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Abstract 

 

Oily wastewaters are produced in large quantities by many different industries with the 

main contributor being the petrochemical sector.  Problematic to treat, these waste 

streams create substantial environmental dangers. Mandated treatment for environmental 

compliance can be costly and generate a large financial burden on producing companies. 

Membrane filtration technology targeting oily water separation has emerged as a solution 

to the wastewater problem. Despite the advancement of the membrane technology, 

membrane fouling remains a major concern and drawback from the largescale 

implementation of this technology. Finding ways to optimize membrane function and to 

mitigate fouling will prove invaluable to the ability of membrane technology to take the 

next step in becoming the primary treatment method for produced water globally. 

The main avenues used to optimize membrane filtration processes include operating 

conditions such as transmembrane pressure, cross flow velocity and feed properties. 

Furthermore, membrane type and properties also play a main role in surface properties 

and its modification can enhance membrane efficiency and prevent fouling.  

These strategies are explored in detail in this research undertaking. Different membranes 

were tested for their rejection capacities and their operating conditions were optimized to 

achieve the highest rejection results. Both polymeric and ceramic membrane types were 

investigated. All experiments performed employed oily water emulsions prepared in the 

lab with properties similar to those of a real Bakken oil produced water. The effects of 

different operating conditions were tested in treating oily-wastewater using a silicon 
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carbide, alumina , ZrO2, and TiO2 membranes. To design the experiments and optimize 

the operating conditions, a system built on L9 (3
4
) orthogonal arrays of the Taguchi 

method and a response category of the-larger-the-better were applied. The analysis of 

variance was used to determine the most important parameters affecting the permeate 

flux. The effects of several operating parameters such as the transmembrane pressure 

(TMP), crossflow velocity (CFV), temperature (T), and pH on the permeate flux and 

fouling resistance were investigated. Furthermore, a novel membrane performance 

modeling system called the multicontinuum theory was validated experimentally which 

helped provide insight on the behaviour of oil droplets across a pore under different 

operating conditions. Additionally, a novel membrane filtration operational procedure 

was developed in the form of a one-sided periodic pressure method that prevented 

irreversible fouling from forming on the membrane leading to the discovery of a method 

which is virtually free of fouling.   

Different models were used to simulate the treatment of produced water using 

membranes, these models include Hermia’s models, different Soft Computing 

methodologies and Computational Fluid Dynamics. 
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1 Chapter 1: Introduction 

 

Produced water as a by-product of the oil industry is becoming a major environmental 

concern. Cleaning this water and reusing it is a key solution for the sustainability of the 

industry. Discharge of oily water into the environment is progressively increasing every 

year as the industry develops. Some of the industries contributing to the discharge of 

oily wastewater include the petroleum production industry, oil refineries, metal 

manufacturers and food producers [1] .  It is becoming increasingly important to find 

effective and efficient methods to treat oily wastewaters.  As a result, there is a great 

drive for the development of efficient and cost-effective treatment methods to remove 

pollutants from produced water. As the world’s population continues to grow, clean 

water is becoming a scarce resource. According to the World Health Organization 

(WHO) there are 1.1billion people with no access to clean water and this problem is 

only getting worse [2]. Thus, it is becoming paramount for existing fresh water sources 

to be protected and new water resources need to be developed in order to meet the 

growing demand for clean water. This is where water treatment technologies will play a 

major role. 

At the moment, the technologies used are unable to remove oil particles and some 

dissolved organic and inorganic compounds in the wastewater produced [1]. As about 

250 million barrels of produced water are made each day globally, compared to about 

80 million barrels of oil, produced water clearly has a major impact and these numbers 

are continuing to rise [1]. Thus, there is a great need to develop better technologies for 
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the treatment of oilfield wastewater in a cost-effective manner and an environmentally 

friendly way. 

Many treatment drawbacks are seen when using traditional method of water treatment 

which include chemical or biological methods. These disadvantages include high cost, 

toxic chemicals, production of more pollution and large space needed for the equipment 

[1]. As a result, a solution to these issues is found in the physical treatment process 

using membrane technology.  Membrane treatment systems enjoy some advantages 

which include small area requirement for equipment set up, no chemical addition to the 

treatment process, and a consistent effluent quality [3]. 

There are many types of membrane filtration systems used for waste water treatment. 

Membrane technology depends on pore size to separate contaminants from the feed 

stream.  Depending on the size, they can be classified as microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis membranes [4]. Each filtration system has a specific 

target waste product. For example, microfiltration is good at reducing turbidity and 

suspended particles [5]. Ultrafiltration has a smaller pore size and thus has higher 

removals than microfiltration which requires higher operating pressures [1]. 

Ultrafiltration can remove macromolecules which include proteins, bacteria [1]. Reverse 

osmosis is capable of removing the smallest particles such as ions [1]. Ultrafiltration is 

the leading method for oily wastewater treatment [1].  

Membrane systems can be made of organic polymers or inorganic ceramic material or a 

hybrid of both. The structure of polymeric membranes is such that the support layer is 

porous and open, above which there is a thin less porous skin layer [2]. The main 

separation and filtration process occurs at the skin layer [2]. The characteristics such as 
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selectivity and physical features of the membrane are controlled by casting conditions, 

polymer type and concentration, and the solvent/nonsolvent system used in its making 

and additives [2]. An example of an early polymer used back in the 1950s is cellulose 

acetate, which continues to be used today from microfiltration to reverse osmosis 

membranes. Other polymers include polysulfone (PSf), polyethersulfone (PES), 

sulfonated PSf or PES, polyacrylonitrile (PAN), polypropylene (PP), 

polytetrafluoroethylene (Teflon), and polyvinylidine fluoride (PVDF). These materials 

display exceptional permeability, selectivity, and stability in water treatment 

applications.   

Polymeric materials for membrane fabrication have many advantages such as better 

pore-forming control and lower cost and as a result, researchers are focusing more on 

polymeric membranes [6]. Depending on the polymer used, different characteristics for 

different separation process can be achieved. They also have some disadvantages which 

include lack of thermal tolerance as they cannot be used above 50°C, fouling issues 

leading to regular cleaning needs [2]. 

Ceramic membranes are inorganic membranes. Inorganic membranes date back to the 

1940’s when they were developed for uranium enrichment. Later on, it led to the 

development of ceramic micro and ultrafiltration membranes for various industrial 

separations. Ceramic membranes in general are asymmetrical in their design and 

structure with a porous base and a dense upper area [2]. A membrane can be made of 

many minerals  such as alumina, silica, zirconia, mullite, oxide mixtures and sintered 

metals [2].In addition, these membranes can undergo post-treatment options that can 

alter their porosity [2].  The post treatments include exposure to alkali solution or the 
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application of coatings of porous metals or metal oxides [2]. Ceramic materials became 

known for their improved mechanical, thermal and chemical stability that make them 

good candidates for tough water purification processes such as industrial wastewater. In 

addition, their strength allows for harsh chemicals and thermal exposure for cleaning 

after fouling. This provides them with longer lifetime even under intense fouling and 

cleaning conditions that would normally destroy their polymeric equivalent [2]. 

However, one major drawback of ceramic membranes is their cost which limits their use 

in a large industrial setting. 

New research has moved beyond just the plain polymeric or ceramic membrane for 

produced water treatment. Advances in development of new modified membranes using 

nanoparticles made from titanium, aluminum and zirconium is gaining popularity in the 

research literature.  The research world continues to look for ways to improve 

membrane filtration systems using different modification methods to allow for optimal 

treatment efficacy. 

1.1 Scope and Objectives of Study 

The thesis presented here is based on the compilation of research work in the area of 

membrane filtration of oily produced water. The work starts with a comprehensive 

literature review on membrane technology followed by the experimental work 

investigating the filtration efficiency of four different types of ceramic membranes 

using the Taguchi experimental method and Hermia and multiple neural network 

modeling systems. Finally, the main highlight of the work is the development of a novel 

anti fouling method (the one-sided pressure technique) for flux recovery using a 

polymeric membrane (CFD modeled and experimentally validated) and experimental 



5 

 

validation of the multicontinuum theory is presented. The work covers a wide range of 

material and culminates in the ultimate goal of achieving a novel filtration method that 

has high rejection capacity and strong antifouling properties. 

1.2 Contribution  

Major contributions to the field of membrane technology and membrane filtration 

systems were included in this manuscript. The highlights include the one-sided pressure 

method as a novel antifouling method with almost zero compromise in rejection 

capacities. In addition, the multicontinuum model was validated and the CFD modeling 

used has provided trailblazing contribution and information on the behavior of oil 

droplet in the treatment of produced water using membrane technology. 

1.3 Organization of Thesis 

The present thesis is organized into ten chapters with one supplementary appendix. 

Chapter one provides an overview of the work undertaken and outlines the remainder 

of the chapters. It also highlights the background, objectives and contributions of the 

study. 

Chapter two provides a comprehensive review of the literature upon which the 

investigational work is based. It highlights all research done using polymeric and 

ceramic membranes and ways to mitigate fouling. In addition, it provides on overview 

of the different modeling modalities available for flux decline prediction. 

Chapter three provides the features of the experimental manuscript of the work done 

using an ultrafiltration a 0.04µm silicon carbide membrane for oily water treatment 

using the Taguchi experimental design approach. 
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Chapter four provides the particulars of the experimental work done using a 

microfiltration alumina ceramic membrane and optimization of the operating conditions 

via Taguchi and neural network methodologies. The artificial neural network was found 

to be most effective method based on the use of two hidden layers.  

Chapter five provides the details of the experimental work done using an ultrafiltration 

ZrO2 ceramic membrane with super-wetting surface properties and its performance in 

oily water treatment with modeling investigations. The artificial neural network was 

trained using different training algorithms. 

Chapter six provides the experimental outline and results of the artificial network 

investigation of the performance for an ultrafiltration titanium dioxide ceramic 

membrane used in oily water treatment. In this chapter, the expansion of the use of the 

neural network methodology. Four different models for predicting the permeation flux 

from experimental data are proposed. 

Chapter seven outlines the experimental findings of using multiple polymeric 

membranes for the investigation of oily wastewater filtration and the experimental 

verification of the multicontinuum modeling approach. 

Chapter eight highlights the novel approach for the prevention of fouling formation on 

membrane surface using a new one-sided periodic pressure method. This was done 

using a polymeric type membrane and CFD modeling. 

Chapter nine highlights the experimental investigation and validation of the CFD 

modeling of the novel pressure method used as an anti-fouling tool. 

Chapter ten provides the summary of the thesis and the future work 

Chapter eleven provides a comprehensive list of the appendices.  
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        The use of membrane technology for produced oily water treatment has seen an 
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2.1 Introduction: 

The petroleum industry contributes largely to the making of oily wastewater. The need 

for treatment is an unavoidable and detested task by industry as it encounters many 

obstacles and most importantly, the extra costs. As the earth’s population continues to 

grow exponentially, the demand for clean water is becoming more of an issue. The 

world’s supply of clean water is finite and as such, effective methods to obtain and 

recycle water are paramount for the sustainability of life on earth. A potential solution 

for the foreseeable water shortage of the future is the reuse of water. As such, advanced 

technologies are needed to clean and reuse water such as membrane technology. This 

technology is emerging as a frontrunner for produced water treatment. Membrane 

technology and filtration systems have witnessed a substantial change and 

metamorphoses in the past few years. Much of the academic and industrial worlds are 

pouring significant portion of their research efforts into finding the optimal membrane 

technology. Preceding technologies used for the treatment of oily water include physical 

and chemical means. Physical methods involved systems  such as sand filters, cyclones 

and adsorbents [1]. On the other hand, methods that employ oxidation, electrochemical 

processes, ozone and room temperature ionic liquids are classified as chemical means 

for produced water treatment. Both methods have drawbacks, which include high costs, 

toxic chemicals and the need for large space for their operation. Thus, with the 

emergence of membrane technology, there is a great desire for such a technology to 

become successful. The main drawback of membrane filtration systems, however, is the 

fouling and soiling of the membrane itself leading to a rapid decline in the filtration 

capacity of the system. Optimization of the membrane filtration system has also become 
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a topic of great interest due to its implication on the industrial applications of membrane 

technology. Therefore, finding ways to minimize or avoid membrane fouling have been 

a central area for research in the recent decades. Currently much research efforts focus 

on membrane surface alteration and optimization of membrane hydrodynamic 

conditions in hopes of minimizing membrane fouling and membrane flux decline. One 

can notice the great growth in publications in the area of membrane technology in the 

past few years as depicted in Figure 2.1. This review article hopes to shed light on the 

recent advances in membrane technology, membrane modification, membrane fouling 

and modeling.  
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Publication years

Figure 2.1 Annual publication on the subject of membrane technology used in 

oilfield produced water for the past 15 years (2001–October 2015) as searched 

through Web of Science. 
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2.2 Origins and composition of oily wastewater 

 During oil and gas production activities water is used for their extraction. Oil and gas 

are found underground within naturally occurring rocks. Alongside there are collections 

of saline water [1]. The saline water originates from two possible sources, which can be 

from below or above or inside the hydrocarbon zone or from injected fluids used in the 

crude oil extraction process [1]. When saline water is mixed with hydrocarbons, it 

becomes produced water [1]. Water is needed and is injected into a reservoir containing 

oil or gas in order to maintain the pressure to maximize recovery levels of the oil or gas 

[2].  Thus, the injected and formation waters are brought to the surface alongside the 

hydrocarbon mixture where the hydrocarbons are separated from the produced water 

[1]. Therefore, produced water may contain a combination of organic and inorganic 

compounds [1]. The exact make up of produced water is dependent on two factors. 

First, the composition is affected by the location of the reservoir and its surrounding 

geological formation [1]. The second determining factor is the operational conditions 

and chemicals used during the extraction process and the processing facilities [1]. In 

general, the main compounds making up produced water include: droplets of oil, 

minerals, production chemical compounds, production solids, organic matter and 

dissolved gases [1]. These compounds can alter the natural aquatic environments by 

altering the water oxygen content and availability. In addition, oily wastewater can 

negatively impact agriculture by altering soil makeup interfering with its ability to 

absorb water, and changing its physical and chemical properties, which negatively 

impact crop quality and productivity [3]. As a result, adequate treatment of oily 

wastewater is essential. 
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2.3 Membrane technology overview and summary of literature 

       There are many types of membrane filtration systems used for waste water 

treatment. Membrane technology depends on pore size to separate contaminants from 

the feed stream.  Filtration systems can be classified as microfiltration, ultrafiltration, 

nanofiltration and reverse osmosis membranes [4]. Each filtration system has a specific 

targeted waste product. For example, microfiltration is good at reducing turbidity and 

suspended particles [5]. Ultrafiltration has a smaller pore size and thus has higher 

removals than microfiltration but requires higher operating pressures [1]. Ultrafiltration 

can remove particles such as macromolecules which includes proteins, bacteria, etc. [1]. 

Reverse osmosis is capable of removing the smallest particles such as ions [1]. 

Membranes can be made of polymeric material or ceramic (inorganic) material [4]. 

Common polymers used for polymeric membranes manufacturing include polysulfone 

(PSf), polyethersulfone (PES), polyarylonitrile (PAN), polyvinylidene fluoride (PVDF), 

and cellulose aetate (CA). They show high removal efficacy, low energy requirements 

and are generally cost effective. Some drawbacks include ease of fouling leading to flux 

decline and decreases in filtration capacity. New research works are actively 

investigating modifications of polymeric membranes to prevent membrane fouling. For 

example, recent studies involve nanoparticle blending with polymeric based membranes 

to improve their hydrophilicity, permeability, selectivity and thermal stability [6-8]. 

Furthermore, surface grafting, modification and creating super wetting surfaces are all 

different methods polymeric membranes can be improved and modified [3]. Physical 

and chemical techniques can also be used to achieve surface modification. Physical 

methods include ion beam and plasma irradiation whereas chemical means involve 
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grafting and coating [3]. The end goal of the different methods used is the same, 

attempting to eliminate fouling to improve membrane function. 

Ceramic membranes, on the other hand, are made of inorganic materials such as 

aluminum, zirconium and titanium. They have advantages over polymeric membranes 

in that they have greater mechanical strength and more tolerance to different pH levels, 

oxidation stress and higher temperatures [9-11]. Ceramic membranes are relatively new 

to the oily water treatment compared to polymeric membranes. However, both types of 

membranes have seen advances with membrane modification in attempts to improve 

permeation flux and decrease fouling. Ceramic membranes can also be modified with 

grafting and coating. In addition, different inorganic compounds and varying 

compositions can be used to fabricate different ceramic membranes with different 

chemical surface properties. 

Recent reviews in the literature highlight the different treatment options for oily 

wastewater. In conclusion, there is not yet a unanimous agreement among researchers 

about the best technology that can be used for oily-water treatment as all technologies 

have their own advantages and disadvantages. For example, Jamaly et al. [12] looked at 

several options for oily-water treatment including electrochemical, biological, 

ultraviolet light, membrane filtration and hybrid technology treatment options and 

concluded that a combination of methods might be ideal for oily wastewater treatment 

[12]. Other researchers support the use of flotation and filtration adsorption methods to 

achieve high overall removal efficiencies of oil, TDS, COD and TSS [13].  Others, such 

as Zhu et al. [14], support the use of membrane technology as the most effective method 

including the use of either polymer based, ceramic or nanometrial based advanced 
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membranes for their simple operation and high removal efficiency [15]. Furthermore, 

Fakhru’lRazi et al. [1] supported the pre-treatment of the oily emulsion using biological 

methods followed by physical treatments using membrane technology as the most cost 

effective and environmentally friendly approach [1]. Yu et al. [16] also reviewed all the 

different treatment options for oily water including membrane technology where they 

support a combined technology approach for effective oily water treatment. They report 

99% oil removal with the use of membrane filtration and coagulation methods whereas 

biological methods can achieve about 94% removal efficiencies. Pintor et al. [17] 

reviewed new methods of oily water treatment and classified them as primary, 

secondary and tertiary. Primary treatment involves gravity separation of the oil from 

water. Secondary separation involves many different methods which includes 

membrane technology and adsorption. Pintor and team asserted that adsorption can be a 

great alternative to membrane technology. A tertiary treatment example includes 

biological and oxidative treatments. When compared with other methods, they 

highlighted that membrane filtration is very effective with perhaps operational costs 

being a disadvantage. However, one major drawback of adsorption methods is that oil 

removal efficiencies are limited by the technology’s inability to remove dispersed oil 

droplets. Kim and Bruggen [18] reviewed the use of nanoparticles in polymeric and 

ceramic membranes. They looked at polymeric membranes with nano-TiO2, nano-

alumina, silver nanoparticles, silica, zeolites, carbon nanotubes and ceramic membranes 

modified with titania, alumina, silver, iron oxide, ferroxane, carbon nanotube. Overall, 

they concluded that nanoparticle modified membranes achieved less fouling. In 

particular, titania modified membranes decreased fouling due to organic solutes in 
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polymeric membranes. However, no solid conclusion is drawn for the most effective 

nanoparticle in ceramic membranes. The main issue surrounding nanoparticle use is 

their potential for ecotoxicity. Jhaveri and Murthy [19] also reviewed nanoparticle use 

in membrane technology. They addressed the wide variety of different nanoparticles 

used in polymeric based membranes and membrane characterization. They report that 

attention should be directed towards optimizing surface membrane modification 

methods such as dipping rather than polymer blending with nanoparticles in order to 

fully exploit the potential of the nanoparticles used. In addition, the selection of 

nanoparticle used for modification is based on the specific target functional groups 

required. For example silver is known for its antibacterial function whereas titania has 

excellent photocatalytic ability for organic foulant degradation [19-21].  Munirasu et al. 

[22] reviewed the membrane technology used for oily water treatment. They concluded 

that microfiltration membranes in general were effective as a pre-treatment step to 

produced water treatment limited by its ability to remove dissolved components of 

produced water.  

This review paper takes a step further in reviewing all the advancements in polymeric 

and ceramic membrane technology for the use of oily water treatment. In addition, other 

issues are addressed which include fouling elimination and modeling of flux decline. 

2.4 Improvements in membrane technology and membrane modification 

The true cure to membrane fouling lies in the fabrication or modification steps of 

membrane synthesis. The structural and biochemical properties of the membrane matrix 

that allow for minimal or no fouling is the future of membrane technology. In general, 

membrane modification allowing for the transformation of the surface to contain more 
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hydrophilic wetting properties is a promising development in the battle against fouling. 

In general the contact angle with water provides an estimate of the degree of 

wettability of a membrane’s surface where it can range from a superhydrophilic (contact 

angle with water = 0) to superhydrophobic (contact angle with water > 150) [23]. The 

degree of wettability is dependent on the roughness and topography of the membrane 

[24-26]. In addition, another more attractive feature and fouling preventer is the degree 

of attraction between oil droplets and the membrane surface which ranges from 

superoleophilic (contact angle with oil = 0) to superoleophobic (contact angle with oil 

> 150) [23]. Polymeric membranes can be modified via different methods such as 

inorganic nanoparticle modification using silver, titanium, aluminum or zirconium or 

zeolite. Similar strategies can also be applied to ceramic membranes. 

2.5 Polymeric membranes 

Polymeric based membranes have been working with cleaning up oily water for years. 

Academia and the industry both are attempting to find the optimal polymeric membrane 

and the optimal polymer to create it. Polymeric membranes, in general, are valued by 

industry due to their low costs, low energy requirements and high efficiency for oil 

removal. The next few sections will highlight some of the recent polymeric membranes 

investigated in the literature for their use in produced water treatment. Salahi et al. [27] 

investigated a polyacrylonitrile ultrafiltration membrane for treating water from a 

refinery in Tehran. The PAN membrane had a molecular weight cut off of about 20 

kDa. They concluded that the UF membrane was effective in removing about 99% of 

the oil content, 30% of the TDS content, 100% of the TSS content and a decrease in 

98% of turbidity. Campos et al. [28] tested mixed cellulose esters MF membranes with 



17 

 

0.1μm pore size for offshore oil field wastewater treatment in Brazil. They were able to 

remove 92% of the oil and grease content, 35% of COD, and 25% of TOC. However, 

they found fouling to be a major problem where their membranes needed cleaning after 

20 hours of running time. Alzahrani et al. [29] investigated highly hydrophilic 

polyethersulfone based nanofiltration and RO membranes for oily water filtration. They 

used nanofiltration as a pretreatment step, and RO as the treatment step [30]. The RO 

membrane was more effective than the NF membrane in reducing the content of Cl
−
 by 

77%, SO4
 
by 81%, and F

−
 and S

−2
 by > 99%. Additionally, Salahi and his team [31] 

looked at another batch of membranes. This time they explored five polymeric 

membranes: two MF polysulfone and three UF made of polysulfone (PS) and 

polyacrilonitrile (PAN). Their best results were obtained with the UF PAN 20 kDa 

membrane which showed a 99.7% removal of oil and grease, 99.2% removal of 

turbidity, 36.1% removal of TDS and 100% removal of TSS. However, the UF PAN 

100 kDa achieved a higher permeate flux (96.2 L/m
2
h) and fouling resistance (60%) 

when compared with the other membranes. Reyhani et al. [32] used a polyacrylonitrile 

UF membrane with a Taguchi experimental design for produced water treatment. They 

were able to obtain 99% oil removal and 68% TOC rejection.   

Polymeric membranes efficiency in produced water treatment still needs to be further 

optimized this is seen with membrane surface modification reviewed in the following 

section. 

2.6 Modified polymeric membranes 

Original polymeric membranes have some major drawbacks which include oil 

accumulation within the membrane fabric. The accumulation of particulate matter on or 
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within the membrane lead to decreased efficiency in the membrane function, which in 

turn lead to increased incurred costs. Modification of membrane using hydrophilic 

components allows for alteration in the physical and chemical properties of the 

membrane surface prompting improvement in permeate flux and prevention and 

minimization of membrane fouling [11, 33, 34]. The following section highlights areas 

from the literature where modified polymeric membranes were used and investigated 

for their superior function. Polysulfone and polyethersulfone are commonly used 

polymers with promising outcomes [35-37]. In 2006, Lia et al. [38] investigated UF 

membranes made from polyvinylidene fluoride (PVDF) polymer. They modified the 

membranes with inorganic nano-sized aluminum particles and reached an oil rejection 

up to 99%. In addition, they were able to achieve COD and TOC removal efficiencies of 

90% and 98% [38]. Furthermore, the modified membrane had improved flux rates in 

comparison to the unmodified membrane [38]. Yuliwati et al. [39] investigated 

modified UF PVDF membranes for their ability to filter refinery wastewater. They 

modified the membranes with lithium chloride monohydrate (LiCl·H2O) and titanium 

dioxide (TiO2). The addition of 1.95 wt.% TiO2 nanoparticles gave the best results. The 

addition of TiO2 lead to increased hydrophilicity and decreased pore size. Meanwhile, 

Wandera et al. [40] investigated the efficiency of  cellulose based UF membrane with 

surface modification for the treatment of synthetic produced water.  The unmodified UF 

rejected water with a TDS of 508 mg/L and allowed for a TOC removal of 94%. The 

modified membrane with poly(oligoethylene glycol methacrylate) (PNIPAAM) 

achieved a TDS of 502 mg/L and TOC removal of 96%. While the one modified with 

poly(N-isopropylacrylamide) (PNIPAAm)-block-poly(oligoethylene glycol 
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methacrylate) (PPEGMA)  had TDS removal of 500 mg/L and TOC removal of 97.5%. 

Modified membranes had lower water flux, but they showed a slower flux decline over 

time. A 100% flux recovery was seen with the modified membranes and 81% recovery 

for the unmodified membrane. All membranes showed poor salt rejection. Masuelli et 

al. [41] investigated UF membranes functionalized with polysulfone, and reported the 

changes to flux and fouling as a result of membrane modification. They used a UF 

PSf17 membrane (polysulfone with 17% weight) as their control and modified it using 

3% and 5% by volume of chlorethyl chloroacetate to make two versions of the modified 

membrane PSf-COEtOH and PSf-COEtOH1, respectively.  They found that the 

untreated membrane had more flux decline than the modified membrane. The more 

hydrophilic the membrane was; the less flux decline was observed. A flux recovery of 

60% was seen for the modified membrane and 25% for the untreated. The modified 

membrane was able to maintain the steady flux whereas the untreated showed 

continuous flux decline. In addition, the modified membranes achieved >97% oil 

rejection whereas the unmodified membrane achieved 95%. Kumar et al. [42] 

investigated a UF membrane and modified it with chitosan and N-methylpyrrolidone 

(NMP) to make PSf-CS (polysulfone + chitosan) membrane. The PSf-CS membrane 

showed enhanced hydrophobicity compared to the unmodified membrane. It also had 

improved flux rates and improved antifouling properties. Zhu et al. [43] developed five 

original membranes containing an additive polymer to enhance functionality. They used 

PVDF as the base polymer and then added two other types of polymers in different 

ratios to obtain a membrane which contain oleophobic and hydrophilic features. The 

control membrane, which has no modifications had a flux decay of 80% within 2 hours 
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of filtration. In addition, only 25% flux recovery was seen after cleaning, suggesting 

that irreversible fouling has occurred. On the other hand, the novel membranes with the 

added polymer (AP1) showed much less flux decline and much better flux recovery 

with cleaning. The average oil removal by all the modified membranes was about 99%.  

In conclusion, when AP1 in PVDF reached an amount of 30 wt%, the novel membrane 

showed almost no fouling after two hours of filtration with different foulants [43]. Zhao 

et al. [44] investigated polysulfone UF membrane modified with a copolymer additive 

containing poly(N,N-dimethylamino-2-ethylmethacrylate) (PDMAEMA) blocks. 

Surface hydrophilicity and fouling-resistance of the modified membranes was 

significantly enhanced after block copolymer addition [44]. Zhu et al. [45] used radial 

polymerization to modify a PVDF membrane using polyelectrolyte brush, abbreviated 

as PMAPS, and investigated its ability to separate oily emulsions.  Oil rejection 

achieved was more than 99.999%. The oil contents after one-time separation of a 

selection of oil-water mixtures were all less than 10 ppm and some of them were even 

lower than 2 ppm. The modified membrane showed features of hydrophilicity and 

oleophobicity. Furthermore, Zhu et al. [46].used additive polymer, with a base PVDF 

membrane to treat oily water emulsion with an oil concentration of 500 mg/L [46]. They 

report 49% flux decay after 2h reaching a steady state flux of about 30 L/m
2
h with a 

99% flux recovery with membrane backwashing. They achieved 99% oil rejection. The 

additive polymer provided the hydrophilic and oleophobic properties to the membrane 

leading to improved antifouling performance. However, the steady state flux is lower 

than other basic polymeric membranes. More recently, Salahi et al. [47] used a PES 

(polyethersulfone) with a PVP (polyvinylpyrrolidone) additive to make an UF 
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membrane to treat oily water with an oil concentration of 78 mg/L and obtained a 99.7% 

rejection rate. Their final oil content was 0.2 mg/L which meets the national standard 

discharge parameters in Iran. They observed a 63% flux decline after 8h of filtration 

reaching 84.1 L/(m
2
h). They showed a 100% removal of TSS and 99.2% reduction in 

turbidity in addition to a COD removal of 83.1%, and TOC removal of 96.3%. They 

also showed that cleaning with EDTA (ethylenediaminetetraacetic acid) and SDS 

(sodium dodecyl sulfate) was relatively more effective than each agent independently 

and were able to achieve flux recovery of 86%. In a different study, Salahi et al. [48]  

looked at PES (polyethersulfone)  and PAN (polyacrylonitrile) blend UF membrane for 

the treatment of oily water. They reported an oil removal of 99.7% and a rejection of 

COD of 80.6%, TOC 89.3%, turbidity of 99.3% and TSS of 100%. The membrane also 

demonstrated a high final permeate flux of 73.5 L/m
2
h and a flux reduction of 60.6%.  

Salahi et al. [49]also looked at PES membrane with PEG as a modifier, and prepared 32 

membranes with varying concentrations of PES and PEG [49]. Their best membrane 

showed an oil rejection of 99.4% (final concentration of 0.5 mg/L), COD of 98.3%, 

TOC of 94.4%, TSS of 100% and a turbidity of 99.2% with a permeate flux of 72.3 

L/m
2
·h. Another group, Huang et al. [50], used a modified PVDF membrane with PVP 

UF membrane for oily water treatment. It showed an excellent permeate flux of 330 

L/m
2
h with only a 5% flux decline when using an oily water with an oil concentration of 

300 mg/L. They obtained 97.5% oil rejection rates. Furthermore, Rajasekhar et al. [51] 

modified a PVDF UF membrane with an amphiphilic tri-block copolymer with 

carboxylic acid functional group for treatment of Castrol oil [51]. They manufactured 

three different membranes with varying concentrations of the copolymer. They obtained 
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an oil rejection of 99.5% and a steady state flux of 60.5 L/m
2
h. The flux recovery was 

almost double that of the original PVDF membrane. Another popular type of polymeric 

membrane used in oily water treatment alongside of ultrafiltration membranes are 

reverse osmosis (RO) membranes. They have smaller pore sizes and allow for more 

removal of smaller particles such as salt. 

Barona et al. [52] studied a thin film composite RO membrane prepared with m-

henylenediamine (MPD), 2,2′-benzidinedisulfonic acid (BDSA) and trimesoyl chloride 

(TMC) on a polysulfone support [52]. They showed that with increasing BDSA 

concentration in the polyamide layer, the water flux also increased. This reflects that 

with increased sulfonyl group incorporation obtained from BDSA, the TFC membrane 

is able to achieve higher water flux values. Salt rejection increased with increasing 

BDSA content up until 5%. This was due to the addition of negatively charged sulfonyl 

groups which made the membrane more hydrophilic [52]. Kim et al. [53] used a 

composite RO membrane made of sulfonated poly(arylene ether sulfone) that contained 

amnio groups (aPES) and aminated template free zeolite nanoparticles (aTMA). The 

modified membrane showed salt rejection of about 98.8% and water flux of 37.8 L/m
2
h. 

The addition of aPES and aTMA lead to changes in the three dimensional structure of 

the membrane and increased cross-linking leading to a stronger, more resistant active 

layer that can tolerate chlorine better [53]. Another similar modification was also done 

by Kim et al. [54] where composite RO membranes made with sulfonated poly (arylene 

ether sulfone) containing amino groups (aPES) and hyper-branched aromatic 

polyamide-grafted silica (HBP-g-silica) were investigated [54]. The aPES/HBP 

composite membrane was fabricated using interfacial polymerization. The modified 
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membrane had a salt rejection of 96% and a flux of 34 L/ m
2
h. They found that their 

modification improved the stability of the membrane making its surface more tolerant to 

chlorine and it also improved its hydrophilicity. Another example of membrane 

modification is addition of monomers to the active layer of a membrane. This is seen in 

the work of Matin et al. [55] where they added a hydrophilic monomer  hydroxyethyl 

methacrylate (HEMA) and a hydrophobic monomer, perfluorodecyl acrylate (PFDA) 

directly on the active layer of commercial aromatic polyamide RO [55]. These coatings 

were found to minimally affect the salt rejection and the flux when compared to the 

unmodified membrane. The flux decline was within 10% of the original value [55]. 

Further experiments are needed to see if these coatings have a positive impact on 

biofouling. Another group looked at nanocomposite RO membranes. They investigated 

four types of membranes made by interfacial polymerization of either polyamide or 

zeolite A-polyamide nanocomposite thin film over either pure polysulfone or zeolite A-

polysulfone nanocomposite support membranes [56]. The nanocomposite membranes 

were more durable and had a higher tensile strength than the original membranes. All 

membranes with zeolite nanoparticles, either in the support or coating film, were more 

hydrophilic, smooth and selective when compared to the baseline thin film composite 

membrane. In addition, the nanocompoiste membranes experienced less physical 

compaction which means less flux drop [56]. Table 2.1 and Figure 2.2 summarizes most 

of the recent research on polymeric membranes   
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Figure  2.2 Summary of Polymeric membrane enhancement methods 
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Table 2.1 Highlights from the literature on polymeric membranes 

Ref Membrane 

MWCO 

or pore 

size 

Produced 

water 

content 

(oil mg/L) 

Removal 

(oil 

mg/L) 

Permea

te flux 

(L/h m
2
 

bar) 

Flux 

declin

e 

Flux 

recover

y 

Main findings 

[31] PAN 

100kDa 

flat 

sheet 

 99.7% 96.2    

[57] 

PVDF + 

poly(sulfob

etaine) 

105 kDa 

hollow 
500 >80% 300  >98%  

[47] PES + PVP 
Flat 

sheet 
78 99.7% 84.1 60% 86% 

COD =83% 

TOC = 98% 

[48] PES + PAN 
Flat 

sheet 
78 99.7% 73.5 60%  

COD = 81% 

TOC = 89% 

[50] 
PVDF+PV

P 

Flat 

sheet 
300 97% 330 5% 

95%- 

3wt% 

NaOH 

 

[58] PAN 

20 kDa 

Flat 

sheet 

78 98% 175   TOC = 85% 

[59] 

PSf/NMP/P

VP 

PSf 12 wt% 

PVP 5wt 

%  

100 

Crude oil 
97% 80-100 12%   

[60] 

PSf/ 

hydrous 

aluminum 

oxide 

(HOA) 

PSf 15wt% 

48.98 

nm 
1000 100% 200 58% 66.7% 

HOA = 89% 

improved 

hydrophilicity 

>600% in 

water flux  

[61] 

PVDF + 

TiO2 

1.95wt% 

34.05 

nm 

refinery 

wastewate

r  

3g/L 

98.8% 82.5 18.3   

[62] 

sulfonated 

polyphenyl

enesulfone 

Tri bore 

hollow 

fiber 

5000 98.8% 200 13.7% 84% 

TOC = 98.8% 

>sulfonation < 

flux decline 

and fouling 

[63] 

polyvinyl 

chloride 

(PVC) and 

chlorinated 

polyvinyl 

chloride 

(CPVC) 

blend + 

fluorinated  

 1000 99.8% 40 20% 

>95% with 

water 

only 

perfluoroalkyl 

modification has 

strong 

antifouling 

Fluoropolymers 

= excellent 

oleophobic 

property 
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Table 2.1 Highlights from the literature on polymeric membranes (continued) 

Ref Membrane 

MWC

O or 

pore 

size 

Produced 

water 

content 

(oil mg/L) 

Removal 

(oil 

mg/L) 

Permeat

e flux 

(L/h m
2
 

bar) 

Flux 

decline 

Flux 

recovery 
Main findings 

[64] 
PMMA-b-

PNIPAAm 
  98.5% 1550   

electrospun 

fibrous 

membrane 

increase 

membrane 

hydrophilicity 

[65] TiO2 + PVDF   >99% 400   

Increasing 

TiO2, 

decreased 

wettability 

[66] 

single-walled 

carbon 

nanotube/ 

polydopamine/

polyethylenei

mine 

(SWCNT/PD/

PEI) 

composite 

films 

10 nm 
Industrial 

oil in water 

Permeate 

contains 

<30ppm 

4000   

SWCNT/PD/P

EI composite 

is 

suprahydrophi

lic CA = zero 

after 30sec 

[67] 

PSf NaOH 

nanoparticles 

inside the PSF 

nanofibers 

 
Soybean 

oil 
100%     

[68] 

polysulfone 

and 

polysulfone/po

lymer-grafted 

bentonite 

Flat 

sheet 
100 98% 290    

[69] 

PVDF– 

Polyaniline 

/TiO2 NF 

MMMs 

 
50mg/L 

castor oil 
99% 

50 oil 

flux 

Pure 

water 

flux= 

132 

 22%  

[70] 
Polyaniline-

PVDF 
 200 

<40mg/L 

of oil in 

the 

permeate 

3000 for 

pure 

water 

   

[71] 

Polysulfone 

with penta-

block 

copolymer 
(PBC) 

UF 
500ppm 

engine oil 
99.5%   95% 

37% NaCl 

rejection 

 



27 

 

 

Table 2.1 Highlights from the literature on polymeric membranes (continued) 

Ref Membrane 

MWCO 

or pore 

size 

Produced 

water 

content 

(oil mg/L) 

Removal 

(oil 

mg/L) 

Perme

ate 

flux 
(L/h m2 

bar) 

Flux 

decline 

Flux 

recovery 

Main 

findings 

[72] 
polyacryloni

trile  
UF  

<10mg/L 

in 

permeate 

2270  85%  

[73] 

electrospun 

PAN 

nanofibers 

with an 

active layer 

made of 

chitosan 

UF/NF 

Vegetable 

oil 1350 

ppm 

>99.9% 
1.1 L/m2 

h psi 
25%   

[74] 
PVDF + 

ammonia  
 

Water in 

oil 

emulsion 

>99.9% 

700 

l/m
2
 h 

oily 

emulsio

n flux 

<5%   

[75] 

PAN 

- 

electrospinni

ng and a thin 

film of 

PVA layer 

UF 

Soybean 

oil 

1350ppm 

99.6% 
347.8 

l/m
2
 h 

<12%   

[76] 

CaCO3-

based 

mineral 

coating on 

poly(acrylic 

acid) grafted 

polypropyle

ne  

MF 

oil-in-

water 

emulsions 

(1:100 v:v) 

>99% 

>2000 

l/m
2
 h 

pure 

water 

flux 

 90%  

[77] 

PVDF + 

silica + 

polydopami

ne 

 

crude oil 

emulsion 

(1000 ppm 

wt%)  

 
24.3 L 

m
−2

 h
−1

 
<10%  

Hydrophili

c CA of 

35 + high 

underwater 

oil CA = 

163 stable 

with time 

[77] 

PVDF + 

silica + 

poly(diallyld

imethylamm

onium 

chloride) 

solution- + 

charged 

 

crude oil 

emulsion 

(1000 ppm 

wt%)  

 
23.6 L 

m
−2

 h
−1

 
>90%  

Hydrophili

c CA of 

18 + high 

underwater 

oil CA = 

158 

decreased 

after 

30min 
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Table 2.1 Highlights from the literature on polymeric membranes (continued) 

Ref Membrane 

MWCO 

or pore 

size 

Produced 

water 

content 

(oil mg/L) 

Removal 

(oil 

mg/L) 

Permea

te flux 

(L/h m
2
 

bar) 

Flux 

decline 

Flux 

recovery 

Main 

findings 

[78] 

Polysulfone 

with Silica 

and Poly 

(amidoamine

) 

 

 

NF 

molecula

r weight 

cut off 

1000g/m

ol 

oily 

wastewater 

using 

polysulfon

e UF as a 

pretreatme

nt step 

50% 
12 
L m−2 h−1 

<5%  

46% 

rejection of 

NaCL with 

a 

concentrati

on of 

1000mg/L 

 

2.7 Ceramic membranes 

Ceramic membranes are made of inorganic materials. Different combinations of 

titanium, aluminum and zirconium have been tested for produced water treatment. 

