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ABSTRACT 

 Produced water is the largest volume of waste stream obtained from oil 

and gas production. It affects both aquatic and terrestrial eco-systems if 

discharged directly into the environment. If the water is treated, it could represent 

a solution for water scarcity, and would reduce the impact on the environment. 

Membrane filtration is a type of physical treatment in which two different phases 

are separated upon application of an external pressure. Polymeric membranes 

have significant advantages such as low cost and ease of fabrication, but also 

major disadvantage such as fouling which directly affects the operating cost. 

 Microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and reverse 

osmosis (RO) are four types of membrane category based on pore size. A four-

stage polymeric membrane filtration process was studied for the treatment of 

produced water since multiple-stage membrane filtration has rarely been 

analyzed in the literature. Produced water was synthesized based on water 

quality parameters of produced water obtained from Western Canada. Water 

quality was analyzed after each experiment. The screening experiments were 

carried out at average transmembrane pressures and cross flow velocities. 

Based upon the rejection characteristics and permeate flux, a membrane was 

chosen from each of four categories. Polyvinylidene fluoride (0.3 micron), 

ultrafilic (100,000 MWCO), thin film (0 MWCO), and polyamide (100 Dalton) were 

deemed the best membranes in the four categories. The optimal transmembrane 

pressures of MF, UF, NF and RO were found to be 3, 4, 13 and 25 bar, 

respectively. The optimal cross flow velocities of MF, UF, NF and RO were found 
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to be 0.30, 0.30, 0.90 and 0.60 m/s, respectively. The oil content, total organic 

carbon and sulphate ions were completely removed by the four stage filtration 

system. The chemical oxygen demand (COD), total dissolved solids (TDS), 

turbidity and chloride rejection percentages were 99.15%, 97.44%, 99.86% and 

97.56%, respectively. Water quality approached that of tap water.  

 Fouling type was analyzed based on an empirical model developed by 

Hermia (1982). The permeate fluxes were predicted by linear regression. The 

model results showed that the cake filtration model was predominant in all of the 

filtration types because the foulant particle sizes were large compared to the pore 

size of the membranes.  
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CHAPTER 1: INTRODUCTION 

1.1 General Introduction 

Oil wells are drilled in land surface and sea beds, and accordingly, these are 

called on-shore drilling and off-shore drilling, respectively. The wells drilled for 

exploration purpose are known as wildcat wells and the wells that are drilled for 

production purposes are known as development wells (Bourgoyne Jr. et al., 

1991). The ratio of oil from wells to produced water ranges from 1:2 to 1:50 

depending upon several factors. The volume of produced water obtained from 

each oil well mainly depends on the age of the reservoir and the geographical 

location (Lee et al., 2011)  

Produced water comprises both formation water and injected water that is 

obtained as a by-product in oil and gas production. Formation water is the water 

trapped in the process of underground reservoir formation. Injected water 

consists of flooding water, surfactants, corrosion inhibitors, etc. The global 

average of produced water generation is 210 million barrels per day and 77 

billion barrels per year (NETL-DOE, 2012). 

In Canada, the amount of water required for the oil and gas extraction sector 

has been increasing due to the increase in formation flooding as well as the large 

oilsand operations. Bitumen is recovered from oilsands by Steam Assisted 

Gravity Drainage (SAGD) and Cyclic Steam Stimulation (CSS) processes (Jiang 

et al., 2009). In these processes, three barrels of river water are consumed to 

produce one barrel of oil from oil sands (Environment Canada, 2004). To meet 

the demand, huge amounts of ground water and also surface waters are diverted 



 

2 
 

to petroleum and auxiliary industries. However, fresh surface water is needed for 

domestic, non-industrial and agricultural purposes. Hence, governments have 

been trying to limit the large volumes of fresh water used for formation injection 

by petroleum industries (Environment Canada, 2004). Coal bed methane 

extraction is another process in which a by-product is produced water. Methane 

recovery is enhanced by dewatering the coal deposits. Although fresh water 

usage is very high in the petroleum industry, the primary concern for 

Environment Canada is releasing the used water back into the environment 

(Environment Canada, 2004). In Alberta, fresh water usage was reduced from 

88.7 million cubic metres in 1973 to 47.5 million cubic metres in 2002 (Alberta 

Environment , 2003).  Still, the amount of fresh water used is substantially high. 

On the other hand, there is an increase in demand for usable water in oil 

producing regions. Hence, an economically viable and eco-friendly treatment 

method would convert produced water into an asset. 

1.2 Produced Water Management 

The cheapest method for produced water disposal is a direct discharge on the 

surface, but the operation is not safe for the environment. Disposal costs in this 

case may vary from $0.30/bbl to $10.00/bbl. On the other hand, produced water 

treatment costs range from $5.00/bbl to $14.00/bbl (NETL-DOE, 2012).   

 Oil and gas operators have the following options for managing produced 

water from reservoirs (Arthur et al., 2005): 
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• Use polymer gels that block the cracks responsible for water formation or 

Downhole Water Separators which remove the water from oil in the 

reservoir itself. This is an option that is not viable all the time. 

• Re-inject the produced water into the same reservoir or into a non-

functional reservoir meant for injecting the produced water, but the 

transportation cost has to be considered. 

• Discharge the produced water on to the surface after meeting the on-

shore or off-shore discharge regulations. 

• Treat the produced water so that it can be reused for oil and gas 

production. 

• Rigorous treatment of produced water may yield water required for 

irrigation, livestock consumption and also for non-drinking 

commercial/domestic purposes. 

As per the United States Environmental Protection Agency (USEPA) 

regulations, the daily maximum discharge limit of oil and grease content is 42 

mg/l and the average over 30 days should be less than 29 mg/l (USEPA, 1996). 

For Canada, as per National Energy Board (NEB) guidelines, the daily maximum 

discharge limit of oil and grease content is 44 mg/l and the 30-day average 

should be less than 30 mg/l (National Energy Board, 2010). Based on the 

Australian standards, the daily maximum discharge limit of oil and grease content 

is 50 mg/l and the daily average should be less than 30 mg/l (Neff, 2002). Each 

year, offshore platforms around the world release millions of barrels of produced 
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water into the ocean. If the discharge standards are not met, it would adversely 

affect marine ecology. 

1.3 Constituents of produced water 

The constituents of produced water mainly depend on the reservoir formation, 

operating conditions and production chemicals used for the oil extraction. The 

major constituents of produced water can be classified as organic and inorganic 

compounds, and production chemicals (Arthur et al., 2005).  

The organic compounds include free or dissolved oil, grease, benzene, 

toluene, ethyl benzene, and xylenes (BTEX), naphthalene, poly aromatic 

hydrocarbons (PAHs), naphthenic acids, fatty acids, etc. (Ekins et al., 2007). The 

inorganic compounds include cations like Na+, K+, Ca2+, Mg2+, Ba2+, Sr2+, Fe2+, 

Mn2+, Sn2+, Zn 2+ and anions like Cl−, SO4
2−, CO3

2−, HCO3
−. The list also includes 

non-ionic dissolved solids like silicates and borates and heavy metals like Cd, 

Cu, Hg, Cr and Pb. (Hansen, 1994).  

The production chemicals include scale and corrosion inhibitors, biocides, 

surfactants, etc. Normally, the concentration of chemicals in the produced water 

would be approximately 0.1 ppm (Veil et al., 2004). Apart from these, produced 

water might also contain formation solids, corrosion products and bacteria. 

Various parameters like oil and grease content, chemical oxygen demand 

(COD), biological oxygen demand (BOD5), total dissolved solids (TDS), total 

suspended solids (TSS), total organic carbon (TOC), turbidity, alkalinity, pH and 

concentration of individual ions have to be measured to characterize produced 

water. These parameters would give an idea of the impact produced water can 
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have on the ecosystem into which it is going to be disposed. In this research, the 

following parameters are considered: oil content, total dissolved solids (TDS), 

chemical oxygen demand (COD), total organic carbon (TOC), turbidity, alkalinity, 

conductivity, chloride and sulphate.  

1.4 Treatment methods 

Oil and grease can be effectively removed by an API gravity separator, 

corrugated plate separator, dissolved air flotation, hydrocyclones, mesh 

coalescer, centrifuge, media filter and membrane filter.  The soluble organics can 

be removed by adsorption mechanisms (using activated carbon, nutshell media 

or organoclay) or by oxidation (using ozone, UV light or hydrogen peroxide) or by 

biological treatment (using oil eating bacteria or by membrane treatment (Arthur 

et al., 2005). The TDS content can be reduced by chemical precipitation, 

chemical oxidation, electrodialysis, evaporation, distillation, and membrane 

filtration (Fakhru’l-Razi et al., 2009) 

Conventional methods are unable to remove the contaminants with a size of 5 

μm or below; hence, they cannot achieve the stringent effluent standards (Li et 

al., 2009). However, these contaminants can be effectively removed by 

membrane treatment without adding any extra contaminant to the produced 

water. Membrane treatment have advantages like high quality of output, ease of 

operation, smaller floor space requirement, independence from treatment 

chemicals, low energy consumption and continuous operation.  

Ceramic membranes, polymeric membranes, composite membranes and 

biomimetic membranes are four of the most common types of membranes.  
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Polymeric membranes have the advantages of low cost, lower energy 

requirements and high efficiency in removing oil. They also have some 

disadvantages like poor thermal stability and chemical incompatibilities 

(Duraisamy et al., 2013). However, the advantages offset the disadvantages, and 

they are considered to be one of the best treatment methods to meet effluent 

water quality standards.  

Drinking water quality is described in the table below: (SaskWater, 2002; 

WHO, 2011) 

Table 1.1: Characteristics of drinking water  

Parameter Maximum Acceptable 
Concentration(mg/l) 

Total Dissolved Solids (TDS) 1000 
Chemical Oxygen Demand (COD) 10 
Biological Oxygen Demand (BOD) 6 

Alkalinity (as CaCO3) 500 
Benzene 0.005 
Cadmium 0.005 
Chloride 250 

Chromium 0.05 
Copper 1 

Ethylbenzene 0.0024 
Fluoride 1.5 

Iron 0.3 
Lead 0.01 

Magnesium 200 
Manganese 0.05 

Mercury 0.001 
Nitrate 45 

Selenium 0.01 
Sodium 300 

Sulphate 500 
Toluene 0.024 

Trichloroethylene 0.05 
Zinc 5 
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Some of the commercially available membrane treatment processes are CDM 

Produced water Technology, Veolia OPUSTM, VSEP® Vibratory membrane, 

Ecosphere-OzonixTM and GeoPure desalination process (RPSEA Report, 2009). 

1.5 Objectives 

The objectives of this research are listed below: 

1. Screen polymeric membranes of different types, such as microfiltration, 

ultrafiltration, nanofiltration and reverse osmosis, based on rejection (%) 

and final permeate flux. 

2. Measure and report water quality parameters before and after each 

filtration operation.. 

3. Optimize the transmembrane pressure and cross-flow velocities based on 

rejection (%) and final permeate flux. 

4. Obtain the water quality close to drinking water quality standards. 

5. Use a model to determine the type of membrane fouling experienced by 

the membranes. 

Biological parameters like E-coli and total coliform bacteria are not part of the  

scope of this study. 
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CHAPTER 2: LITERATURE REVIEW 

2.1. Produced water and its constituents 

 Produced water is the largest stream of waste by-product obtained during 

the  production of oil and gas. The ratio of produced water to oil (WOR) varies 

from 2 to 50. The amount of water produced increases with increase in the age of 

the reservoir (Henderson et al., 1999) Produced water consists of organic and 

inorganic substances.  

 

Figure 2.1: Classification of produced water constituents 

 Oil and grease is a mixture of heavy hydrocarbons that are immiscible in 

water. Hydrocyclones are widely used to separate oil from produced water by 

making use of the difference in density. Soluble organics in produced water are 

mainly phenols or BTEX (benzene, toluene, ethylbenzene and xylenes) 

components. Soluble organics can be removed by physical, chemical or 

biological treatment methods. Inorganic constituents can be classified into ionic 
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and non-ionic substances, such as silica, sand, heavy metals, etc. Produced 

water also contains anions like chloride, sulphate, bromide, bicarbonate and 

carbonate and cations like sodium, potassium, calcium, magnesium, barium, 

ferrous, strontium and ammonium (Lee et al., 2011) 

 The most important water quality parameters that have to be considered for 

produced water treatments are listed below (Fakhru’l-Razi et al., 2009). 

a) Oil and grease content: represents the dispersed oil droplets that 

contribute to the total oil content. The amount of oil varies from 3 to 1500 

mg/L. 

b) Chemical Oxygen Demand (COD): represents the total amount of 

dissolved oxygen consumed by the chemical oxidizing agents to convert 

organic pollutants into carbon dioxide, water and ammonia. It is a measure 

of organic components present in the water. The COD of produced water 

ranges from 2600 to 120,000 mg/L. 

c) Biological Oxygen Demand (BOD5): the total amount of dissolved oxygen 

consumed by the microorganisms present in the water to convert complex 

organic substances into simple inorganic substances within the period of 

five days. The BOD5 of produced water ranges from 75 to 2870 mg/L. 

d) Total Suspended Solids (TSS): comprises heavier particles that can be 

easily removed by media filter or sedimentation. Silica, sand, scales and 

corrosion products contribute to total suspended solids. The amount 

varies from 8 to 2000 mg/L. 



 

10 
 

e) Total Dissolved Solids (TDS): Finer particles, anions and cations 

contribute towards total dissolved solids (TDS). The typical range of total 

dissolved solids would be from 2000 to 360,000 mg/L. 

f) Total Organic Carbon (TOC): the total amount of carbon present in the 

combustible constituents of produced water is known as total organic 

carbon (TOC). It gives a cumulative amount of dispersed oil and dissolved 

organic components. 

