimization of energy used for treatment due to process efficiency 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Produced Water 

Produced water (PW) is a wastewater generated during the oil and gas production 

process. It is produced to the surface along with oil and gas (Sumi, 2005). It is also called 

saltwater, associated water or brine (Clark and Veil, 2009). It constitutes the largest waste 

stream associated with oil and gas industries. Global generation volume of PW was 

estimated as 77 billion bbl annually (Khatib and Verbeek, 2003), and the global cost of 

treatment was estimated as 40 billion dollars annually (Mastouri, 2010). 

Produced water may be a natural formation water, condensed water and flowback 

water. Formation water is the water trapped in oil and gas reservoir between the layers of 

impermeable rocks and brought to the surface along with oil and gas (Collins, 1975). 

Condensed water is the water that is in a vapor phase in the reservoir but condenses to 

liquid phase in the production separation system (Clark and Veil, 2009). Flowback water 

is the water that is injected into the formation and returned to the surface during oil and 

natural gas extraction (Veil et al., 2004; Neff, 2002). 

Water is an ingredient as well as a byproduct of oil and gas production process. It 

is used for hydraulic fracturing, drilling and enhanced oil recovery. It is co-generated 

along with oil and gas, and therefore plays an important role in oil and gas production 

(NPC, 2011). 

2.1.1. Characteristics of produced water  

Produced water is a complex mixture of organic as well as inorganic materials 

(Ahmadun et al., 2009). Its characteristics (physical and chemical) vary from one region 
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to region depending upon the geographical location of field, geological characteristics of 

reservoir, and the type of hydrocarbon being produced (Neff et al., 2011; Benko and 

Drewes, 2008).  Its characteristics also vary from time to time, and upon the well depth in 

the same region. Therefore, its composition varies highly (Hayes and Arthur, 2004). 

Properties of produced water from oil fields are different from natural gas fields. 

Similarly properties of produced water from coal bed methane are different from both oil 

and natural gas fields (Clark and Veil, 2009). Major constituents of PW are as follows: 

 Salts - mainly chlorides and sulfides of calcium, magnesium and sodium (Sumi, 

2005). Sodium and chloride are the most abundant ions. Salt contents can be 

expressed by total dissolved solids, salinity and electrical conductivity. Salinity of 

PW is generally higher than ocean water. 

 Oil compounds – mainly hydrocarbons, dissolved organic compounds, polar 

organic compounds (phenol, aldehyde), non-polar organics (aromatic, aliphatic), 

organic acids, dissolved oil, dispersed oil etc (Stephenson, 1992). Oil and grease 

are the most important constituents of offshore as well as onshore produced water. 

Oil is present in many forms such as free oil, physically emulsified, chemically 

emulsified, dissolved, and oil wet solids (Alther, 2001). 

 Metals - Iron, nickel, lead, copper, zinc, manganese, chromium, barium, mercury 

etc. (Mingazetdinov, 2012; Hansen and Davies, 1994). Metals can be in dissolved 

or in micro particulate form. Some metals precipitate by exposition to the 

atmosphere. 
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 Chemical additives – additives are chemicals that are added in wells during 

drilling, fracturing and operation e.g. biocides, corrosion inhibitors, scale 

inhibitors, and emulsion breakers. Most of these chemicals are soluble in water. 

 Naturally occurring radioactive material - Radium-226 and Radium-228 are 

the most abundant ones (Utvik, 2003). Radium is derived from uranium and 

thorium. 

 Suspended solids - Formation solids, bacteria, waxes, sand, silt etc. Few 

organisms survive in PW due to its toxic nature. These solids can corrode 

equipments and pipes (Veil et al., 2004). 

 Dissolved gases - Some of the common gases that are dissolved in PW are O2, 

CO2, and H2S (Hansen and Davies, 1994).   

2.1.2. Produced water volume 

PW is the largest waste generated by the oil and gas production process. On 

average, PW volume produced is greater than that of hydrocarbon. The ratio of produced 

water to oil varies from 0 to 50. Ratio of water to gas is higher than water to oil. On 

average, 3 barrels of PW are generated for every barrel of oil globally (Khatib and 

Verbeek, 2003). It was estimated that 210 million barrels of oil were generated each day 

globally, leading to an annual production of 77 billion bbl (Khatib and Verbeek, 2003). In 

offshore oil and gas fields, about 667 million metric tons of produced water was 

estimated to be discharged throughout the world in 2003. PW volumes are predicted to 

increase by 32% by 2025 (Clarke and veil, 2009).  

At the initial production life of a well, produced water generation is low while oil 

generation is high. With time, PW generation becomes high. A time will come when PW 
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generation is so high that its management cost exceeds the oil cost. At that time, 

production is stopped and the well is closed. Generally there is an inverse relation 

between water and oil production. 

2.1.3. Cost of treatment 

PW management is a major challenge to oil and gas companies. The best 

management practice will be the one that has the least effect on the environment, and 

keeps costs to the minimum to the operator (Burnett and Siddiqui, 2006). Management 

cost of PW varies. PW treatment cost was estimated to be around 40 billion dollars a year 

(Mastouri, 2010). Disposal costs generally ranged between $0.30/bbl and $10/bbl. 

However, the overall disposal cost may reach $105/bbl depending upon the disposal 

method (RPSEA, 2009). Management cost is high in some situations particularly when 

water needs to be hauled long distances. The cost of treating PW to reach agricultural 

water standard is about $0.5  to 1.5/bbl (Burnett and Siddiqui, 2006).  

2.1.4. Need to treat PW 

1. Environmental hazard 

PW is a mixture of HC, dissolved solids, suspended solids, sand, silt and injected 

chemicals. Most of these constituents are toxic, persistent and carcinogenic (Wake, 

2005; Mrayyana and Battikhi, 2005). Discharging produced water untreated can 

pollute surface and underground water resources, degrade soil and destruct landscape, 

affect drinking water and crop production, deplete oxygen in aquatic environment, 

threaten ecosystem and human health (Otton, 2006). 
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The discharging PW with high organic matter in water results in the depletion of 

oxygen that is essential for aquatic life. Water requires 2 mg/l of dissolved oxygen to 

support normal life (Attiogbe et al., 2007). Discharging PW leads to the 

decomposition of organic matter from bacteria by consuming excess air, unbalancing 

the oxygen dissolved naturally from air and oxygen depletion (Attiogbe et al., 2007), 

thus endangering aquatic species. 

Monocyclic and polycyclic aromatic hydrocarbons raise ecotoxicological issues. 

They can damage DNA, induce biotransformation and disrupt hormones thus 

affecting growth. Phenolic compounds are hazardous, persistent, stable and 

bioaccumulate in the environment.      

High sodium level causes poor soil structure, inhibits water infiltration in soil, 

prevents uptake of calcium, potassium and magnesium by plant roots that are 

essential for growth of plant, thus inhibiting plant growth (Davis, Waskom et al. 

2007). 

Discharging PW untreated in the environment is harmful for living organisms and 

affects human health through distribution chain. The ecosystem is therefore disrupted, 

and treatment is vital for protecting the environment. 

2. Regulations and discharge limits 

For offshore PW discharge, salinity is not a parameter of concern because ocean 

already contains large amount of salt and dilution takes place. However oil and grease 

content is a concern and is regulated. For onshore PW discharge, both salts and oil 

contents are parameters of concern, and are therefore regulated (NPC, 2011). 
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Different countries have imposed different limits of oil and grease. According to 

the Canadian offshore water treatment guidelines, for 30 day volume weighted 

average oil in water concentration in discharge, produced water should not exceed 30 

mg/l, and 24 hour oil in water concentration in the discharged produced water should 

not exceed 44 mg/l (NEB, CNSOPB and C-NLOPB, 2010). Limits of oil in water of 

some countries are presented in Table 2.1. 

Table 2.1:   Oil in water limits of some countries 

Country Legal basis Oil in water limit 

Canada Act RSC 1987 40 mg/l avg.   80 mg/l max  

China GB 4914-85 30-50 mg/l avg.   75 mg/l max 

USA 40 CFR 435 29 mg/l avg.   42 mg/l max 

UK OSPAR Convention 40 mg/l avg.   100 mg/l max 

UAE KUWAIT Convention 40 mg/l avg.   100 mg/l max 

(Source:   Jones et al., 2002) 

3. Water scarcity 

Water demand is increasing due to the population growth, industrial boost up and 

economic development. Pressure on existing fresh water sources is increasing day by 

day. Large amount of water is diverted from water bodies for oil and gas production. 

Shortage of water will be a problem especially in arid regions. Reclaiming PW for 

beneficial use is one of the emerging management options. Reclaimed produced water 

can be used in industry, agriculture, and for domestic purposes. 
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2.1.5. PW Management 

Little effort was consecrated for managing PW from oil and gas production in 

early years. Gravity separation was the only treatment method at that time. Water 

flooding was done in some arid areas by re-injecting PW to increase production of oil and 

gas reservoirs (Thakur and Satter, 1998). Excess PW was disposed into other non-

hydrocarbon formation. Injection became a major method for management (API, 2000). 

In offshore applications, PW was directly discharged into the ocean after an initial 

separation of oil and water. 

Environmental awareness led to the establishment of regulations. Earliest 

regulatory approach for discharging PW was established by Environmental Protection 

Agency (EPA) in 1974. EPA has described the best available technology economically 

available (BAT) for proposing appropriate effluent limitations.  

It was realized that PW can be used for other purposes by recycling. This led to 

the adoption of more advanced treatment technologies including reverse osmosis, ion 

exchange and thermal treatment in the late 1990s. Nowadays, research is focused on the 

reduction in energy inputs, treatment cost and air emissions. Strategies for managing PW 

classified according to priority (NPC, 2011; Igwe et al., 2013) are as follows:  

1. Minimization 

Minimization is the reduction in the amount of produced water generation. It 

is the best management option as compared to others, and can be achieved by: 
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 Mechanical blocking devices in wells to reduce the volume of water entering 

the well. They can be used in new wells, however they are difficult to install 

in existing wells 

 Using other materials as substitute for water in frac fluids, like CO2, nitrogen, 

and gel in place of water. They can minimize the water volume; however they 

can also be ineffective and costly. 

2. Recycle/Reuse 

Recycling is the treatment of PW in order to make it reusable. Reuse is to use 

again for some purpose. It can be achieved by: 

 Re-injection into wells for enhanced oil recovery: It is a low cost strategy and 

one of the most adopted strategies, but needs compatibility with the receiving 

formation. 

 Use water for agricultural purposes like irrigation, livestock watering, 

aquaculture, and hydroponic vegetation: It is better for arid areas but requires 

much treatment to ensure that water is clean enough, and avoid impacts on 

plants and animals. Salinity and sodicity are the most major problems 

associated with PW for agricultural purposes. 

 Use for industrial purposes such as cooling agent in power plants, washing 

vehicle, fire fighting, minerals extraction, working fluid in geothermal energy 

production: It is a good source of water supply but requires collection, storage 

and transportation facilities. It may require treatment to achieve operational 

specifications. 



14 
 

 Treat to use for drinking purposes: It can be a source of water supply for 

communities in arid areas but requires a lot of energy and a high cost of 

treatment. 

 Injection into aquifer for storage and future water use. It is a great option if 

possible. 

3. Disposal 

It is the last option for managing PW (Veil, 2007). This option is implemented 

if options 1 and 2 are not effective for managing PW. It can be achieved by: 

 Discharging into the water bodies after some treatment: It is common practice 

for offshore facilities but not for onshore facilities 

 Evaporation in ponds: This method takes advantage of natural conditions like 

wind and heat but creates salt deposition problems, water fouling and cannot 

be adopted in humid climates. 

 Commercially disposing offsite: It removes the burden for managing PW from 

the operator but requires an infrastructure for transportation and disposal and 

is expensive.  It may be adopted by small producers who find construction and 

operation of onsite facility more costly then offsite disposal. 

2.1.6. Treatment Technologies 

Brief review of some common commercial technologies for PW treatment based 

on type of constituent removed are as follows: 

2.1.6.1. Technologies for removing oil from water 

1. Physical separation  
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Physical separation is used for separating free and bulk oil from water but 

does not remove dissolved oil. Some common methods are (Mastouri et al., 

2010): 

 Gravity separation – Gravity separations are the simplest method of separating oil 

from water, and includes retention ponds, skimmer tanks, disposal piles etc.  

 Enhanced gravity separation – Artificial gravitational force is employed to 

enhance separation, and includes hydrocyclones and centrifuges.  

 Coalescence – Involves separation of oil under the force of gravity enhanced by 

flocculation on plates and coalescers, and includes parallel plates, corrugated 

plates, cross plates, free flow turbulent coalescers etc.  

2. Adsorption  

The aim is to utilize adsorption media to adsorb contaminants from 

wastewater. General adsorbents are activated carbon, organoclay, zeolite, 

copolymers etc. This technology is cheap, utilizes compact units and generally is 

used as a polishing step, however, it generates large quantity of sludge and is less 

efficient for highly concentrated influents.  

3. Floatation   

It involves the introduction of gas bubbles that adheres with the oil 

particles and float to the surface. One of the most widely used technologies for 

treatment of PW is Dissolved air floatation (Hayes and Arthur, 2004; Casaday, 

1993).  

4. Coagulation  
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Coagulation is the destabilization of colloidal and organic particles by the 

addition of a coagulant. Aluminum and ferric salts are generally used as 

coagulants (Guerra et al., 2011).  

5. Biological treatment   

Biological treatment utilizes biological agents (Bacteria, fungi, 

microorganisms etc) for removing pollutants from wastewater. It includes 

stabilization ponds, constructed wetlands, trickling filters, and activated sludge, 

etc.  

2.1.6.2. Technologies for removing salts from water 

1. Membrane filtration  

Membrane technology uses porous material for physically removing 

contaminant from wastewater by entrapping. The driving force is pressure, 

concentration gradient or electric field. It includes Microfiltration, Ultrafiltration, 

Nanofiltration, Reverse Osmosis, Forward Osmosis and Electrodialysis.  