These materials enhance the hydrophilic property of the membrane surface via the 

hydroxyl groups on the surface. The hydrophilic nature in turn prevents oil attachment 

thus effectively prohibit permeation flux decline. However, aluminum, titanium and 

zirconia nano-particles are expensive and thus other low-cost ceramic membrane 

modification methods have been gaining popularity in the literature such as fly ash.  In 

addition, newer ceramic membranes have been made from zeolite-based materials 

which exhibits ion separation capabilities. Each component offers unique properties and 

advantages. Other inorganic precursors include clay, silica, kaolin, quartz just to name a 

few examples.  

It is still unclear from the literature which type of inorganic precursors provide the 

optimal mechanical and physical properties best suited for oily wastewater treatment. 

The next sections will highlight the use of ceramic MF and UF membranes and ceramic 

modified membranes for oily water treatment from the literature. Several MF membrane 
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studies were appraised to underscore the characterization and effectiveness of MF 

membranes for oily wastewater treatment. In 2007, Hua et al. [79] investigated the MF 

system using a ceramic membrane made with α Al2O3 with a 50 nm average pore size 

[79]. They looked at different parameters including the trans-membrane pressure 

(TMP), cross flow velocity (CFV) and the oil concentration on the separation process 

and how they influenced the permeate flux and the total organic carbon (TOC) removal 

efficiency [79]. They were able to eliminate 92.4% of TOC. They found that the flux 

declined with high salt concentration or low pH of the feed solution. Flux rates were 

high when TMP and CFV were high and when oil concentration is low [79]. They also 

found that when the TMP was greater than 0.2 MPa, the rate of increase of permeate 

flux was reduced. Thus with increasing TMP, flux increases but TOC removal 

efficiency drops [79]. Moreover, Fang et al. [80] investigated a spherical-fly-ash- based 

ceramic MF membrane with a pore size of 0.77um. They showed that the new 

membrane is able to sustain high permeate flux of 159 L /m
2
h at a transmembrane 

pressure of 0.10 MPa. In addition, the oil rejection reached 95.5% [80]. Abadi et al. [81] 

examined the efficacy of MF aluminum oxide membrane for treating real oily 

wastewater and showed a TOC removal efficacy over 95% and oil removal of 85%. 

Similarly, Reyhani et al. investigated an MF aluminum oxide ceramic membrane using 

Taguchi method to find the optimal operating parameters [82]. They obtained rejection 

values of oil, TSS, and turbidity of 99, 100, and 99%, respectively. The optimal settings 

were found at the third level of TMP (2.5 bar), a temperature  of 60C and a CFV of 

3m/s. Wang et al. [83] investigated the use of zirconia MF membrane for treating waste 
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rolling emulsion. They achieved an oil rejection rate of 99.9%. Table 2 highlights some 

features of the MF membranes found in literatures.  

Several UF membrane studies were evaluated to highlight the effectiveness of UF 

membranes for oily wastewater treatment. Ebrahimi et al. [84] also investigated UF 

titanium dioxide membrane for treating metal-industry emulsion. The oil rejection was 

up to 93% with MF aluminum dioxide membrane as pre-treatment step and up to 99.5% 

with UF titanium dioxide membrane followed by NF titanium dioxide membrane as the 

final treatment. In another study, Ebrahimi et al. [85] reported an oil rejection of 99% 

and a TOC rejection of up to 39% using UF titanium/aluminum dioxide membrane in 

the treatment of  a synthetic oily water [85]. 

Table 2.2  Plain MF ceramic membranes: highlights from the literature 

Ref 
Membrane 

material 

Membrane 

module 

Produced 

water 

content 

(oil mg/L) 

Removal 

efficiency 

(oil mg/L) 

Permeate 

flux (L/h 

m
2
 bar) 

Flux 

recovery 

Flux 

decline 

[84] 
α-Al2O3 MF 

(0.1 µm) 
Tubular 148.6 61.40% 715 61%   

[81] 
α-Al2O3 MF 

(0.2 µm) 
Tubular 26 85% 437.5 95% 40% 

[86] 

50% Kaolin 

25% Quartz 

15% 

Calcium 

carbonate 

10% TiO2 

MF (0.45 

μm) 

Disk 100 94% 
2.78×10

−5
 

m/s 
  52.20% 

[87] TiO2 MF 1.4 µm Tubular 500 99.10% 931.98   82% 
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[88] 

a-Al2O3 with 

alumina 

support 0.2 

μm 

Tubular 5000 99.90% 22   82% 

[88] 

ZrO2 MF 

with alumina 

support 0.2 

μm 

Tubular 5000 99.80% 93   34% 

 

Table 2.2  Plain MF ceramic membranes: highlights from the literature (continued) 

Ref Membrane 

material 

Membrane 

module 

Produced 

water 

content 

(oil 

mg/L) 

Removal 

efficiency 

(oil 

mg/L) 

Permeate 

flux (L/h 

m
2
 bar) 

Flux 

recovery 

Flux 

decline 

[83] ZrO2 MF 

with alumina 

support 0.1–

0.2 μm 

Tubular 1000 99.90% 160 100% 63% 

[89]                                40% kaolin, 

15% quartz, 

25% calcium 

carbonate, 

10% sodium 

carbonate, 

5% boric 

acid and 5% 

sodium 

metasilicate 

2.16 μm 

Tubular 400 97.90% 28     

[90]

  

TiO2  MF 2 

µm 

Tubular 45 >85% 350 

LMH/bar 

  20% 

 

 In 2013, Karhu et al. [85] looked at UF based process for treatment of oily wastewaters 

from two different plants in Finland [91]. They studied the performance of a UF 

membrane for the treatment of real and concentrated oily emulsions. The UF used was a 

50 nm pore sized ceramic membrane [91]. They found that the best rejections were in 

COD, TOC and TSC (total surface charge) and inorganic content were attained by the 
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UF unit [91]. Vasanth et al. [92] looked at three different ceramic membranes prepared 

with three different compositions of inorganic precursors and their effectiveness for 

treating oil in water emulsion [92]. Their results showed that the M3 had the best oil 

removal efficiency. Their M3 membrane was made of 50% Kaolin, 25% Quartz, 15% 

calcium carbonate and 10 % titanium dioxide. Alpatova et al. [93] investigated the 

performance of a titanium dioxide/zirconium dioxide ceramic membrane for treating oil 

sands process-affected water and obtained a COD removal up to 38.6% [93]. Zoubeik 

and Henni [94] investigated the performance of UF silicon carbide membrane with a 

pore size of 0.04 m which achieved high permeate steady state flux of over 2500 

L/m
2
·h and an oil rejection of 96%.  Heydari Beni [95] investigated the following 

membranes: MF 0.3 m TiO2/ZrO2 and MF 0.1 m\UF 0.04 m SiC membranes. Both 

MF membranes showed about a 30% reduction of flux with time with the TiO2/ZrO2 

based membrane having a 97.2% oil rejection and the SiC having a 95.6% oil rejection. 

The UF 0.04 m SiC membrane showed a 38% reduction in flux with time with a 

96.9% rejection of TOC.  Furthermore, Duraisamy [96] investigated a four stage 

filtration systems using the following four membranes polyvinylidene fluoride (0.3 m), 

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

found 100% oil removal and TOC rejection with this system. 

In summary, ceramic membranes have become efficient in their ability to remove oil 

and grease, however; their main limitation for industrial application remains operational 

costs and sustainability in function due to fouling. These issues will be addressed in the 

following section with membrane modification as a potential solution for these 

drawbacks of ceramic membranes.  
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2.8 Modified Ceramic membrane: 

Further modification of the ceramic support membranes has been investigated for 

produced water treatment. Highlights from the literature of modified ceramic 

membranes are reported in tables 2.3 and 2.4.  The modification aims to increase the 

hydrophilic property of the surface of the membrane to allow for increased oil repulsion 

and less flux decline over time. Some articles were reviewed to assess their contribution 

to oily wastewater treatment and the contribution of membrane modification and its 

potential for industrial application. Zhou et al. [97] modified an Al2O3 MF membranes 

with nano-sized ZrO2 coating in an effort to utilize the zirconia anti-fouling properties. 

They found that the steady state flux achieved by the zirconia modified membrane was 

88% of the initial flux whereas the original aluminum oxide membrane reached a steady 

flux of 30% the initial flux. This illustrates the strong antifouling property of the 

zirconia coat layer on the membrane surface giving it a hydrophilic property. In 

addition, it was found to have efficient separation abilities with an over 97.8% oil 

rejection rate in the form of a stable 1g/L engine oil–water emulsion as feed. 

Meanwhile, Yang et al. [88] investigated the efficiency of ZrO2/α-Al2O3 MF membrane 

with average pore size of 0.2 μm for the separation of oil–water emulsion (vegetable 

and mineral oil with a concentration of 5 g/L) and achieved 99.8% oil rejection rates. 

The membrane was able to maintain high flux levels of over 90 L/(m
2.

h bar) compared 

to the aluminum oxide membranes whose flux declined to below 30 L/(m
2
.h.bar) due to 

fouling. Furthermore, Hu et al. [98] used a graphene modified Al2O3 ceramic MF 

membrane [98]. The flux of the modified membrane was about 27.8% higher than that 

of the unmodified membrane. The experimental results of oil/water emulsion 
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microfiltration also demonstrated that the modified membrane exhibits higher oil 

rejection than the unmodified membrane. Finally, Zhu et al. [99] used mullite modified 

TiO2 MF ceramic membranes with an average pore size of 0.11 um for treating oily 

emulsion of soybean oil with a concentration of 200 mg/L. They obtained a steady state 

flux of 150 L/m
2
.h with only a 20% flux decline with filtration. A 96% flux recovery 

was obtained with a cleaning solution using 0.1 wt. % NaOH aqueous solution with 

backwashing. They reported achieving 97% TOC rejection [99]. Kumer et al. [100] 

were able to design a novel MF ceramic membrane from an elaborate mixture of clays 

with an average pore size of 0.309 μm. Their novel membrane achieved high flux (3.16 

X10 
-5

 m/s.) and high oil rejection (99.98%). Clay based membrane offer the advantage 

of low costs and inert materials. Table 2.3 summarizes recent studies for MF and UF 

modified ceramic membranes found in recent literature. 

2.9 Hybrid membranes 

Polymeric and ceramic membranes each on their own have some advantages and 

disadvantages as highlighted in previous discussion. Some researchers have invested 

time into the creation of composite membranes that attempts to combine the effective 

properties of each type of membranes by manufacturing a hybrid membrane made of 

both polymeric and inorganic materials. 
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Table 2.3 MF modified ceramic membrane literature highlights  

Ref 
Membrane 

material 

Membrane 

module 

Produced 

water 

content 

(oil 

mg/L) 

Removal 

efficiency 

(oil 

mg/L) 

Permeate 

flux (L/h 

m
2
 bar) 

Flux 

recovery 

Flux 

decline 

[99] 

TiO2 active 

layer on coal 

fly ash 

(mullite) MF 

0.11μm 

Hollow 
200 soya 

bean oil 

97% TOC 

rejection 
150 96% 20% 

[97] 

ZrO2  

modified 

Al2O3 MF 

Tubular 
1000 

engine oil 
> 97.8% 441   12% 

[98] 

Graphene 

oxide 

modified 

Al2O3  MF 

Tubular 

1000 

emulsion 

of 

machine 

oil 

98.70% 667   30% 
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Table 2.4 MF modified ceramic membrane literature highlights (continued) 

Ref 
Membrane 

material 

Membrane 

module 

Produced 

water 

content 

(oil mg/L) 

Removal 

efficiency 

(oil mg/L) 

Permeate 

flux (L/h 

m
2
 bar) 

Flux 

recovery 

Flux 

decli

ne 

[101] 

Fly ash and 

TiO2     MF 1.32 

μm 

Circular disk 200 99.2 
4.1 × 10

−8
 

(m
3
/m

2
s)   

[102] 

TiO2 on clay 

support MF 0.98 

μm 

Circular disk 200 98.95% 
8.5×10

-5
 

m
3
/m

2
s   

[102] 
 

3 (0.97 μm) 
Circular disk 200 98.46% 

6.2×10
-5

 

m
3
/ m

2
s   

[103] 

30 wt% kaolin, 

30 wt% alumina 

oxide, 20 wt% 

quartz, 20 wt% 

corn starch) 

with Silica NP 

Pore size= 1.5 

μm 

Tubular 658 >99% 
Pure water 

flux 580   

[104] 

 

Ti(SO4)2 

modified Al2O3    

MF 0.2 μm 

Tubular 4000 99.75 350 
 

15% 

[105] 
Fe2O3 dynamic 

membrane  
100 COD 97% 

 
54% 

 

[106] 

TiO2/Fe2O3 

composite 

Membrane = 

superhydrophilli

c and 

underwater 

superoleophobic 

flat 
oil-water 

emulsions 
>99.8% 

   

[84] 
TiO2 / Al2O3 

UF (0.05 µm) 
Tubular 565 99.15 % 123 41%  

[107] 

Support = 

TiO2/Al2O3 

active = ZrO2 

UF (0.1 µm) 

Tubular 25 88% 293 95%  

[90] 
Silicon Carbide 

0.04 µm 
Tubular 30 75% 

1500 

LMH/bar 
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Mittal et al. [108] investigated ceramic polymeric composite membranes for oil 

rejection. They looked at a clay-kaolin and cellulose acetate membrane.  An oil 

rejection of 93% was obtained with the composite membrane and a permeate oil 

concentration of 14 mg/L was achieved. Another group looked at PES modified with 

SiO2 nanoparticles for MF filtration of oily water. Ghandashtani et al. [109] used 14 wt 

% of PES, 2 wt% of PVP and treated water with an oil concentration of 2000 mg/L. 

They found the optimal concentration of silver nanoparticles to be 0.7 wt% above which 

permeate flux declined. The max steady state flux achieved was 149.7 L/m
2
.h with more 

than 98% oil rejection. Another inorganic filler is ZrO2 which is known for increasing 

the hydrophilicity of the membrane surface. Rajabi et al. [110] used nano-ZnO rods and 

particles with PES membrane and tested its anti-fouling ability using milk powder 

solution. The addition of  ZnO nanoparticles increases the water flux of the modified 

membrane [110]. Another example is the  inorganic–organic hybrid UF membrane 

manufactured  by Yin et al. [111]. They used PES membrane with hydrophilic 

zwitterionic copolymer grafted onto silica (SiO2) nanoparticles to make a variety of 

membranes with different compositions of the additive and PES. They used engine oil 

as their feed and achieved 100% oil rejection. The addition of the nanoparticles showed 

a linear relationship with flux, however, after 1wt % of nanoparticles the flux began to 

decline with increasing concentrations of nanoparticles. The permeate flux reached 

about 80 L/m2.h with an 84.5% flux recovery rate.  The original PES membrane 

showed a flux recovery of only 45%. Mishra et al. [112] created a hybrid membrane 

using  Poly (1, 4-phenylene ether ether sulfone) (PPEES) UF membrane with 5 wt % 

PVP and 2 wt% of TiO2. They treated a synthetic oily feed with 55 mg/L of oil content 
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and after 90 min of filtration, the flux decline by 37.5%. They obtained 94.7% oil 

rejection, 78% COD removal, 88% TDS removal and 73% turbidity removal. The final 

permeate flux after 90 min of filtration was about 35 L/m2.h. This membrane does not 

offer much advantages nor is it effective in oily wastewater treatment compared to other 

polymeric membranes[112] .  

A critical analysis of the above literature illustrates that research into the effectiveness 

of ceramic membranes for the treatment of oily wastewater has taken large strides 

towards the advancement of this technology in an attempt to find applications in 

industry. In general, both polymeric and ceramic membranes are effective in oil 

rejection, and some membranes offer low flux decline. Nanotechnology is used for 

modification of both polymeric and ceramic membranes. For example, ceramic 

membranes with zirconia based active layers provide significant reduction in flux 

decline. Among nanoparticles that are usually used for membrane modification, TiO2 

has become one of the more popular choices. TiO2 has a number of advantages 

including its stability under harsh operating conditions, its availability and easy to 

prepare. In addition, when added to a PVDF membrane, it improves its hydrophilicity, 

enhances the flux, but it also kills bacteria and adds antifouling properties to the 

membrane [113]. Nonetheless, the applications of ceramic membranes remain limited to 

certain industries such as the food and beverage industry. Limitations of ceramic 

membranes in industrial applications include their cost of fabrication and the chemical 

treatment of fouled membranes.  

In summary, from the analysis of the literatures, the following observations can be 

reported. Firstly, different approaches to membrane modification with different 
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compositions of polymers, monomers or nanoparticles seems to have been presented 

based on trial and error methods. Secondly, achieving adequate oil rejection is very 

feasible, however, salinity and COD removal pose a challenge. Finally, the cure for flux 

decline and membrane fouling has yet to be discovered. Some membrane modifications 

have limited the flux decline to less than 15 percent of the initial flux such as using 

Ti(SO4)2 or ZrO2 as modifiers. However, fouling appears to remain an issue that future 

research needs to overcome to develop the optimal membrane. 

2.10 Fouling control: elimination or minimization  

The aim of the membrane technology is effective treatment of produced water in an 

economically and environmentally friendly way. Membranes that can get the job done 

with minimally costs incurred in the form of membrane replacement or frequent 

membrane cleaning are considered the most ideal. Membrane fouling is currently the 

biggest drawback facing membrane technology. Most of research in membrane 

technology is attempting to fabricate or modify membranes to add anti-fouling 

properties.  

2.10.1 Description of Fouling  

Membrane fouling results from solute buildup on the surface of the membrane or within 

the internal membrane structure [114]. The fouling layer can act as another layer of 

barrier or it can block the membrane pores. By blocking the pores, it leads to decreased 

efficiency and increases the required transmembrane pressure [114]. In general, there 

are five mechanisms by which fouling occurs: adsorption to membrane walls and pores, 

blocking of pores, concentration polarization formation, cake layer formation on the 

membrane surface and compression of the cake layer [27]. When oil coats the pores of 
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the membrane, the active layer becomes hydrophobic leading to a drop in the 

permeability of the membrane to water [115]. Membrane fouling by oil emulsions is 

caused by (a) accumulation of oil droplets at the membrane surface (cake layer 

formation and/or concentration polarization), (b) fouling from oil drops penetrating 

pores or adsorption onto the membrane surface and (c) fouling layer compaction due to 

the permeation drag which causes the membrane matrix to slightly reorganize resulting 

in lowered volume porosity, increasing membrane resistance and consequently lowering 

fluxes [116]. 

2.11 Determinants of membrane fouling 

Fouling is determined by three main factors: operating parameters, characteristics of the 

feed and characteristics of the membrane itself [27]. The operating parameters play a 

major role when it comes to determining the rate of membrane fouling. The 

hydrodynamic conditions which include TMP, CFV, pH and temperature must be 

optimized to balance flux decline and fouling, and to optimize rejection rates. Pressure 

has a positive effect on flux rates up to a point. There is an optimal pressure above 

which flux decline is seen [117]. This is explained by the fact  that at low pressures, 

before the formation of the gel layer, an increase in pressure does correspond to an 

increase in flux [117]. However with filtration, concentration polarization occurs and 

then flux becomes pressure-independent due to the total increase in membrane 

resistance [117].  Thus, with increasing pressure, compaction of the gel layer leads to 

flux decay and irreversible fouling. The point of irreversible fouling reflects attainment 

of critical flux. Thus, optimization of this operating parameter is vital to the overall 

efficiency of membrane function. Furthermore, higher CFV and temperatures both have 
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a positive effect on the permeate flux. During operation at high CFV, the formation of 

concentration polarization are limited by the increase in turbulent flow [118]. The 

limitation of the concentration polarization layer maintains the permeate flux levels. In 

addition, with temperature of the feed is higher, it can lead to increasing membrane flux 

by its influence on viscosity and density. Moreover, the pH of the feed also plays a role 

in permeate flux decline. In general a more acidic feed will have a positive impact on 

permeate flux because a low pH causes demulsification of the emulsion [118].  Thus, it 

is clear that optimization of hydrodynamic conditions is an important step in 

minimization of membrane fouling. Many research investigations into the optimization 

of these conditions have recently been done using the Taguchi experimental design 

method [58, 119-121].  

The hydrodynamic conditions can, too, impact the formation of the cake or gel layer 

along the membrane surface. The blocking laws that describe the formation of the cake 

layer and its contribution to flux decline and fouling have been used often in the 

literature [10, 122-124]. However, these were based on fouling by oil droplets which 

were deemed to be non-deformable. There is more evidence in the literature now that 

shows oil droplets are deformable and can permeate or break up or coalesce at the 

membrane surface and in turn affect flux and fouling [125, 126]. The behaviour of the 

oil droplets depends on the surface tension, shear rate and the droplet size [127]. Some 

studies have investigated droplet behaviour via direct visualization and track the fouling 

layer formation in real time [128, 129]. Tummons et al.[130] describe fouling formation 

occurring in stages which include droplet attachment and clustering followed by 

deformation followed by coalescence. They found that membrane fouling was 
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controlled by droplet coalescence and shear forces along the membrane also called 

crossflow shear [130].  

Along the lines of operational conditions, other methods used to minimize membrane 

fouling include novel feedwater flow patterns such as crossflow, backpulsing and 

aeration. Crossflow filtration describes the parallel flow of the feed across the 

membrane surface creating a shear force that decreases the buildup of oil on the 

membrane surface. Backwashing is when the permeate is forced backwards through the 

membrane [115]. Backpulsing or backwashing processes are used to remove reversible 

fouling [131]. Backwashing can prevent flux decline and it has been shown to recover 

over 95% of the original flux [131]. Other methods include direct electrical membrane 

cleaning where bubbles are used to dislodge foulants [115]. In addition, ultrasound is 

also used to disrupt the concentration polarization and break up particulates to prevent 

cake layer formation [115]. Figure 2.3 illustrates a pie-chart of the factors affecting 

fouling.   

The physical and chemical properties of membranes have been in the spotlight in 

research and development of the coveted anti-fouling membrane. Membrane surface 

modification and specifically improvement of membrane surface hydrophilicity and 

oleophobicity has been targeted as one of the main mechanisms to eliminate or 

minimize membrane fouling. Using material for membrane modification and fabrication 

with underwater superoleophobicity has been investigated by many for oily water 

treatment [132-139]. Hydrophilic polymers, amphiphilic copolymers and inorganic 

nanoparticles are common additives extensively used to modify membrane surface 
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properties. A hydrophilic membrane surface attracts water into forming a layer of 

hydration on the membrane surface like a coat of water. 

 

Figure2.3 Determinants of Fouling 

This protective layer then  repels hydrophobic materials in the feed such as oil from 

attachment on the membrane surface [46]. The hydrogen forming hydrophilic layer that 

is created acts as a hydration force that pushes away oil foulants and prevents them from 

adhering to the membrane [77, 140-145]. Creating an oleophobic membrane surface is a 

double-edged sward. Intuitively, an oleophobic surface would repel oil droplets from 

adhering to the membrane surface. To achieve this, the membrane surface needs to have 

a very low surface free energy and a surface tension less than that of the oil in the feed. 

However, a surface with low surface free energy would also make it extremely 

hydrophobic. This in turn would negatively affect the permeate flux [146]. Thus, a 

Determinants of Fouling 

Operating conditions Feed characteristics

Membrane surface charge membrane cleaning
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balance needs to be achieved between these two properties when attempting to create an 

anti-fouling membrane.  

Another aspect of membrane surface properties that affects fouling development is 

membrane surface charge [147, 148]. This leads to the creation of a diffuse double layer 

along the surface of the membrane where the first layer is composed of ions of either 

charge adsorbed via chemical reactions with the membrane surface. The second layer is 

composed of free ions that move along the surface in the fluid under the control of the 

electrical field created by the double layer. The double layer creates an electrostatic 

interaction between the oil droplet and the polymer. The electrostatic double layer and 

the hydration force together can mitigate fouling development as suggested by the 

extended Derjaguin-Landau-Verwey-Overbeek (x-DVLO) theory [149-153]. This 

theory is clearly illustrated by Wang et al.[77] who investigated the use of PVDF 

modified membranes. They compared the fouling properties of PVDF with silica 

modified with either polydopamine (PDA) or poly (diallyldimethylammonium chloride) 

(PDDA). The PDA-PVDF membrane showed minimal flux decline and a high 

underwater oil contact angle which also remained stable with time. However, the 

PDDA-PVDF membrane showed dramatic flux decline and an initial high underwater 

oil contact angel which also dropped by more than 60% in 30 min. This discrepancy in 

fouling property and wetting behaviour is due to their difference in their surface charge 

and the resultant electrostatic interaction and polar interaction between the oil and the 

polymer where the negatively charged PDA-PVDF membrane had better anti-fouling 

properties. Thus, the role of controlling membrane modification to target specific 
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membrane surface charges can be a powerful tool to mitigate membrane fouling. Figure 

2.4 shows a pie chart of the main fouling control strategies. 

 

Figure 2.4 Fouling control strategies 

Controlling membrane fouling and minimizing its accumulation is important for the 

sustainability and industrial application of membrane technology. Optimization of 

hydrodynamic condition such as TMP, CFV and temperature can influence fouling 

formation [154]. In addition, permeate flux is an important concept influencing 

membrane fouling which is clearly shown by the concept of critical flux as proposed by 

Field et al. [155]. Membrane cleaning using physical means or chemical methods of 

cleaning also plays a role in fouling control strategies [154]. 

Newer approaches to fouling control strategies have also been investigated more 

recently which involve the use of electric field coupled membranes or turbulence 

generators [156, 157]. Electric field use has been shown to prevent foulants from 

depositing on the membrane surface and also electrochemically breaks down foulant 

Fouling Control Strategies 

membrane modification membrane cleaning

optimization of operating conditions feed pretreatment
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material on the membrane [158]. Studies have shown carbon based membranes have 

great potential to act as electrodes as part of an electric field antifouling system [159-

163].  Geng and Chen [164] looked at electrically assisted filtration using an aluminum 

based microfiltration modified with Ti4O7 and had high oil rejections and significant 

improvement in membrane efficiency with higher flux and lower fouling results.  

2.12 Modeling permeate flux and flux decline 

Microfiltration and ultrafiltration of oil-in-water emulsions using membrane processes 

have been experimentally investigated in recent years and shown to be effective 

methods for produced water treatment.  

Fouling remains a limitation to membrane effectiveness and a source of hindrance to 

membrane technology achieving their true potential. Therefore, modeling of membrane 

fouling offers a great tool to predict flux decline and membrane fouling mechanisms 

and behavior. Unfortunately, there is no comprehensive theory, yet, that is able to 

predict, explain and account for all the complex processes that take place during the 

filtration process. There are at least two length scales associated with the description of 

the fluid system and the porous membrane system. Since the thickness of the porous 

membrane is quite small compared with its areal extent there are questions about  the 

validity of the continuum hypothesis as applied to porous media [165]. Some 

researchers have considered the membrane as part of the boundary condition as will be 

explained later. In this section we highlight the basic modeling tools that have been 

adopted so far to the problem of filtration of oily-water using membranes. One can 

generally distinguish three basic approaches that have been extensively applied to 

account for different mechanisms. The first type may be categorized as approaches 
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based on lumped parameters analysis. In this approach the complexity of the problem 

has been lumped into a fewer number of parameters mainly of experimental origin to 

estimate permeate flux. The second approach has been based on a comprehensive 

analysis of the basic conservation laws using computational fluid dynamics (CFD). 

CFD has been applied for the investigation of concentration polarization problem and 

also for the problem of the motion of single oil droplet over the surface of idealized 

membrane (microfiltration). The third approach has been through the use of genetic 

algorithms as will be explained later. 

2.13 Lumped parameter analysis 

These models might be called phenomenological in the sense that they are based on our 

understanding of the process under investigation and on experimental evidences and not 

through a rigorous mathematical derivation of fundamental physical laws. One of the 

most commonly used models are based on the blocking law of oil and membrane pores 

and are known as Hermia models. Hermia first developed these models based on 

constant pressure filtration laws for dead-end filtration. However, they have been 

appropriately modified for cross flow filtration. The equations for each model is shown 

in Table 2.5 where J, J0, Ks, Ki, Kb, and Kc are permeate flux, initial permeate flux, 

standard pore blocking, intermediate pore blocking, complete pore blocking, and cake 

formation models constant, respectively [119]. Figure 2.5 below shows a schematic of 

the filtration process. 
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Table 2.5 Hermia Model 

Model Fouling Mechanism 

𝐥𝐧(𝐉) = 𝐥𝐧(𝐉𝟎) − 𝐊𝐛𝐭 Complete pore blocking 
𝟏

√𝐉
=

𝟏

√𝐉𝟎

+ 𝐊𝐬𝐭 
Standard pore blocking 

𝟏

𝐉
=

𝟏

𝐉𝟎
+ 𝐊𝐢𝐀𝐭 

Intermediate pore blocking 

𝟏

𝐉𝟐
=

𝟏

𝐉𝟎
𝟐

+ 𝐊𝐜𝐭 
Cake filtration 

 

 

Figure  2.5 Representation of different membrane fouling: a) new membrane b) 

complete pore blocking, c) standard blocking, d) intermediate blocking, e) cake layer 

formation 

Newer methods and techniques have been developed to predict membrane filtration 

process by modeling experimental data and extending it to a mathematical model for 

prediction of unavailable data. Some of the newer modeling tools include fluid dynamic 

(CFD) modeling, evolutionary polynomial regression (EPR), and genetic programming 

computational, artificial neural networks and support vector machine models. 

2.14 Genetic programming modeling: 

One example of newer modeling methods includes genetic programming (GP). GP is a 

section of genetic algorithm (GA) which was developed in order to deal with complex 

optimization problems. GA offers advantages over most modeling programs in that it 

doesn’t require prior knowledge, expertise or logic related to the particular problem 

being solved.  GP is able to model complex and non-linear systems whose optimization 
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technique is based on the Darwinian principles of genetics and natural selection and 

evolution [166]. The Darwinian Theory in essences states that some genetic operations 

eventually lead to fitter individuals more likely to survive.  In the computer 

implementation of this theory, one must be able to test or measure the fitness of any 

solution to any problem being solved [167]. The fitness is measured by measuring the 

error between the predicted values and the true values, where the fitter solution 

minimizes the error [167]. A brief flowchart of GP procedure is seen below. The basic 

framework of GA modeling concept is to randomly create a population of solutions, 

then create a new population stemming from previous one using what is called genetic 

operators such as reproduction, crossover or mutation [167]. This is then repeated until 

a given stop condition is met such as the fitness of the best solution has been met or a 

specific number of generations has been reached [168]. Input parameters for such a 

model can include TMP, CFV, temperature, and feed concentration. Output parameters 

can include oil rejection, for example [168]. The use of GP to predict NF membrane 

rejection of heavy metals using changing feed concentrations and transmembrane 

pressures as input parameters was investigated. They found GP as an effective model 

and a good tool for membrane process behaviour prediction [168]. Their model 

correlation coefficients were all greater than 0.977. Fouladitajar et al. used GP in 

membrane technology for permeate flux prediction and oil rejection using MF PVDF 

membrane and gas oil emulsion [166]. They found GP superior for the traditional 

blocking laws of Hermia [166]. In addition, they found that the GP model predicted oil 

rejection with accuracy, and a correlation coefficient >0.99 [166]. Shokrkar et al. [169] 

used genetic programming to predict flux decline in mullite ceramic MF membranes for 
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oily water treatment. The model results showed good correlation with the experimental 

data with an average error of less than 5%. Hwang et al. [170] also used genetic 

programing to forecast membrane fouling. The model predicted the filtration 

performance well for different properties of feeds and operating conditions. 

2.15 Computational fluid dynamic (CFD) modeling: 

Computational fluid dynamics refer to the numerical solution of the governing 

conservation laws, and more specifically the fundamental conservation laws of mass, 

momentum and energy. The problem becomes more complex when multiple phases 

coexist simultaneously. The basic conservation laws, in these cases, become even more 

complex by the presence of multiple interacting phases. There are a number of 

approaches to study these systems dependent upon how the phases are distributed 

among each other. When one phase exists as a chunk of volumes of length scales 

comparable to the characteristic length scale of the domain, discrete phase models may 

be used. This includes models that account for the deformation of the phases as they 

move. Sharp interface models are examples of such models which include volume of 

fluid (VOF) and level set methods. In cases where one phase is dispersed in another 

phase in the form of large number of small droplets, it can be very hard to track the 

interface of such large number of droplets. Therefore, a number of alternatives have 

been proposed including mixture theory, multi continua theories and the like. Oily-

water exist as an oil-in-water emulsion where the oil droplets are very small (order of 

micrometers) that are dispersed in the water phase. Attempts to employ CFD to study 

the transport of oily-water system in membrane technology have faced a number of 

challenges with respect to a number of points. Firstly, how the coupling between fluid 
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continuum and the membrane porous medium continuum may be achieved. That is the 

fluid and porous media continua are of very different length scales for which variables 

are related differently. Secondly, even attempts to construct a continuum that describes 

the porous membrane may not be correct given the tiny thickness of such membranes 

compared with its areal extent [171]. Thirdly, what is the appropriate framework than 

can describe actual permeate quality. In reality, certain percentage of oil (usually quite 

small) can pass through the membrane into the clean water side. All these and many 

other challenges appear when modeling the permeation process. One can generally find 

two approaches in the literature that use CFD to study the transport of oily-water 

through membrane material. In one approach one assumes the membrane as part of the 

boundary and in these studies the emphasis has been to simulate the concentration 

polarization phenomena. In the other studies, a micro-structure CFD models has been 

incorporated to study the movement of a single oil droplet (or a number of oil droplets) 

within the pore space. These two approaches are discussed in more details in the 

following two sub-sections. 

2.16 CFD simulation of concentration polarization    

The phenomenon of concentration polarization refers to the accumulation of oil droplets 

at the surface of the membrane in such a way that its concentration becomes higher than 

in the bulk fluid. In this case back diffusion occurs as a result of the concentration 

gradient towards the bulk fluid. In this process oil-in-water emulsion is introduced to the 

filtration unit as homogeneous mixture. Due to the existence of a nonzero velocity 

component towards the membrane, oil droplets migrate towards the membrane surface 

and accumulate above the surface producing concentration gradient. Such process has 
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been studied using CFD assuming that the permeate flux, in almost all cases, is clean 

water. Most of the studies in this field can be categorized into two main groups. In the 

first, the emphasis has been to investigate the effect of cross flow velocity (wall shear 

stress) in removing the accumulated oil droplets off the surface. A number of turbulence 

promoting modules (e.g. baffles) have been investigated by many authors [168, 172-

177]. Other techniques including promoting back-mixing from the membrane to the 

bulk of the liquid have also been considered. In all these researches various 

hydrodynamic approaches have been proposed, such as boundary layer control, eddy 

inducers/promoters (spacers), membrane material modifications and the use of electric 

fields [178].  Researchers also investigated electro-osmotic flow perturbations induced 

near the membrane surface. They argue that it increases wall shear, which in turn has 

the potential to slow the onset of fouling for nanofiltration and reverse osmosis 

processes[179, 180]. In most of these studies, researchers neglected the permeate flux 

and considered the membrane surface as impermeable. In the second, the process of 

back diffusion has been studied. In this case, the governing equations include, in 

addition to the momentum equation, an equation for concentration transport. An 

advection-dispersion equation has been considered and its coupling with the Navier-

Stokes equations has been used to describe the transport of the oil phase. Other 

researchers considered the framework of the Eulerian multiphase system in which two 

overlapping continua (one for each phase) have been used to describe the system. The 

two phases are coupled by the void fraction and interaction terms in the momentum 

balance equations [181]. 
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As mentioned earlier, all these studies assume the permeate flux to be pure water. In 

fact, a certain volume of the oil phase also passes through the membrane. To account for 

this fact, a more elaborate model is needed as discussed in the next subsection. 

2.16.1 CFD simulation of oil droplet permeation across membrane pores  

The behavior of oil droplets when it encounters the membrane is largely determined by 

two factors: the first is the threshold capillary pressure at which the droplet can 

permeate through membrane pores and the cross flow velocity which tries to sweep the 

droplet off the membrane. Such behavior has been depicted by the recent work of 

Darvishzadeh and Priezjev [182] where they published an  interesting map that 

highlights the two effects mentioned. They draw a map between the shear velocity and 

pore size showing three basic regions that describe the fate of different oil droplets 

when they reside on the surface. That is, according to their study, oil droplets ought to 

either permeate, reject or break.In conclusion, CFD can be used to model the formation 

of the concentration polarization layer in membrane filtration process and also the 

microfiltration process of oil droplets over the membrane surface. CFD utilizes the basic 

concepts of free flow and flow through porous media which is common place in 

membrane filtration procedures. The Navier-Stokes equations are used to model the 

fluid dynamics of free flow. Table 2.6 shows some highlights of CFD modeling in the 

literature. 