 The most important characteristics of produced water collected in western 

Canada are given in Table 2.1. 

Table 2.1: Heavy oilfield produced water characteristics in Western Canada 
(Vachon et al., 1991)  

Parameters Range of Data (mg/L) 
Alkalinity (CaCO3) 68 - 1196 
Hardness 3.3 - 11170 
Total Suspended Solids 8 - 1955 
Total Dissolved Solids 2110 - 76185 
Total O&G 3.3 - 1571 
Dissolved O&G 0.0 - 103.3 
Filterable Organic Carbon 0.8 - 548 
CO3 40.8 - 745.2 
Cl 85 - 43500 
SO4 0.10 - 820.0 
Ba 0.10 - 118 
Ca 0.40 - 2576 
Mg 0.03 - 1200 
Fe 0.05 - 46.0 
K 11 - 884 
Na 520 - 36000 
Si 1.2 - 207 
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2.2. General Treatment Methodologies 

Several treatment methods are available, and can be classified into three 

categories such as physical, chemical and biological treatment. 

2.2.1. Physical Treatment 

 a) Adsorption: It takes place due to strong physical interactions between 

adsorbent and adsorbate. Usually inorganic adsorbents are efficient in removing 

organic adsorbates. The removal efficiency mainly depends on surface charge of 

adsorbent and functional groups present in adsorbates (Grivé et al., 2013). The 

behavior of adsorption on activated carbon varies depending upon the type of 

solution (aqueous/non-aqueous) and the functional groups of adsorbate 

(Zhaoyang et al., 2012). NyexTM, a highly conducting adsorbent material, was 

fabricated to carry out simultaneous adsorption and anodic oxidation. 

Regeneration energy required, for this electrochemical process, is very low when 

compared to conventional processes. It proved to work very well in removing 

complex organics from ground water (Brown et al., 2013). Water soluble organics 

can also be removed by adsorption resins (Means et al., 1990).  

A hybrid system of adsorption and ozonation was developed to remove 

BTEX compound from water (Nicolas Brodu, 2012). The BTEX removal efficiency 

was improved up to 85% by modifying the surface of natural zeolites (Janks et 

al., 1992). Carbon/Titanate Nanotubes (CNT/TNT) were used to remove 

refractory organics and heavy metals by adsorption mechanism (Doong et al., 

2008). Total Oil Remediation and Recovery (TORR™) technology was 
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developed by EARTH Canada Corporation to remove oil droplets size of 2 μm or 

more. The Reusable Petroleum Adsorbent (RPA®) was the adsorbent media 

used for this process. The removal efficiency and final oil content were found to 

be 99.9% and 5 ppm, respectively (EARTH Canada, 2002). 

b) Sand filters: The filtration media used has several layer of naturally 

occurring inorganic substances. It produces lesser amount of sludge and 

consumes zero-energy for its operation. The cost can be reduced up to 60% 

when compared to water treatment plants. Some of the limitations of sand filters 

are lesser throughput and necessity of larger space for continuous feed streams 

(Dominínguez-Patiño et al., 2012). The oil removal and COD removal efficiencies 

are 95% and 85%, respectively (Shpiner et al., 2007). The system requires a pH 

adjustment unit, an aeration unit, a solid separation unit and a sand filtration unit. 

c) Hydrocyclones:  They are usually conical tubes with one inlet and two 

outlets. The produced water is fed from the sides of hydrocyclones. Due to higher 

pressure and velocity and the conical shape of cyclone, the feed undergoes a 

downward spiral motion. This creates a centrifugal force that pushes the water 

towards the outer side of cyclone and oil towards the center. The oil and 

relatively pure water are taken out from the top and bottom of the cyclone, 

respectively. Hydrocyclone can remove oil droplets of size greater than 15 μm 

but the removal percentage depends upon the specific gravity of the oil. The 

removal efficiency varies from 50% to 70% (Silset et al., 2010).  
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Figure 2.2: Schematic diagram of a hydrocyclone           

Double cone air sparged hydrocyclone (DCASH) is a hybrid system of air 

flotation and hydrocyclone. It is usually used to separate oil from polymers which 

is obtained from reservoirs that use polymer flooding instead of water flooding 

(Liu et al., 2005). Epcon compact flotation unit (CFU) separates oil, water and 

gas into three phases, but the oil removal efficiency was only 50% to 70% 

(Knudsen et al., 2004).  Hydrocyclones cannot remove dissolved solids and 

hazardous materials present in the produced water. 

 d) Evaporation/Distillation: A vertical tube is used for vapor compression 

evaporation. It eliminates secondary sludge and also has lesser operating costs. 

It is highly reliable and does not require skilled labor for plant maintenance. It 

provides higher quality feed for steam assisted gravity drainage (SAGD) 

processes. The produced water is heated by compressed steam and 
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simultaneously the pressure is reduced by vacuum pump to bring down the 

boiling point of water. The water recovery ranges from 67% to 95% (Kok et al., 

1989; Hayes et al., 2004). A large amount of energy is consumed in order to 

carryout continuous operation.  

 e) Dissolved Air Flotation:  The oil droplets present in the water usually 

have less specific gravity than water. It makes the oil droplets move towards the 

surface of water, but due to several reasons, the movement of oil droplets might 

be very slow. So the specific gravity of oil droplets are reduced by attaching very 

small air bubbles onto its surface, which enhances the separation of oil from 

water. The water is saturated with air at high pressure in the saturation chamber. 

The saturated water is then fed to the bottom of flotation tank. Due to the 

difference in pressure, the saturated air is released in the form of smaller 

bubbles. The oil removal efficiency is around 80% (Casaday et al., 1993). It is 

highly efficient in removing the total suspended solids (TSS) and also has lower 

retention time, which is responsible for lesser construction floor area. The device 

cannot remove oil droplets of size less than 40 μm. The size of air bubbles vary 

from 30 to 100 μm (Rubio et al., 2002). Depending upon the necessity, 

destabilizing chemicals (coagulants, flocculants and demulsifiers) or pH 

adjustments can also be used along with the dissolved air flotation (DAF) unit.  

 f) Freeze–thaw evaporation (FTE®): It uses the temperature swing in the 

atmosphere, especially in places like Canada and Northern Europe. When the 

ambient temperature decreases below 0°C, pure ice crystals and high salinity 

water are obtained from produced water. This process can be enhanced by using 
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freezing pads, spray heads and other process accessories. Amoco Production 

Company (U.S.A.) and B.C. Technologies, Ltd. (U.S.A.) have commercialized the 

freeze thaw evaporation (FTE®) at San Juan Basin and Green River Basin, 

respectively. The volatile organic compounds (VOCs) removal and TDS removal 

efficiencies are 99% and 96%, respectively. However, the technology requires 

large evaporation ponds to store the produced water for treating it at the 

appropriate weather conditions (Boysen et al., 1999). 

g) Electrodialysis: The driving force for electrolysis operation is the 

electrical potential gradient. The anion exchange membranes and the cation 

exchange membranes are alternatively placed, and the anode and cathode are 

placed at the extreme ends of the separation chamber. 

 

Figure 2.3: Schematic diagram of an electrodialysis device 

When a voltage is applied across the electrodes, cations move towards 

the cathode by passing through the cation exchange membrane but it would be 
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rejected by subsequent anion exchange membrane. Similarly anions move 

towards the anode by passing through anion exchange membrane but it would 

be rejected by the next placed cation exchange membrane. As a consequence, 

ions depleted water streams and highly concentrated water streams are obtained 

from alternate chambers of the stack. The removal efficiency depends on the 

electrode potential and the applied current. Hence, both have to be optimized 

with respect to the removal efficiency (Sirivedhin et al., 2004). Any organic 

substance present has to be removed prior to the electrodialysis since it may foul 

the ion exchange membranes.  

h) Liquid-Liquid Extraction: For the liquid-liquid extraction technique, the 

extraction liquid has to be a highly volatile organic solvent which can dissolve the 

oil and other organic compounds. CTour is a newly developed and patented 

technology of CTour Process AS. The oil removal efficiency was found to be 

98%. Its efficiency in removing polycyclic aromatic hydrocarbons was 95%. The 

system cannot remove the BTEX efficiently (Knudsen et al., 2004). 

h) Membrane filtration: This system is a separation process which 

removes one or more phases from a mixture of phases. The driving force of 

membrane filtration is the transmembrane pressure (TMP). Based upon the 

membrane pore size, membranes can be classified into microfiltration, 

ultrafiltration, nanofiltration and reverse osmosis. The permeate water quality is 

not affected by the fluctuations in feed water quality. It requires lesser floor 

space, little amount of chemicals required and a continuous operation is feasible. 
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Figure 2.4: Typical cross-flow filtration 

Based upon the type of operation, membrane filtration can be classified as 

dead-end filtration or cross-flow filtration. Membrane filtration can remove almost 

100% of oil and grease content (Madaeni et al., 2012). Stringent water quality 

parameters can be achieved only through membrane filtration with reasonable 

capital and operational costs (Baker, 2004). Multiple stages of membrane 

filtrations have to be established to enhance the performance of membranes. 

However, membrane fouling, need for pre-treatment and membrane life cycle are 

some of the limitations that have to be considered. Several other treatment 

methods might be combined with membrane treatment to improve its efficiency. 

2.2.2. Chemical Treatment: 

 a) Coagulation/Flocculation: Most of the waste water streams are colloidal 

in nature. The colloidal particles might be hydrophilic or hydrophobic.  The net 

repulsive force obtained from electronic repulsion (zeta potential) and van der 

Waals forces, determines the stability of the colloidal mixture. Chemicals are 

added to destabilize the colloidal solution so that it would be easy to separate 

two phases by settling or flotation mechanisms depending upon the specific 
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gravity of particles. Rapid mixing or slow mixing has to be adopted depending 

upon the nature of colloidal particles. Single coagulant system, mixed coagulant 

system, combination coagulant system or dual polymer system can be employed 

for waste water treatment. Aluminum sulphate and ferric chloride are the most 

widely used coagulants in all sorts of waste water treatment. The combination of 

poly-zinc silicate and anion polyacrylamide removes approximately 99% of oil 

content in the pH range of 6.5–9.5 (Zeng et al., 2007).  

 b) Chemical oxidation/reduction: When a compound or element loses one 

or more electrons, the reaction is termed as an oxidation reaction. On the other 

hand if a compound or element gains one or more electrons it is termed as a 

reduction reaction. Organic substances, biological matter, cyanides and some 

metals can be removed by redox reactions. Chlorine, chlorine dioxide, 

permanganate, hydrogen peroxide, oxygen, ozone, and sulfur dioxide are some 

of the chemicals used to carry out the redox reactions (Alley et al., 2000). 

 c) Photoelectrocatalytic treatment: The combination of photocatalytic 

reactor and semiconductor catalysts reduces the organic pollutants to a great 

extent. Titanium dioxide is used as the catalyst and the experiments are carried 

out at a pH of 7. Researchers have found that the aromatic compounds are 

removed more efficiently than the long chain aliphatic compounds (Li et al., 

2007).  

 d) Electrochemical processes: Electrochemical oxidation is a type of 

electrochemical process which can be used for produced water treatment. An 
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active metal is used as anode and graphite is used as cathode. Oxidation 

reaction takes place at anode. Ti/RuO2–TiO2–SnO2 can be used as an anode to 

carry out the oxidation of organic compounds. After 2.5 hours, the organics 

removal efficiency was found to be 98% (Ramalho et al., 2010). The chemical 

oxygen demand (COD) removal efficiency was found to be 90% in 6 min but the 

bacteria was reduced by 99% within 3 min (Ma et al., 2006).  

 Electrocoagulation is another type of electrochemical process which can 

be used for produced water treatment. In coagulation, when we add aluminium 

sulphate or ferrous sulphate, the corresponding metal ions take care of the 

coagulation process. Instead of adding chemicals, those metal ions can be 

obtained by keeping any of those metals as anode and cathode. When an 

electric potential is applied across the electrodes, the anode metal starts to 

dissolve and release the metal ions into the electrolyte. Hence, the anodes used 

for this process are known as sacrificial anodes (Emamjomeh et al., 2009). The 

hydrocarbon removal efficiency was found to be 98.8% (Rubach et al., 1997).  

 e) Demulsifiers: Demulsifiers are chemicals which destabilizes the 

emulsions by bringing the zeta potential near zero. After adding demulsifiers, the 

solution has to be mixed at 150 rpm for 1min and it has to be kept idle for 4 hours 

of settling time. Water soluble demulsifiers are not efficient in demulsifying oil 

droplets. By using 50 mg/l of DODY68 (oil soluble demulsifier), the oil 

concentration was brought down to 45 mg/l. The effect of demulsifier can be 

accurately analyzed by measuring the zeta potential and oil droplets size 

distribution, before and after adding the demulsifier (Deng et al., 2005). Its 
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performance can be enhanced by combining this with dissolved air flotation 

(DAF).  

2.2.3. Biological Treatment:  

Complex organic and ammonium compounds are broken down into simple 

substances like water, carbon dioxide and nitrates/nitrites with the help of 

microorganisms like algae, bacteria, fungi and other protozoans. It can be 

classified into two types, namely aerobic oxidation and anaerobic oxidation. The 

oil and grease removal efficiency was found to be 74% when treated with 

nitrifying bacteria (Palmer et al., 1981). The chemical oxygen demand (COD) of 

oilfield waste water was reduced by 90% with the help of Bacillus sp. (M-12) 

(Qingxin Li, 2005). With the retention time of 20 days, activated sludge process 

can achieve total petroleum hydrocarbons (TPHs) removal efficiency of 99%. 