2. Thermal treatment  

In thermal treatments, heating is utilized either by the sun or any external 

source to vaporize water. The vaporized water can be condensed to get pure water 

while the remaining stream consists of highly concentrated salt water solution. It 

includes evaporation ponds, multiple effect evaporators, rapid spray evaporators, 

freeze thaw evaporators, and distillators.  

3. Ion exchange  

In this method, resins having fixed ions are brought in contact with 

wastewater having mobile ions and replacement of similarly charged ions takes 
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place (Lefebvre and Moletta, 2006). Resins may be naturally occurring zeolite or 

synthetically prepared.  

4. Capacitive deionization  

It is a new technology in the development stage (Arthur et al., 2005). 

Wastewater is passed through carbon electrodes of high surface area and constant 

voltage is applied through electrodes. The ions and charged particles are attracted 

and collected on the electrodes of opposite charge.  

2.2. Adsorption 

Adsorption is the increase in concentration of particular substances at the 

interface of the two different phases (Faust and Aly, 1983). The solid that provides the 

surface for accumulation of particles is called the adsorbent, the particles (pollutants) that 

adhere on the solid surface are called the adsorbate, and the interface on which adsorption 

takes place is called the adsorption space (Qazi, 2010; Ali and Gupta, 2007). Adsorption 

is used on an industrial scale for the separation, purification, recovery of mixtures, 

chemicals, liquid and gas media (Dabrowski, 2001). The adsorption depends upon many 

factors like temperature, pH, contact time, presence of other pollutant, nature and 

concentration of adsorbent and adsorbate. 

There are four stages in the adsorption process (Dabrowski, 2001). The first stage 

is called external diffusion in which particles/molecules diffuse from bulk phase in to 

interface. The second stage is called internal diffusion in which particles/molecules 

diffuse inside the pores. The third stage is called surface diffusion in which particles 

diffuse on the surface. The fourth stage is called equilibrium stage in which the number 

of particles entering the interface (adsorption) becomes equal to the number of particles 
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leaving the interface (desorption). Controlling factors of adsorption are interaction 

between adsorbent and adsorbate, interaction between adsorbent and solvent (Alther et 

al., 1998). 

Adsorbents are of many types including natural organic (Straw, cotton fibres, peat 

moss, sawdust etc), natural inorganic (Clay, sand, vermiculite, zeolite etc) and synthetic 

(Polymers, Polystyrene, silica gel, activated carbon, Organoclay etc). Some important 

characteristics that make adsorbents attractive are adsorption capacity, selectivity, 

Regenerability, kinetics and cost. 

2.2.1. Adsorption Types 

1. Physical adsorption 

Accumulation of particles on a surface due to van der Waals forces is 

called physical adsorption (Jaji, 2012) or also physisorption. Multilayers are 

formed on the adsorbent, and the process is reversible. The forces of attraction 

between adsorbent and adsorbate are small (Jorge et al., 2012).  

2. Chemical adsorption 

Accumulation of particles on the surface due to chemical forces (by the 

exchange of electrons) is called chemical adsorption or chemisorption. A single 

layer is formed on the surface and the process is irreversible. The forces of 

attraction between adsorbent and adsorbate are large (Jorge et al., 2012).   

2.2.2. Organoclay 

Organoclay is clay whose surface nature is changed from hydrophilic to 

organophilic by cationic exchange process, after then it can sorb organic compounds 
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from water. Organoclays have the ability to adsorb large amount of organic particles 

(Rytwo et al., 2007; Rytwo and Gonen, 2006). They are much better for adsorbing large 

organic molecules as compared to activated carbon because large molecules make micro 

pores ineffective by blinding macro pores space from the outer surface (Speed et al., 

1987; Beall, 2003).  

2.2.3. Preparation of OC 

OC’s were prepared from clay that belongs to the smectite group. The properties of 

clay that makes it an ideal starting material for the preparation of sorbents were the large 

surface area and surface charge. Bentonite is generally used for the preparation of OC 

because of its high cationic exchange capacity (Betega et al., 2008; Gonzaga et al., 2007). 

Bentonite is composed of Montmorillonite clay, and is modified with quaternary amine 

by ion exchange process.  

OC is prepared by either by solid state reaction or cation exchange reaction (Piava et 

al., 2008). In Cation exchange reaction exchange of ions takes place between the two 

substances, generally, from solution to the solid particle. In case of OC synthesis, 

exchange of quaternary alkylammonium cations with interlayer cation of clay mineral 

takes place in an aqueous solution. Solid state reaction also called as dry media reaction 

as reaction takes place without any solvent. For preparing OC, intercalation of organic 

molecules takes place in dry clay mineral.  

2.2.4. Principle of OC Adsorption  

Organoclay adsorption is based on a partitioning mechanism (Beall, 2003). The 

introduction of OC in water activates the quaternary amine. Partitioning of organic 
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particles takes place between the bulk phase and clay palette. As like particles attract like 

particles, the oleophilic end of the amine attracts the organic particles from the water. 

Water is composed of polar molecules, while oil is composed of non polar and neutral 

molecules, so oil does not dissolve in water (Alther, 2002). The partitioning coefficient 

can be determined by following equation:   

 

   
      

      
                                                     

Where, 

    = Partitioning coefficient 

    = Concentration of adsorbate sorbed on adsorbent 

   = Concentration of adsorbate in water 

    = Mass of Organoclay 

    = Volume of solution 

2.2.5. Management of spent OC 

OC after saturation with organic compounds can be managed by following ways: 

1. Land farming 

Land farming is a bioremediation technique in which petroleum hydrocarbons 

are degraded by micro organisms in soil. The spent OC is mixed in top layer of soil. 

Enhancement can be achieved by adding nutrients and water, and pulverizing 
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regularly for aeration (McCarthy et al., 2004).  Various microorganisms especially 

bacteria use organic compounds from spent OC for growth and metabolic activities. 

Success of degradation by land farming depends upon soil characteristics, climate and 

type of constituents. It is cost competitive method and requires a cost of $30 - 60 / ton 

of contaminated soil (EPA, 1994). It may require leachate collection and air control 

system. 

2. Energy production 

Spent OC can be used as heat source. The typical range of BTU value of spent 

Organoclay is 9800 – 15000 (CETCO, 2012). The calorific value of spent OC is 

found as 18992 kJ (Alther, 1996). This value is as high as calorific value of heavy 

fuel oil. Therefore spent OC can be used in incineration plants as fuel.  

3. Land filling   

Landfill is a site where waste is disposed by burying in to the ground. Waste is 

decomposed, naturally, by microorganisms. Spent OC can be disposed in landfills as 

it is least expensive disposal method, however it may not be liable for long terms 

(Healy, 1993).  

4. Regeneration   

OC can be regenerated after saturation. Various regeneration methods are as 

follows 

 Biological degradation – Sorbed organic pollutants are degraded by microbes 

(bacteria, yeast etc). Some micro organisms directly degrade organic matter. 
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Some microorganisms are capable of complete degradation of organic matter 

(Witthuhn et al., 2005a, b and 2006). Cost is low but regeneration time is 

high.  

 Photo assisted oxidation – Photo catalyst and photo sensitizers are either 

added in the spent OC suspension or incorporated in OC interlayer’s to 

degrade organic matter. It is a quick process of regeneration. However, it 

requires light to activate the photo catalysts or photo sensitizers (Zhu et al., 

2009). 

 Chemical extraction – Organic solvents extract organic matter from the spent 

organoclay. Acetone is commonly used organic solvent used for the 

extraction. NaOH solution can also effectively remove phenol from spent OC 

(Yang et al., 2003). 

 Thermal desorption – Heating of spent OC at high temperature to desorp 

organic matter. This method is effective for desorption of volatile organic 

pollutants. 200
0
C is suggested as an optimum temperature (Lin and Cheng, 

2002). 

2.2.6. Oil removal by OC 

OC have property of selectively adsorb oil particles from water which makes 

them practicable for using as oil sorbents (Carmody et al., 2007).  Organoclays were able 

to remove free hydrocarbons completely from wastewater (Doyle and brown, 2000; Man-

cli et al., 1996). They have high adsorption capacity, efficient for removal of dispersed 

and insoluble hydrocarbons and do not desorb (Doyle and brown, 2000). They have 

ability to remove chlorinated and volatile organic compounds efficiently (Alther, 1996a). 
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OC was found as superior as compared to any other water treatment technology for oily 

wastewater (Beall, 2003). 

Efficiency of adsorption depends upon solubility of compound in water. Decrease 

in solubility of compound in water increase the adsorption (Cadena, 1989). Bentonite 

organoclay can remove 90 % of organic compounds having the solubility of less than 200 

mg/l in water (Healy 1993). Sorption capacity of OC also depends upon the nature of 

material or surfactant used during preparation. Sodium Montmorillonite clay modified 

with dodecyldimethylammonium bromide show hydrocarbon removing capacity of 7.2 g 

of diesel, 2.2 g of hydraulic oil and 2.1 g of engine oil per g. Similarly Na- 

Montmorillonite clay modified with di dimethylammonium chloride show hydrocarbon 

removing capacity of 5.2 g of diesel, 3.6 g of hydraulic oil and 3.6 g of engine oil per g 

(Carmody et al., 2007). 

Organic substance such as phenol and benzene, toluene, ethylbenzene, xylene 

(BTEX) compounds found in petroleum derivatives can also be removed by organophilic 

clays (Cavalcanti et al., 2012). Tetramethylammonium (TMA) bentonite was found to 

remove benzene up to 60 % of its cationic exchange capacity (Cadena, 1989). OC was 

suggested to used as liners around waste disposal reservoirs for controlling pollution of 

petroleum contaminated waters due to greater affinity for BTEX compounds 

(Sharmasarkar et al., 1999). 

OC was found better than activated carbon for removing oil. Activated carbon 

experience the problem of pores blinding by large oil particles which makes them 

ineffective (Alther, 2002). OC is able to absorb soluble organics up to 60 % of its weight 
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or even more, however activated carbon can absorb organic constituents up to 6 % or less 

of its weight (Healy, 1993). Adsorption by activated carbon is a non selective process. As 

compared to activated carbon OC can remove mechanically emulsified oil and grease at a 

rate of 5 – 7 times (Alther, 1996).  Advantages of OC over activated carbon were 

selectivity and low cost (Cadena, 1989). 

Oil removal of 89 % by powdered organoclay in batch adsorption from produced 

water has been achieved (Moazed and Viraraghavan, 2005). Oil removal range of 19 – 98 

% for bentonite, 30 – 100 % for powdered organoclay and 66 – 98 % for organoclay-

anthracite mixture was found in batch isotherm tests (Moazed, 2000). 

A study was done using adsorption with OC as pretreatment for DAF which 

reduce the oil concentration as low as 15 + 1.2 ml/l from initial concentration of 100 mg/l 

(Younker and Walsh, 2014). Optimum conditions were found as 300 mg/l OC dose, 10 

minute mixing time and pH 8 for removing 78.1 % oil to improve DAF performance 

(Jaji, 2012).  

2.3. Floatation 

Gas floatation is a technique of separating solid and immiscible liquid particles from 

the liquid phase by the injection of fine gas bubbles. Particles are attached to the bubbles 

and float on the surface due to the reduced density. Floatation is an effective method for 

separating particles that have low settling velocity (Armenante, 1997). Floatation consists 

of 4 basic steps (Wang, 1985; Shammas et al., 2010): 

1. Generation of bubbles in wastewater 

2. Contact of gas bubbles with oil and suspended solids 
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3. Attachment of oil and suspended particles with gas bubbles  

4. Rise of gas bubbles with attached oil and suspended solids to the surface 

2.3.1. Types of floatation 

There are four types of floatation systems. Dissolved air floatation and induced air 

floatation are used commercially for water treatment and mineral extraction. 

1. Dissolved gas floatation 

 It is also called as pressurized gas floatation where an external 

compressor is used for pressurizing the air. In this technique, pre saturated air 

water mixture is introduced into wastewater which cause the formation of bubbles 

due to decrease in pressure. Bubbles are smaller in size about 30 – 100 µm 

(Bratby and Marais, 1977). 

2. Induced gas floatation  

It is also called dispersed gas floatation where air is generated and 

introduced into the stream by using hydraulic inductor or mechanical pump. 

Bubbles of large size (700 - 1500 µm) are produced in this type of floatation 

(Rubio et al., 2002). Detention times are small, generally 5 min or less. 

Centrifugal force is utilized in this technology. 

3. Electro floatation  

Bubbles are generated by electrolysis of aqueous solution. Electrodes are 

immersed in wastewater and voltage is applied across electrodes which results in 

the generation of hydrogen and oxygen bubbles that rise to the surface. 

Generation of bubbles with minimum turbulence is the advantage of EF, and 

fouling of electrodes is the disadvantage (Rubio et al., 2002).   
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4. Vacuum floatation  

Wastewater is first saturated with air at atmospheric pressure. Air is then 

released by the creation of negative pressure (Rohlich, 1954). Energy 

requirements were more than DAF. 

2.3.2. Dissolved air floatation 

DAF is a commonly used commercial technology for treating oily wastewater. It 

is effective for separating particles of low density from water (Edzwald, 2010). Chemical 

pretreatment is generally done before DAF for greater efficiency. DAF is more 

advantageous then sedimentation of small and low density particles that takes much time 

to settle down. It is generally used as clarification and sludge thickening process (Claes, 

1999). 

DAF works by pressurizing air with the help of pump or compressor. Compressed 

air is transferred to saturator for dissolving in water. Saturated air water mixture is then 

released from saturator in floatation chamber through orifice or nozzle. Sudden reduction 

in pressure takes place when saturated air water mixture is introduced in floatation 

chamber which results in formation of micro bubbles (about 10 – 100 µm in size). Some 

bubbles are so small that they reflect light in all directions and appear as white cloud in 

water. It is sometimes also called as whitewater (Rodrigues and Rubio, 2007).  