2.17 Other models 

Other modeling methods have been used such as evolutionary polynomial regression 

(EPR), artificial neural networks and support vector machine models. EPR has been 

used for modeling UF of wastewater. EPR integrates the best characteristics of GP with 
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that of numerical regression. Fitness to the experimental data is determined using the 

COD (coefficient of determination) found using the following equation where N is the 

number of iterations performed, the y value is the predicted value by the model and avg 

(yexp) is the average value of the corresponding observation [183]: 

𝐶𝑂𝐷 = 1 −
∑ (𝑦 − 𝑦𝑒𝑥𝑝)

2
𝑁

∑ (𝑦𝑒𝑥𝑝 − 𝑎𝑣𝑔(𝑦𝑒𝑥𝑝))
2

𝑁

 

Table 2.6  CFD modeling summary of literature 

Ref Feed type 
Membrane 

type 
Pore size 

Parameters 

used 
Technique Results  

 

[184] 

Blue 

Indigo 

solution 

PVDF sheet 

MF 

0.22um 

70% 

porosity 

CFV = 0.5, 1, 

1.3m/s 

Feed pressure = 

100kPa 

3-D cross-flow 

microfiltration was 

used as the 

analyzed system 

completed using 

FLUENT version 

6.2 

Overall good 

prediction results with 

a maximum relative 

error of 6.24% 

[185] 

Salt 

solution 

2g/L 

GE 

Osmonics® 

AG 

membrane  

RO 

membrane 
 

CFD code -  

performed using 

the CFX4 code 

Good modeling results 

found if pressures are 

less than 1198 kPa. 

error range was 1.6–

10.4% 

[186] Oily water PVDF sheet 

MF 

0.45um 

70% 

porosity 

Oil [] of 5, 10, 

20 000 mg/L 

TMP 0.5, 

1,2bar 

CFV 0.1,0.2,0.3 

m/s 

molecular and 

shear-induced 

diffusion model to 

describe CP 

formation  

Good prediction 

more divergence seen  

at higher TMPs (error 

17.9%) 

[187] Oily water PVDF sheet 

MF 

0.45um 

70% 

porosity 

TMP 0.5, 1, 2 

bar 

Oil 

concentration 

varied from 

200, - 20,000 

ppm 

2D finite volume 

model - CFD 

modeling of 

laminar flow in 

cross flow 

microfiltration  

Max error of 15.08% 

[176] DI water PVDF sheet 

MF 

0.22um 

60% 

porsoity 

TMP tested 30-

160 kPa 

 

3D CFD 

modelling to 

predict water 

permeate flux  

Better predication seen 

with lower TMP. 

[174] 

Protein 

mixture – 

whey 

emulsion 

PES flat 

sheet 

0.45um 

80% 

porosity 

CFV 0.12-0.44 

m/s 

Temp = 22C 

TMP = 0.5-

2bar 

A 3-D CFD model 

was used to 

simulate cross-

flow MF process 

and fluid flow 

The model 

successfully predicted 

shear force on the 

membrane surface for 

different velocities 

including continuous, 

sinusoidal, and step 

function flow. Max 

error of 12% 
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Table 2.6  CFD modeling summary of literature 

Ref 
Feed 

type 

Membrane 

type 

Pore 

size 

Parameters 

used 
Technique Results  

[188] 
Oily 

water 
PVDF 

0.45um 

70% 

porosity 

TMPs of 0.5, 

1, 1.5, 2 bar, 

CFV 0.1, 

0.23, and 

0.38 m/s. 

2D CFD was 

conducted to 

simulate oil 

concentration 

profile  

Predicted results 

deviate slightly 

from 

experimental 

data. This could 

be due to more 

intense pore 

blockage and/or 

thicker CP layer. 

Max error of 

14.2% 

[189] 

ethylene 

glycol 

water 

mixture 

poly(vinyl 

alcohol) 
  

2D 

mathematical 

model -  solved 

numerically 

using finite 

element 

method 

the simulation 

results match 

well with 

the experimental 

data - Max error 

of 12.8% 

 

Reyhani et al. [183] used ESR to model wastewater treatment using an UF 

polyacrylonitrile based system to predict the relative fouling and turbidity rejection. 

They used a polynomial regression structure model. EPR model predicted the drop in 

fouling and rejection rate, and an increase in normalized flux with increasing 

temperature with an average error of 0.06%.  Overall, ESR was able to model the 

experimental data well with a maximum error or 8.29%. Liu et al. [190]  modeled 

membrane fouling using artificial neural networks. The impact of hydrodynamic 

conditions on membrane filtration using polyvinylidene fluoride (PVDF) 0.1 μm 

membrane was evaluated. There was good correlation between the experimental data 

and predicted values. Adib et al. [49] developed a support vector machine model. They 

used it for the investigation of flux decay and fouling using a polyacrylonitrile 

membrane. The model had good fit with experimental data. The correlation coefficient 
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was 0.99 for permeate flux decay and fouling resistance reflecting it’s a reliable 

accurate estimation method. 

Salahi et al. [47] used Adaptive neuro-fuzzy inference system (ANFIS) model to predict 

permeate flux behaviour in ultrafiltration. This model combines artificial neural 

networks and fuzzy logic.  Permeate flux was considered as an output parameter, 

whereas the filtration time, TMP and CFV were set as input parameters. The model used 

showed good correlation with the experimental data with an correlation coefficient (R
2
) 

value of 0.9757. 

2.18 Future outlook 

The advancement of membrane technology continues to evolve. Achieving a membrane 

with no fouling and high flux is still the ultimate goal. The modification of membranes 

with nanoparticles has shown great promise. Future work needs to investigate the 

potential ecotoxicity effect of the nanoparticles used, and the amount that might be 

leaching into the treated water. Further development on the modeling part is still facing 

challenges with respect to the appropriate model that is able to capture the whole 

process and also for the development of robust numerical algorithms to solve the 

developed model. Furthermore, at the large scale, there is no model which utilizes the 

recent development of the microscopic models to provide membrane manufacturer with 

large scale information helpful in the design and engineering applications. 

2.19 Conclusion 

Membrane separation technology is one of the most promising separation technologies 

for cleaning produced water. Membrane technology is effective and versatile. 
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Membranes were shown to be effective for oil and grease removal. Many methods have 

been used to further enhance and improve the effectiveness of membrane technology for 

filtration process. Polymeric and ceramic membranes have been evolving and every day 

new research emerges on different membrane modification techniques and 

compositions. A variety of monomers have been incorporated to polymeric membrane 

surfaces to improve their performance and antifouling properties. In addition, the 

evolution of nanotechnology has seen the addition of nanoparticles to ceramic 

membranes leading to better rejection capabilities and decreased flux decline.  

Modified polymeric membranes with copolymers or nanoparticles showed the best oil 

rejection as seen by novel membrane as prepared by Yin et al.[111]. However, most of 

the polymeric based membrane showed significant flux decline and low steady state 

permeate flux compared to the modified ceramic membranes. For example ZrO2 

modified Al2O  MF had one of the lowest flux declines and highest steady state 

permeate flux [97]. Overall, there is no perfect membrane. Each type of membrane 

offers unique features and optimizes different parameters. The search continues for the 

membrane that will satisfy the industry with its high efficiency and low cost. 

Flux decline is one of the major obstacles impeding the large-scale application of 

membrane technology in the petroleum industry. There are many models that have been 

utilized to predict membrane filtration processes and flux decline. These models range 

from the standard mathematical and numerical models to models based on biological 

concept of natural selection, all have shown relatively good prediction of experimental 

data. A promising model includes the GP system which predicts oil rejection with 

accuracy with limited prior knowledge needed of the system. 
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3 Chapter 3: Ultrafiltration of oil-in-water emulsion 

using a 0.04µm silicon carbide membrane: Taguchi 

experimental design approach 
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Abstract 

Oily wastewater as a by-product of the oil industry is becoming a major environmental 

concern. Finding effective means of treating and recycling the produced water is a key 

solution for the sustainability of the industry. Filtration experiments were performed to 

evaluate the performance of a new silicon carbide (SiC) ultrafiltration (UF) membrane 

in the separation of heavy oil from a brine. The Taguchi experimental design allowed 

for the investigation and determination of the optimal hydrodynamic conditions 

including transmembrane pressure (TMP), cross-flow velocity (CFV), temperature, and 

pH on the permeate flux, and also on the fouling resistance. In addition, the operating 

parameter with the greatest contribution to the permeate flux behaviour was determined 

using a statistical analysis of variance. The optimal operating conditions were found to 

be at 50 °C, at a TMP of 0.9 bar, a CFV of 0.5 m/s and at a pH of 7. The TMP was 

found to have the utmost contribution to the permeate flux. Rejection capacity was also 

examined, and the SiC UF membrane achieved over 96% oil rejection, and one of the 
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highest steady permeate flux levels for a UF membrane among what is published in the 

literature. Furthermore, Hermia's models were used to investigate the fouling 

mechanisms involved in UF treatment of oily water. The cake formation model was 

found to be the best model for the correlation of the permeate flux decline.  

 Keywords: produced water, ultrafiltration, silicon carbide, Taguchi method 

Highlights: 

 The new silicon carbide membrane is effective in the treatment of oily water 

emulsions 

 Taguchi method was employed to find the optimum operating parameters 

 Using the ANOVA analysis, TMP was found to have the utmost contribution on 

permeate flux 

 A combination of (KOH + HNO3+H3PO4) achieved the best flux recovery 

reaching 98%. 
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3.1 Introduction 

Discharge of oily water into the environment is rapidly increasing every year as the oil 

industry expands. It is becoming increasingly important to find effective and efficient 

methods to treat oily wastewaters. Treatment with chemical or biological methods has 

many drawbacks such as high cost, use of toxic chemicals, additional  pollution and 

large footprint [1]. As a result, the physical treatment process using membrane 

technology is deemed promising. Membrane treatment systems enjoy some advantages 

in the form of  small area space requirement, no need for chemical addition to the 

treatment process, and a consistent effluent quality [1]. The main types of membrane 

treatment systems include ceramic and polymeric membranes. Ceramic membranes are 

attractive to the oil industry due to their chemical resistance to inorganic acids, bases, 

oxidants and their high thermal stability and longevity [2].   

The main disadvantage of membrane processes is their flux decline. A principal reason 

for the decline during the initial period of operation for a membrane separation process 

is fouling. Fouling can occur in two ways, either by cake formation or adsorption [3]. 

While cake formation is a reversible phenomenon [3], adsorption of particles is usually 

irreversible and involves the adsorption of elements on the membrane surface or within 

the pore walls [3]. In certain situations, adsorption of foulants can be undone with the 

use of aggressive chemical cleaning [3]. Fouling is determined by three main 

parameters: characteristics of the feed and membrane, and operating conditions [3]. The 

operating parameters play a major role when it comes to determining the rate of 

membrane fouling, especially transmembrane pressure (TMP). In general,   an increase 

in TMP leads to a faster cake layer formation and plugging of pores [3]. 
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Many studies focused on creating an optimal model for the description and prediction of 

permeate flux decline with time. Modeling is also employed to better understand the 

dynamics of membrane fouling. The most commonly used model is Hermia’s model.  

Hermia developed four empirical models in 1982 to describe membrane fouling, and 

these models are based on the constant pressure filtration laws [4].  Hermia’s models 

include: complete pore blocking model, cake filtration model, standard pore blocking 

model and the intermediate pore blocking model. The equations for each model are 

shown in Table 3.1, where J and J0 are the actual and initial permeate fluxes. Ks, Ki, Kb, 

and Kc are the standard pore blocking, intermediate pore blocking, complete pore 

blocking, and cake formation model constants, respectively [5]. 

Table 3.1 Mechanisms described by Hermia’s Model 

Representative Equations Fouling Mechanism 

Ln(J) = Ln(Jo)-Kbt Complete pore blocking 

 
𝟏 

 𝑱 ½ 
= 

𝟏  

𝑱𝒐 ½
 + Kst Standard pore blocking 

𝟏 

 𝑱  
 = 

𝟏  

𝑱𝒐 
 + KiAt Intermediate pore blocking 

 

 

Figure 3.1 Representation of different membrane fouling: a) complete pore blocking, b) 

standard blocking, c) intermediate blocking, d) cake layer formation 
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Membrane filtration of oily wastewater can be challenging to optimize. The operational 

parameters that can influence the permeate flux include the transmembrane pressure, 

cross flow velocity, temperature and pH. Finding the optimal level for each parameter 

can be a time-consuming procedure. This can be circumvented by using an experimental 

design based on a fractional factorial design such as the Taguchi method [6]. The 

method allows the investigation of a system using a set of factors of varying levels that 

impact a specific response [5].  It allows for the experimental determination of optimal 

conditions for the process, to find the contribution of the individual parameters, and also 

estimate the response under optimal conditions [5, 7]. It is a fractional factorial design 

that uses an orthogonal array to investigate the contribution of various factors on a 

process using a minimum number of possible experiments [7, 8]. The orthogonal array 

serves to reduce the number of experiments performed, and is based on the number of 

control factors and their levels [9]. Some researchers have examined the effectiveness of 

the Taguchi method. For example, Milić et al. [7] also used the Taguchi method to 

investigate the optimum conditions of an ultrafiltration ceramic membrane. The 

optimum conditions were found to be as follows: TMP = 5 bar, pH = 7, and an oil 

concentration = 0.5 v/v% they showed the highest oil rejection to be 85%. 

Abadi et al. [10] studied a microfiltration aluminum oxide ceramic membrane with a 

pore size of 0.2μm for treating oily wastewater with an oil content of 26 mg/L, and 

obtained a TOC removal efficacy of over 95 % and an oil removal of 85%. Vasanth et 

al. [11] fabricated low cost microfiltration ceramic membranes composed of kaolin, 

quartz, calcium carbonate and titanium dioxide for treating oily water emulsions with an 

oil concentration of 100 mg/L and obtained an oil rejection of up to 94%. Alpatova et al. 
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investigated the performance of an ultrafiltration titanium dioxide/ zirconium dioxide 

ceramic membrane for treating oil sands process-affected water and obtained a COD 

removal up to 38.6%[2]. Another group investigated the use of modified ceramic UF 

membrane for oily water treatment and achieved an oil rejection rate of 88% [12]. 

Suresh et al. fabricated a membrane using fly ash and titanium and achieved high oil 

rejection rates of over 99% [13]. Zhu et al. also investigated the use of fly ash and 

titanium composite membrane for oily water treatment and achieved a TOC rejection of 

97%[14]. Another group, Bayat et al., fabricated a multilayer UF aluminum based 

membrane for oily water treatment and achieved an oil rejection rate of 84%[15]. Zsirai 

et al. investigated the use of UF silicon carbide membrane, and achieved an average oil 

removal of 73% with high permeate flux rates [16].The majority of investigators have 

found that MF ceramic membranes are effective for oil removal. However, in general, 

UF membranes are seen as one of the most effective treatment option for oily 

wastewater [17-19]. UF have higher oil rejection rates and lower operational costs, as 

reported by Bilstad and Espedal [19]. In a study, they compared UF and MF and 

showed that UF was more efficient for meeting effluent standards for total 

hydrocarbons, suspended solids and dissolved compounds [19]. In addition, UF is 

effective for removal of heavy metals contrary to MF membranes [17]. Nanofiltration is 

needed when the salt content in the oily water is high [17].The present work describes 

the ultrafiltration of oil in water emulsion using a new silicon carbide membrane. The 

Taguchi experimental design and subsequent analysis were used to elucidate the optimal 

hydrodynamic conditions and finding the operating conditions with the greatest 

influence on permeate flux prediction. The separation performance of the membrane 
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was investigated using the LaBrain filtration unit (Liqtech, Denmark). Finally, flux 

regeneration was investigated using different chemical cleaning reagents, and flux 

decline was modeled using Hermia’s models. 

3.2 Experimental methodology 

3.2.1 General procedure 

All experimental runs were performed in a batch mode using cross-flow operation. All 

operating conditions such as TMP, CFV, Temperature, Valve opening Percentages, 

Permeate Flow Rate, Retentate Flow Rate, and Feed Flow Rate were automatically 

logged every 3 seconds by the filtration setup. Each experimental run lasted about 1.5 

hours. For each experiment, about 24 L of oily emulsion were prepared. The 

characteristics of the prepared feed were tested for each experiment. The permeate 

characteristics were measured for each run for a variety of parameters. The parameters 

and the equipment used to measure them are listed in Table3. 2.  

3.3 Feed preparation  

The Feed was prepared by dissolving the calculated amount of salts in a total volume of 

2L of reverse osmosis quality water, as presented in the following table. The oil used 

was light oil from Southern Saskatchewan Bakken area.  At 22.5 C, its density was 

0.87844 g/cc and its viscosity was 5.23 cp. A volume of 0.3 ml of oil was added to each 

2L batch. The 2L mixture was then placed in a blender for 2 min to allow for the salts to 

dissolve and the oil to mix. This process was repeated to make a total volume of 24L for 

the process feed. Modifications of the feed to change its pH level were done with the 

addition of either NaOH or HCL. Titration to achieve a pH of 11 was achieved by 
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adding 1M NaOH, and that to achieve a pH of 5 was done by adding 1 M HCL. The pH 

was determined with a pH meter with an accuracy of 0.002. The feed mixture was 

heated to obtain the desired temperature (±1C). 

 

Figure 3.2 P&ID of the LabBrain setup [adapted from[20]] 

Table  3.2 Experimental Equipment 

Equipment Function Uncertainty Manufacturer 

Oil content analyzer- 

OCMA 350 
Oil and grease content 4 mg/L Horiba 

TOC-LCPH Combustion 

Analyzer 

Measures combustible 

heavy and light organic 

molecules 

4ug/L 

 
Shimadzu 

Mastersizer 3000- Hydro 

LV 
Droplet Size 0.6% Malvern 

Zetasizer Nano-ZS Zeta potential 0.12µm Malvern 

HI 4522 – TDS meter TDS & Conductivity 
0.01 ppm , 

μS/cm 
Hanna 

DR 5000 

Spectrophotometer 

Chemical oxygen demand 

(COD) 
23 mg/L Hach 

HI 83414 - Turbidity & 

Free/Total Chlorine 
Turbidity 2% Hanna 

HI 4521 & 4522 BENCH 

METERS  
pH 0.002 Hanna 

Density  Meter DSA 

5000M 
Density 

0.000005 

g/cm
3
 

Anton Paar 

Viscometer DV-II +Pro Viscosity  1.0% Brookfield 

http://www.hannaarg.com/documentos/782_HI_4522_HI_4521_fichatec.pdf
http://www.hannaarg.com/documentos/782_HI_4522_HI_4521_fichatec.pdf
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Table  3.3 Salts used for feed water preparation 

Type of Salt Weight in grams per 2L of RO water Source 

Calcium chloride 2.68 Sigma-Aldrich 

Magnesium chloride 1.76 Sigma-Aldrich 

Sodium chloride 21.19 EMD chemicals 

Sodium bicarbonate 0.36 Sigma-Aldrich 

Potassium chloride 0.62 Sigma-Aldrich 

Sodium sulphate 0.45 Sigma-Aldrich 

 

The necessary information to fully describe the ceramic membrane used in this study is 

presented in Table 3.5, and a representation is shown in Figure 3.2. 

Table  3.4 Feed characteristics  

Parameter Average Feed SD 

Oil content (mg/L) 120.80 11.66 

TOC (mg/L) 70.33 4.03 

IC (mg/L) 24.79 7.85 

COD (mg/L) 1780 200 

TDS (ppt) 11.69 0.31 

Conductivity (mS/m) 21.10 0.88 

Turbidity (NTU) 299 37.23 

Salinity (%) 42 2.98 

Zeta potential, mv - 17 4.60 

Size Distribution (µm) Dv10 0.23 0.01 

Dv50 6.44 0.06 

Dv90 20.90 0.03 
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Table  3.5 Characteristics of ceramic membrane used in this experiment 

Parameter Description 

Material Silicon carbide (SiC)  

Number of channels 1 

Dimensions, mm 25 ±1 x 305±1  

Inside diameter, mm 17 

Outside diameter, mm 25 

Membrane area, m
2
 0.0163 

pH range 0-14 

Operating pressure, bar Max 10 bar recommended below 3 bar 

Maximum temperature, °C Determined by system components  

Chlorine concentration Unlimited 

Cleaning  Chlorine, acid, caustic, solvent, oxidizers 

Nominal Pore Size 0.04µm 

 

Figure  3.3 Representation  of ceramic membrane used in this experiment 

3.4 Cleaning procedure 

Flux recovery using a variety of cleaning chemicals was investigated with the reagents 

listed in Table 3.6. The concentration used in the feed was attained by mixing the 

cleaning chemical with tap water to achieve the final concentration shown in Table 3.6. 

All cleaning chemicals were obtained from Fisher Scientific except for nitric acid which 

was purchased from BDH Chemicals. The same feed was used for all experiments with 

the characteristics outlined in Table 3.4, a pH of 7, and at a temperature of 25C. The 

RO flux was initially measured, and then measured again following feed filtration, after 

1.5 hours. 
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Table  3.6 List of cleaning solutions used in the experiment 

Cleaning solutions Concentration used in feed 

KOH – Potassium hydroxide  4% 

NaOH- Sodium hydroxide 4% 

EDTA - Ethylene diamine tetra acetic acid 30 mM 

SDS - Sodium dodecylsulphate 4 mM 

H3PO4 – Phosphoric acid 2-4% 

HNO3 - Nitric acid 4% 

 

3.5 Experimental design based on Taguchi method 

Using the Taguchi method of experimental design, four factors were adjusted, each, 

with three levels (low, medium and high). The experiment matrix was designed by 

selecting an appropriate OA (L9 array). Thus, the number of experiments needed to 

examine the important effects can be condensed to 9; whereas full factorial 

experimentation requires 3
4
 = 81 experiments. The three levels L9 OA are shown in 

Table 3.7 below. They were used for the optimization process and corresponding flux 

and fouling resistance were obtained at the nine selected conditions for each run. 

ANOVA was applied to determine the significance of each factor. 

Table  3.7 Parameters and their corresponding values based on their levels  

 

 

 

 

 

 

Parameter Designation 1 2 3 

TMP (bar) A 0.3 0.6 0.9 

CFV (m/s) B 0.5 1 1.5 

Temp C 30 40 50 

pH D 5 7 11 
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Table 3.8 Design of experiment for L9 array 

                          

Table  3.9 Values of parameters for each experimental run performed  

TMP (bar) CFV (m/s) Temp pH 

0.3 0.5 30  5 

0.3 1.0 40 7 

0.3 1.5 50 11 

0.6 0.5 40 11 

0.6 1.0 50 5 

0.6 1.5 30 7 

0.9 0.5 50 7 

0.9 1.0 30 11 

0.9 1.5 40 5 

 

3.6 Results and Discussion: 

3.6.1 Flux decline phenomenon 

Figure 3.4 shows changes in flux over time for each experimental run performed in this 

study. It displays an initially pronounced flux decline early in the filtration process 

before reaching a steady state where the flux decline plateaus. The reduction rate of 

permeate flux becomes much slower after about 30 minutes of filtration. The highest 

permeate flux is seen in experimental run 7 and the lowest in experimental run 3. This 

corresponds to an increase in TMP that leads to an increase in the permeate flux due to 

an increasing driving force [21]. Overall, the permeate flux for this silicon carbide 

Experimental run A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 
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membrane is much higher than typical ceramic membranes found in the literature [2, 12, 

22]. 

3.6.2  Taguchi method analysis 

Results obtained in implementing the Taguchi method analysis allowed for the 

generation of a graph presented in Figure 3.5. The Figure also shows the main effects on 

the permeate flux and show the hydrodynamic factor with the greatest contribution to 

the flux as a function represented by the slop of the lines. The graph with the steepest 

slope represents the factor with the greatest contribution [7]. Accordingly, the TMP has 

the strongest influence on permeate flux followed by pH, and temperature. The 

nonlinear distribution of pH and CFV is a reflection of the potential bilateral effect of 

these parameters on the permeate flux [21].  

In addition, the Taguchi method analysis was used to obtain a single-to-noise ratio (SN) 

for each experimental run performed, as presented in Table 3.10. The larger the better 

criteria were selected in the analysis as our aim was to achieve the largest permeate flux, 

and thus the operating parameters that maximize the SN ratio would be the optimum 

operating conditions. Higher values of SN identify control factor settings that minimize 

the effects of the noise factors which are usually uncontrollable factors in the product 

used but are controlled with our experimentation.  As seen in Table 3.10, run 7 has the 

largest SN ratio and thus the optimum operating parameters are as follows: TMP of 0.9 

bar, CFV of 0.5 m/s, Temp of 50 C and pH of 7. 

The SN ratio is based on the following calculation [23]: 

𝑆𝑁 =  −10 log (
1

𝑛
∑ 1 /𝑦𝑖

2)                                           (1) 
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Table  3.10 SN ratios obtained using the Taguchi method 

Trials TMP (bar) CFV (m/s) Temp pH Flux L/m
2
·h SN ratio 

1 0.3 0.5 30 5 369 51.32 

2 0.3 1.0 40 7 553 54.37 

3 0.3 1.5 50 11 246 47.81 

4 0.6 0.5 40 11 246 47.81 

5 0.6 1.0 50 5 2088 66.39 

6 0.6 1.5 30 7 1781 65.01 

7 0.9 0.5 50 7 4238 72.54 

8 0.9 1.0 30 11 307 49.75 

9 0.9 1.5 40 5 2764 68.83 

 

 

Figure  3.4 Permeate flux decline as function of time 
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Figure  3.5 Influence of individual process parameters on permeate flux (L/m
2
·h) at 

different levels. 
 

 

Figure  3.6 Interaction plot for the flux (L/m
2
·h) 

The interaction plot, shown in Figure 3.6, allows for the examination of possible 

interaction effects seen as a change in the simple main effect of one variable over levels 
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of a second variable. For example, the first row of graphs reading from left to right, tells 

if changes in TMP are affected by the different levels of CFV, temperature and pH. The 

first graph indicates an interaction of CFV and TMP. The permeate flux is higher when 

operating at TMP of 0.9 at CFV of 0.5 and 1.5. However, when the CFV is 1m/s, the 

flux drops below what is seen for TMP of 0.3 and 0.9 bar. The flux is stable when 

operating at a low TMP of 0.3 across all levels of CFV.  

    The next graph looks at the interaction between temperature and TMP. The flux 

remains stable with very little fluctuations when operating at a low TMP of 0.3 across 

all temperatures.  However, a higher flux is achieved when operating at 0.6 bar at high 

and low temperatures only. The flux has a linear relationship when the highest TMP is 

used where the flux continues to increase with increasing temperature. The last graph, in 

the first row, shows the interaction between pH and TMP. Due to minimal interaction 

between these two factors, the graphs are not overlapping.  In the next row of graphs, 

the plot of the interaction of CFV with temperature is presented. At lower temperatures, 

the highest flux is achieved with the highest CFV. However, at higher temperatures, the 

highest flux is achieved with the lowest CFV. The next graph shows the interaction of 

CFV with pH. It can be concluded that at low levels of CFV the flux is maximized at 

natural pH settings, however the flux is minimized with acidic or basic feeds. The last 

graph shows plots of the interaction between pH and temperature. The flux is highest 

for acidic feeds with low or high temperature. However, at alkaline conditions, the 

temperature does not appear to affect the flux. The overall conclusion from the 

interaction plot is that the greatest interaction is seen between TMP and CFV. To 

confirm the actual relative contribution of the process parameters and their effects, and 
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to determine which factors have the most influence on permeate flux, an ANOVA 

statistical analysis was performed. 

3.7 ANOVA results 

An Analysis of variance (ANOVA) was performed in order to determine the statistical 

significance among the different factors. ANOVA evaluates the significance of the 

controlling factors by calculating the percentage of its contribution as shown in the 

Figure below. The percentage contribution for each factor is defined as the portion of 

the total observed variance in the experiment for each significant factor. The greater the 

value, the more it contributes to the final result [9, 23].  The ANOVA results are shown 

in Table 3.11 where the last column contains the percentage contribution for each 

factor, showing TMP as the factor with the highest contribution. This confirms the 

results from the Taguchi experimental graph analysis which also shows that the TMP 

provides the strongest contribution to permeate flux control. 

Table  3.11 Analysis of variance (ANOVA) - OA L9 

Factor DOF Sum of Squares Mean of Squares F-ratio P (%) 

TMP (bar) 2 6291055 3145527 1.56 38.90 

CFV (m/s) 2 780513 390256 0.19 4.83 

Temp 2 3023965 1511982 0.75 18.70 

pH 2 6079788 3039894 1.50 37.59 

ERROR 0 0 0  0 

TOTAL 8 16175322 2021915  100% 

ERROR 2 780513 390256   

 

To allow for the completion of the ANOVA analysis, the parameter with the lowest 

contribution is removed in this work, and the operating parameter with the least 

influence on permeate flux was found to be CFV. The optimum conditions as 

determined by ANOVA are reflected in the F-ratio which provides another way to 
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assess for the significance of the factors. The F-ratio is defined as the ratio of variance 

due to the effect of a special factor on the variance compared to the error term [24]. 

When the F-ratio is below one the contribution of the factor is minimal and is thus not a 

significant factor. As seen in Table 12, the factor with the lowest F-ratio is the CFV. 

When examining Table 3.12 with the pooled ANOVA results, TMP is the factor with 

the largest F-ratio, therefore, confirming again that it is the factor with the greatest 

contribution to permeate flux determination of decline.                                                                                                                                  

Table  3.12 Final results of variance analysis (ANOVA) – OA L9 

Factor DOF Sum of squares Mean of squares F-ratio 

TMP (bar) 2 6291047 3145524 8.06 

CFV (m/s) 2 POOLED 

Temp 2 3023956 1511978 3.87 

pH 2 6079813 3039907 7.79 

ERROR 2 780502 390251  

TOTAL 8 16175318   
 

Figure  3.7 Results of ANOVA for test series and effect of contribution of operating 

parameters (T MP, Temperature, pH and CFV) on flux. 
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3.8 Effluent characteristics: 

The effectiveness of the ultrafiltration process for oily emulsion was evaluated by 

examining the characteristics and the quality of the permeate. The next series of tables 

shows the characteristics of feed in comparison with the permeate characteristics, and 

the rejection rates for a variety of parameters such as the oil content, total organic 

carbon (TOC), inorganic carbon (IC), chemical oxygen demand (COD), total dissolved 

solids (TDS), conductivity, turbidity and salinity. From these results, it can be observed 

that the treatment efficiency is relatively high for certain parameters such as oil content, 

TOC and turbidity where the rejection is above 95% as seen in Figure B.1 (APPENDIX 

B). However, the treatment efficiency for other parameters such as TDS and salinity is 

relatively low where the percent rejection is less than 10%. The operating parameters 

that achieved the highest oil content rejection of 96.7% are at a TMP of 0.3 bar and a 

CFV of 0.5m/s. 

Table  3.13 UF 0.04 μm permeate characteristics and rejection percentages at TMP 0.3 

bar and CFV of 0.5, 1and 1.5 m/s 

 0.5m/s 1m/s 1.5m/s 

Parameter Feed Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Oil content 

(mg/L) 

120 4 96.67 6 95.01 9 92.51 

TOC 

(mg/L) 

77.70 2.9 96.27 2.3 97.04 2.1 97.29 

IC (mg/L) 24.93 10.6 57.48 10.4 58.28 10.2 59.09 

COD 

(mg/L) 

1780 950 46.64 1005 43.56 980 44.96 

TDS (ppt) 11.69 10.6 9.39 10.5 10.24 10.7 8.53 

Conductivit

y (mS/m) 

21.10 20 5.21 20.4 3.32 20.6 2.37 

Turbidity 

(NTU) 

298.90 0.5 99.85 0.25 99.93 0.3 99.91 

Salinity (%) 42.1 38.1 9.61 39.0 7.47 40.0 5.10 
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Table  3.14 UF 0.04 μm permeate characteristics and rejection percentages at TMP 0.6 

bar and CFV of 0.5, 1and 1.5 m/s 

 0.5m/s 1m/s 1.5m/s 

Parameter Feed Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Oil content 

(mg/L) 

120 8 93.34 6 95.01 9 92.51 

TOC 

(mg/L) 

77.70 2.90 96.27 2.20 97.17 2.30 97.04 

IC (mg/L) 24.93 10.80 56.68 11.00 55.88 11.10 55.48 

COD 

(mg/L) 

1780 970 45.52 950 46.64 1006 43.50 

TDS (ppt) 11.69 10.90 6.82 10.40 11.10 10.80 7.68 

Conductivit

y (mS/m) 

21.10 20.00 5.21 20.40 3.32 20.60 2.37 

Turbidity 

(NTU) 

298.90 0.50 99.85 0.25 99.92 0.30 99.91 

Salinity (%) 42.1 40.2 4.63 41.0 2.73 39.8 5.58 

 

Table  3.15 UF 0.04 μm permeate characteristics and rejection percentages at TMP 0.9 

bar and CFV of 0.5, 1and 1.5 m/s 

 0.5m/s 1m/s 1.5m/s 

Parameter Feed Permeat

e 

Rejection 

(%) 

Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Oil content 

(mg/L) 

120 5 95.84 10 91.68 7 94.18 

TOC (mg/L) 77.70 2.10 97.30 2.30 97.04 2.20 97.17 

IC (mg/L) 24.93 10.70 57.08 10.90 56.28 10.50 57.88 

COD (mg/L) 1780 1125 36.82 940 47.21 1110 37.66 

TDS (ppt) 11.69 10.90 6.82 10.40 11.10 10.80 7.68 

Conductivity 

(mS/m) 

21.10 19.90 5.69 20.10 4.74 20.40 3.32 

Turbidity 

(NTU) 

298.90 0.50 99.85 0.25 99.93 0.30 99.91 

Salinity (%) 42.1 40.0 5.10 40.2 4.63 38.9 7.71 

3.9 Effects of operating parameters on flux and removal efficiencies  

The overall experimental analysis shows that the TMP is responsible for the strongest 

contribution for permeate flux control followed by pH, Temp and CFV. Permeate flux 
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increases with increasing TMP which is due to the increase in driving forces across the 

membrane [25]. However, with increasing TMP, fouling can occur at a faster rate when 

oil droplets become more compact on the membrane surface and block the pores [26]. 

Thus at a certain TMP, permeate flux will no longer increase due to the formation of a 

fouling layer on the membrane [26]. In addition, removal efficiencies can be affected by 

increasing the TM when the oil content removal efficacy dropped from 95% to 91% for 

an increase in TMP from 0.3 bar to 0.9 bar. 

When examining the effect of CFV, this parameter was found to have the least effect on 

the permeate flux. As a general trend with an increase in CFV, the oil content removal 

efficiency decreases. At low CFV, the fouling layer develops easily leading to a 

decrease in filtration efficiency [27]. The fouling layer forms a filtration layer and 

restricts the passage of natural organic matter through the membrane, leading to an 

improvement in TOC removal [10]. Furthermore, at higher CFV rates, a boost in  

turbulence can enhance the permeate flux via increasing the shear stress and the 

reduction of the polarization concentration layer [28, 29]. This effect can be seen with 

increasing CFV, however, after a critical CFV value is reached, this effect is no longer 

significant [30]. 

The temperature of the feed can also affect the filtration function. As a general trend, 

when temperature increases, an increase in permeate flux occurs. It is known that 

increasing the temperature can decrease the viscosity of the feed and thus improve 

permeate flux [10]. In addition, as diffusivity increases, this contributes to the enhanced 

permeate flux [31]. However, the possible increase in flux must be balanced by the 

increase in operational costs involved with increasing the temperature. 
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Changing the pH of the feed, has repercussions on the properties of the oily emulsion 

itself as well as the surface properties of the membrane [7]. The pH was the second 

most influential operating parameter contributing to permeate flux. The pH that 

achieved the highest flux was a pH of 7. It seems to have a bidirectional effect on 

permeate flux where natural pH seems optimum and a decrease in flux can be seen with 

acidic or alkaline conditions, more so with alkaline conditions. Variations of the feed 

pH, can change the surface charge of the membrane resulting in a lower surface charge 

at acidic conditions. This can lead to changes in the electrostatic interactions between 

the charged particles in the feed and membrane’s surface leading to alternation in the 

fouling process [8]. At alkaline conditions, electrostatic interactions increase at the 

membrane surface leading to changes to the membrane pore caliber which decreases the 

permeate flux [8]. As demonstrated in this experiment, the lowest steady state flux was 

achieved at a feed pH of 11. 

3.10 Prediction of permeate flux by Hermia's models 

The following table reflects the fitting of experimental results to the Hermia models. 

The correlation coefficient is used to assess which model has the best fit to the 

experimental results. It can be concluded that the cake formation model consistently had 

higher R
2
 values and is thus deemed the best fit to the model.  
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Table  3.16 Correlation coefficient (R
2
) values of Hermia's models 

Experimental 

run 

Standard pore 

blocking 

Complete pore 

blocking 

Intermediate pore 

blocking 

Cake 

formation 

Run 1 0.9308 0.8977 0.9506 0.9579 

Run 2 0.9387 0.9113 0.955 0.9583 

Run 3 0.9245 0.8911 0.9391 0.9337 

Run 4 0.8898 0.7339 0.9108 0.9177 

Run 5 0.6829 0.6288 0.7302 0.8043 

Run 6 0.586 0.538 0.6302 0.7058 

Run 7 0.9596 0.9408 0.9737 0.9898 

Run 8 0.9315 0.9109 0.9399 0.9302 

Run 9 0.8311 0.801 0.8542 0.8911 

 

Table 3.17 compares the experimentally measured permeate flux values with the 

permeate flux values predicted by Hermia's models. For all experimental conditions, the 

difference between the measured and the predicted permeate flux values by (1) the 

standard pore blocking, (2) the complete pore blocking models and (3) the intermediate 

pore blocking were more than 30%, while those by the cake filtration model were about 

10%. 

Table  3.17 Comparison between the experimental permeate flux and the permeate flux 

predicted by Hermia's models 

Experimental 

run 

Standard 

pore 

blocking 

Complete 

pore 

blocking 

Intermediate 

pore blocking 

Cake 

formation 

Measured 

(L/m
2
·h) 

1 947 915 1001 1470 1474 

2 1368 1326 1442 2078 1904 

3 600 582 631 805 921 

4 606 592 634 805 982 

5 2723 2696 2684 2546 4913 

6 2689 2357 2324 2546 4545 

7 7181 7107 7840 7570 9213 

8 735 712 890 1138 1167 

9 5402 5412 5454 5690 7861 

 

 

 

 



111 

 

3.11 Critical flux determination 

Comparison between filtrations at fixed transmembrane pressure and fixed permeate 

flux: 

The critical flux in a membrane system is defined as the flux below which a decline of 

flux with time does not occur, however above the critical flux, flux decline and fouling 

are observed [32].  The critical flux can be determined experimentally using two 

commonly used methods in the literature which include the flux stepping method and 

the TMP stepping method. During the flux stepping method, the permeate flux is 

controlled, and incrementally increased while the TMP is allowed to rise and stabilize 

with each flux step[33]. The flux is raised slowly until an unsteady situation develops 

where the TMP rises rapidly with time indicating a rapid rise in fouling. The critical 

flux is thus defined as the lowest permeate flux at which this rapid rise in fouling starts 

to occur [32, 33].  