Energy costs were estimated to be $0.17/bbl of produced water (Telleza et al., 

2002). Rhodococcus sp., Ralstonia sp., Acinetobacter venetianus, Paenibaccilus 

naphtalenovorans, Pseudomonas putida, and Marinobacter 

hydrocarbonclausticus were the microbes used to treat the produced water. The 

COD removal and oil content removal efficiencies are found to be 85% and 82%, 

respectively, but the retention time was 6 days (Shpiner et al., 2009). Biological 

treatments can remove some of the heavy metals like nickel, cadmium and 

chromium (Shpiner et al., 2009). Anaerobic oxidation can be accelerated by 

combining it with micro-electrolysis (Li et al., 2010). 
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From all of the above mentioned treatment methods, membrane filtration 

was chosen because of its undue advantages like continuous operation, less 

energy consumption, lesser floor space and high quality treated water 

2.3. Membrane Filtration Treatment:  

 Though membranes had been discovered in 1748, only in late twentieth 

century it finds a place in industries. Membranes are thin, solid and porous media 

which are used to separate one or two phases from the bulk mixture of different 

phases (Baker, 2004). Membranes can be categorized as macroporous, 

microporous and semipermeable. In macroporous membranes, the mass transfer 

of permeate through the membrane is attained by hydrodynamic flow. In 

microporous membranes, the mass transfer of permeate through the membrane 

is attained by both hydrodynamic flow and diffusion. In semipermeable 

membranes, the mass transfer of permeate through the membrane is attained by 

disffusion/sorption. Permeates, from all types of membranes, are obtained by 

applying a pressure on the feed side (Alley et al., 2000).  

2.3.1. Membrane Transport Theory: 

 Molecules can be transported through the membrane by mechanical 

sieving or molecular diffusion. Mechanical sieving is carried out based on the 

molecular weight whereas diffusion mechanism relies on diffusivity and solubility. 

A pictorial representation of both the mechanisms is given in Figure 2.4 (Baker, 

2004). 
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Figure 2.5: (A) Mechanical sieving (B) Molecular Diffusion 

 The flux obtained from a porous medium by mechanical sieving 

mechanism is governed by Darcy’s law. The flux can be increased by increasing 

the pressure gradient. 

Ji = K′ci
dp
dx

                                                   (2.1) 

where, Ji is the hydrodynamic permeate flux, dp/dx is the pressure difference 

from inlet and outlet of the membrane, ci is the concentration of the component in 

the membrane and K’ is a membrane constant. The flux obtained from denser 

medium by diffusion mechanism is governed by Fick’s law of diffusion. The flux 

can be increased by decreasing the thickness of membrane or by increasing the 
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concentration gradient. The concentration gradient can be increased by 

introducing sweep fluid on the permeate side.  

Ji = −Di
dci
dx

                                              (2.2) 

where, Ji is the diffusive permeate flux, dci/dx’ is the concentration gradient, and 

Di is the molecular diffusivity. In other words, these two mechanisms can be 

termed as hydrodynamic model and solution-diffusion model (Baker, 2004). 

2.3.2 Transmembrane pressure: 

 The transmembrane pressure is the driving force for the fluid to pass 

through the membrane. It is the pressure gradient between feed side and the 

permeate side.  

TMP = Pi+Po
2

− Pp                                    (2.3) 

where, Pi is the inlet pressure, Po is the outlet pressure and Pp is the permeate 

pressure. In water treatment, usually, the permeate side pressure would be at 

atmospheric pressure (Cumming et al., 1999).  

2.3.3 Cross flow velocity: 

 The velocity of the feed through the feed channel is known as cross flow 

velocity. In other words, it can be described as the flow rate per unit cross section 

area of the flow channel. The rate of change of foulant concentration in the feed 

side is determined by the cross-flow velocity. If the velocity is high, then the 

retention time will be low and hence the foulant concentration is also low. 
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However, the higher the velocity, the higher would be the power consumption. 

On the other hand if the velocity is low, the power consumption would be low but 

the rate of fouling would be very high. Hence, an optimum cross flow velocity has 

to be determined based upon the rejection percentage and the permeate flux 

(Koch , 2012). 

2.3.4. Permeate Flux vs Time curve: 

 At first, the permeate flux decreases rapidly due to the build-up of the cake 

layer. The higher the transmembrane pressure, the higher the rate of fouling. 

After a particular instant, there would not be any further increase in cake layer 

thickness. The permeate flux reaches a quasi-steady state where the rate of 

change of flux is very minimum (Zhang et al., 2013). A typical flux vs time curve 

is given below. 

 

Figure 2.6: Typical Permeate flux vs Time curve 
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2.3.5. Membrane Classifications: 

 If the pore sizes are uniform, then those membranes are known as 

isotropic membranes. If the pore sizes are smaller on the surface and gradually 

increased towards the other side, then those membranes are known as 

anisotropic membranes. The smaller pore size surface is known as selective 

surface or filtering surface. These types are known symmetric or homogeneous 

membranes. Asymmetric membranes are made up of different materials. Thin 

Film Composite (TFC) is a type of asymmetric membranes in which the filtering 

surface and the porous surface are made up of two different materials (Water 

Environment Federation, 2006). Based upon the type of module, filtration can be 

classified as dead-end filtration, cross-flow filtration, co-flow filtration and counter-

flow filtration. The flow schemes inside the membrane modules are given in the 

Figure 2.5 (Baker, 2004). 

 

Figure 2.7: (A) Dead-end (B) Cross-flow (C) Co-flow (D) Counter-flow filtration 
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 Dead-end filtration has one input (feed) and one output (permeate). Since 

entire feed is forced onto the membrane, the rate of fouling is very high. 

Membranes have to be regenerated frequently. This type of filtration can be used 

only for analysis purpose in laboratory. The rest of the flow modules have one 

input (feed) and two outputs (permeate/filtrate and retentate/concentrate) Cross-

flow, co-flow and counter-flow methods can be used for industrial separation 

processes. Out of these three, counter-flow module with sweeping fluid on the 

permeate side requires lesser membrane area and higher permeate flux, but it 

requires permeate recirculation for providing the sweeping action (Baker, 2004).  

 According to pore size, membranes can be classified as microfiltration, 

ultrafiltration, nanofiltration and reverse osmosis. The characteristic properties 

and its functions are given in Table 2.1. 

Table 2.2:  Types of membranes based on pore size (Baker, 2004; Duraisamy et 
al., 2013) 

Parameters Microfiltration Ultrafiltration Nanofiltration Reverse 
Osmosis 

Pore size 0.01-10 μm 0.001-0.01 μm 0.0001-0.001 μm 5-50 A° 

Material Polymeric or 
inorganic 

Polymeric or 
inorganic 

Polymeric or 
composite 

Polymeric or 
composite 

Materials 
rejected 

TSS, turbidity, 
protozoans, 

some bacteria 
and viruses 

Macromolecul
es, colloids, 

most bacteria 
and viruses 

Small molecules, 
hardness and 

viruses 

Very small 
molecules, 

hardness, ions 
like sulphate, 

nitrate,etc 

Separation 
mechanism  

Mechanical 
sieving 

Mechanical 
sieving 

Mechanical 
sieving and 

diffusion 

Solubility and 
diffusion 
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 The membranes can be classified, based on their geometry, as flat sheet, 

plate and frame, hollow fibers, tubular and spiral wound. Flat sheet membrane is 

the earliest geometrical form of membrane filtration. It is now used only to 

analyze the membrane performance on the laboratory scale (Baker, 2004). Plate 

and frame modules are used in electrodialysis, pervaporation and in few 

instances of ultrafiltration and reverse osmosis. A membrane, a feed spacer and 

a permeate spacer comprises a unit of plate and frame module. Several modules 

are stacked together to obtain higher flux. When feed is passed through the feed 

spacers, fluid passes through the membrane and reaches the permeate spacer 

and then to the central collection unit. It has relatively good fouling resistance 

and very low pressure drop (Günther et al., 1996; Baker, 2004). Hollow fiber 

membranes are cheapest among the commercial modules. Its manufacturing 

cost varies from $5 to $20 per m2.  It is the mass transfer equivalent of shell and 

tube heat exchanger. Several hollow fiber membranes are arranged and 

encapsulated by a single tube. Raw feed is passed from the shell side and 

permeate is obtained from the tube side. High pressure drop and poor fouling 

resistance are the disadvantages of hollow fiber membranes (Lemanski et al., 

2002).  

 Tubular membranes have very good fouling resistance and very low 

pressure drop. They cannot be used for higher pressures; hence microfiltration 

and ultrafiltration tubular membranes are very common when compared to 

nanofiltration or reverse osmosis tubular membranes (Baker, 2004). Spiral 

wound membranes are similar to plate and frame modules. In spiral wound 
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modules, the spacers are flexible and hence they can be rolled like a mat and 

fitted into a tube. They have moderate fouling resistance and moderate pressure 

drop but are suitable for high pressure filtration processes (Bray, 1968).  

 The membranes can also be classified based on the type of materials. 

Polymeric, inorganic, hybrid and biomimetic membranes are the main types of 

membranes used for the treatment of produced water.  

2.4. Membrane Treatment of Produced Water: 

 Due to several advantages, many researchers have focussed on 

membranes for the treatment of produced water. Membranes usually have a 

dense active layer and a porous support layer. Active layer should always face 

the feed channel (Baker, 2004). Research contributions pertaining to water 

treatment with membranes, made by several researchers, are given in the 

sections below. 

2.4.1. Inorganic membranes: 

 Alumina, zirconia, silica, titania, carbon and zeolite are the major types of 

ceramic membranes. Ceramic membranes are durable, chemically inert and 

thermally stable (Yin et al., 2013). Polymeric components are present in the 

produced water obtained from polymer flooded reservoirs. Polyacrylamide is one 

such flooding polymer. Zhang et al. (2013) analyzed ZrO2/α-Al2O3 and Al2O3/α-

Al2O3 membranes’ performance with respect to polyacrylamide concentration and 

membrane pore size. When the pore size was increased the permeate flux was 

decreased. This was due to pore blocking fouling caused by the polyacrylamide. 
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At lower concentration, polyacrylamide has no effect on the permeate flux. 

Cake/gel layer formation and pore blocking mechanisms are two fouling 

mechanisms that are found to be predominant in the filtration experiments 

(Zhang et al., 2013). Jiang et al. (2013) used ceramic membranes (Al2O3, ZrO2/ 

Al2O3 and TiO2/ Al2O3) and ion exchange resins to treat the shale gas produced 

water from Marcellus formations (U.S.A.). The total suspended solids (TSS) and 

total dissolved solids (TDS) removal efficiencies are 100% and 99% respectively. 

In this treatment, the operation cost was estimated to be $18.4 /m3 of produced 

water. 

 Alpatova et al. (2013) used TiO2/ZrO2 and TiO2 tubular ultrafiltration 

membranes of 1 kDa pore size for the treatment of oil sands process-affected 

water (OSPW). When the transmembrane pressure was increased from 1.4 bar 

to 3.5 bar, the permeate flux tend to increase. If pressure was increased above 

3.5 bar, the permeate flux tends to decrease due to rapid accumulation of 

foulants on the membrane surface. Irreversible fouling was reduced, when the 

pre-treatment with coagulation-flocculation-sedimentation was carried out. The 

cross flow velocity of 0.2 l/min had higher fouling when compared to 0.4 l/min and 

0.6 l/min. It is due to higher rate of foulant depositions with increase in retention 

time. The chemical oxygen demand (COD) removal efficiency was approximately 

equal to 39% (Alpatova et al., 2013). Aluminium oxide (Al2O3) ultrafiltration 

membranes were deposited over commercial silicon carbide (SiC) membranes to 

get hybrid membranes. Test runs with 1 g/L of polyethylene glycol (PEG) 

demonstrated 75% removal efficiency (Facciotti et al., 2013).  
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 Silicon carbide (SiC) membranes manufactured by LiqTech Inc. were 

tested with the produced water in the Ecopetrol subsidiary Hocol in Colombia. 

The oil content was reduced from 100 mg/l to 0.7 mg/l with an average permeate 

flux of 250 L/m2h (LiqTech, 2012). The γ-Al2O3 based ceramic microfiltration 

membrane was used to remove the suspended solids from petrochemical plant 

effluent. The transmembrane pressure was 15 bar and the cross-flow velocity 

was 2 m/s. The total suspended solids (TSS) removal efficiency was 100% 

(Madaeni et al., 2012). Abadi et al. (2011) used aluminium oxide (α-Al2O3) 

tubular microfiltration membranes at transmembrane pressure of 1.25 bar and 

cross-flow velocity of 2.25 m/s. The oil removal and total organic carbon (TOC) 

removal efficiencies were 100% and 95% respectively (Abadi et al., 2011). The 

ceramic membrane fabricated with TiO2 and support materials, like kaolin, 

pyrophyllite, feldspar, ball clay, quartz and calcium carbonate, rejected almost 

99% of oil and grease content (Monash et al., 2011). Falahati et al. (2011) 

employed titanium dioxide (TiO2) ultrafiltration membrane to treat the oil-water 

emulsions. The oil removal efficiency obtained was 99.5% (Falahati et al., 2011).  