Micro bubbles rise and come in contact with suspended and immiscible liquid 

particles during their way to the surface. The particles attach to micro bubbles and float to 

the surface of water. Retention time (15 - 30 minutes) is provided for the bubbles to rise 

to the surface (Moosai and Dawe, 2005; Kitchener, 1984). Float material is removed with 
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the help of some scrapping and skimming device. Effluent is discharged from the bottom 

of floatation chamber. 

2.3.3. Types of operating configurations of DAF 

There are three types of operating configurations in DAF (Wang et al., 2005; ADEQ, 

1996): 

1. Full flow pressurization  

Whole waste stream is pressurized and released in to floatation chamber where 

bubbles are formed. It is employed for those effluents that have large quantity of 

suspended solids and does not require flocculation. A large saturation system is 

required for full flow pressurization. 

2. Partial flow pressurization  

Part of waste stream is pressurized and introduced in floatation chamber to form 

bubbles. It is used for those effluents that have low suspended solids and require 

low air. Less space and pumping cost is required for partial flow pressurization. 

3. Recycle flow pressurization  

Portion of effluent (treated waste water) is pressurized and introduced in 

floatation chamber to form bubbles. This type of configuration is utilized for 

waste streams that require coagulation and flocculation as necessary part of 

treatment train. Minimum destruction of flocs takes place in recycle flow 

pressurization. 
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2.3.4. Mechanisms involved in DAF 

1. Solubility of air in water 

The ability of substance to dissolve in fixed amount of another substance 

is called solubility. The substance that dissolves is called solute and the substance 

in fixed amount on which dissolution takes place is called solvent. In DAF 

system, air is the solute and water is the solvent. Solubility depends upon 

temperature and pressure. Increase in temperature decrease the solubility while 

increase in pressure increases the solubility. Solubility of air in water can be 

described by Henry’s Law which states that the amount of air dissolved in water 

is directly proportional to pressure of system.      

   
 

  
                                                   

Where,  

        = Solubility of gas/air 

                  = Partial pressure of gas/air 

                  = Proportionality constant 

In DAF systems, air is pressurized and transferred to the saturator. Due to 

the high pressure, more air is dissolved in the water following Henry’s Law. 

When air saturated water mixture is suddenly released in the floatation chamber, 

where pressure is atmospheric, and this result in the generation of micro bubbles.  

2. Bubble size and shape 
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Bubble size is an important parameter in DAF because attachment and 

collision of particles depends upon it. Bubble size depends upon the saturator 

pressure and injection device Increase in saturator pressure decreases the bubble 

size. Once bubbles are generated, growth in their size takes place due to air 

uptake, decrease in hydrostatic pressure and coalescence. Small size bubbles (less 

than 100 um) are spherical in shape. Large size bubbles (1 – 10 mm) are ellipsoid 

in shape (Edzwald, 2010). 

3. Rise Velocity 

Rise velocity depends upon bubble size and density difference. Smaller 

the bubble size, smaller (slower) will be the rise velocity. Similarly larger the 

density difference between water and bubble-oil agglomerates, larger (faster) will 

be the rise velocity. Slow rise velocity allows for more number of collisions 

between bubble and particles. Rising of gas bubbles is generally 10 – 100 times 

faster than oil particles of similar size (Moosai and Dawe, 2003). Bubble rise 

velocity can be describes by Stoke’s equation which states that rise velocity is 

directly proportional to diameter of bubble drop and density difference between 

fluid and bubble drop. Stoke’s equation can be expressed as 

  
          

    
                                                   

        Where, 

   = Rise velocity of drop/agglomerate 

   = diameter of drop/agglomerate 
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   = gravitational acceleration 

        = Density difference between droplet and fluid 

   = Dynamic viscosity of fluid 

4. Interaction between bubble-bubble and bubble-particle 

The forces that affect bubble-bubble and bubble-particle interaction are 

van der walls, electrostatic, hydrophobic and hydrodynamic force (Edzwald, 

2010). For interaction, particle must come closer to bubble trajectory. Large oil 

drops and small bubble size are best for achieving greater efficiency. To have 

maximum efficiency, oil drops should be as large as possible in order to have 

larger collision area and air bubbles should be as small as possible to have more 

residence time. 

The bubbles interact with particles by the phenomena of nucleation, 

physical entrapment and aggregate entrainment. Some portion of the dissolved air 

does not convert in to bubbles when released in the floatation chamber through 

the nozzle. It nucleates on the surface of particle and grows (Solari and Gochin, 

1992). This process is called nucleation. Some bubbles physically entrap in flocs, 

thus drastically decreasing the density. 

According to the white water blanket model, collision of particles with 

bubbles occurs by Brownian diffusion, interception and settling (Haarhoff and 

Edzwald, 2004) as shown in figure 2.1. 
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Figure 2.1:   Mechanisms of particle collision 

2.3.5. Oil removal by DAF 

DAF is one of the most widely used methods for the treatment of oil-water 

emulsion (Karhu et al., 2014). Separation of oil takes place by the addition of micro 

bubbles that adhere with oil particles causing a decrease in density between oil 

agglomerate and water, which results in faster rise rate, thus makes the process effective, 

practicable and rapid (Moosai and Dawe, 2003; Bremmell and Jameson, 1994). High 

separation efficiency, low capital and operational cost were attractive features of 

floatation (Xiao-bing et al., 2007). 

Gravity separators and APIs were used as primary treatment methods for the 

removal of free oil, however they were ineffective for removal of emulsified and 

dissolved oil. Therefore floatation was used after primary separators for removing further 

oil (Wang et al., 2006). 
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DAF is better than gravity settling for stable oil emulsions because extremely 

small oil particles have very low settling velocity. DAF enhance buoyancy of small oil 

particles by attachment with small bubbles (Zouboulis and Avranas, 2000). 

DAF was used to produce effluent with oil/grease concentration of about 10 – 25 

mg/l from influent with oil/grease concentration less than 200 mg/l (Capps et al., 1993). 

Total oil-grease removal of 70 % had been achieved for real produced water by dissolved 

air precipitation/solvent sublation system (Bayati et al., 2012). Up to 95 % removal of 

dissolved octane and 75 % removal of decane had been observed at gas flow rate of 100 

ml/min in dissolved air precipitation/solvent sublation system (Thoma et al., 1999).  

Coagulants are generally added for increasing the efficiency of dissolved air 

floatation systems. Chemical addition increases the agglomeration and destabilization of 

oil particles (Ronald et al., 2000). Ferric and aluminium salts were generally used as 

coagulant because they have highly charged cations which leads to high removal 

efficiencies > 99 %. Almost all oil removal had been observed at 10 % RR, high pressure 

and addition of 100 mg/l aluminium sulphate. (Al-Shamrani et al., 2002). DAF is found 

as effective for the removal of petroleum hydrocarbons with or without the use of 

coagulant from pond and brackish water (Tansel and Pascual, 2011). 
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CHAPTER 3: EXPERIMENTAL SETUP 

3.1. Material 

Salts that were dissolved in water for preparing synthetic produced water were 

Potassium chloride, Calcium chloride, Sodium sulfate, Sodium bicarbonate with 99.5 %, 

95 %, 99 %, 99.5 % purity purchased from Sigma Aldrich, Magnesium chloride with 99 

% purity purchased from Alfa Aesar and Sodium chloride ACS grade quality purchased 

from EMD Chemicals. Oil that was mixed in salt water solution was obtained from 

Bakken area (Southern Saskatchewan) with density of 0.81 g/cc.  

Organoclay samples that were used for adsorption during mixing were obtained 

from USA including Jenfitch LLC (JC 840), Ecologix Environmental Systems (MCM-

830P) and Clear Creek Systems Inc (HS-270) shown in Figure 3.1. 

 

Figure 3.1:   Organoclay Samples 

JC 840 was made from Montmorillonite, a natural occurring hydrated 

aluminosilicate of sodium, magnesium, calcium and iron. MCM-830P was a modified 

clay media prepared by combining sodium Montmorillonite with a cationic quaternary 
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amine salt. HS- 270 was a mixture of organoclay and anthracite coal. Properties of OC 

material were presented in Tables 3.1, 3.2 and 3.3. 

Table 3.1:   Jenfitch LLC OC properties 

Product name JC 840 

Chemical name Montmorillonite 

Appearance Pale gray to light gray powder 

Bulk density 65 lbs/cu ft + 5.0 

Specific gravity 2.5 

Odor Odorless 

Solubility in water Negligible 

Mesh size 150 to 200 ml 

(Source:   Jenfitch LLC., 2014- JC-840 MSDS) 

 

Table 3.2:   Ecologix Environmental Systems OC properties 

Product name MCM-830P 

Chemical name Montmorillonite 

Appearance Gray to tan granules 

Bulk density 42 -46 lbs/ft cubed 

Specific gravity 2.0 to 2.2 

Odor Mild 

Solubility in water Insoluble 

Granule size 8/30 Mesh (US Sleeve) 

Flash point >212 Degrees Fahrenheit 

Void volume 35% - 45% 

(Source:   Ecologix Environmental Systems, 2008-MCM-830P MSDS) 
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Table 3.3:   Clear Creek Systems Inc. OC properties 

Product name HS-270 

Bulk density 58 lbs/ft
3
 (928 kg/m

3
) 

Temperature range 33-170 F
0
 

pH range 4-10 

Composition Blend of HS-200 and Anthracite coal  

(Source:   Clear Creek Systems Inc. HS-270 line card) 

3.2. Feed Preparation 

Synthetic produced water was used in this research in order to perform all the 

experiments under similar properties. If field produced water was stored and used for the 

experiments, then there will be a change in characteristics with time and it is impossible 

to perform all experiments under similar properties. We also could not obtain from the 

field enough produced water to carry on the study. Therefore, synthetic produced water 

was prepared and used immediately in the laboratory for the experiments in order to 

maintain consistency. 

In order to prepare synthetic produced water, quantities of different salts were 

calculated for dissolving in water such that its properties became similar to field 

produced water. A summary of oilfield produced water parameters in the world is 

presented in Table 3.4. Average concentration of ions and their percentages were 

calculated and presented in Table 3.5. Combinations of different salts that contain these 

ions were used to prepare synthetic produced water. The amount of these salts were 

calculated such that the percentage of ions from these salts is similar to the percentage of 

ions from average concentration of oilfield produced water parameters presented in Table 

3.5.Quantity of salts per liter for preparing the synthetic produced water is presented in 
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Table 3.6. Quantity and percentage of ions to prepare 1 liter synthetic produced water is 

presented in Table 3.7. Comparing the percentages of ions between Table 3.5 and 3.7; the 

values are almost similar. A small deviation is due to the presence of sodium and chloride 

ions in different salts. Therefore, it is almost impossible to make exact percentage of ions 

by dissolving different amount of various salts. The amount of ions in salts were 

calculated by following formula 

                           
                    

                        
                                  

                                                                                                                            (3.1) 

Table 3.4:   Summary of oilfield produced water parameters in the world 

Parameter Values (mg/l) 

Total oil 2 - 565 

TOC 0 - 1500 

Chloride 80 – 200,000 

Sodium 132 - 97000 

Bicarbonate 77 - 3990 

Sulfate 2 - 1650 

Calcium 13 - 25800 

Potassium 24 - 4300 

Magnesium 8 - 6000 

(Source:  Tibbetts et al., 1992) 

Table 3.5:   Average concentration of ions in oilfield produced water in world 

Ion Average Conc. (mg/l) Percentage (%) 

Na 48566 28.6 

Cl 100040 59.0 

Ca 12906 7.6 

Mg 3004 1.8 

K 2162 1.3 

SO4 826 0.5 

HCO3 2033 1.2 

Total 169537 100 
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Table 3.6: Quantity of salts for preparing 1 liter synthetic produced water 

Salts Quantity (g/lit) 

Nacl 7.40 

Cacl2 2.32 

Mgcl2 0.77 

Kcl 0.27 

NaHCO3 0.18 

Na2SO4 0.09 

 

Table 3.7:   Quantity and percentage of ions to prepare 1 liter synthetic produced water 

Ion g g g g Total 

(g) 

Percentage 

Cl 35.45/58.44*7.4 

= 4.49 

70.9/111 *2.32 

=1.48 

70.9/95.2

*0.77  

= 0.57 

35.45/74.5

*0.27     

= 0.13 

6.67 60.5 

Na 23/58.44 * 7.40 =  

2.91 

23/84 * 0.18    

= 0.05 

46/142 

*0.09 

= 0.03 

 2.99 27.1 

Ca 40.1/111*2.32 

= 0.84 

   0.84 7.6 

Mg 24.3/95.21*0.77 

= 0.20 

   0.20 1.8 

K 39.1/74.55*0.27 

= 0.14 

   0.14 1.3 

SO4 96/142*0.08 

= 0.05 

   0.05 0.5 

HCO3 61/84*0.18 

= 0.13 

   0.13 1.2 

     11.02 100 

 

The graphical representation of Ion percentages of synthetic produced water and 

average concentration of produced water parameter in the world is represented in Figure 

3.2 
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Figure 3.2:   Comparison of ion percentages 

Typical characteristics of produced water were presented in Table 2.5. After 

dissolving the salts in reverse osmosis water, Total dissolved solids were measured by 

TDS meter. TDS is the representation of all the solids that are dissolved in water. TDS 

concentration of synthetic produced water was 11 ppt which is within the range of TDS 

according to Table 3.8. 

Table 3.8:   Typical Characteristics of Produced Water 

Parameter Typical Range 

Oil (mg/l) 220 - 2,000 

TSS (mg/l) 68 - 447 

TDS (mg/l) 6,015 – 31,349 

pH 7.0 – 8.6 

(Source:   Environment Canada, 1983) 

Feed was prepared by adding calculated amount of different salts (Table 2.3) in 

reverse osmosis water and dissolved by mixing on magnetic stirrer at 700 rpm for 10 

minutes. Then 0.5 ml of oil per liter of water was added and mixed in a powerful blender 
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at 18,000 rpm for 2 minutes. Freshly prepared feed was used immediately in the 

experiments so that its properties remain constant. 