On the other hand, the TMP stepping method allows to incrementally increase the TMP 

to permit the flux to rise and stabilize for each step. Once the flux increase becomes 

independent of the TMP, the critical flux is achieved. In this experimental work, both 

methods were used to determine the critical flux. 

3.11.1 TMP stepping method 

The variations of permeate flux with step increments of TMP were studied at a cross 

flow velocity of 0.5, 1 and 1.5m/s. The TMP was first set at 0.2 bar for 30 min to get a 

stabilized flux. The TMP was then increased by 0.2 bar increments every 30 min to 

allow for stabilization of the flux until the flux became pressure independent. The 
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steady state flux achieved for each step of TMP was graphed vs. time with the 

corresponding TMP vs. time in the following graph. 

 

Figure  3.8 Variations of permeate flux with time under step increments of 

transmembrane pressure at CFV of 0.5m/s. 

 

From the graph above, the critical flux is estimated to be between 2500-2800 L/m
2
·h as 

the flux seems to stabilize or plateau after a TMP of 0.8bar. 

For the first two TMP steps, the flux increases and then stabilizes, however, during 

further step increases; the flux reaches a peak and then decays to a plateau. A similar 

behavior was o reported  by Jaffrin et al. [34] who explained the decay after the peak to 

be due to the buildup of the concentration polarization adjusting itself to the new 

pressure.  
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The same experiment was repeated for different CFVs from 0.5 to 1.5m/s. A summary 

graph is presented below.  In the graph, the flux rises with TMP in a linear relationship 

independent of velocity until it reaches the critical flux where the permeate flux then 

levels off to a plateau, the height of each plateau corresponds to the critical flux 

achieved shown to increase linearly with velocity. 

 

Figure  3.9 Variation of stabilised permeate flux with TMP for different circulation 

velocities. 

3.11.2 Flux-Stepping method 

The variations of TMP with step increments of flux were studied at a cross flow 

velocity of 0.5, 1, 1.5 m/s. The permeate flux was initially set to 10 L/h and then 20, 30, 

50, 70, 90, and 110 L/h this corresponds to about 613, 1226, 1840, 3067, 4294, 5521, 

6748 L/m
2
·h. 
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As is shown by the graph below, with each permeate flux step, TMP rises steadily and 

then stabilizes. However, once the critical flux is reached, the TMP rises more rapidly 

and doesn’t stabilize, indicating rapid fouling. A steeper slope is seen after a flux of 

2500 l/m
2
·
 
h is reached indicating that the critical flux at 0.5m/s is around 2500 l/m

2
· h. 

 

Figure  3.10 Variations of TMP with time under step increments of permeate flux at 

CFV of 0.5m/s 

The same experiment was repeated for different CFVs from 0.5 to 1.5m/s. The summary 

graph is seen in Figure 3.11. Using the flux stepping method, the stabilized permeate 

flux and TMP relationship for different CFVs are graphed alongside the pure water line. 

The deviations from the pure water line signify the attainment of the critical flux. As the 

flux is increased, a cake layer begins to form on the surface of the membrane and a 

deviation from the pure water line occurs [32]. As extrapolated from the graph below, 
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the critical flux at CFV of 0.5m/s is around 1500L/ m
2
·h, at CFV of 1m/s it is 3000 

L/m
2
·h and at CFV of 1.5m/s it is about 4250 L/m

2
·h. 

 

 

Figure  3.11 Variation of stabilised permeate flux with TMP for different circulation 

velocities 

3.12 Comparison between tests at fixed permeate flux and fixed TMP 

A comparison between both TMP stepping and the flux stepping methods is presented 

in the following graph. In both cases, the flux and the TMP have stabilized values. 

When the graphs are superimposed onto each other, a value very close to the critical 

flux can be attained at low TMP readings, however, a small increase in flux can lead to 

a dramatic increase in TMP leading to an unstable scenario. The flux stepping method is 

seen as a more accurate way to determine the critical flux when compared to the TMP 

stepping method since experiments that are carried out at a fixed flux where more likely 

to have a more stable TMP and that this method produced overall less fouling [33]. In 
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addition, the TMP stepping method illustrates the concept of a limiting flux more so 

than a critical flux. 

 

 

Figure  3.12 Comparison between filtrations at fixed TMP and at fixed permeate flux 

3.13 The effect of membrane cleaning on flux recovery: 

Membrane fouling is a major concern in produced water treatment. Thus, finding a cost 

effective and efficient method for cleaning the filtration membranes is essential. In this 

experimental work, different cleaning solutions and different combinations of these 

cleaning solutions were tested to find which is the most effective and which would 

achieve the highest flux recovery. The cleaning solutions used are summarized in Table 

3.18. In general, three classes of cleaning solutions were used. Acidic cleaning solutions 

used included nitric and phosphoric acids which acted by hydrolysis of organic 

materials. Alkaline based cleaning solutions used included potassium and sodium 

hydroxides. Alkaline based solutions were chosen as they allow for the breakdown of 
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proteins and organic materials and the saponification of oils [35].  Other cleaning 

solutions used were ethylenediaminetetraacetic acid (EDTA) as a metal chelating agent 

and sodium dodecylsulphate (SDS) as a surfactant. Surfactants are important since they 

can help in solubilizing and prevent re-deposition of foulants [35]. They also can 

modify the charge of the membrane surface. The following chemicals (NaOH, KOH, 

HNO3 and H3PO4) were used as per recommendation of the membrane manufacturer, 

Liqtech. Based on the results, the best cleaning solutions, used, in combination, were 

(KOH + HNO3 + H3PO4) which achieved a flux recovery of 98.95%. The worst cleaning 

agent was potassium hydroxide with only 18.95% flux recovery. In general, acidic 

cleaning solutions and the metal chelating agent were the most efficient achieving a flux 

recovery of over 98%. EDTA works by forming complexes with some particles, oil 

droplets and minerals and separating them from the membrane surface [25]. 

Furthermore, when using a higher concentration of an acidic solution, the flux recovery 

was also higher as seen when comparing the two concentrations of phosphoric acid 

used. 
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Table  3.18 Membrane cleaning parameters and flux recovery 

Chemical 

name 

Time 
(min) 

Concentration Temp 

(C) 

Initial 

RO Flux 

(L/h) 

RO Flux 

–post 

fouling 

(L/h) 

RO Flux- 

post  

cleaning 

(L/h) 

Flux 

Recovery 

(%) 

HNO3+H3P

O4 

40 4% each 50 6879 1843 6510 92.68 

HNO3+H3P

O4 

30 4% each 50 6879 1904 6449 91.46 

KOH 30 4% 50 6879 1044 2149 18.95 

KOH + 

HNO3+H3P

O4 

30 4% each 50 6879 1044 6818 98.95 

EDTA 30 30mM 50 6879 1843 6142 85.00 

EDTA+SDS 30 30mM+ 4mM 50 6879 1965 6142 85.91 

H3PO4 30 4% 50 6879 1351 6818 98.89 

H3PO4 30 2% 50 6879 1965 6204 86.25 

NaOH  30 4% 50 6879 2088 4484 50.00 

NaOH 

+HNO3   

30 4% each 50 6879 2088 6142 84.61 

NaOH 30 4% 60 6879 2088 4607 52.56 

NaOH 

+HNO3 

30 4% each 60 6879 2088 6449 91.03 

 

3.14 Conclusion 

The interaction effects of the operating parameters on the permeate flux decline, using a 

0.04µm silicon carbide UF membrane, and its filtration capacity of synthetic oily water 

were experimentally tested. The UF membrane showed high efficiency of oil content 

removal and TOC rejection above 95%. The Taguchi methodology revealed that the 

TMP had the strongest contribution on permeate flux decline followed by pH and then 

temperature. The highest steady permeate flux was obtained at the following optimal 

conditions of temperature, TMP, CFV and pH: 50°C, 0.9 bar, 0.5 m/s and 7, 

respectively. 

Hermia’s models were used to compare the experimental results and predicted values of 

permeate flux. The results showed the best fitting model to the experimental data is the 
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cake formation model followed by the intermediate pore blocking model for all 

experimental conditions tested.  

Finally, the flux recovery was investigated using various cleaning solutions. Acidic 

solutions were found to have a higher efficacy where recovery rates of above 98% were 

achieved. The highest flux recovery was achieved with a mixture of cleaning solutions 

consisting of (KOH + HNO3+H3PO4). 
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4 Chapter 4: Optimization of operating conditions for 

a microfiltration alumina ceramic membrane via 

Taguchi and neural network methodologies 

Mohamed Zoubeik, Amgad Salama, and 
*
Amr Henni 

Produced Water Treatment Laboratory, Faculty of Engineering and Applied Science, 

University of Regina 

Abstract 

Cleaning oily wastewaters produced from different industries is a recurrent 

environmental concern. In this comprehensive study, the effects of different operating 

conditions in treating oily-wastewater were tested using a novel aluminum oxide 

microfiltration (MF) membrane. To design the experiments and optimize the operating 

conditions, a L9 orthogonal array of the Taguchi method, and a response category of 

the-larger-the-better were applied. The effects of several operating parameters such as 

transmembrane pressure, crossflow velocity, temperature, and pH on the permeate flux 

and fouling resistance were investigated. The optimal operating conditions were found 

to be: 50 °C, 1.8 bar, 1.8 m/s, and a pH of 5. The MF membrane showed an oil rejection 

rate of 98.25% where CFV was found to be the most important contributing factor for 

flux control. Furthermore, 97% recovery was achieved with the combined cleaning 

solutions of NaOH and HNO3.  The flux decline prediction models used include Hermia 

and artificial neural network model. Hermia’s cake formation model had the best 

correlation with permeate flux decline results. Using ANN, the best performance was 

achieved with the two layers ANN with 25 neurons in each hidden layer. 

Keywords: Produced water, alumina ceramic membrane, microfiltration, Taguchi 

method, ANN 
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Highlights 

 A novel alumina microfiltration membrane was found to be effective for the 

produced water treatment. 

 Oil, turbidity, COD and TOC removals reached 98.25, 99.48, 99.90, and 98.8%, 

respectively. 

 Taguchi and ANN methods were employed to find the optimum operating 

parameters.  

 Cross flow velocity was found to have the greatest contribution to permeate flux. 

 A combination of NaOH and HNO3 achieved 97 % in cleaning efficiency. 

 

*Corresponding author at: Industrial Systems Engineering Program, University of 
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4.1  Introduction 

Many industrial processes, including the petroleum industry, produce large amounts of 

oily wastewater. The common practices of dealing with this wastewater have been to 

collect it into a nearby open pit or pond that can accommodate a large volume of 

produced wastewater. Unfortunately, this practice poses potential hazards to the local 

environment leading to issues such as local groundwater contamination. The separation 

and treatment of produced wastewater have been enforced by legislations and poses 

therefore challenges to the producing industries that are required to abide by these 

discharge limits. Membrane technology is becoming an efficient method for the 

treatment of oily wastewater due to its high efficiency and simple operational process. 

Despite its promising future, the wide use of membrane technology is limited by 

membrane fouling when the oil droplets plug the membrane pores leading to a decline 

in the permeate flux[1]. Membrane fouling refers to the accumulation of rejected oil and 

other components along the surface of the membrane leading to the deterioration of the 

hydraulic conductivity of the membrane material. It is therefore important in the 

treatment of oily wastewater to optimize the membrane’s operating parameters to find 

the appropriate combination leading to higher separation efficiency with minimal 

fouling. These operating parameters include the transmembrane pressure (TMP), 

crossflow velocity (CFV), temperature (T) and pH [2]. The literature displays a plethora 

of studies that present experimental and theoretical methods to predict the permeate flux 

decline. The most widely used models were proposed by[3].  Hermia developed four 

empirical models to describe membrane fouling based on constant pressure filtration 

scenarios. The four models and the domain for their applicability are listed in Table 1. 
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The equation for each model determines the permeate flux variations with time, where 

J, J0, Ks, Ki, Kb, and Kc are the permeate flux, initial permeate flux, standard pore 

blocking, intermediate pore blocking, complete pore blocking, and cake formation 

model constants, respectively [4]. 

Table 4.1   Hermia Model 

Model Fouling Mechanism 

𝐥𝐧(𝑱) = 𝐥𝐧(𝑱𝟎) − 𝑲𝒃𝒕 Complete pore blocking 

𝟏

√𝑱
=

𝟏

√𝑱𝟎

+ 𝑲𝒔𝒕 
Standard pore blocking 

𝟏

𝑱
=

𝟏

𝑱𝟎
+ 𝑲𝒊𝑨𝒕 

Intermediate pore blocking 

𝟏

𝑱𝟐
=

𝟏

𝑱𝟎
𝟐

+ 𝑲𝒄𝒕 
Cake filtration 

 

A small number of studies were published in the literature investigating the use of MF 

ceramic membranes as viable options for treatment of oily wastewater[4-6]. investigated 

a microfiltration (MF) aluminum oxide ceramic membrane using the Taguchi method to 

find the optimal operating parameters. They obtained rejection values of oil, TSS, and 

turbidity of 99, 100, and 99%, respectively. Based on their system, the optimum 

conditions were found to be a TMP of 2.5 bar, a temperature of 60 C, and a CFV of 3 

m/s.[7].examined the efficacy of an MF aluminum oxide membrane for treating oily 

wastewater and showed a TOC removal efficacy of over 95% and an oil removal 

capacity of 85%[8]. also used an MF aluminum oxide membrane for treating an oily 

synthetic feed. For the investigated membrane, a TMP of 2 bar and a CFV of less than 

1.68 m/s were used to produce the optimal permeate flux value. They were able to 

obtain a TOC removal efficiency greater than 92.4%.[9]. also investigated a UF 

titanium oxide membrane for treating a metal-industry emulsion. They reported the use 
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of two filtration steps; namely, a pre-treatment step using an MF aluminium dioxide 

membrane with a total removal efficiency of oil up to 93% and an UF step using 

titanium oxide membrane followed by nanofiltration (NF) titanium oxide membrane as 

a final treatment.  

A statistical approach exits and allows for the determination of optimal operating 

conditions, while minimizing the number of experiments performed. The Taguchi 

method was used by [1]. and others. The method enables the study of a system by a set 

of independent factors over a specific region of interest (or levels) affecting a process 

response factor. The Taguchi algorithm is based on a fractional factorial design using 

orthogonal arrays, which were used to study the influence of the independent factors on 

the response parameters with the fewest experiments possible. This methodology allows 

saving in cost and time. In the present case, the effects of four factors (TMP, CFV, pH 

and temperature) on the response factor and permeate flux were analyzed using the 

Taguchi algorithm [1].  

As indicated earlier, the main objective of this study is to determine the best operating 

conditions for an alumina ceramic membrane that achieves a maximum permeate flux 

using real produced water. The Taguchi design and a subsequent statistical analysis of 

variance were used to determine the optimum values for each factor. In addition, the 

rejection capacity of the membrane was evaluated for different operating conditions in 

each experimental run. An Artificial neural network (ANN) algorithm was developed to 

provide a mechanistic framework capable of predicting the behavior of the system at 

different operating conditions.  
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4.2 Experimental methodology 

4.2.1 Theory 

The first step in the design of a reliable experimental work is to list the functional 

relationships that connect the different parameters contributing to the operation of the 

membrane under investigation. The permeate flux which represents the flow rate of the 

processed fluids per unit area was determined to be the most important parameter in the 

optimum design of membranes. The functional dependence of the permeate flux can 

generally be stated as: 

𝑞 = 𝑞(𝐾, ∆𝑝)                   (1) 

where, 𝐾 is the hydraulic conductivity of the membrane-fluid system and ∆𝑝 is the 

pressure differential across the membrane [10]. Similarly, one can write the functional 

dependence of the hydraulic conductivity (based on the different phases) as: 

𝐾 = 𝐾(𝜇𝑚, 𝜌𝑚 , 𝑘𝑝, 𝑘𝑐);  𝑚 → 𝑜 (oil) or 𝑤 (water)                                      (2) 

where, 𝜇𝑚 and 𝜌𝑚 are the viscosity and density of the oil (m=o) and water (m=w) 

phases, respectively, 𝑘𝑝 is the permeability of the porous formation and 𝑘𝑐 is the 

permeability of the developed cake layer [10]. Although the deposition of oil over the 

porous membrane may slightly alter its internal structure and therefore change its 

intrinsic permeability, it is assumed to be negligible. The fouling, which is the 

phenomenon by which the hydraulic conductivity of the porous membrane deteriorates 

with time, depends on many factors. A list of some of these is given by: 

𝑓𝑜𝑢𝑙𝑖𝑛𝑔 = 𝑓(𝐶𝑜 , 𝑇𝑀𝑃, 𝑣𝑐𝑓 , 𝑝𝐻, 𝜃𝑜 , 𝑇, ⋯ )                                (3) 
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where, 𝐶𝑜 is the concentration of oil in the feed, 𝑣𝑐𝑓 is the cross flow velocity, 𝑝𝐻 is a 

measure of the acidity/alkalinity of the feed fluid, 𝜃𝑜 is the contact angle of the oil with 

respect to the membrane material, and T is the temperature. Many other factors may be 

included in the functional dependence of the fouling including, for example, the ionic 

strength of the feed, the turbidity of the feed, etc.[11]. The theoretical aspects involved 

into the simulation of these processes in computer-based experiments are quite involved 

and there is no unified framework that describes these processes with elaborated 

predictive capabilities. Therefore, much of the research work conducted in this area is 

based on comparative studies of experimental character. However, to account for all 

these parameters in lab-designed experiments, an excessively large number of 

experiments would be required, which eventually, would require a large capital, time 

and labor. The possible combination of variables affecting certain outcome could be 

excessive if one follows the factorial combinations. In an attempt to reduce the number 

of experiments, and yet preserve the statistical inference, the Taguchi method for 

experiment design was used in this study. This method is based on the concept of 

orthogonal arrays. That is, instead of testing all possible combinations of variables, one 

can possibly test all pairs of combinations in a more efficient way that could provide 

insight and at the same time save costs. The key feature was to compare any pair of 

variables across all experiments in such a way that each combination is represented. 

Doing so, one may be able to come up with significantly smaller number of experiments 

to determine the relationships between different parameters.   
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4.3  General procedure 

In this study, the experiments were done using the Labrain
® 

filtration unit manufactured 

by Liqtech (Denmark). Figure 4.1 shows a schematic diagram of the setup. The 

experiments were performed in the batch mode using the crossflow setting. All 

operating conditions such as TMP, CFV, Temperature, Valve opening Percentages, 

Permeate Flow Rate, Retentate Flow Rate and Feed Flow Rate were automatically 

logged every 3 seconds by the unit setup. Each experiment took about 1.5 hour to 

complete. A volume of 24 L of synthetic oily water was prepared and characterized for 

each experimental run. Various parameters were measured using different instruments 

as reported in Table 4.2. After each experiment, the system was thoroughly rinsed with 

RO water in order to remove any contaminants. After each experimental run the 

membrane was cleaned using NOH3 at 50℃ and flux recovery of 98% was achieved.  

Table 4.2 Experimental Equipment 

Equipment Function Manufacturer 

Oil content analyzer- OCMA 350 Oil and grease content Horiba 

TOC-LCPH Combustion 

Analyzer 

Measures combustible heavy and light 

organic molecules 

Shimadzu 

Mastersizer 3000- Hydro LV Droplet Size Malvern 

Zetasizer Nano-ZS Zeta potential Malvern 

HI 4522 – TDS meter TDS & Conductivity Hanna 

DR 5000 Spectrophotometer Measures chemical oxygen demand 

(COD) 

Hach 

HI 83414 - Turbidity & 

Free/Total Chlorine 

Turbidity Hanna 

F-55 Benchtop meter pH Horiba 

Density Meter DSA 5000M Density Anton Paar 

Viscometer DV-II +Pro Viscosity  Brookfield 
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Figure 4.1 P&ID of the LabBrain setup, adapted from [12] 

4.4 Feed preparation  

The feed water used in this experiment was prepared in the laboratory with similar 

properties as real field produced water from Bakken area (Weyburn, Canada). Using 

synthetic oily water is common practice in the research word and is common in the 

literature and used by many authors for testing membrane filtration for produced water 

treatment  as highlighted by Weschenfelder et al. [13]  Preparation began by dissolving 

a specific amount of various salts (Table 4.3) into a total volume of 2 L of reverse 

osmosis quality water. The oil used was light oil with a measured density of 0.87844 

g/cc and a viscosity of 5.23 cp at 22.5 °C. A total volume of 0.3 ml of oil from the same 

Bakken field as the produced water was added to 2 L of brine. The mixture was then 

blended for 2 min and the process was repeated for a total volume of 24 L. Minor 

changes to the feed was done to adjust the pH for the different experimental runs. These 

changes were done by injecting either NaOH or HCl. A pH of 11 was achieved by 
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adding 1M NaOH, and a pH of 5 was achieved by adding 1 M HCl. The pH was 

determined with a pH meter with an uncertainty of 0.001. The feed mixture was heated 

to obtain the desired temperature of the feed solution with an uncertainty of 1C. The 

properties of the feed are shown in Table 4.4  

Table 4.3 Salts used for feed water preparation 

Type of Salt Purities Weight in grams per 2L of RO 

water 

Source 

Calcium chloride  95% 2.68 Fluka and Alfa 

Asar 

Magnesium 

chloride 

99% 1.76 Fluka and Alfa 

Asar 

Sodium chloride 99.5% 21.19 EMD chemicals 

Sodium 

bicarbonate 

99.5% 0.36 Sigma-Aldrich 

Potassium chloride 99.5% 0.62 Sigma-Aldrich 

Sodium sulfate 99% 0.45 Sigma-Aldrich 

 

Table 4.4 Feed characteristics 

 

4.5  Feed Characterization 

Figure 4.2 depicts the droplet size distribution of the oily emulsion feed prepared in the 

lab. Measurement was performed using the Mastersizer 3000-Hydro LV (Malvern). The 

oil droplet size distribution follows a bimodal distribution. The droplet size varied from 

Parameter Feed SD 

Oil content (ppm) 118 3 

Turbidity (NTU) 412 82 

COD (mg/L) 1,499 174 

TDS (ppt) 12.30 0.35 

Conductivity (mS/m) 24.68 0.57 

Salinity (%) 50.3 1.8 

TOC (mg/L) 92 36 

Zeta potential, mv -19.56 8.3 

Size Distribution (µm) 

 
Dv = particle size distribution by volume 

Dv10 0.26 0.01 

Dv50 5.67 0.06 

Dv90 20.79 0.03 
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(0.01 to 100) µm. The turbidity of both feed and permeate can be seen in a pictorial 

representation in appendix C Figure C.6. The contact angles were measured using the 

sessile drop method. The contact angle for the oil in oily emulsion was found to be 

133, seen in Figure 4.2. The contact angle with water was found to be 55 at 0 sec, 4 

at 30 sec. The graphic representation is found in Appendix Figure C.1. In order to 

determine the surface hydrophilicity of the membrane, the water contact angle was 

measured and found to have a very hydrophilic surface property [14].Note, however, 

that the measurements of the contact angle for water may not be reliable as the water 

droplet absorbs quickly into the membrane sample. On the other hand, the oil droplet 

formed a stable, more of a spherical shape that allowed the measurements of the contact 

angle, which was found to be 133
o
. The significant hydrophilicity of the membrane 

contributes to the repellence of the oil droplets from attaching to the membrane surface, 

leading consequently to a lower membrane fouling. 

 

Figure 4.2 Oil droplet size analysis of synthetic PW 

Oil droplet contact 

angle 133 
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4.6 Membrane characterization 

The characteristics of the ceramic membrane used in this study are given in Table 4.5. 

Table 4.5 Characteristics of the ceramic membrane use in this study and the operating 

conditions 

Characteristics Description Description 

Material α-Al2O3 

Dimensions, mm 25 ±1 x 305±1 

Channel diameter, mm 2.8 

Membrane filtration area, m
2
 0.08 

pH range 0-14 

Operating pressure, bar Max 15bar 

Maximum temperature, °C 120 

Nominal Pore Size 0.2µm 

Porosity (support) ~33 % 

Image of ceramic membrane used in this experiment  

 
 

As indicated earlier, different characterization techniques were implemented to 

determine the characteristics of the membrane as well as the feed. For example, a 

scanning electron microscopy (SEM) analysis, contact angle measurements, Energy 

Dispersive Spectroscopy (EDS), and Inductively coupled plasma mass spectrometry 

(ICPMS) measurements were conducted. Prior to the membrane characterization, the 

membrane was cut into smaller pieces of about 2 cm by 2 cm and then placed in the 

SEM under vacuum conditions for 45 min. The image was captured with the 

microscope at 5 KV with a working distance of 12 mm. The total concentration of all 

recoverable metal measured in the sample amounts to 623.1 micrograms/litre. The EDS 

result allows for the identification of elements and their relative proportions found in the 

membrane. For the MF membrane studied, it is clear that with oxygen, the main element 

was aluminium. It represented approximately 90% by weight of the measurable metallic 

https://en.wikipedia.org/wiki/Inductively_coupled_plasma_mass_spectrometry
https://en.wikipedia.org/wiki/Inductively_coupled_plasma_mass_spectrometry
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content of the sample. Figure 4.3 shows the results of the EDS analysis and the SEM 

image of the MF alumina membrane. The membrane shows a highly porous surface and 

coarse morphological structure.  

 

 

Figure 4.3  A) EDS spectra for the MF alumina membrane B) SEM membrane surface 

images for MF ceramic membrane 

4.7 Experiments design based on Taguchi method 

The four factors with the most influence on the performance of the selected membrane 

were determined to be the TMP, CFV, pH, and temperature. These parameters are very 

commonly tested in the literature and are seen as the main players in terms of membrane 

function optimization. The Taguchi experimental design allows for the investigation of 

the four factors at three levels (low, medium and high). The experimental matrix was 

designed by selecting an appropriate orthogonal array (L9 array) as seen in Table 4.7. 

Thus, the number of experiments needed to examine the important effects can be 

condensed to 9; whereas a full factorial permutation of variables requires 3
4
 = 81 

experiments. This is a significant reduction in the number of required experiments, 

which clearly saves efforts and costs and yet provides acceptable statistical inferences. 
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The three levels (L9 OA) are shown in Table 4.6. The feed concentration was kept 

constant with an accuracy of ±5 mg/L by reusing the permeate stream and mixing it 

back into the feed tank. Furthermore, reusing the permeate stream also allowed to 

maintain the feed temperature (within 2 
◦
C). It is important to note that minor changes 

of the operating pressure in the range of ±0.1 bar were observed and were attributable to 

membrane fouling. The CFV and pH were maintained throughout each run with an 

accuracy of ±0.1m/s, and ±0.1, respectively. 

Permeate flux and removal efficiencies were obtained at the nine conditions selected for 

each run. ANOVA was used to determine the significance of the factors. ANOVA’s 

results include the sum of squares (SS), degrees of freedom (DOF), mean of square 

(MS), and error as well as a statistical parameter, F (Minitab). 

Table 4.6 Parameters and their corresponding values based on their levels 

 

 

Table 4.7 Design of experiment for the L9 array 

Parameter Designation 1 2 3 

TMP (bar)  A 0.6 1.2 1.8 

CFV (m/s)  B 0.6 1.2 1.8 

Temp (
o
C)  C 30 40 50 

pH  D 5 7 11 

Experimental run A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 
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4.8 Results and Discussion 

4.8.1 Flux decline phenomenon 

Figure 4.4 shows the changes of flux over time under various conditions. There is an 

immediate drastic decrease in permeate flux and then it plateaus achieving a pseudo 

steady state. The highest permeate flux is seen in experiment #9 and the lowest in 

experiments #4 and #8. The experimental runs with the highest permeate flux occurred 

when both TMP and CFV were maximized. The increase in the permeate flux with 

higher TMP was due to an increase in driving forces across the membrane [15]. 

 

Figure 4.4 Permeate flux decline as function of time for the nine experiments 
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4.9 Taguchi method results 

The Taguchi method results are presented in Figure 4.5. The parameters with the largest 

contribution and effect on the permeate flux are also presented as obtained using 

Minitab. The graph illustrates the variations of the mean signal-to-noise ratio (SN) for 

each of the different levels of the parameters used. The graph with the steepest slope 

represents the factor with the greatest influence[16]. It can be concluded that CFV has 

the greatest contribution and the strongest influence on permeate flux followed by 

temperature. The distribution of the TMP can reflect the potential bilateral effect of this 

parameter on the permeate flux[15]. The larger the better criteria were selected in the 

analysis of the mean SN ratios, and thus the operating parameters that maximize the SN 

ratio would represent the optimum operating conditions. In the following table (Table 

4.8), experimental run #9 has the largest SN ratio and achieved the highest permeate 

flux. Based on the Taguchi SN analysis it can also be concluded that the predicted 

optimal parameters are a TMP of 1.8 bar, CFV of 1.8 m/s, Temp of 50 C and a pH of 5. 

These conditions are, to some extent, in accordance with the conditions in experimental 

run # 9. A validation experiment was performed which proved that, at the predicated 

optimal parameters, the permeate flux was indeed higher than run # 9. Table 4.9 shows 

the parameters used for the experimental run with the optimum values of the parameters 

predicted by the Taguchi method. The Signal-to-Noise ratio (SN) is based on the 

following relationship: 

𝑆𝑁 =  −10 log (
1

𝑛
∑ 1 /𝑦𝑖

2)     (4) 

Where, 𝑦𝑖 is the individual variable for i and n is the total number of variables. 
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Table 4.8 SN ratios obtained using the Taguchi method 

Trials TMP (bar) Temp (
o
 C) CFV (m/s) pH Flux, L/h·m

2
  SN ratio 

1 0.6 30 0.6 5 276 48.83 

2 0.6 40 1.2 7 468 53.42 

3 0.6 50 1.8 11 492 53.85 

4 1.2 30 1.2 11 192 45.68 

5 1.2 40 1.8 5 613 55.75 

6 1.2 50 0.6 7 348 50.84 

7 1.8 30 1.8 7 793 57.99 

8 1.8 40 0.6 11 192 45.68 

9 1.8 50 1.2 5 841 58.50 

 

 

Figure 4.5 Mean of SN ratios 

 

 

Table4.9 Validation experiment and prediction 

Trials TMP, 

bar 

Temp,        
o
 C 

CFV, 

m/s 

pH Predicted flux, 

L/h∙m
2
 

Experimental flux 

L/h∙m
2
 

SN 

ratio 

10 1.8 50 1.8 5 971 975 61.89 
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4.10 ANOVA results 

To confirm the actual relative contribution of the process parameters and their effects, 

and to determine which factors have the most influence on the permeate flux, a 

statistical analysis was performed. An Analysis of variance (ANOVA) was used to find 

the factors with the greatest contribution on permeate flux decline. ANOVA evaluates 

the significance by calculating the percentage contribution as shown in Table 3.10. The 

percentage contribution for each factor is defined as the portion of the total observed 

variance in the experiment for each significant factor. The greater this value is, the more 

its contribution to the final results [17, 18]. It can be concluded therefore that CFV 

provides the greatest contribution to the permeate flux decline. 

Table 4.10 Analysis of variance (ANOVA) - OA L9 

Factor DOF Sum of square Mean of Square F- ratio P % 

TMP 2 89726 44863 0.76 20 

Temp 2 38261 19130 0.33 8 

CFV 2 199787 99893 1.70 42 

pH 2 142347 71173 1.21 30 

Total 8 470123 58765  100 

Error 2 142347 71173   

 

We also performed a pooled ANOVA analysis allows for the re-examination of the 

results after the removal of the factor with the lowest contribution. The factor with the 

lowest contribution can also be determined by using the F-ratio is defined as the ratio of 

variance due to the effect of a special factor on the variance compared to the error 

term[19] . When the F-ratio is below one, the contribution of the factor of interest is 

minimal and, therefore, is not considered a significant factor. The results indicate that 

temperature has the lowest F-ratio. Once a pooled analysis is done as seen in Table 4.11, 

the factor with the greatest contribution remains the CFV. 
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Table 4.11 Final results of variance analysis (ANOVA) – OA L9 

Factors DOF Sum of Square Mean of Square F-ratio 

TMP 2 89726 44863 2.35 

Temp 2 POOLED 

CFV 2 199787 99893 5.22 

pH 2 142347 71173 3.72 

ERROR 2 780502 390251  

TOTAL 8 16175318   

 

The interaction plot, shown in Figure 4.6, allows for the analysis of possible interaction 

effects between different variables. In this case, the effects of different levels of 

variables on the behavior of another variable are plotted. As an example, the first row of 

graphs of Figure 4.6, reading from left to right, shows that if changes in TMP are 

affected by the different levels of temperature, CFV and pH. The permeate flux is 

higher when both the TMP and temperature are high. On the other hand, the permeate 

flux is lower at high TMP of 1.9 bar but with a temperature of 40°C indicating a 

bidirectional effect of temperature on permeate flux. In the next graph, the first row, 

comparing the interaction between TMP and CFV, the overall trend shows an increasing 

permeate flux with increasing TMP and increasing CFV. The last graph in the first row 

looks at the interaction of TMP and pH. The overall trend shows a decrease in permeate 

flux with increasing pH. The permeate flux can be maximized by increasing TMP, 

however once the critical level of pH is reached (around 9) the effect of the pH 

overcomes the effect of TMP and the permeate flux decreases significantly. In the 

second row, the interaction between temperature with CFV and pH is presented. At low 

to medium temperatures, the permeate flux increases with increasing CFV. However, at 

high TMP this effect is diminished by reaching a threshold where the permeate flux 
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starts to decline at higher CFV. An overall trend of decreasing permeate flux with 

increase in pH is seen regardless of temperature. The last graph shows the interaction 

between CFV and pH. The overall trend shows a decrease in permeate flux with 

increasing pH. 

 

 
Figure 4.6 Interaction plot for flux (L/m

2
∙h) 

4.11 Rejection results and the effects of the operating parameters 

For each experimental run, rejection testing was performed to assess oil and TOC 

rejections, among others. The  
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Table 4.12 Final results of variance analysis (ANOVA) – OA L9 

oil nd TOC rejections for each run are reported.  

Trials TMP  

(bar) 

Temp  

(
o
 C) 

CFV  

(m/s) 

pH Oil rejection  

(%) 

TOC rejection  

(%) 

1 0.6 30 0.6 5 91.23 88.64 

2 0.6 40 1.2 7 94.17 93.13 

3 0.6 50 1.8 11 89.57 93.01 

4 1.2 30 1.2 11 97.52 95.58 

5 1.2 40 1.8 5 94.92 98.54 

6 1.2 50 0.6 7 88.67 80.28 

7 1.9 30 1.8 7 91.67 84.35 

8 1.9 40 0.6 11 89.92 98.96 

9 1.9 50 1.2 5 98.25 98.86 

 

Experimental run #9 is seems to show the best oil rejection of 98.25% and a TOC 

rejection of 98.86%. This experimental run also corresponds to the run with the highest 

permeate flux and the SN ratio as discussed in the previous section. Thus, the operating 

parameters for experimental run # 9 achieves the highest permeate flux and the best oil 

and TOC rejection. Furthermore, experimental run #9 has been conducted at the highest 

temperature level. In this case, the increase in permeate flux is due to the decrease in 

viscosity as reported by[19] .In addition, the highest permeate flux is achieved at the 

highest TMP of 1.8 bar. The permeate flux and TMP have a linear relationship to a 

certain point. As TMP increases, the oil droplets pass rapidly through the pores and also 

accumulate at the surface leading to fouling [4].Another parameter that influences the 

permeate flux is the CFV. Permeate flux seems to increase with increasing CFV. At 

lower CFV values, there is relatively lower level of turbulence intensity and as a result 

the cake layer forms faster leading to a decrease in the permeate flux. As CFV 

increases, the turbulence intensity increases, which washes away some of the formed 

cake layer resulting in an increase in the permeate flux [5].  
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Table 4.13 MF 0.2 μm permeate characteristics and rejection percentages at TMP 0.6 

bar and different trials 

 

The results of this study reflect this effect of CFV, however, the effect of CFV becomes 

less pronounced on the flux and rejection rates as TMP increases. With increased TMP, 

other forms of fouling could be occurring despite the decrease in cake layer thickness by 

the increasing CFV. This is reflected in the decrease in oil rejection at low CFV as the 

TMP increases. The next series of tables (Tables 4.(13-15)) shows the characteristics of 

the feed in comparison with the permeate and the rejection rates for different parameters 

including oil content, total organic carbon (TOC), inorganic carbon (IC), chemical 

oxygen demand (COD), total dissolved solids (TDS), conductivity, turbidity and 

salinity. Based on these results, the treatment efficiency is relatively high for certain 

parameters such as oil content, TOC and turbidity where the rejection ranged from 88 to 

99%. The treatment efficiency for other parameters such as TDS and salinity is 

 Trial 1 Trial 2 Trial 3 

Param

eter 

Feed Perm

-eate 

Rejection 

(%) 

Feed Permeate Rejec

-tion 

(%) 

feed Permeat

-e 

Rejec

-tion 

(%) 

Oil 

content 

(ppm) 

114 10 91.23 120 7 94.17 115 12.00 89.57 

Turbid

ity 

(NTU) 

340 0.70 99.8 330 5 98.48 450 4.32 99.04 

COD 

(mg/L) 

1360 540 60.29 1450 460 68.28 1500 340.00 77.33 

TDS 

(ppt) 

12.60 11.57 8.17 12.22 11.73 4.01 11.80 11.00 6.78 

Condu

ctivity 

(mS/m

) 

25.18 23.32 7.39 24.52 23.41 4.53 24.00 22.63 5.71 

Salinit

y (%) 

51.9 48.2 7.13 50.4 45.4 9.92 48.00 46.40 3.33 

TOC 

(mg/L) 

91.98 10.45 88.64 87.21 5.99 93.13 55.40 3.87 93.01 
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relatively low where the rejection capacity is less than 12%, which is not unexpected. 

The operating parameters that achieved the highest oil rejection of 96.7% are at a TMP 

of 1.8 bar, a temperature of 50C, a CFV of 1.2m/s and a pH of 5, as mentioned earlier. 