 Abbasi et al. (2010) used mullite–alumina tubular ceramic membranes to 

treat synthetic oil-water emulsions. The oil removal efficiency was found to be 

93.8%. Mullite membranes exhibited total organic carbon (TOC) removal 

efficiency of 94% (Abbasi et al., 2010). Ebrahimi et al. (2010) treated oil-field 

produced water with aluminum oxide (Al2O3) and titanium dioxide (TiO2) tubular 

membranes. The oil removal and total organic carbon (TOC) removal efficiencies 

are 98% and 47% respectively (Ebrahimi et al., 2010). Aluminum-doped ZSM-5 
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zeolite membranes over the surface of alumina substrate was synthesized and 

tested for organics removal. The concentration of organic components had no 

effect on the membrane performance (Lu et al., 2010). With TiO2 / Al2O3 

ultrafiltration membrane, the oil removal and total organic carbon (TOC) removal 

efficiencies are 99% and 39% respectively (Ebrahimi et al., 2009). Alumina (α-

Al2O3) ceramic membranes of different pore sizes were used to analyze the 

fouling characteristics in oil-water treatment. The basic and acidic cleaning cycles 

recovered the permeate flux up to 99%. The reagent used was from Ultrasil® 

(Silalahi et al., 2009).   

Liu et al. (2008) synthesized α-alumina-supported MFI-type zeolite 

membrane to treat water and dissolved organics mixture. The removal efficiency 

mainly depends on functional group and size of the organic components. The 

rejection of pentanoic acid, toluene and  ethanol were 96.5%, 99.5% and 17%, 

respectively (Liu et al., 2008). A hybrid system of microfiltration and activated 

carbon adsorption column was developed to remove the dissolved organics. The 

removal efficiency was 90.3% (Oh et al., 2007). A tubular ceramic membrane 

made up of alumina (α-Al2O3) with an average pore size of 50 nm was used to 

treat oily waste water. The permeate flux was high when the transmembrane 

pressure was high, the cross-flow velocity is high or the oil concentration was 

low. The total organic carbon removal efficiency was greater than 92.4% (Hua et 

al., 2007). However, inorganic membranes have several disadvantages like high 

capital cost, brittle in nature, less membrane surface area per unit volume of the 
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module and compaction issue when operated at more than 10 bar of TMP 

(Baker, 2004). 

2.4.2. Polymeric membranes: 

 Polymeric membranes are widely used because of its low cost, ability to 

withstand high pressure without performance degradation and ease of 

fabrication. They are synthesized mainly by phase inversion technique (Loeb-

Sourirajan method) and thermally induced phase separation (TIPS) method. 

They are available in different geometries like flat sheet, plate and frame, spirally 

wound and hollow fiber  (Baker, 2004). 

 Polydopamine modified polysulfone ultrafiltration membranes were used 

to treat synthetic oil-water emulsions. Though the initial permeate flux was lower 

than unmodified membranes, the permeate flux recovery was very high for the 

modified membranes. Hence, in the longer run, modified membranes proved to 

be efficient (Miller et al., 2014). Polyelectrolyte grafted polyvinylidene fluoride 

(PVDF) membranes were used to treat oil-water emulsions to reduce the oil 

content by 99.9%. The final oil concentration in permeate was less than 10 ppm 

(Zhu et al., 2013). Alzahrani et al. (2013) investigated commercial nanofiltration 

and ultrafiltration membranes for the treatment of produced water. The 

membrane performance was affected by foulant size distribution and changes in 

transmembrane pressure for reverse osmosis and nanofiltration membranes 

respectively (Alzahrani et al., 2013). Salahi et al. (2013) used nanoporous 

polyacrylonitrile (PAN) membrane of 10 nm pore size to treat the oily waste water 
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from Tehran refinery. The optimum transmembrane pressure (TMP) was found to 

be 4 bar and optimum cross-flow velocity (CFV) was found to be 1.3 m/s. The 

removal efficiencies of TSS, TDS, oil content and COD were 100%, 44.4%, 

99.9% and 80.3% respectively (Salahi et al., 2013).   

Wandera et al. (2012) used the surface modified composite membranes to 

analyze the performance on produced water treatment. They found that polymer 

grafting density and thickness of active layer determines the fouling resistance 

(Wandera et al., 2012). McCloskey et al. (2012) deposited polydopamine on 

polymeric membranes like polypropylene (PP), polytetrafluoroethylene (PTFE), 

polyvinylidene fluoride (PVDF), polysulfone (PSf) and polyamide. PTFE and PSf 

membranes were effective for oil-water treatment with higher flux and oil rejection 

of 94.5% and 98.1%, respectively (McCloskey et al., 2012).  The surface 

modified cellulose membranes were used to remove organic pollutants from 

water. The flux recovery by cold water cleaning was 100% and also the total 

organic carbon (TOC) removal efficiency was greater than 94% (Wandera et al., 

2011). Shobha et al. (2011) used spiral wound polyethersulfone (PES) to treat 

secondary waste water. The chemical oxygen demand removal efficiency was 

around 80% irrespective of the transmembrane pressure (Shobha et al., 2011). 

Polyethylene glycol induced surface modification of polyamide reverse osmosis 

membranes was carried out by Van Wagner et al. (2011). The modified 

polyamide membranes exhibited greater fouling resistance when compared to 

unmodified membranes (Van Wagner et al., 2011). 
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Hydrophilic macromolecules were grafted on low pressure polyamide 

reverse osmosis membranes to enhance the rejection percentage. Polyvinyl 

methyl ether (PVME), polyvinyl pyrrolidone (PVP) and polyvinyl alcohol (PVA) 

are the organic macromolecules used for surface modifications. However, there 

was a slight decrease in the permeate flux after the modification (Mitrouli et al., 

2011). Kim et al. (2011) removed the dissolved salts with commercially available 

thin film composite (TFC) nanofiltration membranes that are altered by NH3-

plasma treatment. The salt rejection was as high as 98% (Kim et al., 2011). 

Rahimpour et al. (2011) treated oily water with a composite membrane 

(polyamide supported with polyester + polysulfone). The chemical oxygen 

demand (COD) and electrical conductivity were reduced by 79% and 93% 

respectively (Rahimpour et al., 2011). Abu Seman et al. (2011) synthesized thin-

film composite polyester nanofiltration membranes based on bisphenol 

monomers (BPA) which displayed very less amount of irreversible fouling (Abu 

Seman et al., 2011).  

Toffoletto et al. (2010) developed solution-diffusion pore-flow fluid-

resistance (SDPFFR) model to predict the water permeability in reverse osmosis 

membranes. This model explains also the interaction between two phases in the 

feed (Toffoletto et al., 2010). Polyamide and polypiperazine membranes were 

used to treat the secondary waste water. Polypiperazine membranes gave higher 

permeate flux when compared to relatively hydrophobic polyamide membranes 

(Xu et al., 2010). Salahi et al. (2010) used hydrophilic polyacrylonitrile 

ultrafiltration membrane to treat produced water. The oil content, total suspended 
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solids (TSS), turbidity, and total dissolved solids (TDS) removal efficiencies were 

99%, 100%, 98% and 30%, respectively (Salahi et al., 2010).  Scharstuhl et al. 

(2009) designed a capillary membrane filtration module that can be used for 

reverse osmosis processes (Scharstuhl et al., 2009).  Polysulfones replaced the 

functional groups in the polymeric compounds. The modified compounds can be 

used to synthesize membranes of different pore sizes (Eisen et al., 2009). 

Cellulose ultrafiltration membranes were analyzed for the treatment of 

kerosene-water emulsions. The optimum transmembrane pressure was found to 

be 3 bar (Rezvanpour et al., 2009). The waste water from an oil refinery was 

treated with ultrafiltration (UF-PS-100H) and reverse osmosis (polyamide) 

membranes. The oil removal efficiency for ultrafiltration membrane was more 

than 75% and the total dissolved solids (TDS) removal efficiency for the reverse 

osmosis membrane was greater than 95% (Norouzbahari et al., 2009). Chen et 

al. (2009) treated oil-water emulsions by polyethersulfone membranes modified 

by Pluronic F127. The oil removal efficiency was approximately 100% and the 

flux recovery was increased to 93% if cleaned with sodium dodecylsulfate (SDS) 

(Chen et al., 2009). Al-Jeshi et al. (2008) achieved 99% oil rejection by using 

thin-film composite polyamide reverse osmosis membranes (Al-Jeshi et al., 

2008). Mondal et al. (2008) used commercially available nanofiltration and 

reverse osmosis membranes to treat the produced waters from Colorado oil 

fields. They found that BW 30 reverse osmosis membrane gave the best results 

when compared to other membranes (Mondal et al., 2008). Ju et al. (2008) 

compared cross-lined polymer grafted and unmodified polysulfone membranes 
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for the treatment of produced water. The permeate flux of modified membranes 

were 400% higher than that of unmodified membranes. The total organic carbon 

(TOC) removal efficiency was around 98.5% (Ju et al., 2008). Buchaly et al. 

(2007) developed a hybrid system, consists of distillation and membrane 

separation processes, for the treatment of produced water. The membrane has 

selective polyvinyl alcohol (PVA) layer and porous support layer of 

polyacrylonitrile (PAN) (Buchaly et al., 2007).  

Spiral wound polysulfone and polyethersulfone were used to remove the 

organics from vegetation water. The rejection percentage varies from 96% to 

99% (Russo et al., 2007). Ozdemir et al. (2006) reviewed catalytic polymeric 

membranes for the treatment of produced water. Spiral wound composite poly 

amide membranes were analyzed for the treatment of brackish water. At a 

transmembrane pressure of 750 psi, the salt removal efficiency was more than 

97.5% (Vavra et al., 2004). Ochoa et al. (2003) synthesized PVDF ultrafiltration 

membranes with different amount of PMMA to analyze its effect on membrane 

fouling. The results concluded that the membranes which had higher PMMA 

exhibited less fouling (Ochoa et al., 2003). The oil was separated from synthetic 

oil-water emulsion by using hydrophobic PVDF membranes. The oil content was 

reduced by 77% (Kong et al., 1999). Konieczny (1998) analyzed the disinfection 

phenomena by polymeric ultrafiltration membranes. Polysulfone and polyacryl-

onitrile membranes were used to treat groundwater and surface water. They 

removed almost 100% of E-coli bacteria and 50% of the organic components 

(Konieczny, 1998).  
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2.4.3. Hybrid membranes: 

Inorganic nanoparticles are incorporated into polymeric membranes to 

improve its performance. The inorganic nanoparticles are usually a metal or 

metal oxide. Clay nanoparticles were incorporated into polyethersulfone (PES) 

ultrafiltration membranes to study its effect on permeate flux and fouling 

characteristics. Though it improves the permeate flux significantly, the extent of 

irreversible fouling is very high (Mierzwa et al., 2013). Wang et al. (2013) 

synthesized PVDF membranes with Pd/Fe nanoparticles dispersed in it. These 

nanoparticles improve the permeate flux as well as carry out the catalytic 

degeneration of trichloroacetic acid (Wang et al., 2013). Polysulfone (PSf) 

ultrafiltration membranes incorporated with calcium carbonate nanoparticles 

showed better protein fouling resistance and enhanced permeate flux (Nair et al., 

2013). Wu et al. (2013) synthesized PVDF ultrafiltration membranes doped with 

silica nanoparticles to improve its anti-fouling behavior. Shi et al. (2013) 

incorporated TiO2 nanoparticles along with carboxyl-functional ionic liquid in 

PVDF membranes. The fouling resistance of membranes was improved (Shi et 

al., 2013). Multi-walled carbon nanotubes (MWCNTs) were doped in 

polyethersulfone to increase the flux recovery ratio to 95% (Daraei et al., 2013). 

Silver nanoparticles dispersed in PVDF ultrafiltration membranes enhance 

their fouling resistance and hydrophilicity (Li et al., 2013). Vatanpour et al. (2012) 

synthesized polyethersulfone (PES) membranes with boehmite nanoparticles 

incorporated in it. The flux recovery was 96.1% for 1 wt.% nanoboehmite/PES 

membrane (Vatanpour et al., 2012). Polyamide-SiO2 nanofiltration membranes 
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exhibited 50% higher permeate flux when compared to that of unmodified 

membranes. The total dissolved solids (TDS) removal efficiency from oily waste 

water was around 50% (Jin et al., 2012).  

Phosphorylated zirconia-doped hybrid silica (SZP) particles were 

incorporated with polysulfone (PSf) membranes to treat oil-water emulsions. The 

oil content of permeate from modified membranes were around 0.84 mg/L 

(Zhang et al., 2010). Li et al. (2009) synthesized TiO2 nanoparticles incorporated 

polyethersulfone (PES) membranes by phase inversion technique. The 

hydrophilicity was increased with an increase in the hydrophilic TiO2 

concentration, which led to an increase in the permeate flux (Li et al., 2009).  

2.4.4. Biomimetic membranes: 

 The membranes made up of proteins or lipids are termed as biomimetic 

membranes. They are similar to biological membranes present in the kidneys or 

the intestines. They have higher water permeability and selectivity when 

compared to conventional membranes. Aquaporin (AQP) is a widely used protein 

to synthesize biomimetic membranes. These membranes offer greater salt 

rejection in RO process but the durability is very low due to membrane fouling 

(Lee et al., 2011).  Zhong et al. (2012) developed biomimetic membranes with 

aquaporin embedded on cellulose acetate membranes. The membranes 

exhibited higher permeate flux and higher salt rejection (Zhong et al. 2012). 
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2.5 Concentration Polarization:  

 When permeate penetrates through the membrane, the foulants would be 

deposited on the surface of the membrane due to the applied transmembrane 

pressure. Due to this, the concentration of foulant near the membrane on the 

feed side is very high when compared to that of the bulk phase. This difference in 

concentration is known as concentration polarization or membrane fouling 

(Baker, 2004). The fouling behavior can be classified as reversible fouling and 

irreversible fouling. If the foulants can be removed by the conventional cleaning 

mechanisms from the membrane without losing its characteristics, then it is 

known as reversible fouling. If the foulants cannot be removed, then it is known 

as irreversible fouling. The foulants may form a layer on the surface or penetrate 

through the surface and block the pores. It is a major disadvantage of membrane 

filtration since it affects the throughput and the membrane life cycle (Abdelrasoul 

et al., 2013).  