3.3. Jar Testing Dissolved Air Floatation (DAF) Unit 

Platypus Jar Tester Dissolved Air Floatation system was used for the experiments. 

The system consists of Compressor, Saturator, Distribution Manifold, Jars and Jar tester. 

Compressor was used to compress air and provide it to the saturator which in turns was 

used to saturate water with compressed air to form air-water mixture. A distribution 

manifold was used to distribute saturated air-water mixture in different jars. Jars were 

used as mixing and floatation chamber. Jar tester was used to mix OC with feed water at 

different time and speed. Compressor was connected with the saturator. Saturator was 

connected with distribution manifold. Distribution manifold was connected with jars.  

 

Figure 3.3:   Platypus Jar Testing Dissolved Air Floatation System 
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All connections were made through connection tubes with quick disconnect and push in 

fittings. 

Jar tester has brilliant ice white LED lights uniformly distributed across the 

bottom of the unit for illuminating jar contents and set back behind the jars to ensure jar 

contents were not affected by the heat. Mixing speed and time were digitally controlled 

with the help of independent microprocessors, water resistant tactile keypads and LED 

status displays. Blades of the paddles were tilted for inducing a component of axial flow. 

Paddle speed was maintained through real time Hall Effect sensor feedback. 

Saturator has a capacity of 2 liters and contains air bleed valve and air pressure 

regulator for adjusting the pressure, a water fill valve for filling DI water, a compressed 

air inlet valve for introducing compressed air in to the saturator, a saturated water outlet 

valve for saturated air-water mixture to move out from the saturator to the distribution 

manifold. 

Clear polycarbonate square jars have a capacity of 2 liters. Jars have a dispersion 

nozzle through which saturated air-water mixture is introduced and a sample tap for 

taking out the sample (Platypus, 2010). 
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Figure 3.4:   Platypus Jar Testing Dissolved Air Floatation Setup 

 

3.4. Experimental Design 

a. Controlled Experiments 

In the first set of experiments, only the Dissolved Air Floatation was used with 

recycle ratios of 10 % and 20 % in order to understand the effects on the synthetic 

produced water and compare the results with other experiments. The one with zero % 
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Recycle Ratio was the Feed. No mixing was done in these experiments. A pressure of 90 

psi was maintained, and a retention time of 15 minutes was allowed after introducing the 

saturated air-water mixture. Retention time was set by taking out the sample every minute 

after introducing the air and measuring its characteristics until there was no more change 

in characteristics.  

Table 3.9:   Controlled Experiments 

Sr. No. DAF - Recycle Ratio (%) 

1 0 

2 10 

3 20 

 

Figure 3.5:   Controlled Experiments Flow Diagram 

b. Screening Experiments 

In the second set of experiments, organoclays of 3 companies (Ecologix 

Environmental systems, Clear creek systems Inc, Jenfitch LLC) were tested under similar 

conditions in order to determine the organoclay which has the best performance. Mixing 

was done for 15 minutes at 160 rpm with organoclay dose of 1000 mg/l. When mixing 

was done, a sedimentation time of 5 minutes was allowed for the particles to settle down. 

Then, the DAF was operated at 10 % recycle ratio while a pressure of 90 psi was 

maintained. A retention time of 15 minutes was allowed after introducing saturated air 

water mixture.  Sedimentation time was set by taking out the sample every minute after 
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mixing OC and measuring its characteristics until there was no more change in 

characteristics. 

 Table 3.10:   Screening Experiments  

Sr. No. Organoclay Company OC Dose (mg/l) DAF RR (%) 

1 Ecologix Environmental Systems 1000 10 

2 Clear Creek Systems, Inc. 1000 10 

3 Jenfitch, LLC 1000 10 

 

 

Figure 3.6:   Screening Experiments Flow Diagram 

c. Optimization Experiments (Using OC adsorption as pretreatment for DAF) 

After the screening experiments, the organoclay having the best performance was 

selected. Factorial design was established for Optimization experiments in order 

to determine the optimum combination of organoclay dose and recycle ratio and 

assessing their impact. The factorial level combination was 3
1
2

1
 for OC 

adsorption as pretreatment for DAF where OC dose has 3 levels (100, 500 and 

1000 mg/l) and recycle ratio has 2 levels (10% and 20 %). Mixing was done 

before applying DAF for 10 minutes at 160 rpm with an organoclay dose of 100, 

500 and 1000 mg/lit. When mixing was done, sedimentation time of 5 minutes 

was allowed for the particles to settle down. Then DAF was used at 10 % and 20 

% recycle ratios. Pressure of 90 psi was maintained, and a retention time of 15 

minutes was allowed after introducing the saturated air water mixture.  
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Table 3.11:   Optimization Experiments (Using OC adsorption as pretreatment for DAF) 

Sr. No. Organoclay Dose 

(mg/l) 

Recycle Ratio 

(%) 

1 100 10 

2 100 20 

3 500 10 

4 500 20 

5 1000 10 

6 1000 20 

 

 

Figure 3.7:   Optimization Experiments (OC adsorption as pretreatment for DAF) Flow 

Diagram 

d. Optimization Experiments (Using OC adsorption as post treatment for DAF) 

In these set of experiments, OC adsorption was used as a post treatment for DAF. 

The factorial level combination was 2
1
3

1
 where recycle ratio has 2 levels (10% and 20 %) 

and OC dose has 3 levels (100, 500 and 1000 mg/l). Mixing was done after the DAF was 

applied. Pressure of 90 psi was maintained. Retention time of 15 minutes was allowed 

after introducing saturated air water mixture. Mixing was done for 10 minutes at 160 rpm 

with organoclay doses of 100, 500 and 1000 mg/lit. When mixing was done, 

sedimentation time of 5 minutes was allowed for the particles to settle down. 
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Table 3.12:   Optimization Experiments (Using OC adsorption as post-treatment for 

DAF) 

Sr. No. 

 

Recycle Ratio 

(%) 

Organoclay Dose 

(mg/l) 

1 10 100 

2 20 100 

3 10 500 

4 20 500 

5 10 1000 

6 20 1000 

 

 

Figure 3.8:   Optimization Experiments (OC adsorption as post-treatment for DAF) Flow 

Diagram 

3.5. Experimental Procedure  

1. Preparing Saturator 

Saturator was prepared by closing the compressed air inlet valve and saturated 

water outlet valve. Water fill valve and air bleed valve were opened, and water fill funnel 

cap was removed to fill the saturator with deionized water. After filing the tank, the water 

fill and air bleed valves were then closed, and the water fill funnel cap was put back. The 

compressed air line was connected with the compressed air inlet. The compressor was 

switched on and the air inlet valve was opened to pressurize the saturator. Air bleed valve 

was opened to commence saturation, and pressure was adjusted by rotating the air bleed 
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valve until the required pressure was obtained. The saturator was left to bubble for 10 

minutes before performing the DAF jar test.  

2. Mixing 

A jar was filled with the synthetic produced water up to the required level. 

Specific amount (dose) of organoclay was added in the jar containing the synthetic 

produced water, and placed centrally below the paddle shaft. The automatic mode was 

used for the mixing to control the speed, and the time of mixing was adjusted by selecting 

the program keys to set the desired speed and time. After programming, the system 

returns to idle mode. Auto start button was pressed to begin the mixing. A sedimentation 

time of 5 minutes was allowed for particles to settle down. Mixing was not done for the 

controlled experiments. For the optimization experiments, mixing was done before using 

the DAF in which OC adsorption was done as pre-treatment; mixing was done after using 

the DAF in which OC adsorption was done as post-treatment for DAF. 

3. DAF Jar test 

Once the saturator was filled and mixing was complete, the dissolved air 

floatation (DAF) was operated. The saturated water outlet valve was fully opened to 

transfer the saturated air-water mixture from the saturator into the jar. Initially, larger 

bubbles were expelled out which was normal. Later, small bubbles were expelled out that 

were white and cloudy. When the desired amount of saturated air-water mixture was 

transferred, the saturated water outlet valve was closed. Retention time of 15 minutes was 

allowed so that the bubbles could rise to the top and the cloudiness disappeared. Once the 

test was completed, the sample water was taken carefully through the jar sample tap. 



47 
 

3.6. Instrumentation  

3.6.1. Feed Preparation Equipments 

1. Precision Balance (Company: METTLER TOLEDO) 

a. Objective: Precision balance was used for weighting the salts and OC 

accurately. 

b. Components: Digital Balance (Model: MS4002S), Weighting pan, Container 

c. Procedure: Empty container was placed on weighting pan. The weight was set 

to zero. All weight values are measured with respect to zero balance. A salt 

was carefully added in container until it reaches to required quantity. The 

weight value was again set to zero. All other salts were added in similar way 

(Mettler-Toledo. 2014).  

 

Figure 3.9:   METLER TOLEDO Precision Balance 

2. Digital Magnetic Stirrer (Company: Cole-Parmer) 

a. Objective: The Stable Temp Digital Stirrer was used for dissolving salts in 

water 

b. Components: Digital stirrer (Model: DLM1921X1), Stir bar, Beaker 

c. Procedure: The required quantities of salts were taken into a beaker. Reverse 

osmosis water was added in that beaker up to 1 liter. Beaker was placed on the 
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plate of stirrer and stir bar was put in it. The speed of magnetic stirrer 

increased to 700 rpm with the help of rotating knob. Salts were allowed to 

dissolve for 10 minutes. After then stirring was discontinued by turning knob 

to off position (Cole-Parmer, 2007). 

 

Figure 3.10:   Cole-Parmer Magnetic stirrer 

3. Blender (Company: Waring Commercial) 

a. Objective: The Blender was used for mixing oil in water 

b. Components: Blender base (Model: MX1200XTS), Stainless steel container 

c. Procedure: 2 liter of water with dissolved salts was taken in to the container. 

Required quantity of oil (0.5 ml/l) was added in it. Container was placed on 

blender base. Blending was started at lowest speed setting and then progress 

to required speed (18,000 rpm). After reaching to desired speed blending was 

done for 3 minutes. Then speed was decreased until motor comes to complete 

stop. The feed water was now ready for treatment (Waring, 2013). 
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Figure 3.11:   Waring Commercial Blender 

4. Simplicity UV Water purification System (Company: EMD Millipore) 

a. Objective: The system was used to produce highly purified deionized (DI) 

water 

b. Components: Tank, Distribution pump, UV lamp, Cartridge, Filter 

c. Procedure: Internal tank was filled with pretreated (Reverse osmosis) water. 

Dispensed button was pressed to start distribution pump for pumping feed 

water into Ultraviolet lamp. UV lamp was used to reduce the level of organic 

molecule in water. The water was then moved to cartridge for deionazion. 

Finally water was passed through membrane filter for removing particles and 

bacteria below the pore size. Product water quality has TOC < 5 ppb and 

Micro organism < 0.1 CFU/ml (EMD Millipore, 2012). 
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Figure 3.12:   Simplicity UV Water Purification System  

3.6.2. Sample Testing Equipments 

1. Oil Content Analyzer (Company - HORIBA) 

a. Objective: Horiba Oil content analyzer was used to measure amount of oil in a 

sample 

b. Components : Oil content analyzer (OCMA-350), Cell, Solvent (S-

316),Solvent reclaimer (SR-305) 

c. Principle of operation: Oil content was measured by solvent extraction and 

infrared spectroscopic analysis (Non dispersive). Solvent extraction is a 

technique in which a substance is extracted from one liquid to another liquid 

due to solubility difference. Oil in water was easily extracted by solvent 

because of large difference in specific gravity. Infrared radiations were then 

passed through the solvent with the extracted oil in a cell. Oil particles 

composed of hydrocarbons absorb wavelengths in the range of 3.4 to 3.5 µm. 

Solvent S-316 does not absorb wavelengths in this range. The amount of 
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radiations absorbed by oil particles in the infrared range were measured which 

were used for determining amount of oil (Horiba, 1995). 

d. Procedure:  Equipment was calibrated every 2-4 weeks using pure solvent 

(zero calibration) and solution of B-heavy oil with pure solvent (Span 

calibration). Solvent S-316 is a polymer of chlorotrifluoroethylene. Sample 

solution was taken into a flask and hydrochloric acid was added in it to reduce 

its pH below 2. Eight (8) ml of pH reduced solution, and 8 ml of pure solvent 

were transferred into a vial, and shaken vigorously for 30 sec so that the 

solvent can extract the oil from the sample. Vial was kept on a table for some 

time until two layers separated. The solution from bottom layer consisting of 

the solvent with extract oil was transferred to cell using pipette. Cell lens was 

cleaned with a Kimwipe tissue, and placed in the instrument. Reading when 

stabilized was measured in mg/l (Horiba, 1995). 

Discharging solvent in the environment is hazardous; therefore the used 

solvent was reclaimed with the help of Solvent reclaimer (SR-305). The 

reclaimer consists of a water separation filter, an activated carbon and 

aluminum oxide for separating water, oil, hydrocarbons and other particles 

from used solvent. Used solvent was poured on the top of the reclaimer and 

reclaimed solvent was obtained from the bottom (Horiba, 2005). 
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Figure 3.13:   HORIBA Oil Content Analyzer    

2. Turbidity Meter (Company – HANNA Instruments) 

a. Objective: Turbidity meter was used to measure the turbidity of solution. 

Turbidity is the property of liquid that causes it to lose transparency due to the 

suspended solids. 

b. Components: Turbidity and Free/Total Chlorine meter (HI 83414), Cuvet, 

Silicon oil 

c. Principle of operation: Turbidity was measured by the amount of light that 

was scattered and transmitted through sample solution due to the presence of 

suspended particles. Turbidity meter consisted of a tungsten filament lamp to 

generate light, scattered light detector to detect scatter light, transmitted light 

detector to detect transmitted light and microprocessor to determine turbidity 

in NTU by signals coming from detectors. Higher turbidity causes more light 

to be scattered which indicates higher amount of suspended solids (Hanna, 

2007). 