Table 4.14 MF 0.2 μm permeate characteristics and rejection percentages at 

TMP 1.2 bar and different trials 

 Trial 4 Trial 5 Trial 6 

Parameter Feed Perm-

eate 

Rejec

-tion 

(%) 

Feed Perm

-eate 

Reject-

ion 

(%) 

feed Perm-

eate 

Reject-

ion 

(%) 

Oil content 

(ppm) 

121 3 97.52 118 6 94.92 120 13.6 88.67 

Turbidity 

(NTU) 

500 5.4 98.92 220 2.3 98.95 390 0.4 99.90 

COD (mg/L) 1350 310 79.3 1540 420 72.73 154

0 

440 71.43 

TDS (ppt) 12.10 11.05 8.68 12.70 11.66 8.19 12.4

2 

12.27 1.21 

Conductivity 

(mS/m) 

24.34 22.40 7.97 25.36 23.36 7.89 24.8

4 

24.32 2.09 

Salinity (%) 48.8 46.3 5.12 51.60 48.00 6.98 51.1

0 

49.90 2.35 

TOC (mg/L) 154.0 6.80 95.58 85 1.50 98.54 62.3

8 

12.30 80.28 

Table 4.15 MF 0.2 μm permeate characteristics and rejection percentages at TMP 1.8 bar and 

different trials 

 Trial 7 Trial 8 Trial 9 

Parameter Feed Perm

-eate 

Rejecti

-on 

(%) 

Feed Perme

a-te 

Rejectio

-n (%) 

feed Perme

-ate 

Rejection 

(%) 

Oil content 

(ppm) 

120 10 91.67 119 12 89.92 114 2 98.25 

Turbidity 

(NTU) 

280 0.5 99.84 500 2.6 99.48 500 2.6 99.48 

COD (mg/L) 1450 340 76.55 1920 620 67.71 1380 1.45 99.90 

TDS (ppt) 11.80 11.10 5.93 12.71 12.00 5.59 12.3

8 

11.13 10.10 

Conductivity 

(mS/m) 

23.66 20.42 13.69 25.43 24.30 4.44 24.7

6 

22.17 10.46 

Salinity (%) 47.6 42.2 11.34 52.5 49.4 5.90 51.1

0 

45.3 11.35 

TOC (mg/L) 88.05 13.78 84.35 147.0 1.53 98.26 41.2

8 

0.47 98.86 
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4.12 Cleaning procedure 

Alkaline, acidic, chelating agent and surfactant cleaning agents were tested for best flux 

recovery. Table 4.16 contains a summary of the cleaning chemicals used. The 

concentration in the feed for each chemical was obtained by mixing the chemical with 

RO water to achieve the final concentration. All chemicals were obtained from Fisher 

Scientific except for nitric acid, which was purchased from BDH chemicals. The feed 

used was the same feed used for all the experiments with the characteristics outlined in 

Table 4.4 with a pH of 7, and at a temperature of 25C. The RO flux was measured, 

initially and then after 1.5 hrs. 

Table 4.16 List of cleaning solutions used in the experiment 

Cleaning solutions Concentration in the feed 

KOH – potassium hydroxide  4% 

NaOH- Sodium hydroxide 4% 

EDTA - Ethylene diamine tetra acetic acid 30 mM 

SDS - sodium dodecylsulphate 4 mM 

H3PO4 – phosphoric acid 2-4% 

HNO3 - nitric acid 4% 

Citric acid 2% 

 

4.13 Critical flux determination 

Critical flux is defined as the flux above which significant membrane fouling is 

observed [20].  Two common methods for finding the critical flux are used; namely, the 

flux stepping method or the TMP stepping method. The flux stepping method involves 

incremental increases in the feed flux while allowing the TMP to rise. Once the TMP 

rises rapidly, this indicates that significant fouling has occurred and that the critical flux 

has been reached as reported by[21]. The critical flux is thus defined as the lowest 

permeate flux at which rapid rise in fouling starts to occur[20]. On the other hand, the 



149 

 

TMP stepping method is the opposite, where the TMP is incrementally increased and 

the permeate flux is allowed to rise. Once the flux increase becomes independent of the 

TMP, the critical flux is achieved as reported by[20].  

4.14 TMP stepping method 

The variations of permeate flux with step increments of TMP were studied at a 

crossflow velocity of 0.6, 1.2 and 1.8 m/s, respectively. The TMP was first set to 0.3 bar 

for 30 min to get a stabilized flux. The TMP was then increased by 0.3 bar increments 

every 20 min to allow for stabilization of the flux until the flux became pressure 

independent. The steady state flux achieved for each step of TMP is graphed vs. time 

with the corresponding TMP vs. time as shown in Figure 4.8. The results indicate that 

the critical flux is achieved at about 600 L/h∙m
2
. During the TMP stepping method, in 

the first few steps of TMP increase, the flux increases and then stabilizes. The 

subsequent steps show that the flux has reached a peak and then the flux decays to a 

plateau. This was also reported by many including [22]. who explained the decay after 

the peak as due to the buildup of the concentration polarization adjusting itself to the 

new pressure. The same experiment was carried out for different CFVs from 0.6 to 1.8 

m/s. The following graph (Figure 4.7) shows how the flux rises with increasing TMP in 

a linear fashion independent of velocity. Once the critical flux is reached the permeate 

flux begins to plateau. The height of the plateau corresponds with the critical flux and 

increases with increasing CFV. 
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Figure 4.7 Variations of permeate flux with time under step increments of TMP at CFV 

of 0.6 m/s 

 

Figure 4.8 Variation of stabilised permeate flux with TMP for different velocities 
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4.15 Flux- Stepping method 

The variations of TMP with step increments of flux were studied at a crossflow velocity 

of 0.6, 1.2, and 1.8 m/s. The permeation flow rate was initially set to 10 L/h and held 

constant for 30 min, and was then increased to 30, 50, and 70 L/h, successively. This 

corresponds to permeate flux of about 1840, 3067, and 4294 L/m
2
∙h, respectively. Each 

flux step was maintained for about 20 min. In the following graph, the initial flux steps 

show a corresponding relatively stable TMP. However, once the critical flux is reached 

and fouling becomes significant, the TMP rises sharply and does not stabilize. The 

graph below (Figure 4.9) follows that trend, at a CFV of 0.6 m/s, the TMP starts to rise 

rapidly at a permeation flux of 600 L/m
2
∙h. This indicates that the critical flux may have 

been reached at approximately 600 L/m
2
∙h. 

 

Figure 4.9  Variations of TMP with time under step increments of permeate flux at a 

CFV of 0.6 m/s 
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The same experiment was repeated for different CFVs from 0.6 to 1.8m/s. In the 

following graph (Figure 4.10), the deviations from the pure water line signify that the 

critical flux has been reached. As the flux increases, a cake layer begins to form on the 

surface of the membrane and a deviation from the pure water line as reported also by 

[20]. 

 

Figure 4.10 Variation of stabilised permeate flux with TMP for different velocities 

4.16  Prediction of permeate flux by Hermia's models 

In Table 4.17, the correlation coefficient (R
2
) values corresponding to the fitting of the 

experimental data with Hermia’s models are presented. By examining the R
2
 values 

from all the experimental runs for the different models, the cake formation model had 

higher R
2
 values and is seen to be the best model for the correlation of the permeate flux 

data.  
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Table 4.17 R
2
 values of Hermia's models 

 

As indicated, the previous table shows that the best fit of the experimental data is with 

the Hermia cake formation model. Table 4.19 shows the parameters of the Hermia cake 

formation model obtained by fitting the experimental data.  

Table 4.18 Parameters of Hermia’s cake formation model 

Run #1 #2 #3 #4 #5 #6 #7 #8 #9 

Kc  (10
3
) 18 5.7 2.54 1.11 3.5 13.11 1.34 28.9 1.844 

J0, L/m
2
∙h 509 805 569 255 1138 805 1138 254 1470 

 

In this table, the initial flux, J0, represents the intercept of the linear fitting of Hermia 

model and the vertical coordinate axis. The differences in the values of Hermia model 

parameters for the different experimental runs have also been observed by [23].  

Experimental 

run # 

Standard 

pore blocking 

Complete 

pore blocking 

Intermediate 

pore blocking 

Cake 

formation 

1 0.83 0.79 0.90 0.93 

2 0.91 0.89 0.94 0.97 

3 0.52 0.49 0.59 0.61 

4 0.74 0.68 0.77 0.86 

5 0.80 0.74 0.86 0.91 

6 0.80 0.73 0.88 0.93 

7 0.55 0.51 0.62 0.67 

8 0.56 0.60 0.64 0.68 

9 0.84 0.77 0.89 0.95 
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4.17 Artificial neural networks and flux prediction: 

It is interesting to develop an algorithm by which the optimum operating conditions 

may be obtained if any of the input parameters changes. This may be done using an 

artificial neural network. See Appendix C to shed more light on the theory and 

methodology used for ANN. ANN was generated using five different parameters 

including TMP, CFV, Temperature, pH and time. Two different ANNs were used. In 

the first only one hidden layer is used and in the second two hidden layers are used. A 

total of 1062 samples were collected during the experiments and this dataset is fed into 

both ANNs. For performance comparisons, MSE is calculated for the training dataset as 

given in the following relationships. 

𝑀𝑆𝐸 =
1

𝑛
∑ (𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)

2𝑛
𝑖=1     (5) 

Where, 𝑛 is the number of samples. In order to get MSE as percentage of the maximum 

flux, we use the following formula: 

𝑀𝑆𝐸 𝑃𝑒𝑟𝑐𝑒𝑛𝑡𝑎𝑔𝑒 = 100 ×
𝑀𝑆𝐸

𝑀𝑎𝑥(𝑓𝑙𝑢𝑥)
   (6) 

First, we investigated the effect of the number of neurons on training performance in a 

single layer ANN. The number of neurons is selected between 10 and 40 in 4 steps. In 

this case, 90% of the dataset is used for training in 1000 epoch cycles. It can be seen 

that as the number of neurons increases, the training performance improves (Figure C . 

(2,10,11). The samples used in this dataset are the result of the 9 experiments. In the 

following section, we present the results of both ANNs generated and trained with this 

dataset and for each Figure a short discussion is provided.  
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3.8.1 Results for the single layer ANN 

Starting with the results of the single layer ANN with 40 neurons and trying different 

percentage for the training dataset between 65 and 90 percent. The number of epochs is 

set to 2000. The results are provided in the following. Figure 4.11 shows the regression 

line between ANN outputs and the actual outputs of experiments. It can be seen that an 

excellent match is obtained. The slope is very close to 1 with negligibly small y 

intercept. As presented in Figure 4.12, as the number of epochs increases, the training 

performance improves indeed. Note that the training performance for the training 

dataset percentage between 65 and 90 percent is almost independent of the training 

dataset. The blue areas represent the better performance and lower training MSE. It was 

also found that for a particular training dataset percentage, the training performance gets 

better as the number of epochs increases (Appendix Figure C.11). However, the 

enhancement in the performance slows down after approximately 1000 epochs. 

Finally, Figure 4.13 shows the ANN estimate of system outputs vs actual outputs for the 

9 experiments. Red circles are actual outputs and the black line is the output generated 

using a single layer ANN. Note the high accuracy of ANN in predicting the behaviour 

of the system. In the ANN, the training performance (MSE) is approximately 0.4% of 

the maximum flux in the experiments.  
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Figure 4.11  Regression line for training single layer ANN 

 

 

Figure 4.12 Contours of MSE (as the percentage of maximum flux) vs number of 

epochs and training dataset percentage 
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Figure 4.13 Actual data vs ANN estimation for experiments 6, 7 and 8 

4.18 Results for the double layer ANN 

We now examine the performance of the two-layer ANN with 25 neurons in each 

hidden layer and trying different percentage for the training dataset between 65 and 90 

percent. The number of epochs is set to 2000. The output results of the two-layer ANN 

match very well the target data as shown in Figure 4.14. 
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Figure 4.14 Regression line for training double layer ANN 

The training performance measured as how fast the training output approaches the target 

flux seems much better in the two-layer ANN than it is in the one-layer ANN 

(Appendix C4).  From the previous discussion, it appears that ANN is an effective 

modeling platform for representing membrane flux in the due course of design and 

evaluation of membrane-based MF processes for the separation of oil in oily water 

emulsions.  

4.19 The effect on membrane cleaning on flux recovery 

Different combinations of cleaning solutions and chemicals were used to assess which 

would achieve the best flux recovery. Table 4.20 shows the cleaning parameters and 

flux recovery achieved for each case (Appendix C5). The value of the highest flux 

recovery achieved was 97.2% using 4 mM of sodium dodecylsulphate (SDS) and 4% of 

each NaOH and HNO3. NaOH allows for the breakdown of organic compounds and 
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saponification of oils. SDS allows for the increase in the solubility of the solid material 

and preventing it from re-attaching to the membrane wall [24] The second highest flux 

recovery was achieved using just NaOH and HNO3 with a recovery of 97%. This 

confirms that the addition of SDS does not really contribute much to the increase in flux 

recovery. Using only two solvents allows for lower operating costs and the use of lesser 

amount of chemicals.  

Table 4.19 Membrane cleaning parameters and flux recovery at 50 
o
C 

Chemical name  Time, min Concentration, wt. %   flux recovery FR %  

HNO3  30 4%  93.94 

NaOH +HNO3  30 4% Each  96.97 

H3PO4  30 4%  76.67 

KOH  30 4%  54.55 

KOH + HNO3  30 4% Each  93.94 

SDS  30 3mM  90.63 

EDTA  30 4mM  91.30 

EDTA+SDS  30 4mM+4mM  94.29 

SDS+ NaOH +HNO3  30 4mM+4% Each  97.22 

Citric acid  30 2%  76.92 

SDS  40 8mM  94.29 

 

4.20 Conclusion 

The effects of the operating parameters on the permeate flux decline were 

experimentally tested using a microfiltration aluminum oxide membrane for the 

treatment of produced water. The MF membrane showed exceptional high efficiency for 

oil, turbidity, COD and TOC removals with rejection rates of 98.25%, 99.48, 99.90, and 

98.8, respectively. This is similar or better than the best membranes reported in the 

literature. Flux recovery was also investigated using various cleaning solutions. A 

combination of NaOH and HNO3 achieved the best flux recovery of about 97%.  A 
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critical flux of 600 L/m
2
∙h was achieved using both the flux stepping method and the 

TMP stepping method.  

The Taguchi method of experimental design and analysis showed that CFV has the 

strongest contribution to permeate flux decline control. The highest steady permeate 

flux was obtained at a temperature of 50°C, a TMP of 1.8 bar, a CFV of 1.8 m/s and a 

pH of 5.   

Two modeling systems used include the Hermia and the ANN. The best Hermia’s 

model to fit the experimental data was the cake formation model for all operating 

conditions tested. ANN was found to be an effective modeling platform for flux decline 

prediction in membrane filtration systems using MF. The best performance of the model 

was achieved with the two layers ANN with 25 neurons in each hidden layer, obtained 

using transfer functions ‘logsig’ for the hidden layers and ‘tansig’ for the output layer 

with 2000 epochs. The performance in terms of MSE (as the percentage of the 

maximum flux) was 0.4 %. 
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Abstract 

A promising and effective method to treat millions of barrels of oily water is the use of 

membrane filtration technology. In this work, we initiated an experimental study on the 

performance of a zirconium dioxide ultrafiltration membrane. Two methodologies were 

used to design the experiments and fit the data, the Taguchi method and a neural 

network algorithm. The effects of different operating conditions were tested using an 

oily water emulsion. The Taguchi experimental methodology was used to predict the 

optimal operating conditions. Rejection tests were performed, and flux recoveries were 

assessed. At the optimal conditions, the experimental runs achieved more than 98% oil 

rejection. The pH was found to have the greatest contribution on oil rejection. After 

chemical cleaning, a high flux recovery of more than 97% was obtained. The critical 

Flux was determined using the flux stepping method. To predict the permeate flux 

decay with time, Hermia's models were employed for correlating membrane fouling. 

The cake formation model had the closest correlation to the experimental data. Finally, 

an artificial neural network (ANN) model is used and trained with experimental data 
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from 9 experiments. The best performance was reached using the Bayesian 

Regularization training algorithm. 

*
Corresponding author. Tel: 1 3065854960; fax: +1 3065854855. 

E-mail Address: amr.henni@uregina.ca 

 

5.1 Introduction 

Oil and water are of great importance to the welfare of our modern societies. 

Nevertheless, both are becoming threatened natural resources with present day 

unsustainable consumption. Keeping water resources clean is vital to the survival of 

humans and other species. The petroleum industry is well-known for its production of 

large volumes of liquid wastes along with its oil production. Discharging produced 

water into the environment will pollute regional groundwater supplies and soils [1]. 

Effective methods for cleaning the produced water are being improved continuously. 

Membrane separation technology has recently proven to be the most effective ways of 

treating produced water [2]. Membrane separation is an attractive option due to its 

relatively low energy consumption, and its ease of application in large scales [2]. 

Ceramic membranes, in particular, have inherent properties that make them an attractive 

option for oily water treatment. This includes good mechanical resistance, thermal 

stability and chemical inactivity [3]. They also have desirable surface properties that 

allow for decreased oil adherence to the surface, and its easy removal [3].  

Membranes with decreased oil adherence are said to be oleophoic and when combined 

with hydrophilic properties they are said to have superwetting characteristic [4]. 

mailto:amr.henni@uregina.ca
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Membrane filtration using superwetting surfaces not only enhances the filtration 

capacity of the membrane, but also its antifouling properties [4].  

The literature contains few studies that investigated filtration experiments using oily 

water with zirconium based ceramic membranes. The efficiency of ZrO2/α-Al2O3 0.2 

μm membrane in the separation of oily emulsion (vegetable and mineral oil with a 

concentration of 5 g/L) was investigated by Yang et al. [5]. They reported a 99.8% oil 

rejection rates and steady flux of over 90 L/(m
2
·h·bar). In contrast, they showed that 

alumina-based membranes had significant flux decay, down to 30 L/(m
2
·h·bar) due to 

fouling [5], when compared to the composite membranes. Zhou et al. [6] modified an 

Al2O3 microfiltration membranes by impregnating nano-sized ZrO2 coating in an effort 

to utilize the zirconia antifouling properties. They found that the steady state flux 

achieved by the zirconia modified membrane was 88% of the initial flux, whereas the 

original alumina membrane reached a steady flux of 30% of the initial flux. This 

illustrates the strong antifouling property of the zirconia coating layer on the membrane 

surface making it more hydrophilic. In addition, it was found to have efficient 

separation capabilities with over 97.8% oil rejection. Wang et al. [7] investigated the 

use of zirconia microfiltration membrane for treating waste rolling emulsions. They 

achieved an oil rejection rate of 99.9%.  

Oil accumulation and adherence to the membrane creates a major drawback for 

membrane technology, known as fouling. Membrane fouling negatively affects 

membrane function [2]. Fouling can decrease the efficiency of the membrane down to 

2-10% of the original functional capacity [2]. Fouling is affected by operating 

conditions such as the transmembrane pressure (TMP), cross flow velocity (CFV), 
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temperature and pH. Operating conditions can be optimized to allow for a minimal 

fouling formation [8], thus allowing for optimal membrane function . For this reason, 

the prediction of flux decline and fouling formation has been extensively investigated. 

The most widely used models in this case are the ones published by Hermia [9].  He 

developed four empirical models in 1982 to describe membrane fouling [9]. The 

equations for each model are summarized in Table 5.1. 

Table 5.1 Hermia Models 

Models Fouling Mechanism 

𝐥𝐧(𝐉) = 𝐥𝐧(𝐉𝟎) − 𝐊𝐛𝐭 Complete pore blocking 
𝟏

√𝐉
=

𝟏

√𝐉𝟎

+ 𝐊𝐬𝐭 
Standard pore blocking 

𝟏

𝐉
=

𝟏

𝐉𝟎
+ 𝐊𝐢𝐀𝐭 

Intermediate pore blocking 

𝟏

𝐉𝟐
=

𝟏

𝐉𝟎
𝟐

+ 𝐊𝐜𝐭 
Cake filtration 

J = permeate flux, J0 = initial flux, Ks = standard pore blocking constant, Ki= intermediate pore blocking constant, Kb 

= complete pore blocking constant and Kc = cake formation constant [10]. 
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Another type of modeling which is becoming more commonly used in the literature 

dealing with membrane filtration technology, is the use of artificial neural network 

(ANN) models. ANNs use experimental data and complex algorithms that can predict a 

certain outcome or output based on a set of input variables [11]. The main feature of 

ANN modeling is that it does not need prior information or knowledge on membrane 

characteristics, the filtration process or the effect of the cake layer formation. The model 

is educated primarily based on the experimental data [12]. The fitting accuracy of the 

ANN models has been shown to be of similar or even of better accuracy than the 

Hermia models [13].  

On the other hand, finding the optimal operating conditions can be challenging as there 

are many different combinations of the operating parameters that can potentially be 

tested. One of the experimental design methodologies used to minimize the number of 

required experiments, is the Taguchi method [14]. The experimental design 

methodology, according to Taguchi, applies orthogonal arrays (OA) using the concept 

of fractional factorial [10]. The method allows the investigation of a system by a set of 

parameters of varying values that influence a specific response [10]. In this study, the 

system is the membrane filtration unit and the factors are the operating parameters, and 

the specific response is the permeation flux [10]. The possibility of obtaining results 

quickly, the capability to evaluate and identify the interaction among the variables, and 

to single out the most significant factor in a process, are the main benefits of the 

Taguchi method and the reasons for its popularity. 

The main objective of this study is to determine the optimum operating conditions for 

the zirconium ceramic membrane that achieve the highest permeation flux using the 
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Taguchi design and analysis. In addition, rejection capacity of the membrane will be 

investigated using 9 experimental runs based on the Taguchi method. We investigate the 

use of UF zirconium based ceramic membrane to assess if it could yield better rejection 

results for the various parameters tested compared, for example, to a microfiltration 

(MF) membrane. Flux decline prediction will also be investigated using different 

modeling methods such as Hermia and ANN.   

5.2 Experimental methodology 

5.2.1 Theory 

Experiments design and manipulation are usually based, firstly, on sound understanding 

of the underlying physical laws that describe the phenomenon of interest. In this regard, 

the permeation of oily-water through the pores of ceramic membrane is not very well 

understood and there is not yet a unified framework that could be adapted to model this 

system. The reason may be that the size of the ceramic membranes (i.e., the thickness) 

is so small that the continuum hypothesis as applied to porous media [15, 16] may not 

be, appropriately adapted. On the other hand, the geometry is so complex such that the 

study at the fluid continuum scale becomes cumbersome. The experimental works 

conducted in this field have been based on a set of integral parameters.  

Flux is a reflection of the permeate rate whereas fouling resistance demonstrates the 

effect of the cake layer on the decline of the flux [17]. Fouling resistance is represented 

as follows: 

𝑅𝑓 =
𝑇𝑀𝑃

𝜇
(

1

𝐽𝑤𝑤
−

1

𝐽𝑤𝑖
)                                                            (1) 
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where,  is the solution viscosity, Jwi is the initial water flux, and Jww is the water flux 

after fouling [17]. 

5.3 General procedure 

Before conducting the experimental runs using the oily-water system, the permeability 

of pristine membranes was measured using RO water. Figure 5.1 shows a schematic 

diagram of the experimental setup (Labrain by Liqtech) of the filtration unit employed 

in this study. The flow rate, TMP and CFV were controlled by various valves. All the 

operating conditions such as TMP, CFV, temperature, valve opening percentages, 

permeate flow rate, retentate flow rate and feed flow rate were recorded every 3 

seconds. Once the permeate flux was measured, the flow is looped back to the feed tank 

to maintain a constant concentration of oil in the feed. The oil rejection efficiency was 

computed using the following equation [18]: 

𝑅𝑜 =  
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
 ×  100%                                                            (2) 

where, Cf and Cp are the concentrations of the feed and permeate, respectively. All 

experiments were performed in crossflow mode and it took each about 2 hours to 

complete. Each run was terminated once steady state was achieved. This was marked 

when the fluctuation of the flux was less than 1%. A volume of 24 L of synthetic oily 

water emulsion was prepared for each experimental run. After each experiment, the 

system was thoroughly rinsed with RO water in order to remove any contaminants. 

After each experimental run the membrane was cleaned using NOH3 at 50℃ and flux 

recovery of 98% was achieved.  
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Figure 5.1 P&ID of the LaBrain setup [adapted from[19]] 

5.4 Measurements 

In this study, the values of oil content, total organic carbon (TOC), total dissolved solids 

(TDS) turbidity, chemical oxygen demand (COD), conductivity, salinity of the feed and 

permeates were measured using instruments listed in Table 5.2. 
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Table  5.2 Experimental equipment used and their uncertainties 

Equipment Function Manufacturer 

Oil content analyzer- OCMA 

350 
Oil and grease content Horiba 

TOC-LCPH Combustion 

Analyzer 

Measures combustible heavy and 

light organic molecules 
Shimadzu 

Mastersizer 3000- Hydro LV Droplet Size Malvern 

Zetasizer Nano-ZS Zeta potential Malvern 

HI 4522 – TDS meter TDS & Conductivity Hanna 

DR 5000 Spectrophotometer Chemical oxygen demand (COD) Hach 

HI 83414 - Turbidity & 

Free/Total Chlorine 
Turbidity Hanna 

HI 4521 & 4522 BENCH 

METERS  
pH Hanna 

Density Meter DSA 5000M Density Anton Paar 

Viscometer DV-II +Pro Viscosity  Brookfield 

5.5 Membrane Specifications 

In this study, a zirconia based ultrafiltration ceramic membrane was inserted in the 

Labrain filtration unit. The membrane has a cylindrical shape with a diameter of 25 ± 1  

mm and a length of 305 ± 1 mm. The feed is introduced into the membrane through 31 

hexagonal channels with a length of 1.4 ± 0.1 mm, as shown schematically in Figure 

5.3. The filtration area, which is used in the calculations of the permeation flux, is 

0.079 ± 0.006 𝑚2. Table 5.3 shows the basic characteristics of the membrane. 

Measurements of oil adhesion to the ceramic membrane have been performed by 

measuring the contact angle between the membrane and an oil droplet in water and in an 

oil-water mixture. The contact angle measurements between oil droplet and the ceramic 

surface with oily water emulsion show that the ceramic membrane is oleophobic and 

highly hydrophilic thus having the superwetting surface property. The oil contact angle 

is 131(supra-oleophobic). The image of the contact angle between the membrane and 

oil droplet is found in the supplementary material (Table D.1). In addition, an SEM 

http://www.hannaarg.com/documentos/782_HI_4522_HI_4521_fichatec.pdf
http://www.hannaarg.com/documentos/782_HI_4522_HI_4521_fichatec.pdf
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image of a pristine membrane used in this study is found in the supplementary material 

(Figure D.1).  

 

 

Figure 5.2 Schematic of the membrane’s cross section. 

Table 5.3 Characteristics of ceramic membrane used in this experiment 

Characteristics  Description 

Material ZrO2 

Dimensions, mm 25 ±1 x 305±1 

Diameter, mm 25±1 

Side length of the hexagonal tube, mm 1.4±0.1 

Membrane filtration area, m
2
 0.079±0.006 

pH range 0-14 

Operating pressure, bar Max 15 bar 

Maximum temperature, °C 120 

Nominal Pore Size 0.05 µm 

Porosity (support) 33 % 
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5.6 Feed preparation  

A synthetic oily water emulsion representing the Bakken reservoir in Western Canada 

was prepared to allow for ease of access to produced water for the experiments, and a 

constant reliable supply of water. The use of synthetic oil feed is relatively common in 

the literature and used by many authors for testing membrane filtration for produced 

water treatment  as highlighted by Weschenfelder et al. [20]. The density of the oil used 

to generate the oily emulsion was measured with an Anton Paar DSA 5000 M digital 

densitometer. The accuracy of this instrument is ± 0.000005 g/cm
3
. A volume of 0.3 ml 

of oil was mixed with various salts in a total volume of 2 L of reverse osmosis water to 

produce the oily emulsion used as the feed. The types of salts used are shown in Table 

5.4. The oil used was obtained from Southern Saskatchewan Bakken area. The mixture 

was blended for 2 minutes to allow for emulsification and the process was repeated for a 

total volume of 24 L. The pH of the feed was modified according to the required pH 

depending on the experimental run using NaOH or HCl. The pH was determined by a 

meter with an accuracy of 0.001. The feed mixture was heated to obtain the desired 

temperature for the feed solution with an accuracy of ±1C. Table 5.5 shows the feed 

characteristics. The variation of each parameter among the different feeds there were 

prepared for each run was acceptable and the graphs showing that variation is found in 

the supplementary material (Figure C (3.7)). 
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Table 5.4 Salts used for feed water preparation (± 0.01g) 

Type of Salt Weight in grams per 2L of RO water Source 

Calcium chloride 2.68 Sigma-Aldrich 

Magnesium chloride 1.76 Sigma-Aldrich 

Sodium chloride 21.19 EMD chemicals 

Sodium bicarbonate 0.36 Sigma-Aldrich 

Potassium chloride 0.62 Sigma-Aldrich 

Sodium sulphate 0.45 Sigma-Aldrich 

 

Table 5.5 Feed characteristics  

Parameter Feed 

Oil content (ppm) 122 ±2 

Turbidity (NTU) 382 ±2 

COD (mg/L) 1454 ±23 

TDS (ppt) 12.81 ±0.37 

Conductivity (mS/m) 25.36 ±0.68 

Salinity (%) 52.52 ±1.45 

TOC (mg/L) 101 ±7 

IC (mg/L) 17 ±1 

Zeta potential (mv) -10.0 ±0.6 

Size distribution (µm) Dv10 0.26 ±0.01 

Dv50 5.70 ±0.06 

Dv90 20.80 ±0.03 
Dv = particle size distribution by volume 

 

5.7 Cleaning procedure 

In this study, the chemicals used for cleaning the fouled membrane are outlined in Table 

5.6. Various types of chemicals were used including an alkaline, an acid, a chelating 

agent and a surfactant agent which were tested in different combinations for the best 

flux recovery. The concentration in the feed for each chemical was obtained by mixing 

the chemical with demineralized water to obtain the desired concentration. All 

chemicals were obtained from Fisher Scientific except for nitric acid that was purchased 

from BDH chemicals. The feed was the same for all the experiments and its 
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characteristics outlined in Table 5-5 with a pH of 7, and a temperature of 25C. The RO 

flux was measured, initially and again after 2 hours of feed filtration. 

Table  5.6  List of cleaning solutions used in the experiment 

Cleaning solutions Concentration in the feed 

KOH – potassium hydroxide  4% 

NaOH- Sodium hydroxide 4% 

EDTA - ethylenediamine tetraacetic acid 30 mM 

SDS - sodium dodecylsulphate 4 mM 

H3PO4 – phosphoric acid 2-4% 

HNO3 - nitric acid 4% 

C6H8O7 -citric acid  2% 

 

5.8 Experiments design based on Taguchi method 

The Taguchi experimental method involves designing an experimental matrix, 

performing the trials, selecting the levels for each of the factors being investigated, 

using the signal-to-noise ratios and ANOVA for analysis and evaluation of the results. 

To plan the experimental matrix, first the factors requiring optimization have to be 

selected. In this case, four variables (TMP, CFV, pH and temperature) with 3 levels 

(low, medium, and high) were selected as reported in Table 5.7. TMP and CFV have 

been shown in the literature to have a strong influence on fouling and membrane 

performance[21] [21]. As a result, they have been chosen to be two of the main 

parameters considered in this work. In addition, pH was selected as another parameter 

as it is suspected to promoting the formation of larger oil droplet sizes and thus 

influencing permeation resistance [20, 22]. Finally, temperature was selected as it has 

been shown by many authors that it can influence and impact the fouling and permeate 

flux [23, 24]. By selecting the L9 orthogonal array, the number of experiments needed 
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can be condensed to 9; whereas full factorial experimentation would need (3
3
) = 27 

experiments. The permeate flux and removal efficiencies were measured for each run. 

ANOVA was used to find the influence of each factor on permeate flux. Figure 5.3 

shows a flowchart of the Taguchi process. Tables 5.7 and 5-8 show the parameters and 

their values chosen for this study, and the different combinations of the experimental 

matrix, respectively. 

 

Figure 5.3 Flowchart of the Taguchi method [25]. 

 

Table 5.7 Parameters and values for each level 

 

 

 

 

 

Determine the 
variables to be 
Optimized 

Identify the Noise 
Factors and Test 
Conditions 

Identify the Control 
Factors and their 
Alternative Levels 

Design the Matrix 
Experiment and 
Define the Data 
Analysis Procedure 

Conduct the Matrix 
Experiment 

Analyze the Data 
and Determine 
Optimum Levels for 
Control Factors 

Predict the 
Performance at 
These Levels 

Parameter Designation 1 2 3 

TMP (bar)  ±0.1 A 0.6 1.2 1.8 

CFV (m/s) ±0.1 B 0.6 1.2 1.8 

Temp (
o 
C)±1 C 30 40 50 

pH±0.001 D 5.00 7.00 11.00 



180 

 

 

Table  5.8 Design of experimental matrix for the L9 array 

Experimental run A B C D 

1 1 1 1 1 

2 1 2 2 2 

3 1 3 3 3 

4 2 1 2 3 

5 2 2 3 1 

6 2 3 1 2 

7 3 1 3 2 

8 3 2 1 3 

9 3 3 2 1 

5.9 Results and Discussion 

5.9.1 Flux decline phenomenon: 

Table 5.9 lists the 9 experimental runs together with the different values adopted for the 

different controlling parameters. Figure 5.4 shows the changes of flux (calculated per 

filtration area) over time with a general declining trend for the various conditions tested. 

As shown, there is a dramatic decrease in permeation flux and then it plateaus and 

achieves an almost steady state. The highest permeation flux is seen in experimental run 

5 at 1.2 bar and CFV of 1.8 m/s (1007.28 Lh
−1

m
−2

). This result is comparable and even 

better than most results reported by other authors. For example, Weschenfelder et 

al.[20] used a multichannel ultrafiltration ceramic membrane (ZrO2) to treat oilfield 

produced water and obtained an average flux varying between 293 and 570 L h
−1

 m
−2

 at 

1.5 bar. Other examples from the literature that used oily water emulsion and had lower 

flux values despite similar conditions and oil and grease content include Yang et al. [26] 

(zirconia MF at about 500 Lh
−1

m
−2

) and Silalahi and Leiknes [27] (aluminum MF 

membrane at 250 Lh
−1

m
−2

). Experimental run 9 had the highest initial flux; however, 

the flux decreased dramatically in the first 15 mins of filtration, which illustrates the fast 
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accumulation of fouling at these operating parameters. Due to the high TMP of trial 9, 

fouling occurs and the flux is not at its optimum .The increase in the permeation flux 

with higher TMP is due to an increase in driving forces across the membrane [17]. Once 

the critical TMP is reached, no further increase in permeation flux is achieved with 

higher TMP, as fouling becomes irreversible.  

5.9.2 The Taguchi Analysis: 

In the Taguchi analysis, the signal and noise ratio (S/N) for each level of process 

parameters is computed. Regardless of the category of the performance characteristic, 

the larger S/N ratio corresponds to a better performance characteristic. In other words, 

the optimal level of the process parameters is the level with the highest S/N ratio. In 

addition, a statistical analysis of variance (ANOVA) is performed to see which process 

parameters are statistically significant. With the S/N and ANOVA analyses, the optimal 

combination of the process parameters can be predicted[22]. There are many criteria 

that can be used to optimize the desired goal including the smaller-the-better, the larger-

the-better, and the nominal-the-better. In the case of optimizing the performance of 

membrane, where the permeation flux represents the desired goal, the larger-the-better 

criterion is chosen for the S/N calculations. Table 5.10 lists the steady state permeation 

flux for all 9 experiments together with the S/N ratios. The following equation is used to 

calculate the S/N ratio, where, the MSD is the mean square deviation: 

𝑆/𝑁 =  −10𝑙𝑜𝑔10
1

𝑀𝑆𝐷
                                                       (3) 
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Table  5.9 Values of parameters for each experimental run 

Experimental Run TMP (bar) Temperature (
o
C) CFV (m/s) pH 

1 0.6 30 0.6 5. 00 

2 0.6 40 1.2 7. 00 

3 0.6 50 1.8 11.00 

4 1.2 30 1.2 11.00 

5 1.2 40 1.8 5.00 

6 1.2 50 0.6 7. 00 

7 1.8 30 1.8 7. 00 

8 1.8 40 0.6 11. 00 

9 1.8 50 1.8 5. 00 

 

 
 

Figure 5.4 Permeate flux decline as function of time (UF ZrO2 membrane) 

Since the larger the better criterion was used, the higher value of the S/N ratio translates 

into more optimal operating conditions [28]. In Table 5.10, experimental run 5 is seen to 

have the largest S/N ratio and achieved the highest permeation flux. Thus, the best 

values of the operating parameters are as follows: TMP of 1.2 bar, CFV of 1.8 m/s, 

Temp at 40 C and pH of 5. In order to determine how each factor influences the flux, 

the average S/N ratio is obtained for the different levels. In Figure 5.5 (a), the mean S/N 
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ratio for each factor is presented. The slopes of the lines between the different levels are 

examined for each factor. The slopes are not equal which means that each level had a 

different or divergent effect on the response factor (i.e., the permeation flux)[28, 29]. 

For example, in Figure 5.5 (a), the increase in flux is higher when the CFV changes 

from 1.2 to 1.8 m/s than when it changes from 0.6 to 1.2 m/s. It could therefore be 

concluded that this could reflect a change in the type of flow where at higher CFV a 

more turbulent flow pattern exists allowing for the higher change in flux.  

Table  5.10 S/N ratios obtained using the Taguchi method 

 

5.10 Effect of hydrodynamic conditions on the permeation flux and 

membrane’s selectivity 

Four different operating conditions were examined in this study to see their effect on 

permeate flux. These conditions contribute and impact the permeation flux in different 

ways. The influence of each individual factor on the permeate flux can be assessed by 

calculating the mean S/N ratio for each factor for each level as presented in Table 5.11 

and Figure 5.5(a). The highest S/N ratio was achieved for the highest level of CFV and 

the mid-level for TMP, pH and temperature. This is also shown visually in Figure 

5.5(a). A high CFV has a positive effect on the permeate flux via the limitation of the 

Trials TMP 

(bar) 

Temp CFV 

(m/s) 

pH Steady State Flux 

(L/h·m
2
) 

S/N 

ratio 

1 0.6 30 0.6 5.00 402.91 52.10 

2 0.6 40 1.2 7.00 805.82 58.12 

3 0.6 50 1.8 11.00 226.64 47.11 

4 1.2 30 1.2 11.00 188.86 45.52 

5 1.2 40 1.8 5.00 1007.28 60.06 

6 1.2 50 0.6 7.00 440.68 52.88 

7 1.8 30 1.8 7.00 604.37 55.63 

8 1.8 40 0.6 11.00 201.46 46.08 

9 1.8 50 1.2 5.00 339.96 50.63 
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formation of concentration polarization due to an increase in turbulent flow[28]. When 

examining the effect of temperature, it is expected that a high temperature will increase 

the flux due to its influence on viscosity and density. However, from the table, the 

optimal setting is not when the temperature is the highest but rather in the mid-level. 