2.5.1 Hermia’s model: 

An empirical model was developed by Hermia to analyze the type of 

fouling occurs in membrane filtration. There are four types of pore blocking 

models, viz. standard pore blocking, complete pore blocking, cake filtration and 

intermediate pore blocking model. Standard pore blocking takes place when the 

oil droplets are smaller than the membrane pore size. The equation for standard 

pore blocking model is given below: 
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1/2 1/2
0

1 1
sK t

J J
= +                                              (2.4) 

Complete pore blocking takes place when the size of oil droplets is greater 

than the membrane pore size. The equation for complete pore blocking model is: 

0( ) ( ) bLn J Ln J K t= −                                                    (2.5) 

Intermediate pore blocking takes place when the size of oil droplets is 

equal to the membrane pore size. The equation for intermediate pore blocking 

model is: 

0

1 1
iK At

J J
= +                                                              (2.6) 

Cake filtration takes place when the size of oil droplets is very much 

greater than the membrane pore size. The equation for cake filtration model is: 

2 2
0

1 1
cK t

J J
= +                                                                 (2.7) 

where, J is the permeate flux (L/m2h), J0 is the initial permeate flux 

(L/m2h), Ks is the standard pore blocking model constant (1/s3), Kb is the 

complete pore blocking model constant (1/s), Ki is the intermediate pore blocking 

model constant (1/m3), Kc is the cake filtration model constant (s/m6), A is the 

membrane surface area (m2) and t is the filtration time (s). The predicted fluxes 

are compared with the experimental data by plotting them on the same graph. 

The accuracy of predication can be obtained by calculating the deviation in terms 
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of R2. R2 values ranges from 0 to 1. If it equals to 1, then the prediction is 100% 

matching with the experimental data. If it approaches zero, then the predictions 

are highly irrelevant to the experimental data (Hermia, 1982).  
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CHAPTER 3: EXPERIMENTAL SETUP 

 

3.1 Polymeric Membrane Flow System: 

 Ebrahimi et al. (2010) used a multi-stage cross flow filtration system with 

retentate feedback loops. Permeate was collected in a tank and used as feed for 

subsequent stage. This type of system is widely used in industries. Hence, the 

polymeric membrane flow system was built with reference to that system.  

 

Figure 3.1: Cross flow filtration system (Adapted from Ebrahimi et al., 2010) 

The polymeric membrane flow system used for the experiments was 

procured from Sterlitech Corporation, U.S.A. The produced water was stored in 5 

gallon conical stainless steel tank, and was pumped into the membrane system 

with high speed Hydracell CC pump. It has a pressure relief valve for safety 

purposes. It also has bypass and brine control valves to control the flow into the 

membrane cell. Both control valves purchased from Swagelok Co. CF042 316 

stainless steel membrane cells from Sterlitech Corporation are used. The 
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pressure sensors from Turck Inc. are connected at the inlet and outlet of 

membrane cell. The signals from Turck pressure sensors with an accuracy of 

±0.3% are fed into digital display unit. The retentate tube is connected to brine 

control valve and then to Dwyer digital flow meter with an accuracy of ±1%. The 

output from digital flow meter is fed back into the feed tank. The permeate water 

obtained from the membrane is collected in a beaker which is placed over a 

mass balance from Mettler Toledo MS4002S with repeatability standard deviation 

of 0.01g. The speed of the pump is controlled by Emerson controller.   

 

Figure 3.2 Polymeric membrane flow system 

3.2 Materials: 

 A synthetic feed was used to maintain consistency in the analysis 

and for ease of availability. Some of the salts that are used in feed preparation 

are given below. Sodium chloride of 99 wt.% purity from EMD Chemicals Inc. 
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was procured. The other purities were 99 wt.% for potassium chloride, 99.5 wt.% 

for sodium bicarbonate, 95 wt. % for magnesium chloride, 99 wt.% for sodium 

sulphate and 95 wt.% for calcium chloride, The salts were are purchased from 

Sigma-Aldrich. Sodium dodecyl sulphate (SDS) with 90 wt.% purity was also 

acquired from Sigma-Aldrich and used to clean the membrane flow system after 

each experiment. The flat sheet polymeric membranes were purchased from the 

Sterlitech Corporation. The oil used had a density 0.81 g/cc was obtained from 

the Bakken area. All the tubes and connectors were purchased from Swagelok 

(Saskatoon, Canada). 

Table 3.1:  Flat sheet polymeric membrane used of produced water treatment 

Manufacturer Polymer material Pore Size 
Microfiltration 

GE Osmonics Polyvinylidene fluoride 
(PVDF) 

0.3 micron 

Koch Polyethersulfone (PES) 0.1 micron 
TriSep Polyvinylidene fluoride 

(PVDF) 
0.2 micron 

Ultrafiltration 
GE Osmonics Polyvinylidene fluoride 

(PVDF) 
30000 MWCO 

GE Osmonics Ultrafilic 100000 MWCO 
GE Osmonics Polyethersulfone (PES) 5000 MWCO 

Nanofiltration 
GE Osmonics TF (Thin Film) 0 MWCO 

TriSep Polyamide 150 MWCO 
Reverse Osmosis 

Koch TF composite polyamide 0 MWCO 
Dow Polyamide 100 Dalton 
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3.3 Feed preparation: 

 Field produced waters from Husky Energy, Lloydminster, AB, Canada and 

Openfield Energy, Weyburn, SK, Canada were analyzed to synthesize produced 

with similar qualities. The water quality parameters of field waters are given in 

Table 3.2. 

Table 3.2: Water quality of field produced waters 

Parameter Reservoir A Reservoir B 

Oil content (ppm) 17 106 

TOC (ppm) 28.78 660.2 

COD (ppm) 1860 4223 

TDS (ppm) 40600 101650 

Turbidity (NTU) 106 293 

Conductivity (mS) 81.6 201.9 

Chloride (ppm) 16901 24820 

Sulphate (ppm) - - 

  

Even though field produced waters have TDS content more than 40,000 

ppm, for our experiments TDS content was considered as 12,000 ppm since 

large volumes of feed are required to do the screening and optimization 

experiments.  

The synthetic feed was prepared by preparing salt solution in RO water 

with the salt concentration mentioned in Table 3.3 so that the ion concentration 

falls into the range mentioned in Table 2.1. A salt solution of six liters was 

transferred into the conical feed tank. The bypass valve was completely opened 
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and the brine valve was completely closed. The membrane was replaced by a 

membrane template. The pump speed was set at 70 Hz in the pump controller. 

The pump was turned on and 3 ml of light oil was added to the tank. The oil- 

water emulsion was obtained after 30 minutes due to the turbulence created by 

the high speed pump.  

Table 3.3 Amount of salts added per 6 liters of RO water 

Salt Grams per 6 liters of RO 
water 

Calcium chloride 8.05 

Magnesium chloride 5.29 

Sodium chloride 63.56 

Sodium bicarbonate 1.08 

Potassium chloride 1.85 

Sodium sulphate 1.35 

 

3.4 Filtration experiment: 

 The membranes were soaked overnight in deionised water. While placing 

the membranes into the cell, the smooth active surface should face the feed 

channel. The rough porous support surface should face the permeate channel. 

The transmembrane pressure and cross flow velocity can be adjusted with the 

help of a brine valve, a bypass valve and a pump controller. It would take some 

time for the permeate flux to stabilize. The time taken by microfiltration, 

ultrafiltration, nanofiltration and reverse osmosis membranes were 10 minutes, 

10 minutes, 15 minutes and 20 minutes respectively. After the stabilization time, 
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the amount of permeate collected in grams every five minutes was noted down 

up to two hours. After two hours, a small amount of permeate was collected to 

analyze the membrane performance at particular operating conditions. The 

amount of permeate was converted into volume of permeate obtained per unit 

area of membrane per unit time (L/m2h). After the filtration experiment, the flow 

system was cleaned with approximately 1 g/L of sodium dodecyl sulphate (SDS) 

aqueous solution of 2 liters. The cleaning solution was circulated for 10 minutes 

so that the oil droplets sticking to the SS tubes were emulsified and taken out. 

Those droplets might affect the results of subsequent experiments. The cleaning 

solution was taken out and rinsed with a cycle of tap water and cycle of RO 

water. The operating conditions of each type of filtration are given in Table 3.4 

(Ezzati et al., 2005; Madaeni et al., 2013; Benítez et al., 2009; Juan et al., 2010; 

Liikanen et al., 2005; Do et al., 2012; Fadhillah et al., 2011; Meltem et al., 2012). 

Table 3.4: Operating conditions of filtration experiments 

Microfiltration Ultrafiltration Nanofiltration Reverse 
Osmosis 

TMP 
(bar) 

CFV 
(m/s) 

TMP 
(bar) 

CFV 
(m/s) 

TMP 
(bar) 

CFV 
(m/s) 

TMP 
(bar) 

CFV 
(m/s) 

2 0.3 4 0.3 10 0.3 20 0.3 

3 0.6 5 0.6 13 0.6 25 0.6 

4 0.9 6 0.9 15 0.9 30 0.9 
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3.5 Instrumentation: 

Oil content analyzer: 

 Horiba OCMA 350 oil content analyzer was used to measure oil and 

grease content. It uses non-dispersive infrared (NDIR) spectrophotometric 

technique. An S-316 solvent was used to extract oil from water. The solvent is a 

mixture of tetrachlorohexafluorobutane and chlorotrifluoroethylene. The 

instrument was calibrated with 200 mg/L of B-heavy oil in S-316 solvent. The pH 

of water sample has to be reduced to 2 with concentrated hydrochloric acid. 

From that sample, 10 ml was taken in a vial. Then 10 ml of S-316 solvent was 

added to that vial. The vial was vigorously shaken for a minute, so that entire oil 

dispersed in water was extracted by the solvent. After keeping the vial 

undisturbed for 30 seconds, solvent phase and water phase would be separated 

completely. The bottom layer was the solvent layer, and it has to be taken out in 

a clean pipette. It was transferred into a measuring cell and the cell has to be 

placed meticulously inside the analyzer. The lid has to be closed and then press 

the ‘Measure’ button which is blue in color. The reading was noted down directly. 
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Figure 3.3: (Left) Solvent reclamation column (Right) Oil content analyzer 

 The used solvent can be reclaimed using an SR-300 Solvent Reclaimer. 

The solvent is both expensive and creates adverse effects in the ecosystem. The 

operating cost can be reduced up to 90% with the help of reclamation column. It 

does not depend on electricity. It is made up of activated carbon and activated 

aluminium (Horiba, 1995).  

UV- Vis Spectrophotometer: 

 Hach DR 5000 UV-Vis spectrophotometer was used to measure chemical 

oxygen demand (COD) by colorimetric method. The result gave the amount of 

dissolved oxygen consumed by organics present in the sample. The reagent vial 

contained sulfuric acid, potassium dichromate (strong oxidizing agent), silver and 

mercury sulfate. The vial with a reagent and 2 ml of sample along with a blank 

vial with 2ml of deionised water was heated for two hours in a DRB200 reactor at 

150°C. Then the samples were allowed to cool down up to 120°C in the reactor 

itself. The samples were taken out and kept idle until it reaches room 
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temperature. The pre-loaded settings for COD measurements of each range 

were stored in the DR5000 Spectrophotometer. Appropriate measurement 

settings were selected based upon the sample range. COD was measured with 

reference to the blank vial. 

 Organic components react with dichromate ion to a give green colour 

trivalent chromium ions. Based upon the intensity of green colour, chemical 

oxygen demand was determined. The chemical oxygen demand of lower 

concentration samples were determined by analyzing the remaining 

concentration of hexavalent chromium ions. Silver played the role of catalyst and 

mercury sulfate suppressed the chloride interferences. While measuring the COD 

in the range of 0.7 to 40 mg/L, the wavelength used was 350 nm and for the 

range 20 to 15,000 mg/L, the wavelength used was 620 nm (Hach, 2005).  

 

Figure 3.4: (Left) DRB200 reactor (Right) DR5000 Uv-Vis Spectrophotometer 

TOC Combustion Analyzer: 
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 Shimadzu’s TOC-LCPH combustion analyser was used to measure the 

amount of combustible heavy and lighter organic molecules. Organic 

components were oxidized at 680°C with the help of platinum pellets catalyst. 

The organic carbon content was determined by the amount of carbon dioxide 

generated by oxidation reaction. Infrared gas analyser was used to determine 

carbon dioxide content by non-dispersive infrared technique. The total carbon 

calibration standard was prepared with potassium hydrogen phthalate and the 

inorganic carbon calibration standard was prepared by sodium carbonate and 

sodium bicarbonate. The total carbon was measured by the carbon dioxide 

produced in the combustion chamber. In the same sample, inorganic carbon was 

removed by adding 1 mol/L of hydrochloric acid then the amount of carbon 

dioxide produced in sparging process was detected which gives the inorganic 

carbon content. 