53 
 

d. Procedure: Equipment was calibrated every month using calibration solutions 

from 0-2000 NTU. Sample was taken into sample bottle up to required level. 

Outer surface of sample bottle was cleaned with silicon oil and Kimwipe 

tissue in order to remove scratches. It was then placed into the equipment and 

reading was measured in NTU. (Hanna, 2007). 

 

Figure 3.14:   HANNA Turbidity meter   

3. TDS/salinity/conductivity Meter (Company – HANNA Instruments) 

a. Objective: TDS/Salinity/Conductivity meter was used to measure Total 

dissolved solids, Electrical conductivity and salinity of a solution. 

b. Components: TDS instrument (HI 4522), Probe 

c. Principle: TDS, Conductivity and salinity were measured by electrical 

conductivity of a solution due to the presence of charged particles. When 

probe was inserted in a solution, a potential difference (voltage) is applied 

between two electrodes of probe. Molecular motion of charged particles 

(especially ions) towards electrodes takes place. Decrease in voltage due to 

water resistance and the amount of current passes through them is measured. 

With the help of this information TDS, Conductivity and Salinity were 
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measured. Higher the ions in a solution, higher will be TDS, conductivity and 

salinity (Hanna, 2006). 

d. Procedure: Before making measurement or calibration, proper channel was 

selected. After then mode button is used to switch between TDS, Conductivity 

or Salinity. Calibration was done once in 3 months using standard solution 

having a conductivity of 24.82 mS. For measurements, a probe was inserted in 

solution, and allowed for the reading to stabilize before reading was done. 

After each measurement, the probe was cleaned with acetone and DI water 

(Hanna, 2006). 

 

Figure 3.15:   HANNA TDS/Salinity/Conductivity Meter    

4. pH Meter (Company - HORIBA) 

a. Objective: pH meter was used to measure pH of solution. pH is a measure of 

the concentration of hydrogen ions in a solution. 

b. Components: pH instrument (F-55), probe 

c. Principle of operation: pH was measured by electrochemical potential 

difference between a known liquid (KCl solution) inside glass electrode and 

an unknown liquid (sample solution) outside glass electrode. Known liquid 
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was KCl which was measured by the reference electrode and unknown 

solution was the sample which was measured by the glass sensor electrode. 

When the probe was inserted into solution, the hydrogen ions moved towards 

glass electrode which caused a small change in voltage. The voltage was 

amplified, processed by microprocessor and represented on pH meter (Ulman, 

2007). 

d. Procedure: pH reference solution (3.33 mol/l of Potassium chloride solution) 

was prepared by adding water in 248.256 gm KCl up to 1 liter. The reference 

solution was filled inside probe using micro pipette. Calibration of the 

instrument was done once a month using 3 standard buffer solutions of pH 4, 

pH 7 and pH 10. Measurement was made by inserting the pH probe inside the 

solution. Once the reading was stabilized and the pH value was noted (Horiba, 

2003). 

 

Figure 3.16:   HORIBA pH Meter 
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5. Mastersizer (Company – Malvern) 

a. Objective: Mastersizer 3000 was used for the measurement of distribution of 

the size of particles in a solution. 

b. Components: Mastersizer optical unit (MAZ3000), Automatic wet dispersion 

unit (MAZ3300), computer 

c. Principle of operation: Particle size distribution was measured by light 

scattering pattern caused by particles in the sample when red and blue light 

passed through them. The wet dispersion unit circulates the sample through 

cell that is located within optical unit. The optical unit generates and directs 

light through sample in the cell. Computer is used to control both optical unit 

as well as wet dispersion unit. Computer is also used to process and present 

data (Malvern, 2011). 

d. Procedure: All measurements were made using Standard operating procedure. 

Bakken area oil was selected as material whose size distribution needs to be 

measured. Its properties were entered with reflective index of 1.45 and density 

of 0.8 g/cc. Water was used as dispersant. For each measurement, the same 

SOP was selected. Before starting the measurement, light scattering graph was 

observed in measurement window. The instrument was first initialize, and 

then the background was measured. After then sample was added slowly in 

wet dispersion unit until obscuration was in range. The colored lines soon 

begin to appear on graph which differentiates between DV 10, DV 50 and DV 

90. DV 10 represents that 10 % of particles were below specific size. The 

results were saved in measurement file. After each measurement, the sample 
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was drained and the system was cleaned with a micro 90 solution and water 

(Malvern, 2011).  

 

Figure 3.17:   Malvern Mastersizer 

6. TOC Analyzer (Company – Shimadzu) 

a. Objective: TOC Analyzer was used to measure the TC (Total Carbon), IC 

(Inorganic Carbon) and TOC (Total Organic Carbon) of a solution. 

b. Components: TOC analyzer (TOC-L), Auto sampler (ASI-L), Vials, 

Computer 

c. Principle: It works on the principle of catalytically oxidative combustion and 

non dispersive infrared analysis. Total carbon (TC) is the total amount of 

carbon in a solution. It consists of total organic carbon (TOC) and inorganic 

carbon (IC).  So TC = TOC + IC. TC is measured by introducing sample in 

combustion tube where it was burned at 680 
0
C in the presence of catalyst. 

Carbon components were converted to CO2. Gas was then passed through 

dehumidifier and scrubber to dehydrate and remove halogens. Finally gas 

reaches to cell where CO2 is detected by non-dispersive infrared analyzer. The 
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signal was then processed to obtain TC reading. IC was measured by 

acidifying sample with HCl so that all carbonates were converted into CO2. 

The gas was then passed through various components as mentioned before to 

measure IC. TOC is measured by difference between TC and IC (Shimadzu, 

2010).  

d. Measurement Procedure: Before measurements operational checks were done. 

Operational checks include checking level of dilution water, hydrochloric 

acid, sulfuric acid, humidifier water and air cylinder pressure. Once 

operational checks were done, the equipment was turned on. The connection 

was made between computer and the TOC analyzer. After then, monitoring 

was done until all parameters reached to the desired condition and ready for 

analysis. Equipment was calibrated once in 2 months. Calibrations of TC and 

IC were done at different concentrations (1000, 500, 250,100, 50) of standard 

solution for establishing the calibration curve. A method was created by 

selecting calibration curves for TC and IC created during the calibration. 

Samples were transferred into vials that were placed in the autosampler and 

measurement was started. Measurement results were displayed on the 

computer screen for TOC, TC and IC (Shimadzu, 2010). 



59 
 

 

Figure 3.18:   Shimadzu TOC Analyzer 

7. Reactor and UV/VIS Spectrophotometer (Company - HACH) 

a. Objective: Reactor and Spectrophotometer were used for measuring Chemical 

oxygen demand (COD) of solution. COD is the measure of amount of oxygen 

that is required to oxidize organic and inorganic compounds in water 

chemically. 

b. Components: Vials, Reactor (DRB 200), spectrophotometer (DR 500) 

c. Principle of operation: COD was measured by oxidation and 

spectrophotometry. Reactor vials contain a solution of concentrated sulfuric 

acid (primary digestion catalyst), potassium dichromate (oxidizing agent), 

silver sulfate (secondary catalyst) and mercury sulfate. Sample solution was 

added in vial and placed in Reactor. Reactor is used to heat the vials for 

oxidation of carbon. After then oxidized sample in vial was placed in 

Spectrophotometer. Spectrophotometer transmits light through oxidized 

sample in vial. The signals were processed in order to measure COD (Hach, 

2005; Hach, 2003). 
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d. Procedure: There were three types of vials for measuring COD of different 

ranges. Ultra low range vial have range of 0.7 – 40 ppm, High range vial have 

range of 20 – 1500 mg/l, and High range plus vial have range of 0 – 15000 

ppm. Two vials were necessary to be prepare the measurements. One is a 

blank vial and the other is the sample vial. For ULR and HR, Blank vial was 

prepared by adding 2 ml of deionized water in vial and sample vial was 

prepared by adding 2 ml of sample in vial. For HR+, Blank vial was prepared 

by adding 0.2 ml of deionized water in vial and sample vial was prepared by 

adding 0.2 ml of sample in the vial. Vials were shaken vigorously in order to 

have good interaction. The reactor was heated to 150
0
 C, and the vials were 

placed in the reactor after the preparation, and heated for 120 minutes. After 

heating, vials were taken out and placed on racks to allow them to cool. Once 

their temperature reached room temperature, they were place in the 

spectrophotometer. Blank vial was placed first to set its value to 0, and the 

sample vial was placed in the cell to measure the COD (Hach, 2005; Hach, 

2003). 

 

Figure 3.19:   HACH Reactor and Spectrophotometer 
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8. Zetasizer (Company - Malvern) 

a. Objective: The Zetasizer system was used for measuring zeta potential of 

solution. The Zeta potential is the potential between the particle surface and 

the dispersing liquid at the slipping plane. 

b. Components: Cell/cuvette, Computer, Zetasizer Nano ZS (ZEN3600) 

c. Principle of operation: Zetasizer Nano measured Zeta potential by 

Electrophoresis and laser Doppler velocimetry. Electrophoresis is the 

movement of particles with respect to fluid under the influence of electric 

field. Laser Doppler Velocimetry is the technique of measuring the velocity of 

particles using the Doppler Effect. Laser light (633nm red laser) was passed 

through sample cell and scattering was detected at 13°. After then electric 

field was applied through electrodes which caused the change in speed of 

particles, resulting in the change in intensity of light scattered.  A digital 

signal processor sends information to computer and produces a frequency 

spectrum. Utilizing the velocity of particle and electric field applied, zeta 

potential was determined. Particles having zeta potential within the range of ± 

30 were considered as unstable (Malvern, 2009). 

d. Procedure: All measurements were made using Standard operating procedure 

to ensure consistency on the same type of samples. Bakken area oil was 

selected as material whose zeta potential needs to be measured in water as 

dispersant. The Sample was taken into a folded capillary cell using the syringe 

such that no air bubbles formed inside cell, and electrodes were immersed 

completely. Cell was then inserted into the instrument. Measurement was 



62 
 

started until the instrument gives 3 beeps when completed. The results were 

stored as the latest record in measurement file. Averages of the Zeta potentials 

were reported in mV (Malvern, 2009). 

 

Figure 3.20:   Malvern Zetasizer 
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1. Characteristics of Feed water 

Feed water is the synthetic produced water that was prepared by dissolving the 

calculated amount of various salts presented in Table 3.6 in reverse osmosis quality 

water, and mixing oil at a concentration of 0.5 ml per liter water. Freshly prepared 

synthetic produced water was used immediately for all the experiments. All equipments 

were calibrated using standard solutions before measurement in order to maintain 

accuracy. Experiments were repeated again and average values were represented in 

results.  Feed water characteristics are presented in Table 4.1.   

Table 4.1:   Characteristics of Feed water 

Parameter Feed 

Oil Content (mg/l) 196.0 + 5.2 

Turbidity (NTU) 500.0 + 6.0 

COD (mg/l) 2040 + 59 

TOC (mg/l) 134.50 + 4.40 

IC (mg/l) 24.70 + 2.10 

TC (mg/l) 159.20 + 3.25 

TDS (ppt) 11.00 + 0.10 

Salinity (%) 43.1 + 0.40 

Conductivity (mS) 21.80 + 0.20 

pH 7.57 + 0.10 

Zeta potential (mV) -16.7 + 0.3 

Size 

Distribution 

(µm) 

Dv10 1.39 + 0.04 

Dv50 5.79 + 0.50 

Dv90 13.30 + 0.71 
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The oil content, TOC, TDS and pH were observed as 196 mg/l, 134.5 mg/l, 11 ppt 

and 7.57 which are within the range of oilfield produced water parameters in the world, 

and typical Produced water characteristics adopted from Environment Canada as 

represented in Tables 3.4 and 3.8 with an oil content, TOC, TDS and pH range of 2 - 565 

mg/l, 0 – 1500 mg/l, 6 – 31 ppt and 7.0 – 8.6 respectively. The synthetically prepared PW 

was a good representation of the actual (field) produced water. 

The discharge limits according to Canada offshore water treatment guidelines 

were 30 mg/l for 30 day volume weighted average oil in water concentration and 44 mg/l 

for 24 hour oil in water concentration (CNSOPB, 2010). Feed water had oil content of 

196 mg/l which was much higher than discharge limit. Higher concentrations pose risk to 

environment.  

Turbidity of feed water was 500 NTU which is the representation of suspended 

solids that cause a change in clarity of water. Higher turbidity promotes the growth of 

pathogens, an increase temperature, a decrease in DO concentration and light penetration 

which leads to spreading of water borne diseases, reduce photosynthesis and growth rate. 

COD represents the amount of organic load in water. It does not affect living 

organisms directly. However, it has an indirect effect on living organisms by changing 

the demand of oxygen in aquatic environment. COD of feed water was 2040 mg/l which 

was much higher than typical unpolluted water having a COD of 20 mg/l. 

TDS, salinity and conductivity of feed water was 11 ppt, 43.1 % and 21.8 mS. 

Average salinity of ocean water is 35 ppt. Salinity of PW is not a concern when 

discharged to ocean because the ocean already has large amount of dissolved salts and 
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dilution takes place rapidly. However, these are parameters of concerned for onshore oil 

and gas production. 

pH of feed water was 7.57 which shows that solution was slightly basic/alkaline 

as compared to pure water having a pH of 7. It means that solution had more hydroxyl 

ions (OH
-
) than hydrogen ions (H

+
). pH is an important parameter for living systems. 

Living bodies generate acids and basis for normal life processes. An increase or decrease 

of pH in the water bodies interferes with proper balance of acids and bases in living 

bodies. 