This is also seen in Figure 5.5(a). This could be due to changes associated with the oil 

emulsion and the behaviour of the oil droplets in relation to the rise in temperature. 

Pressure is also expected to positively influence the flux as TMP and flux have a linear 

relationship. However, this holds true until the optimum TMP is reached where the 

formation of fouling will negatively impact the permeation flux. With higher pressure, 

the formation of the concentration polarization layer is enhanced, and thus can act as a 

limiting step for membrane flux[28].Values of pH are seen to dramatically influence the 

permeation flux as illustrated in Figure 5.5(a) where the graph has a steep slope and a 

significant difference between levels. In general, a more acidic feed  will cause a 

demulsification of the emulsion and lead to improved permeation flux [28].   
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(a) 

 

(b) 

Figure 5.5 Main effects of S/N ratios (a), Interaction plots (b) for the studied UF ZrO2 

membrane 



186 

 

Figure 5.5(b) presents the interaction plots between the different parameters for each 

operating level and its influence on permeate flux. The first row of the graph depicts the 

interaction of the parameter with TMP. The first graph from the left shows the 

interaction of TMP with temperature. For each level, opposite effects can be seen, and 

increasing the TMP does not lead to the usual increase in flux as it is offset by the 

influence of temperature. The second graph shows the interaction of TMP with CFV 

where at high levels of TMP, there is a linear increase in flux with CFV. The third graph 

shows the interaction of TMP with pH. It can be clearly seen that the interaction of pH 

is much stronger where the more acidic feed can generate a much larger flux than a 

basic feed even when at the highest TMP level. The second row shows the interaction of 

temperature with CFV. Overall, the general trend is a linear interaction with increasing 

CFV and temperature you expect an increase in flux. The next graph shows the 

interaction of temperature and pH. It shows that the influence of pH is much stronger on 

the flux than that of temperature. The last row and graph show the interaction of CFV 

and pH. The general trend is that with increasing pH, there is an overall decline in flux 

despite the influence of the CFV. 

Table 5.11 displays the contribution and effect of each parameter at different levels 

using the S/N ratio. The higher the S/N ratio, the higher the flux for that parameter 

level. When looking at the differences between the levels, in columns 5 and 6, a 

negative sign means the effect on the flux is declining and a positive sign means the 

effect is increasing. Having a large positive value for S/N reflects optimum conditions 

[28]. Therefore, the optimal parameters as predicted by the Taguchi analysis would be 

pH= 7, CFV= 1.8 m/s, TMP= 1.2 bar and a temperature of 40C. These conditions are 
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close to those in run 5 which had the largest permeation flux and the largest S/N ratio. A 

validation experiment was performed (run 10) at the operating parameters suggested by 

the Taguchi analysis, and indeed, they yielded a higher flux and S/N ratio than trial 5 as 

seen in Table 5.12. 

Table 5.11 Main effects of factors on S/N ratio 

Factors Level 1 Level 2 level 3 Level 2- Level 1 Level 3- Level 2 

TMP 52.4 53.1 50.8 0.62 -2.28 

Temp 51.1 55.0 50.2 3.92 -4.79 

CFV 50.4 51.4 54.5 1.07 3.08 

pH 54.5 55.5 46.2 1.04 -9.30 

 

Table 5.12 Validation experiment and predictions 

 

5.11 ANOVA results: 

The influence and importance of the four factors tested in this study on permeate flux 

are quantitatively determined by the analysis of variance (ANOVA) as shown in the 

following two tables. In Table 5.13, the percent contribution of the operating parameters 

on the permeation flux is shown. A graphical representaiton can be found in the 

supplemntary material (Figure D. 8).  pH has the largest value which means it 

contributes quite a bit to the membrane filtration function. The percent contribution is 

easily seen in Figure 5.6 as well. The pH can influcence  the membrane function in two 

ways. First, by changing the properties of the emulsion and/or by influcencing the 

surface charge of the membrane [30]. The second last column in Table 5.14 displays the 

F-ratio. It represents the ratio of variance due to the effect of a parameter on the 

Trials TMP 

(bar) 

Temp 

(
o 

C) 

CFV 

(m/s) 

pH Predictions of 

flux (L/m
2
·h) 

Experimental 

flux (L/m
2
·h) 

S/N 

ratio 

10 1.2 40 1.8 7.00 1099.61 

 

1075.95 

 

61.83   
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variance compared to the error term [30]. When the F-ratio is below one, the 

contribution of the factor is minimal, and is thus not a significant factor on the response. 

From the table, it is shown that TMP and temperature both have an F-ratio below 1, and 

their contribution is therefore, not very significant. Another way to interpret the 

ANOVA results is by removing the factor with the lowest contribution which yields the 

pooled ANOVA results shown in Table 5.14. The factor with the lowest contribution is 

the TMP. Once a pooled analysis is done as reported in the following table, the factor 

with the greatest contribution remains the pH. 

Table 5.13 Analysis of variance (ANOVA) - OA L9 

FACTOR DOF SUM OF square MEAN OF Square F-ratio P (%) 

TMP (bar) 2 55944 27972 0.29 7.36 

CFV (m/s) 2 232232 116116 1.22 30.54 

Temp 2 130455 65227 0.69 17.15 

pH 2 341831 170916 1. 80 44.95 

Error 0 0 0  0 

Total 8 760463 95058  100 

Error 2 341831 170916   

 

Table 5.14 Final results of variance analysis (ANOVA) – OA L9. 

FACTOR DOF SUM OF square MEAN OF Square F- ratio 

TMP POOLED 

CFV 2 232232 116116 4.15 

Temp 2 130454 65227 2.33 

PH 2 341831 170916 6.11 

ERROR 0 55944 27972  

TOTAL 8 470123 58765  

ERROR 2 142347 71173  

 

5.12 Performance of UF zirconium ceramic membrane 

The UF zirconium ceramic membrane has shown excellent performance for oil and 

TOC rejection with 98 and 99% rejection rates, respectively. This is comparable to 

Weschenfelder et al.[20] .who tested oil and grease content of  less than 3 mg L
−1

. Our 
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membrane showed better oil and grease removal than Zsiraj et al.[31] who tested silicon 

carbide and titanium dioxide UF and MF membranes using real produced water with 

residual permeation oil concentration of about 6.3–7.6 mg/L.  The details for all 

rejection tests are presented in Tables 5.15 to 5.17. 

Table 5.15 UF 0.05 μm permeate features at TMP 0.6 bar  

 

Parameter 

Feed Trial 1 Trial 2 Trial 3 

Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Permeate Rejection 

(%) 

Oil content 

(ppm) 

122 17.00 85.99 8.70 92.83 3.30 97.28 

Turbidity 

(NTU) 

382 0.55 99.86 1.00 99.74 1.00 99.74 

COD (mg/L) 1,454 610.00 58.05 620.00 57.36 470.00 67.68 

TDS (ppt) 12.81 10.82 15.53 11.27 12.02 11.30 11.79 

Conductivity 

(mS/m) 

25.36 21.62 14.75 22.70 10.49 22.68 10.57 

Salinity (%) 52.52 44.80 14.70 46.20 12.03 46.60 11.27 

TOC (mg/L) 101 2.28 97.74 0.54 99.47 2.01 98.01 

IC (mg/L) 17 6.62 61.76 11.07 36.05 4.26 75.39 

Zeta 

potential 

(mv) 

-10.02 -4.72 52.89 0.20 99.62 2.45 97.54 
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Table 5.16 UF 0.05 μm permeate features at TMP 1.2 bar 

Parameter Feed Trial 4 Trial 5 Trial 6 

Perm-

eate 

Rejection 

(%) 

Perme

ate 

Rejection 

(%) 

Perm-

eate 

Rejection 

(%) 

Oil content 

(ppm) 

122 11.41 90.59 2.00 98.35 3.00 97.53 

Turbidity 

(NTU) 

382 0.30 99.92 0.70 99.82 4.00 98.95 

COD (mg/L) 1,454 580.00 60.11 670.00 53.92 480.

00 

66.99 

TDS (ppt) 12.81 11.41 10.93 11.72 8.51 11.2

9 

11.87 

Conductivity 

(mS/m) 

25.36 22.89 9.74 23.49 7.37 22.6

6 

10.65 

Salinity (%) 52.52 47.30 9.94 48.50 7.65 46.5

0 

11.46 

TOC (mg/L) 101 1.06 98.95 10.20 89.91 16.0

9 

84.08 

IC (mg/L) 17 15.90 8.15 0.60 96.53 0.86 95.03 

Zeta potential 

(mv) 

-

10.02 

10.40 3.79 -2.39 76.15 6.30 91.73 

 

Table 5.17 UF 0.05 μm permeate features at TMP 1.8 bar  

  Feed Trial 7 Trial 8 Trial 9 

Perme

-ate 

Rejection 

(%) 

Perme

-ate 

Rejection 

(%) 

Perme

-ate 

Rejection 

(%) 

Oil content 

(ppm) 

121 10.00 91.76 2.70 97.77 3.00 97.53 

Turbidity 

(NTU) 

382 0.40 99.90 2.00 99.48 0.85 99.78 

COD (mg/L) 1,454 650.00 55.30 410.00 71.80 700.00 51.86 

TDS (ppt) 12.81 11.20 12.57 11.55 9.84 11.72 8.51 

Conductivity 

(mS/m) 

25.36 22.01 13.21 23.28 8.20 23.64 6.78 

Salinity (%) 52.52 46.60 11.27 48.00 8.61 48.20 8.23 

TOC (mg/L) 101 21.02 79.20 1.07 98.94 7.97 92.11 

IC (mg/L) 17 0.53 96.94 19.00 9.76 2.21 87.23 

Zeta 

potential 

(mv) 

-10.02 -4.70 53.09 4.50 55.09 -11.10 79.85 
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Table 5.18 Results of the validation experiment 

 Trial 10 

Parameter Feed Permeate Rejection (%) 

Oil content (ppm) 121 2 98.36 

Turbidity (NTU) 382 0.70 99.82 

COD (mg/L) 1,454 460.0 68.36 

TDS (ppt) 12.81 11.0 14.13 

Conductivity (mS/m) 25.36 20.0 21.14 

Salinity (%) 52.52 47.1 10.32 

TOC (mg/L) 101 1.27 98.74 

IC (mg/L) 17 3.0 82.35 

Zeta potential (mv)       -10.02 4.22 57.88 

 

5.13 The effect on membrane cleaning on flux recovery: 

High flux recovery is an important specification for any membrane poised for industrial 

scale application. In this study, different chemical agents were tested for their cleaning 

abilities. The highest flux recovery of 97% and achieved as reported in Figure 5.6. The 

solution was composed of 4 mM in sodium dodecyl sulfate (SDS) and 4 mM in 

ethylenediaminetetraacetic acid (EDTA). SDS allows for increasing the solubility of 

material and preventing it from re-attaching to the membrane wall [32]. The same flux 

recovery was achieved with 4% nitric acid (HNO3). 

 

 



192 

 

 

Figure 5.6 Flux recovery using different chemical cleaning solutions 

5.14 Critical flux determination: 

Once irreversible fouling occurs, which negatively affects the membrane function, it is 

said that the critical flux is reached [33]. The critical flux was determined using the flux 

stepping method. In this method, the permeation flux increases in steps and the TMP is 

allowed to rise freely. Once the TMP starts to rise, the critical flux is achieved and when 

the value is passed, irreversible fouling occurs [34].  

5.15 Flux- Stepping method: 

The variations of TMP with step increments of flux were studied at a crossflow velocity 

of 0.6, 1.2, 1.8 m/s. The permeation flux was initially set to 10 L/h and held constant for 

30 min. it was then increased to 30, 50, and 70 L/h, which corresponds to a flux of about 

1840, 3067, 4294 L/m
2
·h, respectively. Each flux step was maintained for about 20 min. 

In the following graph, the initial flux steps show a corresponding relatively stable 
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TMP. However, once the critical flux is reached, and fouling becomes significant, TMP 

rises sharply and does not stabilize. As shown in Figure 7, TMP starts to rise rapidly at 

flux of around 1400 L/m
2
·h at CFV of 0.6 m/s indicating that the critical flux is around 

1400 L/m
2
·h. Another way to assess the critical flux is to determine the deviation point 

from the pure water line flux as seen in Figure 5.8. In this Figure, the permeation flux 

achieved for different CFV is illustrated. Furthermore, the point where the flux starts to 

plateau and deviate from the pure water line indicates that the critical flux is reached. 

This can be found in the range between 1300 and 1400 L/m
2
·h. 

 

Figure 5.7 Flux stepping method, (for the studied UF ZrO2 membrane). 

5.16 Modeling of permeation flux decline: 

Table 5-19 shows the coefficient of correlation (R
2
) which have been used as the basis 

to identify the best model. R
2
 values for best fit of the experimental data to Hermia 
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models are also shown. The cake formation model has higher R
2
 values and is therefore 

considered the best model for correlating the permeation flux. 

 

 

Figure 5.8 Variation of stabilized permeation flux with TMP for different crossflow 

velocities (UF ZrO2 membrane) 

Table 5.19 R
2
 values of Hermia's models 

Experimental 

run # 

Standard 

pore blocking 

Complete 

pore blocking 

Intermediate 

pore blocking 

Cake 

formation 

1 0.88 0.85 0.91 0.94 

2 0.87 0.86 0.88 0.89 

3 0.68 0.61 0.69 0.82 

4 0.90 0.86 0.94 0.86 

5 0.99 0.98 0.99 0.98 

6 0.56 0.49 0.65 0.73 

7 0.75 0.70 0.81 0.86 

8 0.69 0.66 0.71 0.84 

9 0.93 0.77 0.98 0.97 

 

R² = 0.9991 
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Table 5-20 shows the contrast between the experimentally derived permeation flux 

values with the predicted values. The smallest discrepancy between the experimental 

and modeled permeation flux values is seen for the cake formation and the intermediate 

pore blocking models, and the largest is for the complete pore blocking model. This 

reemphasizes that the cake formation model is the best model for permeation flux 

predication. 

Table 5.20 Experimental and Hermia modeling obtained permeate flux results 

Trial # Standard 

pore 

blocking 

Complete 

pore 

blocking 

Intermediate 

pore blocking 

Cake 

formation 

Measured 

(L/m
2
·h) 

1 5712 570 582 569 755 

2 921 920 926 805 1058 

3 317 319 317 360 604 

4 317 315 328 360 529 

5 1725 1700 1775 1800 1952 

6 740 769 752 657 1763 

7 859 880 897 805 1423 

8 294 294 293 254 529 

9 1402 1264 1773 1470 2770 

 

5.17 ANN fitting 

Artificial neural networks (ANNs) have become quite popular today due to the advances 

in computer sciences and engineering. One of the major applications of ANN is function 

approximation from a given input/output information of a system. Based on a given 

dataset of I/O information, one can find an optimal mapping between inputs and outputs 

using ANN. Normally, ANNs have three main layers namely input layer, hidden 

layer(s) and output layer. The hidden layer itself could be multi-layered (shown in 

Figure 5.9 two such hidden layers).  
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Figure 5.9 Structure of a multilayer feed forward neural network (FFNN) with input, 

hidden and output layers 

In this research, we have five inputs and one output as depicted in Figure 5.9. ANN 

estimates the parameters of a mapping function that fits best our dataset, collected 

through experiments. The algorithms involved are iterative and most are based on 

gradient and rate of change of parameters in the original dataset. The inputs are given to 

the ANN and they are multiplied by some random weights and summed up into a new 

variable as the input of transfer functions of the first hidden layer. The number of 
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transfer functions depends on the number of neurons one chooses in each hidden layer. 

Finally, the output of the ANN is compared with the original output in the dataset and if 

the error is greater than a threshold value, the weights will be updated, and the training 

process continues until the goal is reached. One of the major characteristics of ANNs, is 

that they can easily capture nonlinearities of the model. In this research, MatLab ANN 

Toolbox was primarily used for the simulation. This toolbox has four different training 

algorithms and in the hidden layers and output layer transfer functions, one can choose 

from three different transfer functions. Table 5.22, shows the different algorithms and 

transfer functions available in this toolbox.  

Table 5.21 Training algorithms and transfer functions available in the ANN Toolbox 

Training algorithms Transfer functions 

‘trainlm’: Levenberg-Marquardt backpropagation 

‘trainbr’: Bayesian regularization backpropagation 

‘trainscg’: Scaled conjugate gradient backpropagation 

‘trainrp’: Resilient backpropagation 

‘logsig’ 

‘tansig’ 

‘purelin’ 

 

 

A flowchart of how the training performed is presented in Figure 5.10. In this work, 

85% of the experimental data was used for training purposes, and the other 15% of the 

data was used for validation and testing.  
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Figure 5.10 Flowchart for training ANN for predicting permeate flux 

5.18 Flux prediction using ANN 

A double layer ANN is used to predict flux based on the dataset given from 

experiments. In the input layer, the TMP, CFV, Temperature, pH and time are the 

variables selected, and in the output layer we find the permeation flux. Two hidden 

layers are defined with 40 neurons in each layer. A total of 1062 data samples were 

The dataset with 5 inputs and 1 output is 

created to train the network. Eighty-five % 

of the data are used for training, and 15 

percent is used for testing and validating the 

trained network 

Training the network 
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collected from the experiments, and are used for training the ANN. The performance 

function used for training is the mean squared error between experimental data and 

predictions based on the ANN. The MSE is calculated using the following equation:  

𝑀𝑆𝐸 =
1

𝑛
∑(𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)

2

𝑛

𝑖=1

 

Another performance measure called “Coefficient of Determination” (𝑅2) is used which 

indicates how well the prediction model estimates the experimental data and how close 

they are. It also shows how the prediction model displays the variability in the 

regression model. The larger the number is the better. The equation of the coefficient is 

as follows: 

𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
 

𝑆𝑆𝐸 = ∑(𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)
2

𝑛

𝑖=1

 

𝑆𝑆𝑇 = ∑(𝐹𝑙𝑢𝑥𝑖 − 𝐹𝑙𝑢𝑥̅̅ ̅̅ ̅̅ )
2

𝑛

𝑖=1

 

where, SSE is the sum of squared errors and SST is the sum of squared total. 𝐹𝑙𝑢𝑥̅̅ ̅̅ ̅̅  is 

also the mean value of the experimental data set. The results of training for a double 

layer ANN with four different training algorithms is shown in Figure 5.11.  
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Figure 5.11 Performance comparison for different training algorithms based on MSE 

and 𝑅2.  The left axis shows the MSE while the right axis shows coefficient of 

determination. 

As shown in Figure 5.11, the best performance is achieved using the Bayesian 

Regularization algorithm (trainbr). For these tests, a double layer ANN is used with 40 

neurons in each hidden layer and using ‘logsig’ for both the hidden layer and output 

transfer functions. Results in Figure 5.11 are only based on the data for experiment 1 as 

an example. In Table 5.23, a comparison among the different training algorithms and 

transfer functions in terms of training performance (MSE) is provided. 

The best performance is achieved when using Bayesian Regularization as the training 

algorithm and using ‘logsig’ transfer functions. The results provided in this table are for 

the first experiment (the results for other experiments are very similar). Two hidden 

layers are used, and the transfer functions of both layers are assumed to be the same.  
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Table 5.22 Comparison among different training algorithms and using different transfer 

functions in terms of training performance (MSE)  

Training 

algorithm 

Hidden layer transfer 

function 

Output layer transfer 

function 

Performance 

trainbr  logsig logsig  0.00015 

tansig 0.360 

purelin 1.79 

tansig  logsig  33.91 

tansig 2.05 

purelin 0.218 

purelin logsig  21.77 

tansig 15.70 

purelin 45.23 

trainlm  logsig logsig  0.057 

tansig 22.57 

purelin 19.95 

tansig  logsig  1.93 

tansig 9.28 

purelin 10.16 

purelin logsig  61.64 

tansig 0.923 

purelin 53.75 

trainscg logsig logsig  190.85 

tansig 303.47 

purelin 220.36 

tansig  logsig  177.69 

tansig 95.12 

purelin 66.18 

purelin logsig  135.12 

tansig 122.55 

purelin 380.90 

trainrp logsig logsig  702.84 

tansig 693.26 

purelin 554.48 

tansig  logsig  671.99 

tansig 600.15 

purelin 367.49 

purelin logsig  819.81 

tansig 915.48 

purelin 1018.29 

 

We proceed in presenting the results of training an ANN with two hidden layers, 40 

neurons in each hidden layer and choosing ‘logsig’ transfer function for the hidden and 



202 

 

output layers based on the data of all experiments. The results of training the ANN 

based on experimental data found that as the number of neurons in the first hidden layer 

increases the performance of the model improves as shown by the decreased 

requirement of training (see supplementary material – Figure D. 9). The performance 

appears to be influenced more by the number of neurons in the first hidden layer vs. the 

second hidden layer where the lowest MSE is seen at higher neurons in the first layer 

(see supplementary material Figure D .10). Having the larger number of neurons in the 

second layer doesn’t not improve the performance as much. Furthermore, as the number 

of epochs increases in each hidden layer alongside the number of neurons, the 

performance of the network improves (see supplementary material – Figure D .( 11-12).   

In Figure 5.12, the regression line obtained after training the double layer ANN is 

presented. It is as close to a perfect fit as possible, meaning that the prediction model 

accurately correlates the permeate flux values. The coefficient of determination is found 

to be more than 0.99 for the network predictions. This indicates that the neural networks 

have been well trained. 
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Figure  5.12 Regression line for flux prediction for experiment 1 

Finally, in Figure 5.13, predictions of permeation flux using the double layer ANN 

model with 40 neurons in each hidden layer are presented with the actual data from 9 

different experiments. The red line is the estimation or prediction from ANN model, and 

the black circles are the actual experimental dataset used for training the ANN. The 

ANN model perfectly fits the experimental data.  
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Figure 5.13 Comparison of experimental and neural network predicted permeate flux 

(for the studied UF ZrO2 membrane) 
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5.19 Conclusions 

A novel 0.05 μmUF zirconium-based membrane was tested in treating produced water 

using the Taguchi methodology. The membrane has shown an excellent performance for 

oil and TOC rejection with 98 and 99% rejection rates, respectively, but also delivered a 

high permeation flux of 1007.28 L/m
2
·h. In addition, it could achieve a turbidity 

rejection of over 99.9%. The Taguchi experimental analysis revealed that among the 

five variables tested, the pH has the largest contribution to permeation flux decay. 

Based on the experiments, the highest steady permeation flux was found at 40°C, a 

TMP of 1.2 bar, a CFV of 1.8 m/s and a pH of 5.  On the other hand, the predicted and 

validated optimal operating parameters are a temperature of 40°C, TMP of 1.2 bar, CFV 

of 1.8 m/s and pH of 7.  After cleaning, a flux recovery of over 97% was obtained using 

NHO3. Based on the results obtained, the membrane used seems to be a very promising 

ceramic membrane for testing in a pilot plant. Fouling was modeled with the Hermia 

models, and the cake formation model was found to be the best in correlating the 

experimental results.  

A prediction model for permeate flux as a function of TMP, CFV, Temperature, pH and 

time using ANN is also presented. The ANN had two hidden layers and each layer had 

40 neurons. The best training performance is achieved when using Bayesian 

Regularization algorithm. For a performance measures, both MSE and coefficient of 

determination were used. A sensitivity analysis of training performance to parameters 

such as number of neurons in each hidden layer, number of epochs and different 

training algorithms and transfer functions, was performed. A total of 1062 data were 

collected from 9 experiments and used to train the ANNs. The training performance in 
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the best case achieved a mean squared error of   10
-5

 and coefficient of 

determination (𝑅2)of 0.9999.   
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6 Chapter 6:  A comprehensive experimental and 

artificial network investigation of the performance 

of an ultrafiltration titanium dioxide ceramic 

membrane: Application in produced water 

treatment 
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Abstract 

 

Production of oily wastewaters from the petroleum industries is alarming, and effective 

ways to manage this potential environmental hazard are essential. Membrane 

technology has shown to be an effective solution to the treatment of produced 

wastewater. This work presents an experimental investigation of the effects of operating 

conditions on the performance of a novel titanium-based ceramic ultrafiltration 

membrane in the treatment oily water. The membrane achieved high permeation flux 

values with superior anti-fouling properties. To design the experiments and optimize the 

operating conditions, the L9 orthogonal arrays of the Taguchi method and a response 

category of the-larger-the-better criterion were applied and used to predict the optimal 

operating conditions. The predicted and experimentally validated optimal operating 

conditions are found to be: a temperature of 50 °C, a transmembrane pressure of 1.8 bar, 

a crossflow velocity (CFV) of 1.2 m/s and a pH of 5. Under these conditions, an almost 

oil free permeation is obtained along with more than 99% TOC and high salinity 

rejections. This reflects the great efficacy of this novel UF membrane with strong 

antifouling property. This suggests the use of this UF membrane as a pretreatment step 
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for reverse osmosis water, eliminating the need for microfiltration step. Hermia's 

models were used to fit the flux decline behavior in order to determine which of the 

Hermia’s four models better explains the behavior of the membrane. It is found that the 

cake formation model fits the flux declining behavior better than the other models. 

Furthermore, four fitting techniques based on artificial intelligence (AI) methods are 

used to fit the flux declining behavior. These models include Artificial Neural Networks 

(ANN), Adaptive Neuro-Fuzzy Inference System (ANFIS), Radial Basis Functions 

(RBF) and Generalized Regression Neural Network (GRNN). Using these methods 

along with the experimental datasets, prediction models are derived. The mean squared 

errors between the experimental data and predictions for each model are calculated and 

compared. Results show that the best fit with the experiments is achieved with the 

double layer feedforward backpropagation neural network model.  AI modeling 

methods are emerging as highly important and accurate fitting approaches. They have 

shown to outperform the Hermia modules for the modeling of oily water filtration. 

 

Highlights: 

 UF titanium membrane with high permeation flux 

 Oil free permeate was achieved using UF titanium membrane 

 High salinity and TDS rejections were achieved 

 Modeling performed using four Artificial Intelligence techniques 

 

Key words: Ultrafiltration, ceramic membrane, oily water emulsion 
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6.1 Introduction 

 

In petroleum production, water contaminated with oil is produced in large quantities 

that surpasses the production of oil barrels. It is estimated that approximately 21 billion 

bbls [1] of produced water are generated each year in the United States alone from 

about 900,000 wells [1]. This is equivalent to about 2.4 billion gallons per day. With the 

expanding demand for clean water, as natural supplies dwindle, it is increasingly 

important for survival on earth to find new efficient technologies for produced water 

treatment. Discharging produced water without treatment has many hazards to the 

environment and the surrounding ecosystems. Membrane separation technology is one 

of the most effective ways for the treatment of produced water. It offers many 

advantages such as low energy usage, ease of application to large scale processes, and 

many others. Ceramic membranes are gaining popularity due to their favorable 

characteristics including high mechanical resistance, thermal stability and chemical 

inactivity. They also have unique surface properties that allow for decreased oil 

adherence to the surface, and easier removal of the attached oil droplets. 

Titanium dioxide is becoming a popular inorganic filler used in both ceramic and 

polymeric membranes. In general, the use of mineral oxides in membrane preparation 

leads to an electrically charged membrane surface due to the properties of the surface 

hydroxyl groups [2]. TiO2 has the advantages that make it stable under severe operating 

conditions. It is commercially available and easy to prepare. In addition, it improves the 

hydrophilicity of the membrane leading to enhanced permeation flux. Ebrahimi et al. [3] 

investigated an ultrafiltration (UF) titanium dioxide membrane for treating metallic-

based industry emulsions. They set up a multistage system through which they were 
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able to achieve an oil rejection of up to 93% with a microfiltration (MF) aluminum 

dioxide membrane as a pre-treatment step, and up to 99.5% with an UF titanium dioxide 

membrane followed by a nanofiltration (NF) titanium dioxide membrane as the final 

stage [3]. In another study, Ebrahimi et al. [4] reported an oil rejection of 99% and a 

TOC rejection of up to 39% using an UF titanium/aluminum dioxide membrane with 

synthetic oily water feed [4]. Zhang et al. [2] looked at Al2O3–TiO2 composite 

membrane with a pore size of 0.2 m for the treatment of oily water. They found that 

the composite membrane had an increased hydrophilicity expressed by a decrease in 

contact angle when compared to the pristine Al2O3 membrane. They concluded that the 

addition of titanium contributes to the increase in the hydrophilic groups on the 

membrane surface. In addition, the composite membrane had a higher pure water flux, 

and a 30% higher steady state flux of filtered water. Titanium provided therefore more 

hydrophilic groups leading to a decreased oil adsorption on the membrane surface, 

improving the flux and decreasing fouling [2]. Membrane fouling is currently the 

biggest drawback facing membrane technology. Membrane fouling is a result of solute 

buildup on the surface of the membrane or within the internal membrane structure [5].0 

The fouling layer can act as additional resistance layer that increases the overall 

hydraulic resistance of the membrane or it can block membrane pores. By blocking the 

pores, it leads to decreased efficiency and increases the transmembrane pressure [5]. 

Fouling can be reversible where it is also called concentration polarization or it can be 

irreversible where molecules and particles stick, permanently, to the inside of 

membrane pores [6]. Thus, membranes that provide low fouling attributes are usually 

sought for in industrial application. Furthermore, the estimation of flux decay with time 
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and fouling patterns have seen a dramatic increase in research interest. One of the most 

common predictive models used for the permeation flux decline are the work of Hermia 

[7]. He developed four empirical models to describe different patterns of membrane 

fouling based on constant pressure filtration experiments [7]. The models describe 

mainly four types of pore blocking mechanisms, namely, the standard pore blocking, 

intermediate pore blocking, complete pore blocking, and cake formation [7].  The four 

models are described by the following formula: 

𝐽−𝑛 = 𝐽0
−𝑛 + 𝐾𝑡                                                                      (1) 

where, J, J0, are the permeation flux, and initial permeation flux, respectively, K is 

phenomenological resistance and t is the time. The exponent n is assumed to be 0.5 for 

standard pore blocking model, 1.0 for the intermediate pore blocking model and 2.0 for 

cake formation model. Figureure 6-1 shows a schematic representation of the different 

blocking mechanisms according to Hermia representation. 

 

Figure 6.1 Representation of different membrane fouling: a) complete pore blocking, b) 

standard blocking, c) cake layer formation, d) intermediate blocking 

 

Another predication methodology for the permeation flux decline, that has also been 

explored in this study, is related to the use of artificial intelligence (AI) techniques. 

These techniques are used to fit a large database of experimental results. The AI 

techniques used in this study include: Artificial Neural Networks (ANN), Adaptive 
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Neuro-Fuzzy Inference System (ANFIS), Radial Basis Functions (RBF) and 

Generalized Regression Neural Network (GRNN). ANN uses the concept of 

interconnected elements arranged in layers that can self-learn and generate relationships 

between input and outputs of experimental data [8]. The basic structure of the ANN is 

the neuron which takes an input such as experimental parameters, and manipulates the 

input singles and generates an output signal [9]. The input parameters are affected by a 

weight factor and each neuron uses the weighted inputs to calculate an output signal 

using a transfer function [9]. Each neuron also has another source of input called an 

internal threshold which is a randomly chosen that governs the neurons net input. The 

net output is governed by the transfer functions which can include a linear transfer 

function, a sigmoid transfer function or a hyperbolic tangent transfer function [9]. A 

neural network is therefore composed of multiple neurons performing these functions in 

parallel or in sequence. The input factors adjusted in the training process include the 

weight factors and the internal thresholds to allow the network to predict certain outputs 

for a given data input set [9]. The training algorithms can vary. The second technique 

used for permeation flux prediction is a fuzzy system (ANFIS). ANFIS combines the 

technique of ANN and the fuzzy inference system (FIS) and thus offers the 

computational power of ANN and the reasoning abilities of FIS [10]. ANFIS is 

multilayer interconnection of elements that uses a learning algorithm to relate input and 

output data that uses neural network training to optimize its parameters [10, 11]. Radial 

Basis Functions is another nonlinear simulation model used for flux prediction. It is 

based on a network of neuron layers similar to ANN except it employs a radial activated 

function [12].  
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The importance of fouling minimization is well established in membrane technology 

research. Determinants of fouling requires acquiring information about feed 

characteristics, surface membrane properties and operating conditions. Operating 

conditions can dramatically influence permeation flux and fouling formation. There are 

many hydrodynamic conditions that are targeted for the optimization of membrane 

performance such as temperature, transmembrane pressure (TMP), crossflow velocity 

(CFV), and pH. Hydrodynamic conditions do not influence fouling formation in the 

same way. For example, increasing TMP can increase fouling, conversely increasing 

CFV decreases fouling. This implies that there exists a certain combination of the 

operating conditions such that the goal function (permeation flux) is maximized. 

Finding the optimal level for each parameter through a standard parameter-at-a-time 

experiments can be expensive and time consuming. This can be circumvented by using 

an experimental design based on a fractional factorial design called the Taguchi method 

[13]. This method allows the investigation of a system by a set of factors of varying 

levels that impact a specific response [14]. In this study, the system is the membrane 

filtration and the factors are the operating parameters, and the specific response is the 

permeation flux [14]. Fortunately, the Taguchi method offers a unique tool for the 

determination of optimal conditions and the predication of optimum parameters.  

In this study, a titanium oxide ceramic membrane with an average pore size of 0.005 

µm is investigated for its optimal operating conditions using the Taguchi method. This 

membrane is tested for a feed in the form of a synthetic oily water emulsion that 

replicates the properties and concentrations of a typical Bakken oil produced water in 

Western Canada. A statistical analysis of variance is used to determine the factors with 
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the greatest impact on permeation flux. In addition, the rejection capacity of the 

membrane is assessed for different operating conditions, for each experimental run. 

Flux decline measurements are fitted with the four Hermia models to identify which 

model best fit the data. The best fit exercise is also performed using the AI techniques. 

6.2 Experimental methodology 

6.2.1 Theory 

Permeation flux represents the basic membrane functionality. Membrane flux is 

controlled by hydrodynamic conditions such as TMP, CFV, and temperature but also 

pH. Another major influential player that has a negative impact on permeation flux is 

fouling. The instantaneous permeation flux J (L/ m
2
·h) of a membrane is obtained 

experimentally via the following equation 

𝐽 = 𝑉/(𝐴 𝛥𝑡)                                                                   (2) 

where the permeation volume is represented by V (L), A (m
2
) denotes the membrane 

area, and Δt(hours, h) represents the filtration duration [15]. The flux is a reflection of 

permeation rate whereas the fouling resistance illustrates the impact of the additional 

resistance due to the formation of cake layer at the surface of the membrane [16]. 

Fouling resistance at any time can be calculated using the following relationship: 

𝑅𝑓 = (
𝑇𝑀𝑃

𝜇𝐽𝑤𝑤
) − (

𝑇𝑀𝑃

𝜇𝐽𝑤𝑖
)                                                     (3) 

where,  is the solution viscosity, Jwi is the initial water flux and Jww is the water flux 

after fouling [16]. While the development of fouling resistance may be captured using 

the above relationship, it is the final resistance that is usually reported when the flux 
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declining profile nearly plateaus. The fact that the permeation flux plateaus after some 

time of membrane’s operation implies that the resistance, due to fouling, has reached a 

much slower increasing trend. It is suggested that a phenomenon called concentration 

polarization may the reason for such a trend of fouling resistance [11]. 

6.3 General procedure 

Two modes of experimental studies with respect to membranes performance exist. This 

includes a flux-controlled and a TMP-controlled technique. In the flux-controlled case, 

the permeation flux is controlled by allowing the feed pressure to change to 

accommodate the development of fouling resistance. In the TMP-controlled case on the 

other hand, the feed pressure is held constant and the permeation flux declines with time 

due to the increase of fouling resistance. Both methodologies have been considered in 

this work. Determination of the critical pressure beyond which the flux-pressure 

relationship starts to deviate from the linear variation marks an important parameter 

associated with the operation of membranes. It represents, physically, the moment at 

which irreversible fouling occurs.  

Figure 6.2 shows a schematic diagram of the experimental setup of the filtration 

system used in this study. It is based on Labrain filtration unit manufactured by Liqtech. 

With the aid of a pump, the feed is pumped through the filtration unit. The flow, TMP 

and CFV are controlled via various valves. All operating conditions such as TMP, CFV, 

temperature, and valve opening percentages, permeation flow rate, retentate flow rate 

and feed flow rate are automatically logged every 3 seconds by the filtration setup. The 

retentate is directly returned to the storage tank for further circulation. The permeation 

flow once measured, is returned to the feed tank to maintain a feed with a constant 



221 

 

concentration. The oil rejection efficiency is calculated using the following equation 

[17]: 

 𝑅𝑜 =  
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
  100%                                                   (4) 

where, Cf and Cp are the concentrations of the feed and permeate, respectively. The 

temperature, which is another parameter that is considered to affect the performance of 

the membrane and is controlled using a heating system. All experiments are conducted 

in crossflow mode, and each took about 1.5 hours to complete. A volume of 24 L of 

synthetic oily emulsion was prepared and characterized for each experimental run.  

6.4  Measurements 

Produced water is a mixture of several compounds including oil, salts, organic and 

inorganic materials and others. As such, different measuring techniques need to be 

adapted to quantize the amount of every component. In this study, the oil content was 

measured using the oil content analyzer (OCMA 350 by Horiba) with a measurement 

error of ±2 mg/L. The total organic carbon (TOC) was measured with a TOC-LCPH 

combustion analyzer by Shimadzu with a measurement error of ±7 mg/L. The total 

dissolved solids (TDSs) were measured using the HI 4522 TDS manufactured by Hanna 

with a measurement error of ±0.37 ppt (±0.68 mS/m). The chemical oxygen demand 

(COD) was measured using a DR 5000 sepctrophotometer manufactured by Hach with a 

measurement error of ±23 mg/L.  The droplet size was assessed using the Mastersizer 

3000- Hydro LV by Malvern with a measurement error of ±0.6 %. The zeta potential is 

measured using a Zetasizer Nano-ZS manufactured by Malvern with a measurement 
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error of± 0.6mv. The pH was measured using an F-55 Benchtop meter (Horiba) with a 

measurement error of ± 0.001. 

 

Figure 6.2 P&ID of the LabBrain setup [adapted from (18)] 

 

Table  6.1 Characteristics of ceramic membrane used in this experiment  

Characteristics Description  Description Schematic of the cross section 

Material TiO2  

 

Dimensions, mm 25 ±1 x 305±1  

Diameter, mm 25±1 

Channel Diameter, mm 2.8±0.1 

Membrane filtration area, m
2
 0.079±0.006 

pH range 0-14 

Operating pressure, bar Max 15bar 

Maximum temperature, °C 120 

Nominal Pore Size 0.005µm 
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6.5 Membrane Specifications 

In this study, a titanium-based ultrafiltration ceramic membrane was used in the Labrain 

filtration unit. The characteristics and specifications of the membrane used in this study 

are given in Table 6.1. The membrane has 31 hexagonal channels with a length of 

1.4 ± 0.1 mm, as shown schematically in Table 6.1. The filtration area which is used in 

determining the permeation flux is 0.079 ± 0.006 𝑚2.  