 

Figure 3.5: (Left) Autosampler ASI-L (Right) TOC-L Combustion analyzer 
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In the same sample, inorganic carbon was removed by adding 1 mol/L of 

hydrochloric acid then the amount of carbon dioxide produced in sparging 

process was detected which gives inorganic carbon content. Both the total 

carbon and inorganic carbon content were obtained with reference to the 

corresponding calibration curves. The total organic carbon was calculated from 

the difference of total carbon and inorganic carbon. ASI-L autosampler unit was 

used to measure multiple samples with no manual intervention. High purity 

compressed air at 40 psi pressure was used for air supply to the combustion 

chamber (Shimadzu 2010).  

 

 Zetasizer: 

 Zetasizer NanoZS (Malvern) was used to measure the zeta potential of oil 

droplets present in the produced water. All types of salt solutions contain 

positively charged anions and negatively charged cations. When charged 

particles are introduced into the salt solution, they attract oppositely charged ions 

towards them and form a layer of oppositely charged ions. That layer in turn 

attracts oppositely charged ions. This makes the particles more stable and it 

applies to all sorts of colloids and emulsions. The layer of ions sticking to the 

charged particle is known as the stern layer. Stern layer moves along with the 

particles. There is a notional boundary known as the slipping plane. The charged 

particles do not affect the ions present outside the slipping plane. The electric 

potential between particle surface and the slipping plane is known as the zeta 
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potential. The stability of emulsions decreases when the zeta potential 

approaches zero. 

If the zeta potential of a solution is found to be in between +30 mV and -30 

mV, then the emulsion is unstable. If it is not within this range, then the emulsion 

is stable. This instrument uses Laser Doppler Electrophoresis method to 

determine the zeta potential. The velocity of charged particles in applied electric 

field was used to calculate zeta potential. The refractive index of particle and 

viscosity of dispersant have to be given as input for zeta potential 

measurements. A polycarbonate folded capillary cell with copper electrodes was 

used for the zeta potential measurements. The sample has to be injected 

carefully so that no air bubble is introduced into the cell. When using the sample 

with organic solvents or the zeta potential measurements at temperature more 

than 70°C, a dip cell with quartz cuvet has to be used (Malvern, 2009).   

 

Figure 3.6: (Left) Folded capillary cell (Right) Malvern Zetasizer nano ZS 
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Mastersizer: 

 Malvern Mastersizer 3000 with a Hydro-LV wet dispersion unit was used 

to measure the oil droplets size distribution. Wet dispersion units are used to 

determine the size distribution of particles dispersed in a liquid medium. The 

Hydro-LV sample container holds around 600 ml of sample for analysis. The 

other main components of the instrument are the optical unit, the measurement 

cell and the Mastersizer software. Optical unit contains a red laser, a blue light 

source and detector units. The red laser light of 633 nm was produced by a He-

Ne gas laser. The side scattered, back scattered and unscattered red laser 

beams were detected by optical detectors. Larger particles provide smaller angle 

scattering, and smaller particles provide larger angle scattering.  A powerful solid 

blue light source (470 nm) was used along with a red laser to accurately 

determine the sub-micron particles size distribution. Unlike a red laser beam, the 

unscattered blue light was not detected since the scattering from the larger 

particles were obtained from red laser itself. The scattered light from the larger 

particles is obtained from low angle detectors with and that from the smaller 

particles are obtained from large angle detectors.  
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Figure 3.7: Malvern Mastersizer 3000 

The amount of light blocked or scattered by the sample is known as the 

obscuration. If the obscuration is very low, then the signal to noise ratio would 

also be low which leads to poor results. On the other hand, if the obscuration is 

very high, then multiple scattering would give incorrect results. The optimum 

obscuration might vary from 5% to 15%. The sample window has to be very 

clean to get nice background signals. The window has to be cleaned with dilute 

micro 90 solution, if there are aberrations in the background signal. The refractive 

index of particle and viscosity of dispersant have to be given as input for size 

distribution measurements. The results obtained are Dv10, Dv50 and Dv90. The 

10 percentile of particles in the sample are less than a particular size and it is 

known as Dv10. Similarly 50 percentile and 90 percentile particles are 

represented as Dv50 and Dv90, respectively (Malvern, 2011).  

TDS/Conductivity meter:  

 A Hanna TDS meter (HI 4522) along with platinum conductivity probe 

which has built-in temperature sensor (HI 76312) was used to measure the total 
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dissolved solids (TDS) and conductivity. The equipment was calibrated with 

12.41 g/L TDS standard solution (HI 7036). The readings were displayed directly 

when a probe was inserted into the solution and kept idle for few seconds. The 

probe has to be rinsed with acetone and deionised water after each usage 

(Hanna, 2006).  

 

Figure 3.8: Hanna TDS meter 

Turbidity meter: 

 A Hanna turbidity meter (HI 83414) was used to measure the turbidity of 

samples in terms of nephelometric units (NTU). Turbidity is due to scattering of 

light by the particles present in the solution. The intensity and pattern of the 

scattered light varies with the wavelength of incident light, particle size, particle 

shape and refractive index of dispersant. The light source is a tungsten lamp with 

525 nm interference filter. Hence, this equipment does not need frequent 

calibration. The cuvets with broad scratches should not be used, and that with 

minor scratches has to be wiped with silicone oil so that it would not affect the 
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light rays passing through it. Care should be taken while transferring the sample 

into the cuvet so that no air bubble is introduced into it (Hanna, 2007).  

 

Figure 3.9: Hanna turbidity meter 

pH meter: 

 A Horiba F-55 benchtop pH meter was used to measure the pH of the 

solutions. The measurement is carried out by a glass electrode method. The 

electrode was filled with 3.33 mol/L of potassium chloride solution. If the solution 

level was reduced, it was filled with the solution of the same concentration 

through the filler port. During the calibration and measurement, the filler port has 

to be kept open. The instrument was calibrated with three pH buffer solutions 

such as 4, 7 and 10. After each measurement and calibration point, the electrode 

has to be cleaned thoroughly with acetone and water. Then it has to be wiped 

with clean tissue paper (Horiba, 2003).  
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Figure 3.10: Horiba pH meter 

Ion Chromatography: 

 The Ion chromatography system gives qualitative and quantitative analysis 

of ions present in the solution. When the sample is dispersed in the aqueous 

buffer solution is injected into chromatography column, the ions are separated 

based on the charge and mobility. Dionex ICS 1100 was used to analyze the 

anions present in the water samples. A suppressor was used to suppress the 

conductivity of mobile phase (buffer solution) so that the conductivity of each type 

of ions was accurately measured. Based upon the conductivity, the 

concentrations of ions were calculated. The anion calibration standard, which 

contains five ions namely fluoride, chloride, nitrate, sulphate and phosphate, was 

used. The eluent has to be frequently replaced since its purity would have been 

affected by raw samples (ThermoScientific, 2012).  
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Figure 3.11: Dionex ICS-1100 Ion Chromatography System 

Alkalinity test kit: 

 A total alkalinity test kit (HI 38014) was used to measure the alkalinity. 

Alkalinity was measured by simple volumetric titration. It is a quantitative 

measure of the aqueous solution to neutralize an acid at a given pH. The major 

contributors of alkalinity are hydroxide, carbonate and bicarbonate ions. Alkalinity 

can also be contributed by phosphate, silicate, borate, fluoride and some organic 

salts. For this measurement, a dilute sulphuric acid solution was used as a 

neutralizing acid. Bromophenol blue was the titration indicator. The alkalinity 

reagent which contains acid was added slowly until the sample turns into a 

yellow color. The amount of acid consumed by the sample, directly gave the 

alkalinity in terms of calcium carbonate (Hanna, 2000).  
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CHAPTER 4: RESULTS AND DISCUSSIONS 

4.1 Screening of polymeric membranes: 

 The polymeric membranes were screened at average operating conditions 

mentioned in Table 3.4. The permeate water quality parameters were analyzed 

after each filtration experiment, and the best membrane was chosen based on 

the rejection characteristics and final permeate flux. The zeta potential of 

synthetic feed was -16 mV. 

4.1.1. Microfiltration: 

The transmembrane pressure was 3 bar and cross flow velocity of 0.60 

m/s. The results and flux profile are given below.  

Table 4.1: Characteristic of the permeate obtained from MF membranes 

 

Parameters Raw 
Feed 

PVDF-0.2 
micron  

PES-0.1 micron  PVDF - 0.3 
micron  

Oil content 
(ppm)  

103 4.8 3.6 3.1 

TOC (ppm)  42.29 3.517 3.21 2.556 
COD (ppm)  1050 585 459 717 
TDS (ppm)  11,950 11,120 11620 11560 
Initial Flux     
(L/m2∙h )  

- 321.11 306.85 6151.71 

Final Flux       
(L/m2∙h )  

- 24.54 282 2689.72 

Oil rejection 
(%)  

- 95.33 96.5 96.99 

TOC rejection 
(%)  

- 91.68 92.4 93.95 
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 Figure 4.1: Permeation flux (L/m2h) of MF membranes versus time (min)  

 

From the three types of microfiltration polymeric membranes, 

polyvinylidene fluoride membrane of 0.3 micron proved to be the most efficient 

since the oil rejection was 96.99% and the final flux was 2689.72 L/m2h. Though 

the polyethersulfone membrane (0.1 micron) has approximately the same oil 

rejection (%), its final flux was 282 L/m2h. It might be due to smaller pore size. 

Polyvinylidene fluoride of 0.2 micron pore size has a very low final flux and 

relatively lesser oil rejection. Since polyvinylidene fluoride of 0.3 micron exhibited 

good rejection and higher permeate flux, the same membrane of 0.2 micron 

might have given poor results due to the difference in fabrication process. Hence, 

the polyvinylidene fluoride membrane of 0.3 micron was considered the best 

membrane out three membranes that were considered. 
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4.1.2. Ultrafiltration: 

The transmembrane pressure was 5 bar and the cross flow velocity of 

0.60 m/s. The results and flux profile are given below.  

Table 4.2: Characteristic of the permeate obtained from UF membranes 

 

 

Figure 4.2: Permeation flux (L/m2∙h) of UF membranes versus time (min) 

Parameters Feed 
(permeate 
from MF) 

PVDF- 30000 
MWCO  

PES-5000 
MWCO 

 

Ultrafilic – 
100,000 MWCO 

 
COD (ppm)  717  419  401  343  
TDS (ppm)  11560  11,510  11,550  11540  
Initial Flux          
(L/m2∙h )  

- 763.87  252.14  1989.22  

Final Flux            
(L/m2∙h )  

- 42.03  65.11 269.81  

COD 
rejection (%)  

- 41.56  44.07  52.16  
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The permeate obtained from PVDF (0.3 micron) at 3 bar TMP and the 

0.60 m/s CFV was used as feed for ultrafiltration screening experiments. Out of 

the three types of ultrafiltration polymeric membranes, ultrafilic membrane of 

100000 MWCO showed a higher COD rejection of 52.16%, higher final flux of 

269.81L/m2h. From the results above, it was evident that the final fluxes of 

polyvinylidene fluoride (30000 MWCO) and polyethersulfone (5000 MWCO) 

membranes were approximately the same when compared to that of ultrafilic 

membrane. The difference between the initial and final flux was very low for 

polyethersulfone (5000 MWCO) membrane. It also showed that it was resistant 

to fouling. However, its permeate flux was restricted by the small pore size. 

Though the ultrafilic membranes have higher pore size, they exhibited relatively 

higher rejection. It might be due to the hydrophilic and oleophobic nature of the 

membrane. Hence, ultrafilic was the best membrane among the three 

membranes that were considered.  

4.1.3. Nanofiltration: 

The transmembrane pressure was 13 bar and the cross flow velocity was 

0.60 m/s. The results and flux profile are given below. The permeate from the 

ultrafilic (100000 MWCO) ultrafiltration membrane obtained at 5 bar TMP and a 

0.60 m/s CFV was used as feed for the nanofiltration screening experiments. A 

thin film (0MWCO) membrane and a polyamide (150 MWCO) nanofiltration 

membrane were considered. The thin film membrane of 0 MWCO proved to be 

the efficient since it has a moderate COD rejection of 34.69% and a final flux of 

74.08 L/m2h. The membrane was selected based on the final flux since both the 



 

64 
 

membrane has a moderate COD rejection. Though polyamide membrane has 

higher rejection percentage, its final flux was very low. 

Table 4.3: Characteristic of the permeate obtained from NF membranes 

 

Figure 4.3: Permeation flux (L/m2∙h) of NF membranes versus time (min) 

Parameters Feed (permeate 
from UF) 

Thin film – 0 
MWCO 

Polyamide (150 
MWCO) 

COD (ppm)  343  224  146  
TDS (ppm)  11540  7757  4264  
Initial Flux         
(L/m2∙h ) 

- 88.57 42.02 

Final Flux 
(L/m2∙h) 

- 74.08 21.28 

COD rejection 
(%) 

- 34.69 57.43 

TDS rejection 
(%) 

- 32.78 63.05  
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Another reason for choosing the thin film (0MWCO) membrane was its 

resistances to foulants which can be inferred from the minimal reduction in 

permeate flux with time. Although thin film (0MWCO) membrane has a smaller 

pore size, its final flux was higher than that of polyamide (150 MWCO) 

membrane. It might be due to the hydrophilic nature of thin film membrane. 

4.1.4. Reverse Osmosis: 
The transmembrane pressure is 25 bar and the cross flow velocity of 0.60 

m/s. The results and flux profile are given below. The permeate from the thin film 

(0MWCO) membrane which was obtained at 13 bar TMP and 0.60 m/s CFV was 

used as a feed for reverse osmosis experiments. 