Zeta potential of feed water was -16.7, and the negative value could be due to 

adsorption of hydroxyl ions on oil particles. Zeta potential represents the electrical charge 

characteristics of particles in a sample. Particles interaction greatly depends upon electric 

charges which represent behavior of solution. Particles with low zeta potential are less 

stable and tend to flocculate. Particles with zeta potential between 30 and -30 are 

considered to be non stable. Zeta potential of feed water was within this range and 

therefore oil particles in solution were not stable and tended to attach with each other.  

Particle size distribution affects the settling velocities of particles and colloidal 

properties of solution. Dv 90 represents the diameter under which 90 % particles by 

volume exist in solution.  Similarly, Dv 50 represents the diameter under which 50 % 

particles by volume exist in solution, and Dv 10 represents the diameter under which 10 

% particles by volume which exist in solution.  Experimental results show that 90 % of 

particles were below the size of 13.3 µm in solution, 50 % of particles were below the 

size of 5.79 µm and 10 % of particles were below the size of 1.39 µm. Particle sizes were 
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above the colloidal range (1 – 0.001 µm). The graph of size distribution of feed water 

was shown in Figure A.1 (Appendix). 

4.2. Controlled Experiments 

The results of the controlled experiments were presented in Table 4.2. In these 

experiments only DAF is applied with recycle ratios of 10 % and 20 %.  Recycle ratio is 

the fraction of total volume of water that is transferred from the saturator to the floatation 

chamber. Recycle ratio is calculated by following formula: 

                  
  

      
                             

Where, 

                    = Volume of saturated water transferred to jar (ml) 

                     = Volume of feed water in the jar (ml)  

Table 4.2:   Characteristics of permeate obtained from controlled experiments 

Parameter Feed DAF (10% RR) DAF (20% RR) 

Oil Content (mg/l) 196.0 88.0 84.0 

Turbidity (NTU) 500.0 310.0 260.0 

COD (mg/l) 2040 1131 840 

TOC (mg/l) 134.50 47.73 45.66 

IC (mg/l) 24.70 22.88 19.65 

TC (mg/l) 159.20 70.61 65.31 

TDS (ppt) 11.00 10.10 9.18 

Salinity (%) 43.1 39.3 35.8 

Conductivity (mS) 21.80 19.87 18.48 

pH 7.57 7.62 7.65 

Zeta potential (mV) -16.7 -14.1 -13.4 
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Size 

Distribution 

(µm) 

Dv10 1.39 0.95 0.88 

Dv50 5.79 4.83 4.65 

Dv90 13.30 9.64 9.24 

 

Removal percentages of different parameters are presented in Table 4.3. Removal 

percentage represents the efficiency of treatment process in removing the contaminant 

from the synthetic produced water. Removal percentages were calculated by following 

formula: 

                        
      

  
                                           

Where, 

       = Feed water concentration  

     = Permeate concentration  

Table 4.3:   Removal percentages (Controlled experiments) 

Parameter Percentage 

Removal % 

(DAF-10% RR) 

Percentage    

Removal% 

(DAF-20% RR) 

Oil Content (mg/l) 55.1 57.14 

Turbidity (NTU) 38.0 48.0 

COD (mg/l) 44.6 58.8 

TOC (mg/l) 64.5 66.0 

IC (mg/l) 7.3 20.4 

TC (mg/l) 55.5 59.0 

TDS (ppt) 8.2 16.5 

Salinity (%) 8.8 16.9 

Conductivity (mS) 8.8 15.2 
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The results indicate the effects on Feed water by the application of DAF. It was 

observed that oil contents reached 88 mg/l for 10 % RR, and 84 mg/l for 20 % RR with 

removal percentages of 55.1 % and 57.1 %. There was a small difference of oil content 

removal between 10 % and 20 % RR. However, the oil contents after applying DAF were 

above the discharge limits (30 mg/l). Therefore DAF alone was not able to remove oil 

constituents below the recommended discharge limits.  

Graphical representations of Oil content, TC, TOC and IC of Feed, DAF with 10 

% RR and DAF with 20 % RR are shown in Figure 4.1. There was an appreciable 

difference in TOC removal between 10 % and 20 % RR which were 64.5 % and 66 %, 

respectively. However, there was small difference in IC removal by applying DAF which 

were 7.3 and 20.4 for 10 % and 20 % RR. IC in feed water was present due to the 

dissolution of HCO3 ion from NaHCO3 salt during preparation. This shows that DAF, as 

expected, is not an effective in removing dissolved compounds from water. 

 

Figure 4.1:   Oil content, TC, TOC and IC Comparison of Control experiments 
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Turbidity decreased from 500 NTU to 310 NTU for 10 % RR, and further 

decreased to 260 NTU for 20 % RR. Similarly, COD decreased from 2040 mg/l to 1131 

mg/l for 10 % RR and 840 mg/l for 20 % RR Graphical representations of Turbidity and 

COD were presented in Figures 4.2 and 4.3. 

 

         Figure 4.2:   Turbidity Comparison of Control experiments 

 

 

            Figure 4.3:   COD Comparison of Control experiments 
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TDS decreased marginally from 11 to 10.1 and 9.18 for 10 % and 20 % RR. The 

percentage removals were 8.2 and 16.5 %. The difference between 10 % and 20 % RR 

was almost double. Similar changes were observed for the salinity and conductivity. As 

TDS, salinity and conductivity are directly related to each other, therefore, the percentage 

removals of these parameters were almost similar. The overall removal of TDS, salinity 

and conductivity is very small as compared to the Feed. However results indicate that 

DAF is able to remove some dissolved solids as well. Graphical representation of TDS, 

Salinity and Conductivity is shown in Figure 4.4. 

 

Figure 4.4: Salinity, conductivity and TDS Comparison of Control experiments 
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Figure 4.5:   Particle size Distribution of Control experiments 

It was also observed that Zeta potential changes from -16.7 to -14.1 and -13.4 by 

increase in RR which means stability of particles decrease further. pH also increased with 

increase in RR. Hence, the solution becomes more alkaline. Graphical representation of 

zeta potential and pH is shown in Figures 4.6 and 4.7.  

 

Figure 4.6:   Zeta potential of control experiments 
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Figure 4.7:   pH of control experiments 

Percentage removal graph of different parameters in control experiments were 

presented in Figure 4.8.  Highest percentage removal had been observed for TOC. 

Removals of dissolved substance were small (7 – 21 %) which were indicated by 

parameter such as TDS, Salinity, Conductivity and IC. Hence, it can be concluded that 

DAF is an effective tool for the removal of suspended as well as dispersed particles, but 

is ineffective for dissolved particles. 

 

Figure 4.8:   Percentage removal of different parameters in control experiments 
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A diagram of feed water and permeate with 10 % RR DAF and 20 % RR DAF 

was shown in Figure 4.9. The change in color indicates a decrease in turbidity and other 

parameters. 

 

Figure 4.9:   Feed water and permeates with DAF of 10 % and 20 % RR 

When the saturated air-water mixture was introduced, the solution becomes white 

and cloudy. Soon after that, the air bubbles begin to rise. The oil particles and other solids 

are attached to micro air bubbles by sedimentation, interception and diffusion. Due to a 

reduced density the particles float on the top of the liquid surface. Figure 4.10 shows the 

floating oil particles after applying DAF. 

 

Figure 4.10:   Floating oil particle after applying DAF 
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4.3. Screening Experiments 

The results of the screening experiments were presented in Table 4.4. Removal 

percentages of different parameters were presented in Table 4.5. In these experiments 

Organoclay of 3 companies (Ecologix Environmental systems, Clear creek systems, 

Jenfitch LLC) were tested under similar conditions in order to determine which 

organoclay has the best removal efficiency. The OC with the best performance will be 

selected and used further in the optimization experiments. 

Table 4.4:   Characteristics of permeate obtained from the screening experiments 

Parameter Feed OC + DAF 

(Ecologix 

Environmental 

Systems) 

OC + DAF  

(Clear Creek 

systems Inc.) 

OC + DAF  

(Jenfitch 

LLC.) 

Oil Content (mg/l) 196.0 40.7 43.7 13.2 

Turbidity (NTU) 500.0 38.0 36.3 3.4 

COD (mg/l) 2040 703 905 237 

TOC (mg/l) 134.50 16.66 18.24 5.32 

IC (mg/l) 24.70 22.46 23.68 22.01 

TC (mg/l) 159.20 39.11 41.92 27.33 

TDS (ppt) 11.00 10.01 9.92 9.72 

Salinity (%) 43.1 39.2 39.0 38.5 

Conductivity (mS) 21.80 19.97 19.90 19.75 

pH 7.57 7.65 7.75 7.60 

Zeta potential (mV) -16.7 -10.6 -9.3 16.2 

Size 

Distribution 

(µm) 

Dv10 1.39 0.50 0.52 0.31 

Dv50 5.79 4.14 4.29 1.35 

Dv90 13.30 10.40 10.30 9.80 
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Table 4.5:   Removal percentages (Screening experiments) 

Parameter Percentage 

Removal % 

 

 (OC -Ecologix 

Envi. Systems) 

Percentage 

Removal % 

 

(OC - Clear Creek 

systems Inc.) 

Percentage 

Removal % 

 

(OC - Jenfitch 

LLC) 

Oil Content (mg/l) 79.2 77.7 93.3 

Turbidity (NTU) 92.4 92.7 99.3 

COD (mg/l) 65.5 55.6 88.4 

TOC (mg/l) 87.6 86.4 96.0 

IC (mg/l) 9.0 4.1 10.9 

TC (mg/l) 75.4 73.7 82.8 

TDS (ppt) 9.0 9.8 11.6 

Salinity (%) 9.0 9.5 10.7 

Conductivity (mS) 8.4 8.7 9.4 

 

The results indicate that OC from Jenfitch LLC performed the best. OC from 

Ecologix Environmental Systems and Clear creek systems showed almost similar results. 

Performance of screening experiments was better than the control experiments in which 

only DAF was applied. Therefore it is concluded that DAF integrated with OC adsorption 

allows for great improvement in terms of the efficient removal of oil and turbidity.  

Oil contents were 40.7 mg/l, 43.67 mg/l and 13.2 mg/l for OC from Ecologix 

Environmental Systems, Clear creek systems Inc. and Jenfitch LLC, respectively. The oil 

contents for these OCs were below the daily discharge limit (44 mg/l). Therefore, DAF 

with OC adsorption at a recycle ration of 10 % and a dose of 1000 mg/l was able to 

remove oil constituents below the daily discharge limit.  
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Graphical representations of Oil content, TC, TOC and IC of screening 

experiments were presented in Figure 4.11. There was an appreciable difference in TC 

and TOC removal between feed and permeates. However, there was a small difference in 

IC removal which was 9%, 4.1% and 10.8% for OC for the Ecologix Environmental 

Systems, Clear creek systems Inc. and Jenfitch LLC, respectively.The amount of oil, TC, 

TOC and IC removal per unit amount of adsorbent was highest for Jenfitch LLC. 

 

Figure 4.11:   Oil content, TOC and IC comparison of screening experiments 
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performance in the case of turbidity and COD removals. Graphical representations of 

Turbidity and COD were presented in Figures 4.12 and 4.13. 

 

Figure 4.12:   Turbidity comparison of screening experiments 

 

 

Figure 4.13:   COD comparison of screening experiments 
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TDS decreased slightly from 11 to 10.01, 9.92 and 9.72 for OC from Ecologix 

Environmental Systems, Clear creek systems Inc. and Jenfitch LLC, respectively. Similar 

reductions were observed for salinity and conductivity. The overall removal of TDS, 

Salinity and Conductivity were very small when compared to the Feed. This indicates 

that DAF integrated with OC adsorption was not effective in removing the dissolved 

components. Graphical representations of TDS, Salinity and Conductivity were presented 

in Figure 4.14. 

 

Figure 4.14:   Salinity, Conductivity and TDS Comparison of Screening experiments 
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Figure 4.15:   Particle size distribution of screening experiments 

It was also observed that Zeta potential changes from -16.7 to -10.6 for OC from 

Ecologix Environmental Systems, to -9.3 for Clear creek systems Inc. and 16.2 for 

Jenfitch LLC. Charge reversal of zeta potential was observed for OC of Jenfitch LLC. pH 

also increased in all cases, making the solution more alkaline. Graphical representations 

of zeta potential and pH were shown in Figures 4.16 and 4.17. 

 

Figure 4.16:   Zeta potential of screening experiments 
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Figure 4.17:   pH comparison of screening experiments 

The percentages of removal of different parameters in the control experiments 

were shown in Figure 4.18. The highest percentage removal was observed for Turbidity. 

Removals of dissolved substance were small (7 – 21 %) were indicated by parameters 

such as TDS, Salinity, Conductivity and IC. It can therefore be concluded that DAF with 

OC adsorption was effective in the removal of suspended as well as dispersed particles 

but was ineffective in removing the dissolved particles. 

 

Figure 4.18:   Percentage removal of different parameters in screening experiments 
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A diagram of feed water and permeate for the screening experiments was shown 

in Figure 4.19. Highest transparency was achieved by OC manufactured by Jenfitch LLC.  

 

Figure 4.19:   Feed water and permeates of screening experiments 

During the mixing, the organoclay adsorbed the oil particles from the feed water. 

After mixing, the spent organoclay settled down at the bottom of the mixing chamber. 

Sedimentation of particles was shown in Figure 4.20. 

 

Figure 4.20:   Spent organoclay settling down at the bottom of mixing chamber 
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4.4. Optimization Experiments (OC adsorption as pre-treatment for DAF) 

The results of the optimization experiments with OC adsorption as pre-treatment 

for DAF were presented in Table 4.6. Removal percentages of different parameters were 

reported in Table 4.7. These experiments were done with different organoclay doses 

(100, 500 and 1000 mg/l) and at different recycle ratios (10 and 20 %) in order to 

determine the optimum combination of organoclay dose and recycle ratio. OC adsorption 

was used as pretreatment for DAF for these optimization experiments, therefore mixing 

was done before applying DAF. 