6.6 Feed preparation  

Oil-in-water emulsion was obtained by mixing 0.3 mL of oil with various salts in a total 

volume of 2L of reverse osmosis water. The types of salts used are listed in Table 6.2. 

The oil used was obtained from Southern Saskatchewan Bakken area with a density of 

0.87844 g/cc measured using a Density Meter DSA 5000M (Anton Paar) at 22.5 C° 

with uncertainty of ±0.000005 g/cm
3
. The oil viscosity was measured using a DV-II 

+Pro viscometer (Brookfield), and is found to be 5.23 cp at 22.5 C° with an uncertainty 

of ±0.01 vp. The mixture was blended for 2 min to allow for emulsification and the 

process was repeated for a total volume of 24 L. The pH of the feed was modified 

according to the required pH depending on the experimental run using either NaOH or 

HCl. A pH of 11 was achieved by adding 1M NaOH, and a pH of 5 was achieved by 

adding 1 M HCl. The pH was determined with the pH meter with accuracy of 0.001. 

The feed mixture was heated to obtain the desired temperature for the feed solution 

(±1C). The feed characteristics are shown in Table 6.3. 
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Table  6.2 Salts used for feed water preparation (within ±0.01g) 

Type of Salt Weight in grams per 2L of RO water Source 

Calcium chloride 2.68 Sigma-Aldrich 

Magnesium chloride 1.76 Sigma-Aldrich 

Sodium chloride 21.19 EMD chemicals 

Sodium bicarbonate 0.36 Sigma-Aldrich 

Potassium chloride 0.62 Sigma-Aldrich 

Sodium sulphate 0.45 Sigma-Aldrich 

 

Table 6.3 Feed characteristics 

Parameter Feed 

Oil content (ppm) 122 ±2 

Turbidity (NTU) 382 ±2 

COD (mg/L) 1454 ±23 

TDS (ppt) 12.81 ±0.37 

Conductivity (mS/m) 25.36 ±0.68 

Salinity (%) 52.52 ±1.45 

TOC (mg/L) 101 ±7 

IC (mg/L) 17 ±1 

Size Distribution (µm) Dv10 0.6±0.01 

Dv50 8.20±0.05 

Dv90 20.55±0.03 

 

6.7 Cleaning procedure 

In this study, the agents used for cleaning the fouled membrane are outlined in Table 

6.4. Various types of agents were used which included an alkaline, acidic, chelating 

agent and surfactant-based cleaning agents which were tested in different combinations 

for best flux recovery.  

Table 6.4 List of cleaning solutions used in the experiment 

Cleaning solutions Concentration in the feed 

NaOH- Sodium hydroxide 4% 

EDTA - Ethylene diamine tetra acetic acid 3 mM 

SDS - Sodium dodecylsulphate 4 mM 

H3PO4 – Phosphoric acid 2-4% 

HNO3 - Nitric acid 4% 

 C6H8O7 -Citric acid 2% 
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The concentration in the feed for each chemical was obtained by mixing the 

chemical with water to achieve the final concentration. All chemicals were purchased 

from Fisher Scientific except for nitric acid, which was obtained from BDH chemicals. 

The feed used was the same for all the experiments with the characteristics outlined in 

Table 6.3 with a pH of 7, and at 25C. A RO flux was initially measured, and then 

measured again after 1.5 hours of feed filtration. 

6.8 Experimental design based on the Taguchi method 

The Taguchi methodology involves designing the experimental matrix, performing the 

experiments, selecting the levels for each of the factors being investigated using the 

signal-to-noise ratios and ANOVA for the analysis of the results. The experimental 

matrix is planned by declaring the number of factors needed in the system. In this study, 

four factors (TMP, CFV, pH and temperature) with three levels (low, medium, and 

high) were chosen as shown in Table 5. By selecting the L9 orthogonal array, the 

number of experiments needed to examine the important effects can be condensed to 9; 

whereas full a factorial experimentation would require 3
4
 i.e. 81 experiments. 

Permeation flux and removal efficiencies were obtained at the nine candidate conditions 

for each run.  ANOVA is used to determine the significance of each factor. Tables 6.5 

and 6-6 show the typical data required to implement the experimental work. 

Table 6.5 Parameters and their corresponding values based on their levels 

Parameter Designation 1 2 3 

TMP (bar) ±0.1 A 0.6 1.2 1.8 

CFV (m/s) ±0.1 B 0.6 1.2 1.8 

Temp ±1
o
C C 30 40 50 

pH ±0.01 D 5.00 7.00 11.00 
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Table 6.6 Values of parameters for each experimental run performed 

Experimental Run TMP (bar) Temperature CFV (m/s) pH 

1 0.6 30 0.6 5.00 

2 0.6 40 1.2 7.00 

3 0.6 50 1.8 11.00 

4 1.2 30 1.2 11.00 

5 1.2 40 1.8 5.00 

6 1.2 50 0.6 7.00 

7 1.8 30 1.8 7.00 

8 1.8 40 0.6 11.00 

9 1.8 50 1.8 5.00 

 

6.9 Results and Discussion 

6.9.1 Flux decline phenomenon: 

In oily water treatment, membrane flux naturally declines over the course of filtration. 

In Figure 6.3, the permeate flux is shown for each of the performed experimental runs. 

The flux initially decays rapidly as fouling develops and then slows progressively. From 

the graph and Table 6.8 it is obvious that experimental run 9 achieved the highest steady 

flux of 440.68 L/m
2
·h with an overall 28.6% flux decay. The steady state flux achieved 

is considered high when compared to other ceramic membranes in the literature [18-21]. 
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Figure 6.3 Permeate flux decline as a function of time 

 

 

 

Table 6.7 Operating conditions and the measured permeation flux 

Trials TMP (bar) Temp (
o
C) CFV (m/s) pH Steady state Flux L/h·m

2
 SN ratio 

1 0.6 30 0.6 5.00 125.91 42.00 

2 0.6 40 1.2 7.00 125.91 42.00 

3 0.6 50 1.8 11.00 151.09 43.58 

4 1.2 30 1.2 11.00 201.46 46.08 

5 1.2 40 1.8 5.00 251.82 48.02 

6 1.2 50 0.6 7.00 264.41 48.44 

7 1.8 30 1.8 7.00 277.00 48.84 

8 1.8 40 0.6 11.00 239.23 47.57 

9 1.8 50 1.2 5.00 440.68 52.88 

 

6.10 Taguchi Results: 

The concept of a ‘signal’ and ‘noise’ in Taguchi methodology represents the favorable 

value and unfavorable value for output parameters. The S/N ratio is used to optimize the 
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response of the parameter of interest (in this case, the permeation flux) [22]. The S/N 

ratio equation is based on the criteria set for the desired response such that if a high flux 

is desired, then “the larger the better” criterion is chosen for the S/N ratio calculations 

[22]. The following equation reflects this relationship: 

𝑆/𝑁 =  −10𝑙𝑜𝑔10
1

𝑀𝑆𝐷
                                                    (5) 

where, MSD is the mean square deviation. Since the larger the better criterion was 

chosen, the largest S/N ratio obtained for each individual experiment reflects the 

optimal operating conditions. The experimentally obtained steady flux and the 

calculated S/N ratio for each experimental run using the Taguchi analysis are listed in 

Table 6.7. The highest S/N ratio is found for experimental run 9 which means that the 

optimal parameters are TMP 1.8 bar, temperature 50C, CFV 1.2 m/s and pH of 5. The 

Taguchi analysis also provides the average for each S/N ratio obtained at each level for 

every factor. This allows us to determine the optimal level for each factor. In Figure 6.4, 

the mean for each S/N ratio is graphed. From this graph, it can be concluded that the 

optimal conditions are obtained when both the TMP and temperature are at the highest 

level, CFV at the middle level and the pH at the lowest level.  When examining the 

effects of the hydrodynamic conditions, it is expected that a high CFV will have a 

positive effect on the permeation flux since at high CFV the formation of concentration 

polarization is limited by the increase in turbulence intensity [22]. In the Taguchi 

analysis prediction, both the middle and the high levels are very close for the studied 

membrane. When examining the effect of temperature, it is expected that a high level of 

temperature will increase the flux due to its influence on both viscosity and density. 

This is clearly seen in Figure 6.4 where the highest mean of S/N ratios is obtained at the 
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highest level for temperature and by the dramatic increase in the slop of the line. Next, 

the effect of TMP is studied, and it is found that the highest level corresponds with the 

optimal outcome. This is expected as TMP and permeate flux have a linear relationship 

until the critical flux is reached. The last parameter, pH, shows that in acidic feeds, the 

permeation flux is optimized. In general a more acidic feed will have a positive impact 

on permeation flux because a lower pH causes demulsification of the emulsion [22]. 

The optimal hydrodynamic conditions as predicted by the Taguchi analysis are similar 

to the conditions of experimental run 9, therefore validating the results. 

 
Figure 6.4 Mean of SN ratios 

6.11 ANOVA results: 

To determine the contribution of each factor on permeation flux prediction, an analysis 

of variance (ANOVA) is performed. The last column in Table 6.8 shows the percentage 

contribution of each factor to the response (permeate flux) which can also be described 
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as the influence of one factor on the total observed variance in the experiments [23]. As 

presented in the table, TMP has the biggest value which means it contributes the most to 

membrane flux determination. The CFV has the lowest contribution. The second last 

column in Table 6.8 displays the F-ratio. The F-ratio represents the ratio of variance due 

to the effect of a special factor on the variance compared to the error term [23]. When 

the F-ratio is below one the contribution of the factor is negligible. From the table it is 

shown that the CFV, temperature and pH have an F-ratio below 1 and thus their 

contribution is not significant.  

Table 6.8 Analysis of variance (ANOVA) – OA L9 

FACTOR DOF SUM OF square MEAN OF Square F-ratio P (%) 

TMP (bar) 2 51470.22 25735.11 2.67 66.80 

Temp 2 13422.42 6711.21 0.69 17.42 

CFV (m/s) 2 3276.33 1638.16 0.17 4.25 

pH 2 8877.82 4438.91 0.46 11.52 

ERROR 0 0 0  0 

TOTAL 8 77046.80 9630.85  100 

ERROR 2 8877.82 4438.91   

6.12 Performance of the UF titanium membrane 

The novel titanium membrane has shown excellent rejection results. The permeation 

displayed an almost oil free content with over 99% TOC removal. As seen in Table 6.9, 

the oil and TOC rejection is recorded for each experimental run. Tables 6.(9-12) contain 

all the rejection test results obtained. COD removal achieved is just above 78%. This 

membrane was able to achieve higher rejection rates of salinity and TDS of 

approximately 36% and 35% respectively. 
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Table  6.9 Rejection results for each experimental run 

Trials TMP (bar) Temp CFV (m/s) pH Oil rejection TOC rejection 

1 0.6 30 0.6 5.00 98.93 97.74 

2 0.6 40 1.2 7.00 99.02 98.41 

3 0.6 50 1.8 11.00 98.93 98.27 

4 1.2 30 1.2 11.00 99.09 77.57 

5 1.2 40 1.8 5.00 98.26 94.78 

6 1.2 50 0.6 7.00 98.93 97.24 

7 1.8 30 1.8 7.00 95.21 96.63 

8 1.8 40 0.6 11.00 97.77 97.71 

9 1.8 50 1.2 5 98.93 99.01 

 

Table 6.10 UF 0.05μm permeate characteristics and rejection percentages at TMP 0.6 

bar 

 Trial 1 Trial 2 Trial 3 

Parameter Feed Perm-

eate 

Reject- 

tion (%) 

Feed Perm

-eate 

Rejecti

-on 

(%) 

feed Perm

-eate 

Rejection 

(%) 

Oil content 

(ppm) 

122 1.3 98.93 122 1.2 99.02 122 1.3 98.93 

Turbidity 

(NTU) 

382 0.65 99.83 382 1 99.74 382 0.45 99.88 

COD (mg/L) 1454 410 71.80 1454 460 68.36 1454 460 68.36 

TDS (ppt) 12.81 9.8 23.50 12.8

1 

10.2

3 

20.14 12.8

1 

10 21.94 

Conductivity 

(mS/m) 

25.36 19.24 24.13 25.3

6 

21.3 16.01 25.3

6 

20 21.14 

Salinity (%) 52.52 41 21.93 52.5

2 

43 18.13 52.5

2 

49 6.70 

TOC (mg/L) 101 2.28 97.74 101 1.61 98.41 101 1.75 98.27 

IC (mg/L) 21 6.62 67.71 21 18.5

5 

9.51 21 0.91 95.56 

 

 

 

 

 

Table 6.11 UF0.005μm permeate characteristics and rejection percentages at TMP 1.2 

bar 

  Trial 4 Trial 5 Trial 6 
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Parameter Feed Perm-

eate 

Rejection 

(%) 

Feed Perm-

eate 

Rejection 

(%) 

feed Perm-

eate 

Rejection 

(%) 

Oil content 

(ppm) 

122 1.1 99.09 122 2.1 98.26 122 1.3 98.93 

Turbidity 

(NTU) 

382 1.4 99.63 382 0.7 99.82 382 1.4 99.63 

COD (mg/L) 1454 440 69.74 1454 630 56.67 1454 350 75.93 

TDS (ppt) 12.81 11 14.13 12.81 11 14.13 12.81 10.3 19.59 

Conductivity 

(mS/m) 

25.36 22.89 9.74 25.36 22.9 9.70 25.36 20.69 18.41 

Salinity (%) 52.52 47.4 9.75 52.52 47.1 10.32 52.52 42 20.03 

TOC (mg/L) 101 22.65 77.57 101 5.27 94.78 101 2.79 97.24 

IC (mg/L) 21 1.06 94.83 21 10.2 50.24 21 4.57 77.71 

 

 

 

Table 6.12 UF 0.005 μm permeate characteristics and rejection percentages at TMP 1.8 

bar 

  Trial 7 Trial 8 Trial 9 

Parameter Feed Perm

-eate 

Rejectio

n (%) 

Feed Perm

-eate 

Rejectio

n (%) 

feed Perm

-eate 

Rejection 

(%) 

Oil content 

(ppm) 

122 5.8 95.21 122 2.7 97.77 122 1.3 98.93 

Turbidity 

(NTU) 

382 0.6 99.84 382 0.5 99.87 382 0.7 99.82 

COD (mg/L) 1454 390 73.18 1454 420 71.11 1454 550 62.17 

TDS (ppt) 12.81 8.81 31.23 12.81 8.53 33.41 12.81 8.9 30.52 

Conductivity 

(mS/m) 

25.36 17.7 30.21 25.36 17.1 32.57 25.36 22.72 10.41 

Salinity (%) 52.52 36.6 30.31 52.52 35.4 32.60 52.52 46.6 11.27 

TOC (mg/L) 101 3.4 96.63 101 2.31 97.71 101 1 99.01 

IC (mg/L) 21 19.8 3.41 21 1.5 92.68 21 9 56.10 

 

6.13 The effect of membrane cleaning on membrane function 

High flux recovery is an important feature for any membrane posed for industrial scale 

application. This allows a longer life for the membrane, and thus less costs associated 

with membrane cleaning and replacements. In this study, different chemical agents were 

tested for their cleaning abilities as shown in Table 6.4. The chemicals used (i.e., NaOH, 

HNO3 and H3PO4) were recommended by the membrane manufacturer (Liqtech). Other 
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cleaning solutions used were ethylenediamin-etetraacetic acid (EDTA) as metal 

chelating agent and sodium dodecyl sulfate (SDS) as a surfactant. Surfactants are also 

important since they can help in solubilizing and prevent redepositing of foulants [24]. 

They act by modifying the charge of the membrane surface.   In Figure 6.5, the flux 

recovery (FR) is shown for each cleaning regiment performed indicating the highest FR 

of 92% was achieved using 4% of nitric acid (HNO3). 

 

 
Figure  6.5 Flux recovery using different chemical cleaning solutions 

6.14 Prediction of permeation flux by Hermia's models 

The abilities of Hermia’s models were tested and the coefficients of correlation (R
2
) 

are reported in Table 6.13. The predicted and experimental data correlation is reflected 

in the value of R
2
. Based on R

2
 values from all the experimental runs for the different 

models, the cake formation model had higher R
2
 values and is therefore considered the 

best model for correlating the permeate flux data. However, despite being the best of the 
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four models, the cake formation model is still not optimal as the R
2
 values are below 

0.9. 

Table 6.13 R
2
 values of Hermia's models 

Experimental 

run 

Standard pore 

blocking 

Complete pore 

blocking 

Intermediate pore 

blocking 

Cake 

formation 

# 1 0.72 0.70 0.72 0.79 

#2 0.64 0.60 0.69 0.73 

#3 0.63 0.61 0.66 0.69 

#4 0.85 0.84 0.89 0.86 

#5 0.75 0.73 0.80 0.78 

#6 0.50 0.49 0.55 0.53 

#7 0.73 0.72 0.79 0.76 

#8 0.68 0.63 0.71 0.75 

#9 0.86 0.83 0.87 0.89 

Table 6.14 displays the experimentally obtained permeation flux values and the 

predicted values using the different Hermia models. The discrepancy between the 

measured and the predicted permeate flux values is not consistent for one model in 

order to claim one model is superior to another. There is a general trend towards the 

cake formation model having the smallest deviation among all other models. The 

average error for each model is shown in Table 6.15. 

Table 6.14 Comparison between the experimental permeation flux and the permeation 

flux predicted by Hermia's models 

Experimental 

run 

Standard 

pore 

blocking 

Complete 

pore blocking 

Intermediate 

pore blocking 

Cake 

formation 

Measured 

(L/m
2
·h) initial 

flux  

#1 164.58 164.74         166.13  161.00 201.46 

#2 175.51 171.60         178.96  180.00 264.41 

#3 199.71 318.79         202.45  207.85 277.00 

#4 240.69 314.83         297.69  254.56 264.41 

#5 294.46 240.53         297.69  360.00 352.55 

#6 293.13 293.55         295.52  254.56 352.55 

#7 323.57 286.59         327.42  360.00 377.73 

#8 288.02 286.46         289.30  569.21 428.09 

#9 551.25 547.87         554.34  569.21 629.55 

Table 6.15 Average error for Hermia models 

Hermia's models Average error % 
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Standard pore blocking 20 

Complete pore blocking 23 

Intermediate pore blocking 20 

Cake formation 18 

6.15 Influence of the operating parameters on the permeation flux 

The following section explores the influences of TMP, temperature, CFV and pH 

and their effect on the permeation flux. This is represented in two main graphical 

representations as shown in the following Figure (Figure 6.6) of contour plots and the 

interaction plot found in the supplementary material (Figure E.1). These plots were 

generated based on the experimental data presented in Table 6.7.  

In the following graph (Figure 6.7, a-f), the contours of changing the steady state 

permeation flux for the different pairs of parameters are shown. Figure 6.7a depicts the 

effects of both the temperature and the pressure on the steady state flux. At low 

pressures, changing the temperature has minimal impact on the steady state flux. 

However, at higher pressures (i.e. closer to 1.8 bar), increasing the temperature results 

in an approximately linear increase in permeation flux. Figure 6.7b depicts the 

relationship between CFV and pressure and their impact on permeation flux. It can be 

concluded that at low pressure, changing the CFV has minimal impact on the steady 

state flux. However, as the pressure increases, especially past 1.4 bar, any changes to 

the CFV will impact the steady state flux with an optimal CFV being around 1.2 m/s. 

Figure 6.7c depicts the relationship between pH and pressure and its impact on the 

steady state flux. It is shown that at low pressure, changing the permeate pH has 

minimal to no effect on the steady state flux. However, as the pressure increases, 

especially past 1.4 bar, even minor changes to the pH has a dramatic impact on the 
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steady state flux with the largest permeation flux obtained at lower pH values. A 

phenomenon worth studying in more detail. Figure 6.7d depicts the effect of both the 

CFV and the temperature on the steady state permeation flux. It can be observed that the 

highest steady state flux is obtained with higher temperatures and mid-range CFV 

values. However, overall it does not seem to exist clear linear relationship between the 

two parameters of CFV and temperature on the permeation flux.  In Figure 6.7e, the 

interaction between pH and temperature is shown. At lower pH and higher 

temperatures, the steady state permeation flux achieves the largest value. Conversely, it 

can be stated that the effect of temperature on steady state flux is diminished by 

increasing the pH towards an alkaline feed. In Figure 6.7f, the relationship between pH 

and CFV is presented. The general trend demonstrates that the steady state flux is 

highest at pH less than 6, and a CFV between 1 and 1.4 m/s. In summary, there is a 

linear relationship between the pressure and the permeation flux. Furthermore, at lower 

pressures of less than 1 bar, any fluctuations of the temperature, CFV or pH has 

negligible effect on the steady state flux.  

Similar behavior may also be noticed with respect to temperature in the sense that with 

increasing temperature, the permeation flux also increases whereas, at lower 

temperatures, changes to any of the other operating parameters including CFV, pH and 

TMP has minimal effect on the steady state flux. As for the effect of pH, at higher pH 

(>7), any change to any of the other operating parameters has no effect on the steady 

state flux. Lastly, a mid-range value of CFV achieves the highest steady state flux (in 

the case studied, the optimum CFV is found to be approximately 1.2 m/s). 



237 

 

 

 
a) Steady state flux vs temperature and pressure. 

 
b) Steady state flux vs pressure and CFV. 

 
c)  Steady state flux vs pressure and pH 

 
d)  Steady state flux vs temperature and CFV 
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e) Steady state flux vs temperature and pH 

 
f) Steady state flux vs CFV and pH 

 

Figure 6.6 Contours of changing steady state permeation flux for the different pairs of 

parameters 

 

The interaction graphs provide information on the interaction of two hydrodynamic 

parameters and their effect on permeation flux. The major trends deduced from these 

plots include: with increasing TMP and increasing temperature, there is an increasing 

trend in the permeation flux. In addition, it was found with increasing TMP, permeation 

flux continues to increase. However, there is a critical CFV level above which this trend 

is reversed where a further increase in TMP does not lead to a further increase in 

permeate flux. The critical CFV is found to be approximately 1.2 m/s. Furthermore, the 

interaction between TMP and pH showed that the flux decreases with the increase in 

pH. Moreover, when examined the interaction of CFV and temperature it was found that 

at lower CFV, increasing the temperature generally increases the permeation flux, 

however, this trend is not seen at higher CFV. By increasing CFV, membrane fouling 

can be decreased as the higher flow rates remove the oil layer more easily and lead to a 

decrease in the cake layer. However, once the critical CFV is reached, further increase 

to the CFV results in higher shear rates causing oil droplet breakdown allowing more oil 
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droplets to pass through the membrane pores, and potentially leading to more pore 

obstruction [25].  

Finally, it was shown at lower pH levels, high temperatures generate the highest 

permeation flux whereas at higher pH levels, higher temperature leads to the lowest 

permeation flux. In addition, increasing both pH and the CFV lowers the permeation 

flux.  

6.16 Prediction of flux using artificial intelligence models 

In this section, four different models are presented for the prediction of permeation flux 

using artificial intelligence techniques. The first method is based on the nonlinear 

regression using artificial neural networks (ANN), the second method uses adaptive 

neuro-fuzzy inference systems (ANFIS), the third method is by means of a radial basis 

function (RBF) and the last method is by using the generalized regression neural 

network (GRNN). Based on the experimental results, these methods find the best fitting 

function between the inputs and outputs. The important characteristic of these methods 

compared to classical statistical methods, is that they capture nonlinearities of the 

system.  

6.17 Artificial Neural Network (ANN) 

Artificial neural network (ANN) is the most popular method in the area of artificial 

intelligence modeling. Its popularity increased due to the increased capacity computers 

and the advancement in computational sciences. ANN is inspired by the human brain 

and the way it works [26]. It mimics the behavior of the actual neurons of the human 

brain by using what is called transfer functions. Every neuron has an input, a transfer 

function and an output. In each network, there are three main layers defined. The first 
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layer is called input layer, the second layer is a hidden layer and the last one is the 

output layer. A schematic of a single layer ANN is shown in Figure 6. 8. A show on the 

left side, a set of inputs is given to the network and a weight is assigned to each input, 

then sent to a neuron in the hidden layer. In the hidden layer, according to the transfer 

function of the neuron, an output is generated and is sent to the output layer. Note that 

we could have multiple hidden layers depending on the application. In the output layer, 

another transfer function is defined which generates the final output of the network. 

This output is compared with the actual experimental data and if the error between the 

two is larger than the pre-defined goal, the process is repeated with updated weights 

until the goal is achieved. This type of network is called feedforward backpropagation. 

ANN modeling can provide predictions of permeation flux based on the learning 

exercise using the experimental data. Some researchers have found ANN modeling to 

be better and more accurate than the cake filtration models of Hermia [27]. In Figure 

6.7, a detailed calculation in a single neuron is presented. A flowchart of how the 

training is performed is presented in Figure 6.8. In this case, 90% of the data were used 

for training purpose and the other 10% of the data for validation and testing. In this 

research, the MatLab ANN Toolbox was used for all calculations involved in this study. 

The toolbox has four different training algorithms and for the hidden layers and the 

output layer transfer functions have three options. Table 6.18 shows the different 

algorithms and transfer functions available in this toolbox.  
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Figure 6.7 Left: a single layer ANN; Right: Details of computations in a single neuron. 

 

Table  6.16 Training algorithms and transfer functions available in ANN Toolbox 

Training algorithms Transfer functions 

‘trainlm’ Levenberg-Marquardt backpropagation ‘logsig’ 

‘tansig’ 

‘purelin’ 

 

‘trainbr’ Bayesian regularization backpropagation 

‘trainscg’ Scaled conjugate gradient backpropagation 

‘trainrp’ Resilient backpropagation 
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Figure 6.8 Left: flowchart of the ANFIS model; Right: flowchart of the ANN model. 

In this section, to predict the permeation flux, a double layer ANN is used. The network 

has 5 inputs as TMP, CFV, Temperature, pH and time. In each hidden layer, 40 neurons 

are defined. A total of 1062 data samples collected from the 9 experiments are used to 

train the network. To measure the performance of the training, in each iteration, the 

mean square error (MSE) between the output of the ANN and the experimental data is 

The dataset is divided into inputs and outputs as 

two matrices. A double layer feedforward 

backpropagation network with 40 neurons in each 

layer is generated. Then, the goal and number of 

epochs are selected 

90 percent of the data are used for training and 10 

percent is used for testing and validation  

Start 
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calculated. The goal is to minimize the MSE while avoiding overfitting the network. 

The MSE is calculated as follows:  

𝑀𝑆𝐸 =
1

𝑛
∑ (𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)

2𝑛
𝑖=1                               (6) 

Another performance measure is the coefficient of determination (𝑅2) which is an 

indication of how close the predicting model is to the experimental data. It is a scalar 

between 0 and 1 with 0 meaning that the two datasets are not similar at all, and a value 

of 1 meaning that the two datasets are identical. It can be calculated as follows:  

𝑅2 = 1 −
𝑆𝑆𝐸

𝑆𝑆𝑇
                                                                    (7) 

The following equations are also used: 

𝑆𝑆𝐸 = ∑(𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)2

𝑛

𝑖=1

                                                 (8) 

 

𝑆𝑆𝑇 = ∑(𝐹𝑙𝑢𝑥𝑖 − 𝐹𝑙𝑢𝑥̅̅ ̅̅ ̅̅ )
2

                                                    (9)

𝑛

𝑖=1

 

 

𝑆𝑆𝑇 = ∑(𝐹𝑙𝑢𝑥𝑖 − 𝐹𝑙𝑢𝑥̅̅ ̅̅ ̅̅ )
2

                                                (10)
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where, SSE is the sum of squared errors, SST is the sum of squared total and 𝐹𝑙𝑢𝑥̅̅ ̅̅ ̅̅  is the 

mean value of the permeate flux of the experiments. The results of training for a double 

layer ANN with four different training algorithms are shown in Figure 6.9.  

The performance measures are represented using the MSE and 𝑅2. The best 

performance is achieved when selecting the Bayesian Regularization algorithm (br) 

where MSE is very close to zero and 𝑅2 is very close to 1. For all these tests, a double 

layer ANN with 40 neurons in each hidden layer and the ‘logsig’ for both hidden layer 

and output transfer functions were used. Also, note that the results in Figure 6.9 are 

based on the experimental data from the first experiment. In Figure 6.10, the effect of 

the number of neurons in each hidden layer on the training performance is depicted. As 

the number of neurons increases in the hidden layers, the training performance improves 

significantly. In this model, we are assuming that the number of neurons in first and 

second hidden layers are equal. The change in the training performance versus the 

number of neurons, in each hidden layer, can be found in Figures E. 6 and E. 7. They 

show the relationship between the training performance and the number of neurons in 

the first and second hidden layer as provided in the supplementary material.  



245 

 

 

Figure 6.9 Training performance and coefficient determination for the ANN model for 

the first experiment 

 

 

Figure 6.10 Effect of number of neurons in the hidden layer on the training 

performance where the number of neurons in both hidden layers is equal 
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In Figures 6.11, the regression line for the experimental data and prediction results of 

the ANN model with two hidden layers and 40 neurons in each layer is presented. It 

shows that the ANN predictions are in perfect agreement with the experimental data. It 

was also found that as the number of neurons and the number of epochs increase, the 

training performance improves (See Supplementary material for graphical 

representation Figure E .(8-9).  

 

Figure 6.11 Regression line for experimental data and ANN predictions  

In addition, we examined the training performance for a different number of epochs 

when using different percentages of the experimental data for training. It was found that 

the training performance is almost independent of the training percentage, and no 

correlation can be found between them. But as expected, for any percentage of training 

dataset, as the number of epochs increases, the performance improves. Graphical 
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representation this simulation can be found in the supplementary material Figure E 10-

11.  

6.18 Adaptive Neuro-Fuzzy Inference System (ANFIS)  

An adaptive neuro-fuzzy or network based fuzzy inference system is a type of artificial 

neural network that is combined with Takagi-Sugeno fuzzy inference system. First, the 

fuzzy inference system is defined with the inputs and outputs and membership functions 

as shown in Figure 6-12.  

 

 

Figure 6.12 IF-THEN rules in the fuzzy inference system 

The IF-THEN rules are defined shortly afterwards. The parameters of the membership 

functions are selected as the parameters to be optimized by the neural network. So a 

network is defined upon this fuzzy inference system and then using ANN, the optimized 

parameters of the membership functions are found [28]. The ANFIS toolbox in MatLab 

Input 

Membership functions Membership functions IF-THEN rules 

Output 
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is used in this simulation. Eight membership functions are available in this toolbox for 

the input membership functions. Using 90% of the experimental data for training and 

10% for testing, a network is trained for 100 epochs. Again, the MSE values are used as 

a parameter to measure the training performance. For the 9 experiments, the results of 

training the network with the fuzzy inference system with 30 membership functions are 

presented in Figure 6.13. In this Figure, the training performance for all membership 

functions is presented. On average, the best training performance for all experiments is 

achieved when the generalized bell-shaped membership function is selected. In the 

supplementary material section, the graphical representation of the training performance 

for 100 epochs, after training ANFIS based on experimental results for experiment 1 

and the prediction results for permeate flux for the first experiment, can be found.  

 

Figure 6.13 Training performance in ANFIS for different membership functions based 

on experimental data for 9 experiments 
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6.19 Radial Basis Functions (RBF) 

Radial basis network is a type of artificial neural network with its activation function as 

a radial basis functions The structure of these networks is the same as ANN shown in 

Figure 6.8. Again, The Neural Network toolbox in MatLab is used to predict the 

permeate flux by radial basis networks. Using 90 percent of the data from experimental 

results for training and 10 percent of them for testing, a network is created with 100 

neurons. The spread of the radial basis function is chosen to be constant at 6. To 

measure the performance, the MSE values are used to quantify the agreement between 

the predicted and the experimental data. The number of epochs is chosen as 100. The 

best training performance achieved with the above-mentioned of the network is 0.1. A 

comparison of the performance results for different methods is presented in the last 

section of the manuscript.  

 

 

 

 

 

Figure 6.14 Radial basis network architectur 

𝑝1 

𝑝2 

𝑝3 

𝑝𝑅 

Input layer Radial basis neuron 

𝑤1,1 
𝑤1,𝑅 

||𝑑𝑖𝑠𝑡|| 

+ 

1 

𝑏 

× 
𝑛 𝑎 

||𝑑𝑖𝑠𝑡|| 

𝑎 = 𝑟𝑎𝑑𝑏𝑎𝑠(||𝑤 − 𝑝||𝑏) 



250 

 

6.20  Generalized Regression Neural Network (GRNN) 

The next prediction model used in this paper is called the generalized regression neural 

network (GRNN). It is a special type of radial basis network with an additional layer at 

the end of it. It is usually used for function approximation. A schematic of this type of 

network with R inputs and Q neurons is shown in Figure 6.15. In the left part all is the 

same as radial basis networks, but on the right side, a linear function (‘purelin’) is added 

to generate the final output. The GRNN function in MatLab accepts three inputs as 

model inputs, targets and spread. The spread is a positive scalar that defines the 

smoothness of the fitting function. The larger this value is, the smoother the final 

function will be. The prediction results show a very good performance which will be 

presented in the next section.  

 

 

 

 

 

 

 

Figure 6.15  A generalized regression neural network with R inputs and Q neurons  
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6.21  Comparison of the four models: Prediction results 

In this section, the prediction results for the proposed models are presented and 

compared with the experimental data. For comparison, the MSE, the average error 

(ARE) and the absolute average error (AARE) are calculated for the first experiment 

and the results are shown in Table 17 [24].  

 

𝑀𝑆𝐸 =
1

𝑛
∑ (𝐴𝑁𝑁𝑖 − 𝐹𝑙𝑢𝑥𝑖)

2𝑛
𝑖=1                                (11) 

 

𝐴𝑅𝐸 =
1

𝑛
∑

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑖−𝐹𝑙𝑢𝑥𝑖

𝐹𝑙𝑢𝑥𝑖

𝑛
𝑖=1                           (12) 

 

𝐴𝐴𝑅𝐸 =
1

𝑛
∑ |

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑖𝑜𝑛𝑖−𝐹𝑙𝑢𝑥𝑖

𝐹𝑙𝑢𝑥𝑖
|𝑛

𝑖=1                            (13) 

 

 

Table 6.17 Comparison of the performance of different models for experiment 1 

Model MSE ARE AARE 

ANN 2.02 × 10−4 −4.44 × 10−2 4.86 × 10−2 

ANFIS 1.25 × 10−1 −1.3 × 10−3 5.85 × 10−2 

RBF 5.533 × 10−1 −1.56 × 10−2 2.824 × 10−1 

GRNN 2.124 × 10−1 −1.6 × 10−2 5.06 × 10−2 

 

In the following Figures, the regressions of all models are presented together for 

comparison and a more detailed “zoomed in” regression graphs can be found in the 

supplementary material Figure E 12  
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Figure 6.16 All prediction models and experimental results shown together for all 

experiments 

 

6.22 Conclusion:  

An Ultrafiltration (UF) TiO2 membrane was tested experimentally using the Taguchi 

method for optimization. The permeation flux decline was measured using an oily water 

emulsion representative of the Bakken reservoir in Western Canada. The UF membrane 

achieved an almost oil free permeation with higher efficiency of TOC rejection rates of 

>99%. This displays the strong effectiveness of using an UF pre-treatment step before 

reverse osmosis filtration.  In addition, the COD removal was 78% and relatively higher 

rejection rates of salinity and TDS of 36% and 35%, respectively were also attained. 

The Taguchi analysis showed that the TMP had the highest contribution to the 

permeation flux. The predicted and the experimentally validated optimum 

hydrodynamic conditions for this membrane are a temperature of 50 °C, a TMP of 1.8 
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bar, a CFV of 1.2 m/s and a pH of 5. Furthermore, this membrane provides the 

advantage of higher steady permeate flux of 440 L/m
2
·h which is, only a 27% flux 

decay, reflecting the strong antifouling property of the titanium-based membrane. 

Furthermore, a flux recovery of about 92% was obtained using NHO3 as a cleaning 

agent. This membrane proved to be promising for industrial application for oily 

wastewater treatment or as a pre-treatment step, due to this higher permeation flux, low 

fouling nature and high rejection rates of oil, TOC and salinity.  

Using artificial intelligence techniques, four different prediction models for predicting 

the permeation flux from experimental data are proposed. The models are compared by 

defining the MSE as the performance index. Results show that using double layer 

artificial neural networks with 40 neurons in each layer and selecting ‘logsig’ as the 

transfer function of hidden layers and output layer results in the best performance.  A 

total of 1062 samples were collected from the experiments and used to train the network 

achieving a training performance of 2.02 × 10−4, indicating a high degree of 

correlation between the model and the experimental data.  
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Abstract 

The multicontinuum approach has been developed to investigate the filtration of oil-in-

water emulsions using membrane technology. Although the fate of individual oil 

droplets at the membrane surface is determined by the balance of hydrodynamic forces 

in addition to the applied pressure, such fates cannot be used to determine the overall 

macroscopic behavior of the membrane. The fact that both the oil and the membrane 

represent distributions of sizes highlighted the idea that such size distributions may be 

used to construct multiple continua for both the oil and the membrane. Each oil 

continuum interacts with every porous continuum according to the rules that determine 

the fate of each individual droplet in each range. The need to validate this modeling 

approach is essential to build confidence in the myriad results obtained by this 

approach. For this reason, an experimental set up has been designed and used to provide 

a verification framework to test the results obtained by the multicontinuum approach 

and compare them with those measured. Three types of membranes commonly used in 

the filtration of oily-water systems have been used; JX-PVDF (Polyvinylidene 

difluoride, GE Osmonics), PAN (GE Osmonics) and Polycarbonate track etch (PCTE) 

mailto:*amr.henni@uregina.ca
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membranes. The contact angle of oil droplets with these membranes in a water 

environment are 144
o
, 135

o
, and 101

o
, respectively. The three membranes have nominal 

pore sizes of 0.3, 0.9 and 4.75 microns, respectively. Measurements of the rejection 

capacity of the membrane were conducted. Comparisons of the measured rejection 

capacities of the membranes and those calculated using the multicontinuum approach 

under different conditions is similar thus validating the multicontinuum theory of 

modeling. 

Keywords: Multicontinuum approach, oily-water systems, polymeric membranes, 

crossflow filtration 

7.1 Introduction 

Oil and water are of great importance to the welfare of our modern societies. Both, 

however, are becoming threatened natural resources with the present day unsustainable 

consumption. Keeping water resources clean is essentially vital to the survival of 

humans. The petroleum industry is well known for its production of large volumes of 

liquid wastes along with its oil production. These include drilling mud, cuttings, 

produced water and others which pose hazard to the environment should they get 

discharged without treatment. In particular, discharging produced water into the 

environment can potentially pollute regional groundwater supplies and soil fertility [1]. 