Table 4.4: Characteristic of the permeate obtained for different RO membranes 

 

The thin film composite (0 MWCO) and polyamide (100 Dalton) reverse 

osmosis membranes were chosen for the screening experiments. A polyamide 

membrane of 100 Daltons proved to be the most efficient since it has a higher 

Parameters Feed (permeate 
from NF) 

TFC – 0 MWCO  Polyamide – 
100 Dalton  

COD (ppm)  224 26 14.6 
TDS (ppm)  7757 350.9 305.8 
Initial Flux         
(L/m2∙h )  

- 91.31 70.85 

Final Flux 
(L/m2∙h)  

- 66.68 66.14 

COD 
rejection(%)  

- 88.39 91.29 

TDS 
rejection(%)  

- 95.47 96.05 
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COD rejection of 91.29%, a higher TDS rejection of 96.05%, and a final flux of 

66.14L/m2h. The polyamide membrane was resistant to foulants which can be 

interpreted from the minimal difference in the initial and final fluxes. Thin film 

composite membrane COD rejection and TDS rejection were relatively low. 

Figure 4.4: Permeation flux (L/m2∙h) of RO membranes versus time (min) 

 
4.2.  Optimization of TMP and CFV for best polymeric membranes: 

The transmembrane pressure (TMP) is the driving force for the membrane 

treatment. Hence, the higher the TMP, the higher will be the permeate flux, but 

after certain limit, the permeate flux remains constant irrespective of increasing 

TMP. The flux might reduce at higher TMP due to foulant layer compaction. 
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Hence, it is necessary to optimize the TMP, in order to get the highest output 

(permeate) with minimum operational cost.  

The cross-flow velocity (CFV) is a measure of the flow rate through the 

feed channel and across the membrane. It controls the flow rate through the 

membrane, and, also, it prevents the foulants from being deposited on the 

membrane which in-turn minimizes the permeate flux reduction with time. 

4.2.1. Microfiltration: 

a. Optimization of TMP for Microfiltration membrane (PVDF- 0.3 μm): 

The microfiltration membranes were screened at 3 bar TMP and 0.60 m/s. 

Three TMPs are considered for this optimization process: 2 bar, 3 bar and 4 bar. 

From the screening experiments, it was found that PVDF(0.3 μm) is the best 

membrane among three membranes. Hence, that membrane was tested at three 

different TMPs. The optimum TMP was found to be 3 bar since it has 

approximately same oil rejection of 96.9% and higher final flux of 2689.714 

L/m2h.  

In the 4 bar experiment, the flux decreased drastically due to the 

compaction of the foulant layer which prevents the permeates penetration. In the 

2 bar experiment, the flux decreased almost linearly due to the gradual build up 

of cake layer and also lack of inlet pressure for the water to permeate through the 

membrane. In 2 bar and 4 bar TMP, the permeate flux attains quasi steady state 

after 2 hours. At higher TMP, the rejection characteristics was poor because 

foulants are more likely to penetrate through the membrane at high TMP. 



 

68 
 

Table 4.5: Characteristic of the permeate obtained from MF for different TMPs 

Parameters Raw Feed 2 bar 3 bar 4 bar 

Oil content 
(ppm) 

103 3.5 3.1 4.2 

TOC (ppm) 74.87 2.865 2.556 3.112 
COD (ppm) 1721 704 717 834 
TDS (ppm) 11950 11,510 11560 11,500 
Initial Flux         
(L/m2∙h ) 

- 6212.714 6151.71 6107.387 

Final Flux 
(L/m2∙h) 

- 2138.929 2689.714 1553.214 

Oil rejection 
(%) 

- 96.6 96.9 95.9 

COD rejection 
(%) 

- 32.9 31.7 20.5 

 

Figure 4.5: Permeation flux (L/m2∙h) of TMPs of PVDF MF membrane versus 

time (min) 

b. Optimization of CFV for Microfiltration membrane (PVDF- 0.3 μm): 

The optimum transmembrane pressure was found to be  3 bar. Hence, the 

PVDF membrane(0.3 micron) was tested at 3 bar TMP for three different cross 

flow velocities (CFV), such as 0.30 m/s, 0.60 m/s and 0.90 m/s.  
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Table 4.6: Characteristic of the permeate obtained from MF for different CFVs 

Parameters Raw Feed 0.30m/s 0.60 m/s 0.90 m/s 

Oil content 
(ppm) 

103 <0.1 3.1 12.8 

TOC (ppm) 74.87 2.4138 2.556 5.324 
COD (ppm) 1721 572 717 879 
TDS (ppm) 11950 11,490 11,560 11,420 
Initial Flux         
(L/m2∙h ) 

- 4532.36 6151.71 6031.14 

Final Flux 
(L/m2∙h) 

- 1022.48 2689.71 1988.93 

Oil rejection 
(%) 

- 100 96.9 87.57 

COD rejection 
(%) 

- 66.76 58.33 48.92 

 

Figure 4.6: Permeation flux (L/m2∙h) of CFVs of PVDF MF membrane versus 

time (min) 
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From the results, it can be inferred that, 0.30m/s is the optimum CFV since 

it has highest amount of oil rejection of 100% and a COD rejection of 45.52%. 

Though the final flux was comparatively low, 0.30m/s exhibited the highest 

rejection percentages. Hence, it was considered to be optimum CFV. 

4.2.2 Ultrafiltration: 

a. Optimization of TMP for Ultrafiltration membrane (Ultrafilic-100,000 
MWCO): 

The ultrafiltration membranes were screened at 5 bar TMP and 0.60 m/s. 

Three TMPs are considered for this optimization process were 4 bar, 5 bar and 6 

bar. From the screening experiments, ultrafilic membrane(100,000 MWCO) was 

the best membrane among three membranes. Hence, that membrane is tested at 

three different TMPs. The permeate from PVDF (0.3 micron) at 3 bar TMP and 

0.30m/s CFV was used as feed. 

Table 4.7: Characteristic of the permeate obtained from UF for different TMPs 

Parameters Feed (permeate 
from MF) 

4 bar 5 bar 6 bar 

COD (ppm) 717 314 343 309 
TDS (ppm) 11560 11,510 11,540 11,500 
Initial Flux         
(L/m2∙h ) 

- 2032.489 1989.22 1362.365 

Final Flux 
(L/m2∙h) 

- 455.5714 269.81 359.224 

COD 
rejection 
(%) 

- 56.2 52.16 56.9 
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Figure 4.7: Permeation flux (L/m2∙h) of TMPs of ultrafilic UF membrane versus 

time (min) 

 

The transmembrane pressure of 4 bar exhibited a higher COD rejection of 

56.2% and a final flux of 455.5714 L/m2h. Hence, it was considered as the 

optimum trasmembrane pressure. From the flux profile, it can be inferred that the 

difference between the initial and final fluxes increases with an increase in the 

transmembrane pressure. But higher pressure also leads to build up of  thicker 

foulant layer on the membranes, that was predominant in 6 bar experiment. So 

the net effect of cake layer thickness and TMP determines the final flux. 
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b. Optimization of CFV for Ultrafiltration membrane (Ultrafilic-100,000 
MWCO): 

As the optimal transmembrane pressure was 4 bar, the membrane was 

then tested at 4 bar, for three different cross flow velocities (CFV), such as 0.30 

m/s, 0.60 m/s and 0.90 m/s.  

 

Figure 4.8: Permeation flux (L/m2∙h) of CFVs of UF membrane versus time (min) 

The permeate from the PVDF (0.3 micron) at 3 bar TMP and 0.30 m/s 

CFV was used as a feed. From the results, 0.30 m/s was the optimum CFV since 

it has a higher amount of COD rejection with 43.88% and the highest final flux  of 

660.8 L/m2h.  
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Table 4.8: Characteristic of the permeate obtained from UF for different CFVs 

Parameters Feed (permeate 
from MF) 

0.30 
m/s 

0.60 m/s 0.90 m/s 

COD (ppm) 572 321 314 346 
TDS (ppm) 11490 10,960 11,420 11,020 
Initial Flux         
(L/m2∙h ) 

- 852.68 2032.49 1193.85 

Final Flux 
(L/m2∙h) 

- 660.8 455.571 621.298 

COD rejection 
(%) 

- 43.88 45.10 39.51 

 

4.2.3. Nanofiltration: 

a. Optimization of TMP for Nanofiltration membrane (Thin Film - 0 MWCO): 

The nanofiltration membranes were screened at 13 bar TMP and 0.60 

m/s. The three TMPs considered for this optimization process were 10 bar, 13 

bar and 15 bar. The permeate from ultrafilic (100,000 MWCO) at 4 bar TMP and 

0.30 m/s CFV was used as a feed.  

Table 4.9: Characteristic of the permeate obtained from NF for different TMPs 

Parameters Feed (permeate 
from UF) 

10 bar 13 bar 15 bar 

COD (ppm) 321 212 224 251 
TDS (ppm) 10960 7945 7757 6497 
Initial Flux         
(L/m2∙h ) 

- 56.23 88.57 83.42 

Final Flux 
(L/m2∙h) 

- 47.23 74.08 40.72 

COD rejection 
(%) 

- 33.96 30.22 21.81 

TDS rejection 
(%) 

- 27.51 29.22 40.72 
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Figure 4.9: Permeation flux (L/m2∙h) of TMPs of thin film NF membrane versus 

time (min) 

 

The thin film(0 MWCO) membrane was found to be the best membrane 

among the three membranes in the screening experiments. Hence, that 

membrane was tested at three different TMPs. From the results, it is apparent 

that the 13 bar was the optimum TMP since it has highest final flux of 74.08 

L/m2h and approximately the same amount of COD rejection (30.22%) as that of 

10 bar TMP. The transmembrane pressure of 15 bar was not considered 

because of its lesser final flux. The permeate flux was reduced drastically for 15 
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bar due to a higher rate of fouling induced by higher transmembrane 

pressure(TMP). 

b. Optimization of CFV for Nanofiltration membrane (ThinFilm-0 MWCO): 

The optimal transmembrane pressure for the thin film nanofiltration 

membrane was 13 bar, and was therefore tested for three different cross flow 

velocities (CFV): 0.30 m/s, 0.60 m/s and 0.90 m/s. The permeate from the 

ultrafilic (100,000 MWCO) at 4 bar TMP and 0.30 m/s CFV was used as a feed.  

It can be inferred from the results that, 0.90 m/s was the optimum CFV since it 

has approximately the same amount of COD rejection (30.22%) and a TDS 

rejection of 35.74% and highest final flux of 89.13 L/m2h.  

The permeate flux profile of both 0.60 m/s and 0.30 m/s overlap each 

other. However, the difference between the initial and final fluxes was higher for 

0.60 m/s than that for 0.30 m/s. It might be due to the compaction of cake layer 

influenced by the higher transmembrane pressure. In 0.9 m/s, the influence of 

cake layer was negligible due to high CFV. 

Table 4.10: Characteristic of the permeate obtained from NF for different CFVs 

Parameters Feed 
(permeate 
from UF) 

0.30 m/s 0.60 m/s 0.90 m/s 

COD (ppm) 321 227 224 224 
TDS (ppm) 10960 6907 7757 7042 
Initial Flux         
(L/m2∙h ) 

- 81.02 88.57 92.45 

Final Flux 
(L/m2∙h) 

- 76.37 74.08 89.13 

COD rejection (%) - 29.28 30.22 30.22 
TDS rejection (%) - 36.97 29.22 35.74 
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Figure 4.10: Permeation flux (L/m2∙h) of CFVs of thin film NF membrane versus 

time (min) 

4.2.4. Reverse Osmosis: 

a. Optimization of TMP for Reverse Osmosis membrane (Polyamide-100 
Daltons): 

The nanofiltration membranes were screened at 25 bar TMP and 0.60 

m/s. The three TMPs considered for this optimization process were 20 bar, 25 

bar and 30 bar. Polyamide membrane(100 Daltons) was found to be the best 

membrane among three membranes tested.  
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Table 4.11: Characteristic of the permeate obtained from RO for different TMPs 

Parameters Feed (permeate 
from NF) 

20 bar 25 bar 30 bar 

COD (ppm) 224 14.6 14.6 21.5 
TDS (ppm) 7042 312.5 305.8 392.4 
Initial Flux         
(L/m2∙h ) 

- 58.37 70.85 119.17 

Final Flux 
(L/m2∙h) 

- 31.91 66.14 106.01 

COD rejection 
(%) 

- 93.48 93.48 90.40 

TDS rejection 
(%) 

- 95.56 95.65 94.42 

 

 

Figure 4.11: Permeation flux (L/m2∙h) of TMPs of polyamide RO membrane 

versus time (min) 
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The permeate from the thin film (0 MWCO) membrane at 13 bar TMP and 

0.90 m/s CFV was used as a feed. It can be inferred from the results that 25 bar 

was the optimum TMP since it has a moderate final flux of 66.14 L/m2h, the 

highest COD rejection of 93.48%, and a TDS rejection of 95.65%. The permeate 

attains steady state much earlier at 30 bar than that of 20 bar. The reason for this 

is the higher the transmembrane pressure, the faster the cake layer formation 

and hence the critical cake layer thickness was reached much earlier. 

b. Optimization of CFV for Reverse Osmosis membrane (Polyamide-100 
Daltons): 

The optimal transmembrane pressure is 25 bar, the polyamide membrane 

(100 daltons) was tested at at that pressure for three different cross flow 

velocities (CFV), such as 0.30 m/s, 0.60 m/s and 0.90 m/s. The permeate from 

the thin film (0 MWCO) membrane at 13 bar TMP and 0.90 m/s CFV was used 

as feed. 