The results indicated that increasing the dose of organoclay increased the 

percentage removal. Increasing the dose increased the surface area and allowed for 

adsorbing more constituents. Similarly, increasing the recycle ratio increased the 

percentage removal. This was probably due to the fact that increasing the recycle ratio 

increased the amount of air transferred to adhere to more constituents. However, the 

treatment efficiency was more effective at smaller doses and recycle ratios as compared 

to large doses and recycle ratios. Performances of the optimization experiments were 

much better than the control experiments in which only DAF was used. Therefore, DAF 

integrated with OC adsorption have produced greatest improvement in terms of 

constituent’s removal.  

Oil content of permeate ranged from 25.3 to 1.8 with percentage removal of 87.2 

to 99.1 %. The oil content was below the discharge limits in all the optimization 

experiments. Therefore, DAF with OC adsorption was able to remove high quantities of 

the oil constituents. This type of treatment train is highly recommended for offshore 

produced water treatment in which the discharge limits of oil were regulated.  
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Table 4.6:   Characteristics of permeate obtained from Optimization experiments (OC adsorption as pre-treatment for DAF) 

Parameter 100mg/l OC,  

10% RR 

 (Pre-Treatment) 

500 mg/l OC, 

10% RR 

(Pre-Treatment) 

1000mg/l OC, 

10% RR 

(Pre-Treatment) 

100mg/l OC, 

20% RR 

(Pre-Treatment) 

500mg/l OC, 

20% RR 

(Pre-Treatment) 

1000mg/l OC, 

20% RR 

(Pre-Treatment) 

Oil Content (mg/l) 25.3 16.5 10.4 19.0 11.1 1.8 

Turbidity (NTU) 20.0 15.0 2.5 18.0 13.0 1.5 

COD (mg/l) 377 244 237 259 235 217 

TOC (mg/l) 16.02 12.06 5.74 15.56 11.54 4.74 

IC (mg/l) 23.19 21.81 20.86 19.92 18.71 17.20 

TC (mg/l) 39.21 33.87 26.60 35.48 30.25 21.95 

TDS (ppt) 9.96 9.92 9.84 9.18 9.14 8.96 

Salinity (%) 39.4 39.3 38.6 36.1 35.8 34.8 

Conductivity (mS) 20.20 20.09 19.68 18.42 18.29 17.80 

pH 7.66 7.54 7.24 7.89 7.63 7.50 

Zeta potential (mV) 22.0 19.9 12.0 19.3 17.5 14.6 

Size 

Distribution 

(µm) 

Dv10 0.53 0.35 0.11 0.40 0.51 0.56 

Dv50 2.62 1.22 0.65 1.78 2.06 3.45 

Dv90 8.41 5.62 4.70 6.76 6.83 6.97 



84 
 

 

Table 4.7:   Removal percentages (Optimization experiments with OC adsorption as pretreatment for DAF) 

Parameter 100mg/l OC, 

10% RR 

(Pre-Treatment) 

500 mg/l OC, 

10% RR 

(Pre-Treatment) 

1000mg/l OC, 

10% RR 

(Pre-Treatment) 

100mg/l OC, 

20% RR 

(Pre-Treatment) 

500mg/l OC, 

20% RR 

(Pre-Treatment) 

1000mg/l OC, 

20% RR 

(Pre-Treatment) 

Oil Content (mg/l) 87.1 91.6 94.7 90.3 94.3 99.1 

Turbidity (NTU) 96.0 97.0 99.5 96.4 97.4 99.7 

COD (mg/l) 81.5 88.0 88.4 87.3 87.5 89.4 

TOC (mg/l) 81.1 91.0 95.7 88.4 91.4 96.5 

IC (mg/l) 6.1 11.7 15.7 19.3 24.2 30.3 

TC (mg/l) 75.4 78.7 83.3 77.7 81.0 86.2 

TDS (ppt) 9.5 9.8 10.5 16.5 16.9 18.5 

Salinity (%) 8.6 8.8 10.4 16.2 16.9 19.3 

Conductivity (mS) 7.3 7.8 9.7 15.5 16.1 18.3 
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Graphical representations the of the Oil content, TC, TOC and IC for the 

optimization experiments with OC adsorption as pre-treatment for DAF were presented 

in Figure 4.21. There was an appreciable difference in TOC removal ranging from 81.1 to 

96.5 %. However, there was a small difference in IC removal ranged from 6.1 to 30.3 %. 

The amount of oil, TC, TOC and IC removal per unit amount of adsorbent was high at 

small dose of organoclay. Increase in organoclay dose had little effect on the removal 

percentage.  

 

Figure 4.21:   Oil content, TOC and IC comparison for the optimization experiments 

with OC adsorption as pre-treatment for DAF 

Turbidity decreased to very large extent from 500 NTU to 20 NTU (96 % 

removal) at an OC dose of 100 mg/l with 10 % RR and 1.5 NTU (99.7 % removal) at an 

OC dose of 1000 mg/l with 20 % RR. Decrease in turbidity was achieved to a level close 

to tap water. Similarly, COD also decreased from 2040 mg/l to 377 at low dose and RR, 
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and to 217 at high dose and RR. Graphical representations of Turbidity and COD were 

presented in Figures 4.22 and 4.23.  

 

Figure 4.22:   Turbidity Comparison of Feed water and permeates for optimization 

experiments with OC adsorption as pre-treatment for DAF 

 

Figure 4.23:   COD Comparison of Feed water and permeates of Optimization 

experiments with OC adsorption as pre-treatment for DAF 
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A small decrease in TDS, Salinity and Conductivity has been achieved in the 

optimization experiments. Increasing the RR increased the removal of the dissolved 

solids. However, increasing the OC dose did not have any appreciable effect on dissolved 

solids. Therefore, it is concluded that it is the recycle ratio rather than organoclay dose 

that was the main factor in removing dissolved solids. The overall removal of TDS, 

Salinity and Conductivity is small ranged from 7.3 to 19.3 %. Graphical representations 

of TDS, Salinity and Conductivity changes were presented in Figure 4.24. 

 

Figure 4.24:   Salinity, Conductivity and TDS comparison of optimization experiments 

with OC adsorption as pre-treatment for DAF 

A graphical representation of size distribution was presented in Figure 4.25. A 

decrease in size of particles has been observed for all cases. The smallest size particles 

were observed at an OC dose of 1000 mg/l and a recycle ratio of 10 %.  
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Figure 4.25:   Particle size distribution for the optimization experiments with  

OC adsorption as pre-treatment for DAF 

Charge reversal of zeta potential was observed for all cases. Increase in OC dose 

and RR results in more instability for the particles. A decrease in pH by increasing the 

OC dose and an increase in pH due to an increase in RR were observed. Graphical 

representations of zeta potential and pH were shown in Figures 4.26 and 4.27. 

 

Figure 4.26:   Zeta potential for the optimization experiments with  

OC adsorption as pre-treatment for DAF 
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Figure 4.27:   pH comparison for the optimization experiments with  

           OC adsorption as pre-treatment for DAF 

Percentage removal of organoclay adsorption as pre-treatment for DAF was 

presented in Figure 4.28. High percentage removal had been observed for Oil content, 

Turbidity, COD, TC and TOC.  Low percentage removal had been observed for TDS, 

Salinity, Conductivity and IC. Increasing the OC dose and RR increased the removal of 

constituents. However treatment efficiency is more effective at smaller dose and recycle 

ratio as compared to large dose and recycle ratio. A slight improvement had been 

observed when increasing the OC dose and RR.  

Highest percentage removals were observed for OC dose of 1000 mg/l and 

recycle ratio of 20 %. Up to 99.1 %, 99.7 %, 89.4 % and 96.5 % removal had been 

achieved for Oil content, turbidity, COD and TOC under these conditions.  However 

these conditions were not considered as the optimal one as large amount of OC dose and 
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OC dose of 100 mg/l and a RR of 10 %. Oil content, Turbidity, COD and TOC removal 
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small amount of OC dose (100 mg/l) and recycle ratio (10 %) had been used and oil 

content was within the discharge limit. Therefore, these conditions were concluded as the 

optimum conditions for these sets of experiments. The optimized conditions can be 

different depending upon the final effluent quality required, and considering the whole 

treatment train including initial separation, primary treatment, advanced treatment, and 

biological methods. 
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Figure 4.28:   Percentage removal of different parameters in the optimization experiments with OC adsorption as pre-treatment for 

DAF

0 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

100 mg/l OC, 
10%RR 

500 mg/l OC, 
10%RR 

1000 mg/l OC, 
10%RR 

100 mg/l OC, 
20%RR 

500 mg/l OC, 
20%RR 

 1000 mg/l OC, 
20%RR 

Oil Content 

TC 

TOC 

IC 

COD 

Turbidity 

TDS 

Salinity 

Conductivity 



92 
 

4.5. Optimization Experiments (OC adsorption as post treatment for DAF) 

The results of the optimization experiments with OC adsorption as post-treatment 

for DAF were reported in Table 4.8. Removal percentages of different parameters were 

presented in Table 4.9. These experiments were done with different recycle ratios (10 and 

20 %) and different organoclay doses (100, 500 and 1000 mg/l) in order to determine the 

optimum combination of organoclay dose and recycle ratio. OC adsorption was used as a 

post-treatment for DAF in these optimization experiments, and therefore, mixing was 

done after the DAF. 

Results indicate that OC adsorption as post treatment had better treatment 

efficiency when compared to pre treatment for DAF. In both cases, time, material and 

energy were the same. Time of each experiment in both cases was 30 minutes including 

10 min of mixing time, 5 min for sedimentation time, and 15 min retention time. Material 

including an organoclay dose of 100, 500, 1000 mg/l and recycle ratio of 10 %, 20 % 

were also same in both cases. Similarly energy is also same for both cases as is a pressure 

of 95 psi, and a mixing intensity of 160 rpm were maintained in all experiments.  

 Percentage removal increases with the increase in OC dose and recycle 

ratio. However, the treatment efficiency was more effective at smaller dose and recycle 

ratio as compared to large dose and recycle ratio. Increase in OC dose 10 times from 100 

mg/l to 1000 mg/l improved the removal efficiency for just few percentages. Similarly, 

an increase in recycle ratio 2 times from 10 % to 20 % improved the removal efficiency 

by only few percentages.  
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 Oil content in all the conditions in these set of experiments were below the 

discharge limit, and ranged from 16.2 to 0.2 mg/l with removal percentage from 91.7 to 

99.9%. Oil removal was better as compared to pretreatment experiments having removal 

percentage of 87.2 to 99.1 %. 



94 
 

Table 4.8:   Characteristics of permeate obtained from optimization experiments (OC adsorption as post-treatment for DAF) 

Parameter 100mg/l OC, 

10%RR, 

(Post Treatment) 

500mg/l OC, 

10 %RR,  

(Post Treatment) 

1000mg/l OC, 

10%RR, 

(Post Treatment) 

100mg/l OC, 

20%RR, 

(Post Treatment) 

500mg/l OC, 

20 %RR, 

(Post Treatment) 

1000mg/l OC, 

20%RR, 

(Post Treatment) 

Oil Content (mg/l) 16.2 3.4 0.3 14.6 2.9 0.2 

Turbidity (NTU) 16.0 6.8 0.5 15.0 5.5 0.4 

COD (mg/l) 335 256 228 248 224 211 

TOC (mg/l) 15.37 11.01 4.91 14.86 9.86 3.41 

IC (mg/l) 22.80 21.25 19.75 19.88 18.00 17.37 

TC (mg/l) 38.17 32.26 24.66 34.74 27.86 20.78 

TDS (ppt) 9.97 9.89 9.72 9.19 9.17 9.06 

Salinity (%) 39.6 39.4 39.0 35.9 35.8 35.4 

Conductivity (mS) 20.30 19.94 19.36 18.44 18.42 18.1 

pH 7.69 7.60 7.51 7.53 7.28 7.09 

Zeta potential (mV) 19.5 14.4 10.2 17.4 15.0 13.4 

Size 

Distribution 

(μm) 

Dv10 0.49 0.46 0.03 0.50 0.41 0.31 

Dv50 2.91 1.37 0.14 2.71 2.93 3.19 

Dv90 9.04 7.9 5.62 8.56 8.48 8.68 
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Table 4.9:   Removal percentages (Optimization experiments with OC adsorption as post treatment for DAF) 

Parameter 100mg/l OC, 

10% RR 

(Post-Treatment) 

500 mg/l OC, 

10% RR 

(Post-Treatment) 

1000mg/l OC, 

10% RR 

(Post-Treatment) 

100mg/l OC, 

20% RR 

(Post-Treatment) 

500mg/l OC, 

20% RR 

(Post-Treatment) 

1000mg/l OC, 

20% RR 

(Post-Treatment) 

Oil Content (mg/l) 91.7 98.3 99.8 92.5 98.5 99.9 

Turbidity (NTU) 96.8 98.6 99.9 97.0 98.9 99.9 

COD (mg/l) 83.6 87.4 88.8 87.8 89.0 89.6 

TOC (mg/l) 88.6 91.8 96.3 88.9 92.7 97.5 

IC (mg/l) 7.7 14.0 20.0 19.5 27.1 29.7 

TC (mg/l) 76.0 79.7 84.5 78.2 82.5 86.9 

TDS (ppt) 9.4 10.1 11.6 16.4 16.6 17.6 

Salinity (%) 8.1 8.6 9.5 16.7 16.9 17.9 

Conductivity (mS) 6.9 8.5 11.2 15.4 15.5 17.0 
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Graphical representation of Oil content, TC, TOC and IC of optimization 

experiments with OC adsorption as post-treatment for DAF were presented in Figure 

4.29. There was an appreciable difference in oil content, TC and TOC removal. However, 

there was small difference in IC removal as also seen from other set of experiments. 

Increase in the organoclay doses and recycle ratios had little effect on the removal 

percentage.  

 

Figure 4.29:   Oil content, TOC and IC comparison of optimization experiments with  

OC adsorption as post-treatment for DAF 

High level of turbidity removal had been observed ranging from 96.8 to 99.9 %. 