Table 4.12: Characteristic of the permeate obtained from RO for different CFVs 

Parameters Feed (permeate 
from NF) 

0.30 m/s 0.60 m/s 0.90 m/s 

COD (ppm) 224 15.6 14.6 19 
TDS (ppm) 7042 327 305.8 464.3 
Initial Flux         
(L/m2∙h ) 

- 69.57 70.85 86.28 

Final Flux 
(L/m2∙h) 

- 63.07 66.14 36.8 

COD rejection 
(%) 

- 93.03 93.48 91.51 

TDS rejection 
(%) 

- 95.35 95.65 93.40 
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Figure 4.12: Permeation flux (L/m2∙h) of CFVs of polyamide RO membrane 

versus time (min) 

From the results, it was found that 0.60 m/s was the optimum CFV since it 

gave higher COD rejection of 93.48%, a higher TDS rejection of 95.65% and the 

highest final flux of 66.14 L/m2h. There was drastic decrease in the flux when 

operated at 0.90 m/s which is due to the higher rate of pore blockings induced by 

the high TMP and a high CFV. The detailed analysis of the feed and permeates 

from the best membranes, in each category, at optimal conditions were given in 

Table 4.13. The detailed analysis of tap water is also given in the table for the 

comparison of water from the best reverse osmosis membrane.  
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Table 4.13: Characteristics of the permeate from the best membranes at optimal conditions 

Parameter Feed Microfiltration Ultrafiltration Nanofiltration Reverse 
Osmosis 

Tap water 

Membrane - PVDF Ultrafilic Thin film Polyamide - 

Pore size - 0.3 micron 100,000 
MWCO 

0 MWCO 100 Dalton - 

Optimum TMP 
(bar) 

- 3 4 13 25 - 

Optimal CFV 
(m/s) 

- 0.3 0.3 0.9 0.6 - 

Oil content 
(ppm) 

103 <0.1 - - - - 

TOC (ppm) 74.87 2.4138 <1 - - - 

COD (ppm) 1721 572 321 224 14.6 6.5 

TDS (ppm) 11950 11490 10960 7042 305.8 346.4 

Turbidity (NTU) 293 0.4 0.4 0.4 0.4 0.4 

Conductivity 
(mS) 

23.9 22.8 21.36 12.02 0.6239 0.6953 

Alkalinity (ppm) 107.35 100.26 69.42 17.99 10.28 50.77 

Chloride (ppm) 11,774.8 11,321.7 10438.6 6470.24 286.66 26.73 

Sulphate (ppm) 174.51 163.79 160.631 0 0 212.71 

 

 



 

81 
 

Table 4.14: Cumulative reduction percentage with respect to raw feed 

Parameter Microfiltration Ultrafiltration Nanofiltration Reverse 
Osmosis 

Oil rejection 
(%) 

100 100 100 100 

TOC 
rejection (%) 

96.77 100 100 100 

COD 
rejection (%) 

66.76 81.34 86.98 99.15 

TDS 
rejection (%) 

3.84 8.28 41.07 97.44 

Turbidity 
rejection (%) 

99.86 99.86 99.86 99.86 

Chloride 
rejection (%) 

3.84 11.34 45.05 97.56 

Sulphate 
rejection (%) 

6.14 7.95 100 100 

 

4.2.5. Discussions of experimental results 

 The average transmembrane pressures for microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis were 3 bar, 5 bar, 13 bar and 25 bar, 

respectively. All screening experiments were carried out at cross-flow velocity of 

0.60 m/s. PVDF membrane (0.3 micron) was the best membrane among the 

microfiltration membranes. The oil rejection and total organic carbon (TOC) 

rejections were 96.99% and 93.95% respectively. The final flux was 2689.72 

L/m2h. Ultrafilic membrane (100,000 MWCO) showed greater rejection 

characteristics among the ultrafiltration membranes tested. The chemical oxygen 

demand (COD) removal efficiency and final permeate flux were 52.16 % and 

269.81 L/m2h, respectively. Thin film (0 MWCO) nanofiltration membrane was 

considered to be better based on the final permeate flux of 74.08 L/m2h. 

However, the COD rejection and TDS rejection are 30.22% and 35.74%, 
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respectively. Polyamide (100 Dalton) RO membrane possessed greater rejection 

characteristics among the reverse osmosis membranes. The chemical oxygen 

demand (COD) rejection and total dissolved solids (TDS) rejection were 91.29% 

and 96.05%, respectively. The final permeate flux was 66.14 L/m2h. 

 The transmembrane pressure and cross flow velocity were optimized for 

each type of membrane based on foulant rejection and final permeate flux. The 

optimum transmembrane pressure and cross flow velocity for PVDF 

microfiltration membrane (0.3 micron) were 3 bar and 0.30 m/s, respectively. The 

oil rejection and chemical oxygen demand (COD) rejection were 100% and 

45.52% respectively. The final permeate flux was 1022.48 L/m2h. Mueller et al. 

analyzed the polyacrylonitrile membrane (0.1 micron) performance in treating the 

produced water. Though the oil rejection was 99%, the permeate flux was 

drastically reduced to 30 L/m2h (Mueller et al., 1997). However, PVDF membrane 

of this research showed better rejection and better permeate flux. The optimum 

transmembrane pressure and cross flow velocity for the ultrafilic (100,000 

MWCO) ultrafiltration membrane were 4 bar and 0.30 m/s, respectively. The 

chemical oxygen demand (COD) removal efficiency was 43.88%. The final 

permeate flux was 660.8 L/m2h. Wandera et al. used cellulose acetate 

membranes to treat produced water. The TOC rejection was 97% whereas the 

TOC rejection for ultrafilic membrane along with microfiltration was 100%. Hence, 

the ultrafilic ultrafiltration membrane has to be analyzed without having 

microfiltration pre-treatment (Wandera et al., 2011). The optimum 

transmembrane pressure and cross flow velocity for the thin film nanofiltration 
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membrane (0 MWCO) were 13 bar and 0.90 m/s, respectively. The COD 

rejection and TDS rejection were 30.22% and 35.74%, respectively which were 

moderate and relatively high. The final permeate flux was 89.13 L/m2h. The 

rejection percentages could be considered low when compared to the TDS 

rejection of 47% by NF 90 nanofiltration membrane (Mondal et al., 2008). For 

polyamide reverse osmosis membrane (100 Dalton), the optimum 

transmembrane pressure and cross flow velocity were 25 bar and 0.60 m/s, 

respectively. The COD rejection, TDS rejection and final permeate flux were 

93.48%, 95.65% and 66.14 L/m2h, respectively, but the chloride rejection was 

poor for this membrane. 

 Though the permeate water quality obtained from reverse osmosis 

membrane was closer to that of tap water, a slightly high COD and higher 

chloride content make it inedible. The permeate water has COD and chloride of 

14.6 ppm and 286.66 ppm, respectively while the permissible COD and chloride 

limits were 10 ppm and 250 ppm, respectively (SaskWater, 2002; WHO, 2011). 

However, the permeate water can be used for irrigation purposes, since the 

permissible limits of COD and chloride are 150 ppm and 1050 ppm, respectively 

(FAO, 1994).  

4.3. Modelling – Hermia’s model 

4.3.1. Microfiltration 

The type of fouling is predicted for the PVDF (0.3 micron) membrane 

operated at 3 bar TMP and 0.30 m/s CFV. The graph is given below along with 
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the experimental data. The cake filtration model curve coincides with the 

experimental data very well. R2 values for different models are tabulated below in 

Table 4.14. The R2 value of cake filtration model is 0.8629, and is higher than the 

rest of the models. This states that the foulants are very much larger in size than 

the membrane pore size. The average oil droplet size was found to be 0.47 

micron using the Malven Mastersizer. 

 

Figure 4.13: Hermia’s model Flux predictions for Microfiltration 

Table 4.15: R2 values of Hermia’s pore blocking models for Microfiltration 

Type of model R2 

Complete Pore Blocking 0.3856 
Cake filtration 0.8629 
Standard pore blocking  0.7421 
Intermediate pore 
blocking 

0.4238 
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4.3.2. Ultrafiltration 

The type of fouling is predicted for the ultrafilic (100,000 MWCO) 

membrane operated at 4 bar TMP and 0.30 m/s CFV. The graph is given below 

along with the experimental data. The cake filtration model curve coincides with 

the experimental data very well. To prove that, R2 values for different models are 

presented in Table 4.15. The R2 value of cake filtration model is 0.8148 and it is 

higher than rest of the models. The long chain organics might be larger than the 

pore size of the ultrafilic membrane. 

 

Figure 4.14: Hermia’s model Flux predictions for Ultrafiltration 
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Table 4.16: R2 values of Hermia’s pore blocking models for Ultrafiltration 

Type of model R2 

Complete Pore Blocking 0.6994 
Cake filtration 0.8148 
Standard pore blocking  0.6348 
Intermediate pore 
blocking 

0.0955 

 

4.3.3. Nanofiltration 

The type of fouling is predicted for the thin film (0 MWCO) membrane 

operated at 13 bar TMP and 0.90 m/s CFV. The graph is given below along with 

the experimental data. The cake filtration model curve coincides with the 

experimental data very well. R2 values for different models are tabulated below in 

Table 4.16. The R2 value of cake filtration model is 0.7343 and is higher than rest 

of the models. The larger molecules and larger ions are removed at this stage. 

Hence, the model shows that cake filtration is the predominant type of fouling.  

 

Table 4.17: R2 values of Hermia’s pore blocking models for Nanofiltration 

Type of model R2 

Complete Pore Blocking 0.5758 
Cake filtration 0.7343 
Standard pore blocking  0.5757 
Intermediate pore 
blocking 

0.0142 
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Figure 4.15: Hermia’s model Flux predictions for Nanofiltration 

4.3.4. Reverse Osmosis 

The type of fouling is predicted for the polyamide (100 Daltons) RO 

membrane operated at 25 bar TMP and 0.60 m/s CFV. The graph is given below 

along with the experimental data. R2 values for different models are presented in 

Table 4.17. The R2 value of cake filtration model is 0.72416 and it is higher than 

the rest of the models. The sizes of almost all the particles present in the feed 

are very much greater than the membrane pore size of 100 Daltons. Hence, cake 

filtration model is predominant in this experiment. 



 

88 
 

 

Figure 4.16: Hermia’s model Flux predictions for Reverse Osmosis 

 

Table 4.18: R2 values of Hermia’s pore blocking models for Reverse Osmosis 

Type of model R2 

Complete Pore Blocking 0.59944 
Cake filtration 0.72416 
Standard pore blocking  0.61428 
Intermediate pore 
blocking 

0.02667 
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4.3.5. Discussions of modeling results 

 The accuracy of predictions can be found with the help of R2 values. It can 

be inferred from the predictions that the cake layer formation is predominant in all 

experiments. R2 values of microfiltration, ultrafiltration, nanofiltration and reverse 

osmosis experiments were 0.8629, 0.8148, 0.7343 and 0.72416, respectively. 

From these predictions, it can be inferred that the foulant particles are very much 

greater than the membrane pore size. 
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CHAPTER 5: CONCLUSION 

 

 The polymeric membranes of different pore sizes and different materials 

were tested with synthetic produced water obtained with inorganic salts and 

crude oil. Polyvinylidene fluoride (0.3 micron), ultrafilic (100,000 MWCO), thin film 

(0 MWCO) and polyamide (100 Dalton) are the membranes selected from the 

group of membranes in the categories of microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis, respectively. The optimized transmembrane 

pressures for microfiltration, ultrafiltration, nanofiltration and reverse osmosis are 

3 bar, 4 bar, 13 bar and 25 bar, respectively. The cross flow velocity of 

microfiltration, ultrafiltration, nanofiltration and reverse osmosis processes are 

0.30 m/s, 0.30 m/s, 0.90 m/s and 0.60 m/s, respectively.  

The oil content, total organic carbon and sulphate were completely 

removed by the four stage filtration processes. The COD, TDS, turbidity and 

chloride removal efficiencies are 99.15%, 97.44%, 99.86% and 97.56%, 

respectively. The permeate water can be used for commercial and industrial 

non-drinking purposes. As per FAO standards, it can also be used for agricultural 

purposes. The type of fouling that was predominant in each filtration experiment 

was predicted by using Hermia’s empirical model. The cake filtration model was 

predominant in each type of filtration, which indicates that the foulant particles 

are much larger than the pore sizes of the corresponding membranes. 
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CHAPTER 6: FUTURE WORK & RECOMMENDATIONS 

The following recommendations are made for future work: 

• Large quantities of field produced water are necessary to test the selected 

membranes at the optimized operating conditions. 

• The water quality of the permeate obtained from just ultrafiltration followed by  

reverse osmosis membranes can be analyzed. This is to compare the 

efficiency of this dual membrane process in the absence the other stages. 

• Instead of deionised water, the polymeric membranes can be soaked in alkali 

or alcohol, prior to membrane treatment, to study the performance variations. 

• Cleaning methods, either, cross-flow cleaning or back flow cleaning, have to 

be employed and a study with different alkali, acid and surfactants can be 

performed. 

• The polymeric membranes’ performance can be enhanced by dispersing 

metal or metal oxide nanoparticles in the membrane. 

• Polymeric membranes of different geometries such as, plate and frame, 

hollow fiber, etc. have to be analyzed. 

• A theoretical model, which considers the operating conditions and membrane 

morphology, has to be developed to predict the permeate flux and the rate of 

fouling. 

• The membrane performance in removing the biological constituents can be 

studied. 



 

92 
 

• Sulfonated polymeric reverse osmosis membranes can be tested in order  to 

achieve higher chloride removal efficiency 
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