Turbidity levels achieved reached those of tap water. Similarly, COD also decreased from 

2040 mg/l to 335 at low OC dose and RR, and 211 at high dose and RR. Graphical 

representation of Turbidity and COD were presented in Figures 4.30 and 4.31.  
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Figure 4.30:   Turbidity comparison for optimization experiment with  

OC adsorption as post-treatment for DAF 

 

 

Figure 4.31:   COD comparison for optimization experiments with 

OC adsorption as post-treatment for DAF 
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Decrease in TDS, Salinity and Conductivity remained low in these optimization 

experiments. Removal percentage almost doubles by increasing the RR. However 

increasing the OC dose does not have an appreciable effect on the dissolved solids. The 

overall removal of TDS, Salinity and Conductivity is small and ranged from 6.9 to 17.9 

%. Graphical representation of TDS, Salinity and Conductivity were presented in Figure 

4.32. 

 

Figure 4.32:   Salinity, Conductivity and TDS Comparison of Optimization experiments        

                               with OC adsorption as post-treatment for DAF 

Graphical representation of size distribution was presented in Figure 4.25. A 

decrease in size of particles has been observed for all cases similar to the pretreatment 

experiments. The smallest size particles were observed at an OC dose of 1000 mg/l and a 

recycle ratio of 10 %.  
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Figure 4.33:   Particle size distribution for the optimization experiments with 

OC adsorption as post-treatment for DAF 

Similar behavior for zeta potential was observed in the post treatment experiments 

as what was observed in the pretreatment experiments. Charges of the particles were 

reversed after treatment. A decrease in pH by increasing the OC dose and RR had been 

observed. Graphical representations of zeta potential and pH were shown in Figures 4.34 

and 4.35. 

 

 Figure 4.34:   Zeta potential comparison for the optimization experiments   

                                               with OC adsorption as post-treatment for DAF 
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Figure 4.35:   pH comparison for the optimization experiments with  

OC adsorption as post-treatment for DAF 

Percentage removal of organoclay adsorption as post-treatment for DAF was 

presented in Figure 4.36. The highest percentages for removal had been observed for 

Turbidity reaching close to 100 %.  Similar trends were observed for oil content, TC, 

TOC, IC, COD and Turbidity removal which means that they were directly related to 

each other. Similarly, the same trends were observed for the TDS, Salinity and 

Conductivity which means that they were also directly related to each other. Increase or 

decrease in one parameter caused an increase or decrease of the other parameter.  

Highest percentage removals were observed for an OC dose of 1000 mg/l and a 

recycle ratio of 20 %. Oil content, turbidity, COD and TOC removal reached 99.9 %, 

99.9 %, 89.6 % and 97.5 %, respectively.  But these conditions were not considered as 

the best economically because large OC dose and recycle ratio had been used. The most 

optimized conditions were OC dose of 100 mg/l and RR of 10 % as these conditions 

required low energy and material. Oil content, Turbidity, COD and TOC removal reached 

91.7 %, 96.8 %, 83.6 % and 88.6 % under these conditions. Therefore OC adsorption as 
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post treatment for DAF was recommended for treatment of Produced water with dose of 

100 mg/l and recycle ratio of 10 %. 

Comparing the oil removal with other research studies shows that treatment 

performance is better. Removal of 79.5 % oil and grease at an OC dose of 300 mg/l and 

RR of 10 % has been found using OC adsorption as pretreatment for DAF (Jaji, 2012).  

At an OC dose of 1000 mg/l, oil removal of 89.2 % from PW was achieved (Moazed, 

2000). Similarly oil and grease removal of 85 % has been achieved with an OC dose of 

1000 mg/l and RR of 10 % (Younker and Walsh, 2014).
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Figure 4.36:   Percentage removal of different parameters in the optimization experiments with OC adsorption as post treatment for DAF
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CHAPTER 5: SUMMARY AND CONCLUSION 

5.1. Summary 

In this study, organoclay adsorption in stirred tank was integrated with the Dissolved 

air floatation for the treatment of synthetic produced water. Dissolved air floatation 

(DAF) is a conventional technology commonly used for the treatment of produced water, 

and is effective for removing low density particles from wastewater. On the other hand, 

organoclay was effective for the adsorption of oil from oily wastewater. The combining 

effect of these technologies was studied in this research. Synthetic produced water was 

prepared and used immediately for all the experiments in order to maintain consistency.  

Experiments were divided in to four sections. The first set of experiments were the 

control experiments in which only Dissolved Air Floatation was used with recycle ratios 

of 10 % and 20 % in order to understand the effects on the synthetic produced water and 

compare them with the other experiments. The second set of experiments were the 

screening experiments in which organoclays from three companies (Ecologix 

Environmental systems, Clear creek systems Inc, Jenfitch LLC) were tested under similar 

conditions in order to determine the organoclay which had the best performance. The 

organoclay from Jenfitch LLC performed the best under these conditions, and was 

therefore selected for the optimization experiments. Optimization experiments were done 

with different organoclay doses (100, 500 and 1000 mg/l). For each organoclay dose, the 

recycle ratio was changed (10 and 20 %) in order to determine the optimum combination 

of organoclay dose and recycle ratio. Mixing was done before applying DAF for 
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experiments where OC adsorption was used as a pretreatment. Mixing was done after 

applying DAF for experiments where OC adsorption was used as a post treatment. 

After treatment, the oil content, turbidity, total carbon, total organic carbon, inorganic 

carbon, total dissolved solids, salinity, conductivity, zeta potential, pH and size 

distribution were measured for understanding the impact of operating parameters 

(organoclay dose and recycle ratio) on the treatment of produced water and determining 

the most optimal condition on the basis of removal efficiency. 

5.3. Conclusion 

The following conclusions were drawn from the study: 

 The oil contents after applying DAF reached 88 mg/l and 84 mg/l at 10 % and 20 

% recycle ratio. These were above the discharge limits. Therefore, DAF alone 

was not able to remove oil content below the discharge limit. 

 The best performance was observed for the OC from Jenfitch LLC for the 

removal of different constituents in the screening experiments. OC from Ecologix 

Environmental Systems and Clear creek systems Inc. showed almost similar 

results. The amount of oil, TC, TOC, IC and TDS removal per unit amount of 

adsorbent was the highest for OC from Jenfitch LLC. 

 Performances of optimization experiments were much better than the control 

experiments in which only DAF was used. Therefore, OC adsorption is an 

effective process when integrated with DAF, and has shown much better 

improvement in terms of oil and turbidity removal. 
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 The oil contents were below the discharge limits in all the optimization 

experiments ranging from 25.3 to 1.8 mg/l with OC adsorption as pretreatment for 

DAF and 16.2 to 0.2 mg/l with OC adsorption as post treatment for DAF. This 

type of treatment train is highly recommended for offshore produced water 

treatment in which discharge limits of oil and foot print are of great concern.  

 High level of turbidity removal was observed in the optimization experiments 

ranging from 96 to 99.7 % with OC adsorption as pretreatment for DAF and 96.8 

to 99.9 % with OC adsorption as post treatment for DAF. Decreases in turbidity 

have been achieved to a level close to that of tap water. 

 Increasing the dose of organoclay and the recycle ratio increased the percentage 

removal. However, treatment efficiency is more effective at smaller dose and 

recycle ratio as compared to large dose and recycle ratio. Increase in OC dose by 

10 times from 100 mg/l to 1000 mg/l improved the removal efficiency just few 

percentages more. Similarly, a doubling of the recycle ratio from 10 % to 20 % 

improved the removal efficiency by few percentages. 

 High percentage removal had been observed for Oil content, Turbidity, COD, TC 

and TOC ranging from 81 % to 99.9 %. Low percentage of removal had been 

observed for TDS, Salinity, Conductivity and IC ranging from 6.1% to 30.3 %. 

The overall removals of dissolved substance were small as compared to the 

content in the Feed.  

 DAF integrated with OC adsorption was effective in the removal of suspended as 

well as dispersed particles but ineffective for the removal of dissolved particles. 
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 Recycle ratio rather than organoclay dose is the main factor in removing dissolved 

solids. Increasing the RR increases the removal of dissolved solids. However, 

increasing the OC dose did not have appreciable effect on the removal of 

dissolved solids. 

 Highest percentage removals were achieved with an OC dose of 1000 mg/l and 

RR of 20 %. However, these conditions were not considered the most economical 

because a large amount of OC and a high RR would result in high energy and 

material costs. 

 The optimized conditions for OC adsorption as a pretreatment for DAF were an 

OC dose of 100 mg/l and an RR of 10 %. Oil content, Turbidity, COD and TOC 

removal of 87.1 %, 96 %, 81.5 % and 81.1 %, respectively, were achieved under 

these conditions. 

 The optimum conditions for OC adsorption as a post treatment for DAF were an 

OC dose of 100 mg/l and an RR of 10 %. Oil content, Turbidity, COD and TOC 

removal of 91.7 %, 96.8 %, 83.6 % and 88.6 % were achieved under these 

conditions. 

 Under optimum conditions, a 100 mg/l OC dose and a 10 % RR, meant that1 kg 

of organoclay will be enough to treat 10,000 liters of produced water. OC is cheap 

and is generally sold commercially in large quantities (tons). 

 OC adsorption as a post treatment showed better treatment efficiency when 

compared to pretreatment after DAF. In both cases, time, material and energy 

used were the same. 
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 A similar trend was observed for oil content, TC, TOC, IC, COD and Turbidity 

removals, in parallel with TDS, Salinity and Conductivity changes. This means 

that these parameters were directly related to each other ie an increase or decrease 

of one parameter caused the increase or decrease of the other parameters, and vice 

versa. 

 OC adsorption as a post treatment for DAF was recommended for the treatment of 

produced water. An OC dose of 100 mg/l and 10 % RR were the best conditions 

observed for an optimum treatment. 
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CHAPTER 6: FUTURE WORK AND RECOMMENDATIONS 

 

To extend the work on Dissolved air floatation and organoclay adsorption for the 

treatment of produced water, the following recommendations are made for future work: 

 Suggested treatment train – Organoclay adsorption integrated with Dissolved air 

floatation had excellent performance in removing the organic load. These 2 

primary treatment methods can remove up to 99.9 % oil and turbidity. However, 

as expected,  these technologies were not able to effectively remove dissolved 

solids especially, salts. Therefore, it was suggested that membrane treatment after 

the application of these technologies can provide a high quality effluent. Reducing 

the oil and suspended solids by pretreatment methods of DAF and OC adsorption 

would increase the life of membranes due to the reduction in fouling. The treated 

water can be used for industrial or agricultural purposes. The three step process 

for generating high quality effluent consists of the use of DAF for removing free 

and dispersed oil, organoclay adsorption for removing dispersed and dissolved oil, 

and membrane filtration for removing the salts. A flow diagram of three step 

process for generating high quality effluent is presented in Figure 6.1. 

 

Figure 6.1:   Suggested treatment train for generating high quality effluent 
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 Management of spent organoclay – There is great potential of utilizing the spend 

organoclay after the sorption of organic compounds. The calorific value of spent 

organoclay is as high as of heavy fuel oil. It can be used as fuel in thermal power 

plants. It can also be used in land farming as it has high amount of organic matter. 

On the other hand, if it is disposed off without treatment, then it can pose a major 

environmental hazard. Therefore, research is needed in the management of the 

spent organoclay and utilizing it in an effective way. 

 Effect of Feed water temperature –The effect of feed water temperature on the 

efficiency of process can be assessed. Both Dissolved air floatation and 

organoclay adsorption depended upon temperature. Experiments can be done by 

increasing and decreasing the temperature of the feed water. Understanding the 

effect of feed water temperature on the integrated process of DAF and OC 

adsorption will help in improving the efficiency of treatment.  

 Effect of saturator pressure – Solubility of air depends upon saturator pressure 

according to Henry’s law. Similarly bubbles size depends upon saturator pressure 

which affects rise velocity and particles attachment. The effect of saturator 

pressure can be assessed in order to determine the optimum pressure.  

 Effect of mixing intensity – Effect of mixing intensity can be assessed. Studies 

have been done on different mixing intensities which showed improvement on oil 

removal. Velocity gradient depended upon the speed of the mixing paddle.  

 Effect of mixing time – The effect of mixing time can be determined. This will 

help in studying the kinetics of adsorption and determining the optimal time of 

treatment. 
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 Effect of coagulants, surfactants and ionic liquids – Experiments can be 

conducted by using various amounts of different coagulants, surfactants and ionic 

liquids. Each of these materials can be applied alone or in combination.  

 Adsorption isotherm studies – Experiments can be performed on different 

concentration of salts and oil which help in obtaining adsorption isotherms. 

Research can be done on the behavior of adsorbents at various concentrations of 

salts and oil. 

 Organoclay preparation – Various kinds of organoclays can be prepared in 

laboratory and tested for treatment efficiency. Evaluation of different preparation 

methods can be done.  

 Range of conditions – Range of experimental conditions including the recycle 

ratio and organoclay dose can be extended. Experiments can be performed for an 

RR of 5 % and 30 %. Similarly experiments can be performed on OC doses of 50 

mg/l and 2000mg/l.  

 Methods of OC utilization – Experiments can be performed on different methods 

of utilizing OC for adsorbing various constituents. These methods include OC in a 

stationary adsorption column and mixing chamber. Results of both methods can 

be compared.  

 Different types of organoclay – Organoclay from other companies can be tested 

especially the commercial ones. Experiments can be performed on different OC 

including the natural and synthetic.  
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 Actual field produced water – Experiments can be done on actual field produced 

water and compared with synthetically prepared produced water. The actual field 

produced water can be used.  

 Scaling up – The conditions can be scaled up from laboratory scale to full scale 

plant for utilizing the technology on industrial and commercial scale. 

 Cost analysis – A detailed cost analysis should be conducted with industry partner 

including the fixed and operating cost.  
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APPENDIX 

 

Figure A:   Oil particles size distribution in feed water 
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