Effective methods for the cleaning of produced water are being improved continuously. 

Membrane separation technology has recently been one of the most effective ways of 

treating produced water [2-4]. Membrane separation is an attractive option due to its 

low consumption of energy resources, and its ease of application to larger scale 

industries [2, 5, 6]. Polymeric membranes and inorganic membranes have gained 
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popularity due to their high oil removal efficiency, low energy usage, ease of operation 

and robustness [1, 7, 8]. One of the main drawbacks of membrane technology, however, 

is the accumulation of feed debris along and within the membrane surface and pores 

leading to membrane fouling and flux decline [9]. Thus, significant amount of research 

work and funds have been spent to modify membrane filtration systems and give them 

antifouling properties. Commonly used polymers in polymeric membranes include 

polysulfone, polyvinylidene fluoride, polyacrylonitrile, poly (vinyl alcohol), and 

fluorpolymer [10]. Polymeric membranes are known to suffer from fouling, pore 

plugging and degradation, and lack of ability to withstand higher temperatures, 

pressures or corrosive liquids [10]. However, polymeric membranes are known for their 

higher removal efficiency and lower energy consumption [11]. The literature contains 

numerous studies on the performance of polymeric membranes especially 

Polyvinylidene difluoride (PVDF) for oil separation processes. Some examples include 

Salahi et al. [12] who investigated the rejection abilities of two microfiltration 

polysulfone membranes (0.1 μm and (0.2 μm) to treat produced water. They achieved a 

final steady state flux of approximately 76.0 and 74.3 L/m
2
 h, respectively, after 4.5 hrs 

of filtration at 3 bar, a crossflow velocity of 1 m/s and a temperature of 30 
o
C.  They 

reported flux declining ratios of 0.56 and 0.49, respectively. The oil rejection achieved 

by the 0.1 µm membrane was 95% and 66.3% by the 0.2 µm PS membrane [12]. Wang 

et al. [13] also looked at PVDF membranes with a 0.2 µm pore size for oily wastewater 

treatment. In their study, 95% oil rejection efficiency and a final steady state flux of 

about 75 L/m
2
 h were achieved. Neat PVDF membranes are famous for fouling and a 

dramatic flux decay. The emergence of modified polymeric membranes is tackling the 
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two main issues of low flux and high fouling. For example, Liao et al. [14] created a 

novel composite PVDF membrane with an average pore size of about 1.2 µm with a 

permeation flux of up to 2000 L/m
2
 h and higher separation efficiency (> 99.99%). 

Most of the experimental works conducted to study the filtration of oily-water systems 

using membrane technology has been with respect to macroscopic variables including 

permeation flux, rejection capacity, etc. Recently, there has been interest among 

researchers to conduct experimental works incorporating real time visualization 

techniques to understand the physics involved during the filtration of oily-water systems 

at the microscale. Such studies have increased our understanding of the different 

mechanisms involved during the filtration processes. In particular, the recent 

experimental work of Tummons et al. [15] on the filtration of oily-water systems using 

polymeric-types membranes indicates that oil droplets coalescence and clustering may 

be the major mechanisms contributing to the problem of fouling [16, 17]. The 

conditions that control fouling are known to include parameters such as droplet size, 

shear rate, surface tension and viscosity [18-20]. Furthermore, it has been shown that for 

every combination of droplet and pore sizes there exist a critical entry pressure that 

must be surpassed during the filtration operation before oil droplets can permeate. If the 

operating pressure is less than this critical pressure, oil droplets are rejected [21, 22]. 

Furthermore, the simulations of the microfiltration processes using computational fluid 

dynamics (CFD) techniques [15, 23], showed that there exist four fates for oil droplets 

when they pin over pore openings; namely permeation, partial permeation, rejection and 

pinning [19]. Salama et al. [11] introduced an upscaling study to expand the findings 

obtained through the CFD studies on the microfiltration processes to encounter the 
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whole membrane system. In this framework, the membrane-fluid system is divided into 

several overlapping continua that are interacting according to the roles obtained by 

studying the balance of pinning oil droplets. Furthermore, Salama [24] extended this 

model to investigate the problem of oily-water filtration in rotating membrane systems. 

Although, Salama et al. [25] provided validation exercises with the available 

experimental data in literature, they needed to assume several data that were not 

reported in published works (e.g., pore size distribution of studied membranes, porosity 

of the membrane, some geometric dimensions of the filtration system). This motivated 

us to initiate a more careful experimental work designed to provide more reliable 

comparison exercises between the multicontinuum approach and the experiments. In 

this work, three membranes are used to conduct the comparisons. Full characterization 

of the three membranes has been conducted through various measuring techniques 

including Scanning Electron Microscope (SEM). The experiments are conducted under 

different transmembrane pressures (TMP) and crossflow velocities. Measurements of 

droplet and pore size distributions are performed and reported. In addition, interfacial 

surface tension and contact angle measurements are also reported. Details of the 

experimental works are shown subsequently in the upcoming sections.  

7.2 The multicontinuum approach 

For the sake of completion, in this section a brief description of the multicontinuum 

approach is provided. More details can be found in Salama et al. [11, 25]. The 

selectivity of membranes is essentially related to their pore sizes in relation to the sizes 

of the particles that are required to be filtered. In the filtration of oily-water systems, 

interfacial phenomena add an interesting criterion that influences the separation process. 
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In addition, in crossflow filtrations, the different hydrodynamic forces add other criteria 

that influence the stability of pinned oil droplets. Studies on the conditions of 

permeation of oil droplets under quasistatic conditions revealed that a threshold pressure 

is surpassed before an oil droplet can permeate. Nazzal and Weisner [21] obtained an 

expression that estimates such pressure knowing the sizes of both the droplet and the 

pore in addition to surface tension and the contact angle. CFD investigation of the 

microfiltration of a droplet pinning over a pore opening [19, 23] revealed that a critical 

velocity exists above which the pinned droplet detaches. Salama et al. [11]  provided a 

quadratic equation for the velocity to determine such critical velocity. If the oil phase 

forms a continuous film along the membrane surface[15], this critical pressure is 

calculated using the relation: 

𝑃𝑐𝑟𝑖𝑡 =
2𝜎 cos 𝜗

𝑟𝑝
                                                                       (1) 

where, 𝜎 is the surface tension between oil and water, 𝜗 is the contact angle and 𝑟𝑝 is 

the pore radius. In case of a droplet (rather than a continuous oil film), the above 

relation is altered to account for both the pore and droplet radii as explained by Nazzal 

and Wiesner [21]:    

𝑃𝑐𝑟𝑖𝑡 =
4𝜎 cos 𝜗

𝑑𝑝
(1 − √

2 + 3 cos 𝜗 − cos3 𝜗

3(𝑑𝑑/𝑑𝑝)
3

cos3 𝜗 − (2 − 3 sin 𝜗 + sin3 𝜗)

3
)                           (2) 

However, application of the above equation may not hold true as the oil droplet is 

known to deform during filtration and thus the critical pressure can change as the oil 

droplet deforms. It was suggested by Darvishzadeh and Priezjev [18] that the change in 

oil droplet diameter due to deformation is minimal and should not impact the critical 



266 

 

pressure calculation. It was, therefore, postulated that since the change in droplet shape 

is minimal, the above equation can be considered valid for many different operating 

conditions. As indicated earlier, the presence of shear stress adds interesting fates to 

pinned oil droplets; namely, permeation, rejection or breakup (i.e., leaving a small 

portion of the droplet inside the pore) [26]. The fate of the oil droplet as it flows with 

critical shear rate depends on the hydrodynamic forces along the membrane wall such as 

capillarity, drag and lift forces. The ratio between viscous and capillary forces that 

interact on the oil droplet and determine the deformation of oil droplet in a crossflow 

environment is given by [15]: 

𝐶𝑎 =
𝜇𝑤𝑑𝑑�̇�

𝜎
                                                                          (3) 

where, 𝜇𝑤 is the viscosity of the continuous phase, 𝑑𝑑 is the diameter of the oil droplet, 

�̇� is the shear rate at a height from the wall equals to the radius of the droplet and 𝜎 is 

the interfacial tension. Due to the shape of the membrane channels, the type of flow 

experienced by the oil droplet can be best described as a Poiseuille-type flow between 

two parallel plates positioned a distance H apart. For this flow pattern, Tummons et 

al.[15] estimated the shear rate near the wall as given in the following relationship: 

�̇� = [
𝑑𝑣𝑥

𝑑𝑦
]

𝑦=
1
2

𝑑𝑑𝑟𝑜𝑝

=
1

2𝜇

𝑑𝑃

𝑑𝑥
(𝐻 − 𝑑𝑑𝑟𝑜𝑝) = 6

�̅�

𝐻
(1 −

𝑑𝑑𝑟𝑜𝑝

𝐻
)                           (4) 

where, �̅� is the average velocity of the feed. The above equation assumes that the flow 

is unidirectional and steady, and the fluid is Newtonian with no slip condition at the 

channel walls. The forces acting on a droplet as it flows along the membrane can vary 

and this is one of the reasons for the existence of different fates. Figure 1 shows a 
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schematic of a pinned droplet along with the different forces as suggested by Tummons 

et al. [15]. As the droplet makes contact with the surface of the membrane, the 

hydrodynamic forces generate torques that can either detach the droplet or leave it 

pinned.  

 

Figure  7.1 Forces acting on a pinned droplet, FL is the lift force, FB is the buoyancy 

force, DCF the drag force due to crossflow field, and DJ is the drag force due to 

permeation flux. 

The moments associated with the different forces are:  

𝑀𝑁 = 𝐹𝑁𝑇𝑙 sin 𝛼                                                                    (5) 

𝑀𝜏 = 𝐹𝜏𝑇𝑙 cos 𝛼                                                                     (6) 

The sum of all the hydrodynamic forces (𝐹𝑁𝑇) acting normal to the membrane on a 

droplet is as follows: 

𝐹𝑁𝑇 =  𝐷𝑗 − 𝐹𝐿 −  𝐹𝐵 + 𝐹𝑔                                                                (7) 

where, DJ is the force due to the drag force placed on the droplet by the permeating flow 
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through the membrane, FL is the lift force, FB is the buoyancy force, Fg is the 

gravitational force. Furthermore, the sum of all the hydrodynamic forces acting on the 

droplet tangentially to the membrane surface is 𝐹𝜏𝑇. The droplet diameter, therefore, 

plays a critical role in the sense that if the droplet diameter reaches a critical size the 

sum of the normal forces and the sum of the tangential forces are balanced out. In other 

words, the point of intersection of the tangential and normal force defines the critical 

droplet diameter. If the droplet size is less than the critical droplet diameter it will 

remain pinned, whereas larger droplets will be swept off the surface by the crossflow. 

As a verification exercise of the calculations of these forces, the momentum generated 

by tangential and normal forces on a pinned droplet as suggested by Tummons et al. 

[15] is shown in the supplementary materials (in Figure E.1). As can be seen, this Figure 

is essentially identical to that of Tummons et al. [15]. Salama et al. [11] used the criteria 

involving the critical pressure and critical velocity to construct the multicontinuum 

approach. The idea is the result of the realization that, oil droplets and likewise pore 

sizes are not of single size, rather they represent distributions. If such distributions are 

divided into a number of segments each of which represents a certain size, it may be 

possible to consider each segment as a continuum. This allowed the construction of a 

multitude of continua that interact together according to the critical and operating 

conditions. The multicontinuum approach provides myriad information about the details 

of the permeation and rejection of oil droplets. In other words, details about which oil 

continua permeate through which porous membrane continua are obtained. Macroscopic 

parameters like the permeation fluxes of both water and oil, the rejection capacity of the 

membrane and others are also obtained. This provides a modeling approach capable of 
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estimating the permeation of not only the water phase, but also the inevitable oil phase. 

7.3 Experimental procedure and equipment 

As explained earlier, the idea is to conduct a carefully designed experimental work to 

compare with the multicontinuum approach for the filtration of oily-water systems. 

Therefore, it is required to provide data that are essential for the calculations using the 

multicontinuum framework. It is also required to generate essential design parameters 

for comparison purposes. It has been determined that the rejection capacity of the 

membrane provides such macroscopic parameter suitable for comparisons. Details about 

the filtration system used in this work are outlined in this section. This includes the 

description of the different methods for membrane characterizations, the macroscopic 

geometric dimensions of the membrane, membrane surface characteristics (as 

determined by SEM), affinity properties of the membrane to oil droplets (as determined 

by the contact angle) and others. The multicontinuum approach requires details about 

both droplet size and pore size distributions, therefore, methods to measure them are 

also described. 

7.3.1 Crossflow filtration system set up 

 

The filtration system used in this experimental work is provided by Sterlitech 

Corporation, USA. As seen in Figure 7.2, the cycle begins where the feed is contained 

in a 18L stainless steel tank; from there it is pumped into the membrane cell (CF042 

316, Sterlitech) at high velocity created by a Hydracell CC pump where the speed is 

controlled by an Emerson controller.   
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Figure 7.2 Polymeric membrane flow system 

Safety implantation in the form of control valves and pressure/flow monitoring are 

found throughout the system, and were provided by Swagelok Co. The pressure sensors 

found on both sides of the membrane cell were manufactured by Turck Inc. The 

accuracy of pressure detectors is stated to be ±0.3% with the signal fed into a digital 

display unit. The retentate outflow tube is connected to the brine control valve which is 

then connected to the Dwyer digital flow meter with an accuracy of ±1%. The fluid 

coming from the flow meter is then returned back to the feed tank. The permeate stream 

is housed separately into a beaker placed on the mass balance (Mettler Toledo 

MS4002S) with repeatability standard deviation of 0.01g. This is then recorded 

automatically into a computer that documents all the weights seen on the output screen. 

After about one minute of filtration, a sample of the permeate was taken for analysis. 

Then the system was allowed to continue until the permeation flux reached a steady 

state which took about 120 min. Along the filtration process, the mass of permeate 

collected in grams every 3 seconds was recorded by the computer system. The 
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performance of all the membranes used in this experiment was tested at their 

recommended operating conditions set by the manufacturing company. Then their 

function was assessed in terms of the permeation flux and the rejection capacity. The 

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

membrane per unit time (L/m
2
h). After each filtration experiment was completed, the 

flow system was cleaned with approximately 2 L of 1 g/L of sodium dodecyl sulphate 

(SDS) aqueous solution. The cleaning solution was circulated for 10 minutes so that the 

oil droplets sticking to the stainless-steel tubes were emulsified and removed. After the 

cleaning solution, the system was flushed out with a cycle of RO water. The permeate 

flow once measured, was returned to the feed tank in order to maintain a feed with a 

constant concentration. The oil rejection efficiency was calculated using the following 

equation: 

𝑅𝑜 =  
𝐶𝑓 − 𝐶𝑝

𝐶𝑓
 ×  100%                                                             (8) 

where, 𝐶𝑓  and 𝐶𝑝 are the concentrations of the feed and permeate, respectively. 

7.3.2 Membranes features and characterization 

 

The macroscopic characteristics of the three membranes used in this study are shown in 

Table 7.1. Furthermore, different microscopic membrane characterization tests were 

undertaken during this experimental work. Membrane hydrophilicity was investigated 

by measuring the static contact angle using DSA-100 drop shape analyzer. The volume 

of oil droplets used for this test was about 10-20 µL. Oil droplets were allowed to 

stabilize on the surface of each membrane for about 10 min at which time the angle was 
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recorded. The surface characteristics of the different membranes were analyzed using 

different characterization techniques. Membranes were cut into pieces (approximately 3 

mm by 8 mm) and used in the scanning electron microscopy (SEM). 

Table 7.1 Flat sheet polymeric membrane used of produced water treatment 

Polymer 

material 

Manufacturer Polymer Thickness, 

mm 

Pore Size, µm Flow 

area, 

m
2
 

PCTE 

Membrane 

Sterlitech  Polycarbonate 0.1 5 0.0042 

JX 

Membrane  

GE Osmonics PVDF 0.13 0.3 0.0042 

PAN 

Membrane 

GE Osmonics PAN 0.2 0.8 0.0042 

For SEM imaging, each membrane sample was coated with 10 nm gold using a sputter 

coater (Q150T ES) manufactured by Quorum.  The cross-sectional images of the 

membranes were measured using a field emission scanning electron microscopy (FE-SEM) 

(Sigma, Zeiss, Germany) with an operation voltage of 3 kV. The surface morphology of 

the three membranes as well as the reconstructed map of the pore size/area distribution 

is shown in Figure 7.3. The reconstructed pore spaces from the SEM images are used to 

generate the pore size distribution. In this case, the SEM images of the surface of the 

membranes are analyzed using Image J software method [27]. The J software reconstructs 

the surface image of the membrane by highlighting dark colors spots, which usually signify 

pore openings. Then, the sizes of the reconstructed pore openings are determined by the 

software from which pore size distribution can be established [28].  Figure 7.4 shows the 

pore size distributions of the three membranes.  

http://www.sterlitech.com/
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(a) SEM image of PVDF membrane 

 

(b) Map of the surface of the PVDF 

membrane  

 

(c) SEM image of the MW membrane 

 

(d) Map of the surface of the MW membrane 

 

(e) SEM image of the PCTE membrane 

 

(f) Map of the surface of the PCTE membrane 

Figure 7.3 SEM images of the three tested membranes and the constructed maps of the 

pore openings to determine pore size distributions 
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(a) JX-PVDF membrane 

 

 

(b) MW membrane 

 

(c) PCTE membrane 

Figure 7.4 Pore size distributions of the three membranes 

As depicted in these Figures, the pore sizes for the JX-PVDF membrane range between 0.2-

0.6 microns, for the PAN membrane, they range between 0.25 to 1.75 microns and 

between 3 to 9 microns for the PCTE membrane. Five pore sizes are chosen for each 

membrane to represent the respective distributions, as will be explained later. The 

membranes resistance was determined experimentally by finding the pure water flux at 

various TMP levels. Membrane resistance depends on the membrane thickness, nominal 
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pore size, and various morphological features such as the tortuosity, porosity, and pore 

size distribution. Once the pure water flux was calculated via permeate weight 

conversion it was graphed versus TMP. Figures F.2 to F.4 (in the supplementary 

materials) show the pressure-flux relationships for the three membranes from which the 

hydraulic resistances of the membranes can be calculated.  

7.3.3 Feed preparation and characteristics: 

In this section, details about the feed characteristics are given. Methods to prepare the 

feed emulsion, droplet size distribution and contact angle measurements are explained. 

A synthetic oily water emulsion representing the Bakken reservoir in Western Canada 

was prepared to allow for ease of access to produced water for the experiments, and a 

reliable supply of produced water. The use of synthetic oil feed is common in the 

literature and is used by many authors during oily water treatment experiments  as 

highlighted by Weschenfelder et al. [29].  The Bakken area oil used had a reflective 

index of 1.45 and a density of 0.8 g/cc. The synthetic feed is composed of oil (0.31 

mg/L) which is added to 2 L of RO water. The oil and water mixture were then passed 

into the membrane cell where the bypass valve was opened, and the brine valve was 

closed to allow it to mix and not pass through the membrane template area. The speed 

of the pump was set to 60Hz for 30 min. A total volume of 3 ml of the oil was added to 

the tank and it was mixed thoroughly. The oil content of the feed was then measured 

using an Oil Content Analyzer (Horiba) giving 150 mg/L repeatability with a standard 

deviation of ±4. The feed oil and permeate oil contents were measured using the same 

method. Details of the different measuring instruments used in preparing the feed are 

shown in Table 7.2. The oil droplet size distribution was measured with a Malvern 
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Mastersizer 3000 with a Hydro-LV wet dispersion unit with an accuracy of 0.6%. The 

device uses light scattering to determine the oil droplet sizes, where the feed emulsion 

was run through the device and mixed and the calculation of the distribution was then 

generated. The device reported the results in both volume and number-based 

distribution. The droplet size distribution is shown in Figure 7.5 using both volume and 

number-based representations, respectively. The volume based mean droplet size is 113 

µm with a total volume sample of 100 ml. For the purpose of constructing the 

multicontinuum approach, droplet size distribution is divided into 11 size ranges with 

each size range defines a continuum. In addition, as the contact angle associated with oil 

droplets at the membrane surface in water environment plays a key role in determining 

the selectivity features of the membranes, in this section information on the contact 

angle for the emulsion-membrane systems are given. 

Table 7.2 List of analytical equipment used 

Equipment Function Uncertainty  

Horiba OCMA 350 Oil content  4 mg/L 

Malvern Mastersizer 3000 Oil droplet size 

distribution 

0.6 % 

Anton Paar DSA 5000 M digital 

densitometer 

Oil density ± 5x10
-5

 

g/cm
3
 

DSA-100 drop shape analyzer Contact angle  ± 2° 

KRUSS K100 Surface tension ± 1 mN/m 
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(a) Volume-based Droplet size distribution 

 

(b) Number-based droplet size distributions 

Figure 7.5 Droplet size distribution 

As highlighted earlier, it is required that the membrane be oleophobic as the surface 

forces determine the permeation cutoff of the pinned oil droplets. The contact angles 

obtained for each of the three membranes are shown in Figure 7.6. The contact angle of 

the oily emulsion on the JX-PVDF membrane is found to be approximately 145°, about 
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135°for the PAN membrane, and for the PCTE membrane it was about 101°. Thus, all 

membranes show oleophobic characteristics with the PCTE membrane being the least 

oleophobic as shown later in the results section. The interfacial tension of the oil in 

water was measured and found to be 34 ± 2 mN/m. 

 

(a) Membrane I: JX-PVDF 

(Contact angle=144 ± 2.0) 

 

(b) Membrane II: PAN 

(Contact angle=133 ±

2.0) 

 

(c) Membrane III: PCTE 

(Contact angle=101 ± 2.0) 

Figure 7.6 Oil contact angles with the three membranes 

7.4 Results of the experimental work 

All three membranes were tested for their filtration capacity measurements. All 

membranes showed a similar pattern of flux decline. The flux decline under constant 

TMP operation follows a common pattern where the first stage of the flux profile 

reflects a sharp decrease in permeation flux indicating that the rate of fouling is highest 

at the start of the filtration [30]. In the second stage, the flux decline becomes more 

gradual as the rate of fouling slows down with the decreasing flux. The last stage, a 

limiting flux or steady state flux develops once the rate of fouling approaches zero [30]. 

When filtration is done under a fixed TMP profile, the mass transfer resistance is 

inversely proportional to the permeate flux. Figure 7.7 shows the flux decline behavior 
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of the JX membrane and Table 7.3 outlines the rejection capacity at the early stage of 

the filtration process. The flux decline was tested at a CFV of 1m/s and at TMPs of 1 

and 2 bar. As shown in Figure 7.7, the flux decline was about 90% for 1 bar and 80% at 

2 bar. The flux decline was more pronounced at the lower TMP level because at higher 

TMP levels the driving force across the membrane is larger [31]. The rejection capacity 

achieved under the two TMP conditions was 100% and 99.67%, respectively. The flux 

decline at the higher TMP level occurred more rapidly in the first 30 min due to the 

rapid formation of the concentration polarization layer leading to the development of 

fouling layer across the membrane surface.  

Table 7.3 Feed Characteristics post JX membrane treatment 

  TMP =1 bar, CFV =1 m/s TMP = 2 bar, CFV = 1 m/s  

Parameter Feed Permeate Rejection 

(%) 

Feed Permeate Rejection 

(%) 

Oil content 

(ppm) 

154 0 100 154 0.5 99.67 

Turbidity (NTU) 300 0 100 300 0.1 99.97 
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Figure 7.7 Permeate flux decline for JX membrane as function of time at CFV 1 m/s 

Figure 7.8 illustrates the normalized flux decline for the MW membrane after 120 min 

of filtration followed by a table outlining the rejection results, Table 7.4. The flux 

decline was tested at CFV of 1 m/s and a TMP of 0.5 and 1.0 bar. The steady state 

normalized pressure flux obtained for the MW membrane had decreased by 

approximately 85% when the TMP was 0.5 bar and by 80% when the TMP was 1.0 bar. 

The measured oil rejection capacities under the two considered TMP were 98% and 

88%, respectively. The flux decline behavior for this membrane is very much similar to 

that attributed to JX membrane. Oil rejection is high due to the high oleophobic nature 

of the membrane and the small pore sizes.  

 

Figure 7.8  Permeate flux decline for PAN membrane as function of time at CFV 1 m/s 
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Table 7-4 Feed Characteristics post PAN membrane treatment 

  TMP= 0.5 bar, CFV=1.0 m/s TMP=1 bar, CFV=1.0 m/s 

Parameter Feed Permeate Rejection 

(%) 

Feed Permeate Rejection 

(%) 

Oil content 

(ppm) 

150.0 2.0 98.67 150.0 17.0 88.67 

Turbidity (NTU) 334.0 1.0 99.70 334.0 10.0 97.01 

 

Figure 7.9 and Table 7.5 outline the flux decline for the PCTE membrane and the 

rejection measurements, respectively. The filtration studies were performed at a CFV of 

1 m/s and TMPs of 0.1 and 0.15 bar. The flux decline was about 95% at 0.1bar and 

about 90% for the 0.15 bar TMP case. The oil rejection capacities for the two TMPs 

were 56% and 47%, respectively.  

 

Figure 7.9 Permeate flux decline for PCTE membrane as function of time at CFV 1 m/s 

A pictorial image of the turbidity of the feed and of the permeate at the different TMP 

conditions is illustrated in Figure 7.9 for the three membranes. The pictures show that 
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the turbidity of the permeate is much lower than that of the feed. For the first two 

membranes (JX and MW membranes) the permeate is almost clean with very low 

turbidity (Figure 7. 10-a&b) while it contains considerable turbidity for the PCTE 

membrane (Figure 7. 10-c). This may be explained by the lower contact angle for the  

PCTE membrane, which reflects a lower degree of oleophobicity. In addition, it has the 

largest pore size and thus more oil droplets are expected to permeate through instead of 

getting rejected during filtration as compared to both the JX and the MW membranes. 

The oil droplet diameter to the pore opening dimeter is a good measure of the rejection 

capacity of membrane. If this ratio is slightly larger than one, it is expected that the oil 

would be easily filtered, and if this ratio is much larger one then it is expect to see a 

higher degree of fouling and pore blockage due to the coalescence of oil droplets as 

shown by Carpintero-Tepole et al. [32].  

 

       Feed          permeate                    

(a) JX Membrane 

 

      permeate        Feed 

(b) MW Membrane 

 

     0.15 bar        0.1 bar            Feed 

(c) PCTE Membrane 

Figure 7.10Turbidity of the feed and the permeate under various TMP conditions 

Table 7-5 Feed and permeate characteristics 

  TMP = 0.1 bar, CFV = 1 m/s  TMP = 0.15 bar, CFV = 1 m/s 

Parameter Feed Permeate Rejection 

(%) 

Feed Permeate Rejection 

(%) 

Oil content 

(ppm) 

150.0 66.0 56.0 150.0 80.0 46.67 

Turbidity (NTU) 330.0 100.0 69.7 330.0 120.0 63.64 
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7.5 Simulation using the multicontinuum approach  

This experimental setup is used to further validate the findings of our previous work 

[11]. In this new framework, each oil continuum represents a specific droplet size and 

each pore size is considered or treated as a membrane. The critical pressure associated 

with each oil continuum is calculated using the equation developed by Nazzal and 

Wisner [21] which involves the oil contact angle, surface tension, droplet size and the 

pore size. When the critical pressure is higher than the operating pressure, then oil 

droplets will either be rejected or pinned. Rejection or pinning is determined based on 

whether the critical velocity is larger or smaller than the operating CFV. When the 

critical velocity is larger than the operating CFV, pinning of the droplet will occur. 

Whereas, when the critical velocity is smaller than the operating CFV, rejection of the 

oil droplet will occur. On the other hand, when the critical pressure is lower than the 

operating pressure, then oil droplet will permeate through the membrane. It should be 

noted that the critical velocity at which pinning occurs is essentially quite small and it is 

likely that the crossflow velocity is larger. Therefore, in most cases, the critical velocity 

associated with the breakup of pinned droplets is used. The droplet size distribution of 

the feed emulsion and the pore size distributions of the three membranes are constructed 

according to the measurements done on the system. These distributions are shown in the 

supplementary materials. According to the droplet size distribution of the feed 

emulsion, 11 oil continua are constructed to represent the emulsion system. Likewise, 5 

membrane continua are constructed to represent the membrane system according to the 

pore size distributions of the three membranes. The critical pressure and velocities of 

each oil continuum with all membrane continua are determined as given in Salama et al. 
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[24]. These criteria in relation to the operating conditions (i.e., the TMP and the CFV) 

are used to determine the fate of each oil continuum with respect to all membrane 

continua.   

7.6 Membrane I (JX- PVDF) 

The pore openings of membrane I span a range between 0.25 and 0.65 microns, whereas 

the droplet sizes span a range between 10 and 400 microns as shown in Figure 7.4-a&b. 

Given the relatively larger angle of contact for the oil-water-substrate system (𝜃 ≈

145𝑜), it is expected that the critical pressure is relatively large, particularly for larger 

size droplets with smaller size pores as shown in Figure F.5. It is also interesting to note 

that the critical pressure values do not change significantly among the different oil 

continua for the same pore size. This may be related to the fact that the ratio of the 

droplet to pore size is already large and they are essentially in the range where the 

critical pressure plateaus with the increase of the diameter ratios. With respect to the 

critical velocities, they dramatically change with the size of oil continua. This is a 

manifestation of the increased drag on larger size droplets which leads to reduction of 

the critical velocity. Also, for the same oil continuum, the critical velocity increases 

with the increase of pore diameter. This is due to the increased counter torque generated 

by capillary forces as suggested by Darvishzadeh et al. [18]. It is interesting to 

determine this droplet diameter at which torques due to tangential and normal forces 

equate. As indicated earlier, five pore sizes have been used to construct the five 

membrane continua. For every chosen pore size, there is one droplet size that will 

experience the situation in which torques are balanced. Beyond that size, pinned 

droplets will experience different fates. If such critical size does not exist, then all oil 
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droplets with the pore size of interest will have the same fate. In Figure 7.11 the 

moment generated by the net tangential force and that generated by the net normal force 

are plotted for every droplet size with respect to the five pore sizes when the operating 

pressure is 1 bar. It is clear in this Figure that in no combination of droplet and pore 

sizes that the lines of the two torques intersect. This implies that, no permeation occurs, 

and the rejection capacity is expected to be 100%, which is indeed in accordance with 

the measurements.  Furthermore, the moment generated by the normal force does not 

seem to change much among the five pore sizes. This may be due to the fact that the 

sizes of the pore openings for this membrane are somewhat uniform (i.e., the range of 

the pore size data are small). With all these effects collected, a fate map of membrane I 

(JX-PVDF) may be constructed as shown in Figure 7.12. This fate map corresponds to 

the behavior of the membrane when the TMP is 2 bar. It is clear from this fate map that 

most of the membrane surface will reject the emulsion except for the smallest size 

droplets that will permeate through the two largest pores.  
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(a) dpore=0.24 microns 

 

(b) dpore=0.32 microns 

 

(c) dpore=0.4 microns 

 

(d) dpore=0.48 microns 

 

(e) dpore=0.56 microns 

 

Figure 7.11   Moment balance on a pinned oil droplet of diameter ddrop with the chosen five 

pore sizes for the JX-Membrane In this experiment the TMP is 1 bar, the CFV is 1.0 m/s, 

permeation flux, J, is 5.2x10
-5

 m/s; contact angle, θ, is 145°; viscosity of water is 1.002x10
-3

 

kg/(m s); density of water, ρw, is 998 kg/m
3
; density of oil, ρoil, is 770 kg/m

3
; Membrane 

resistance, Rm, is 1.92x10
12 

m
-1
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 PM1 PM2 PM3 PM4 PM5 

Oil Continuum 1 Rejection Rejection Rejection Permeation Permeation 

Oil Continuum 2 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 3 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 4 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 5 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 6 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 7 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 8 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 9 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 10 Rejection Rejection Rejection Rejection P. Permeation 

Oil Continuum 11 Rejection Rejection Rejection Rejection P. Permeation 

 

Figure 7.12 Fate map of membrane I (JX-PVDF) when the TMP is 2 bar and the CFV 

is 1 m/s 

Furthermore, all the oil continua will encounter breakup with respect to the largest 

pores. In addition to giving details about the fate of different oil continua, the 

multicontinuum approach also provides details about macroscopic variables that are 

important in the design and operational capacity of the membrane (e.g., the rejection 

capacity of the membrane). As indicated previously, two operating conditions were 

tested using the JX membrane. These include a case where the TMP is set to 1 bar and 

CFV to 1 m/s, and another case where the TMP is set to 2 bar and the CFV set to 1 m/s. 

For the case where the TMP is higher, it is expected that the rejection capacity of the 

membrane to be lower than that for the lower TMP case. According to the simulation 

conducted on this membrane, the rejection capacity of the membrane compares very 

well with that measured for the two operating conditions as shown in Table 7.6.  
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Table 7.6 Comparison of measured and calculated rejection capacity of membrane I 

(JX-PVDF) 

 Membrane I, JX-PVDF 

 TMP CFV TMP CFV 

 1 1 2 1 

 Rejection capacity Rejection capacity 

Measured 100 99.67 

Multicontinuum approach 100 99.5 

7.7 Membrane II (MW-PVDF) 

For membrane II, the pore size spans a range between 0.35 and 1.75 microns. The pore 

size distribution associated with this membrane is shown in Figure 7.3-b. Furthermore, 

the contact angle for this membrane-oil-water system is slightly smaller than that for the 

previous membrane (𝜃 ≈ 135𝑜). This implies that the critical pressure values will, 

generally, be smaller than that of membrane I, which is indeed the case as suggested in 

Figure F.6. As with the JX membrane, the critical pressures do not change appreciably 

for the same pore size among the different oil continua. This is consequence of the fact 

that the diameter ratios of droplets to pore sizes are essentially large and lie in the range 

where the critical pressure plateaus (i.e. becomes independent on the diameters ratios). 

The critical velocities behave in a similar fashion to the system of the JX membrane. It 

is interesting to see the magnitudes of the moments associated with the net tangential 

and the normal forces on pinned droplets. Figure 7-13 shows such torques for the 

different sizes of the droplets with the selected five pore sizes. According to this Figure, 

the two moments intersect implying a change of the fate and the existence of a droplet 

size above which pinned droplet will detach. The critical droplet size is different for the 

different pore sizes as depicted in this Figure. This implies that the rejection capacity of 

this membrane will not be 100% as some of the droplets will permeate.  
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(a) dpore=0.5 microns 

 

(b) dpore=0.75 microns 

 

(c) dpore=1.0 microns 

 

(d) dpore=1.25 microns 

 

(e) dpore=1.75 microns 

Figure 7.13Moment balance on a pinned oil droplet of diameter ddrop with the chosen 

five pore sizes for the MW-Membrane In this experiment the TMP is 1 bar, the CFV is 

1.0 m/s, permeation flux, J, is 5.716x10
-4

 m/s; contact angle, θ, is 135°; viscosity of 

water is 1.002x10
-3

 kg/(m s); density of water, ρw, is 998 kg/m
3
; density of oil, ρoil, is 

770 kg/m
3
; Membrane resistance, Rm, is 1.72x10

11 m
-1
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Moreover, most of the droplet sizes exist where the torque due to tangential forces 

exceeds that due to normal forces. In other words, most of the droplets experience net 

torque that leads to the detachment of pinned droplets. This is in accordance with the 

measurements which show that the rejection capacity achieved by this membrane has 

been less than 100%.  Likewise, a fate map for the membrane may be constructed as 

shown in Figure 7.14. This fate map corresponds to the case when the TMP is set to 1 

bar and the CFV is 1.0 m/s. 

 PM1 PM2 PM3 PM4 PM5 

Oil Continuum 1 Rejection Rejection Permeation Permeation Permeation 

Oil Continuum 2 Rejection Rejection P. 

Permeation 

P. 

Permeation 

Permeation 

Oil Continuum 3 Rejection Rejection P. 

Permeation 

P. 

Permeation 

P. 

Permeation 

Oil Continuum 4 Rejection Rejection P. 

Permeation 

P. 

Permeation 

P. 

Permeation 

Oil Continuum 5 Rejection Rejection P. 

Permeation 

P. 

Permeation 

P. 

Permeation 

Oil Continuum 6 Rejection Rejection P. 

Permeation 

P. 

Permeation 

P. 

Permeation 

Oil Continuum 7 Rejection Rejection Rejection P. 

Permeation 

P. 

Permeation 

Oil Continuum 8 Rejection Rejection Rejection P. 

Permeation 

P. 

Permeation 

Oil Continuum 9 Rejection Rejection Rejection P. 

Permeation 

P. 

Permeation 

Oil Continuum 

10 

Rejection Rejection Rejection P. 

Permeation 

P. 

Permeation 

Oil Continuum 

11 

Rejection Rejection Rejection P. 

Permeation 

P. 

Permeation 

 

Figure 7.14 Fate map of membrane II (MW-PVDF) when the TMP is 1 bar and the 

CFV is 1 m/s 

According to the fate map shown in Figure 7.14 it is clear that more regions of the 

membrane lie in the breakup domain where partial permeation occurs. This implies that 
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the rejection capacity of this membrane under the given operating conditions will be 

less than that achieved by membrane I. Table 7.7 provides comparison of the rejection 

capacity of the membrane under two operating conditions; namely TMP=0.5 bar, CFV 

=1 m/s and TMP=1.0 bar and CFV=1.0 m/s. Under these conditions the comparison 

between measured and calculated rejections shows a good match.   

Table 7.7 Comparison of measured and calculated rejection capacity of membrane II 

(MW-PVDF) 

 Membrane II 

 TMP CFV TMP CFV 

 0.5 1 1 1 

 Rejection capacity Rejection capacity 

Measured 98.67 88.67 

Multicontinuum approach 98.92 86.55 

7.8 Membrane III (PCTE membrane) 

This membrane brings interesting features including the relatively larger pore sizes and 

the smaller contact angle of the membrane-oil-water system (𝜃 ≈ 100𝑜). The hydraulic 

resistance of this membrane is small and a lower TMP is required to achieve sufficient 

flow across the membrane. The pore sizes for this membrane spans a range between 3 to 

9 microns. The pore size distribution for membrane III is shown in Figure 7.4-c. For this 

membrane, smaller oil droplets will eventually permeate throughout the membrane. This 

is a consequence of the smaller contact angle for this system. In other words, oil 

continuum 1 will not require larger entry pressure to permeate through the different pore 

sizes. In this work, it is assumed that oil continuum 1 and most of oil continuum 2 will 

pass through the membrane. Larger size oil droplets will establish entry pressures that 

are essentially smaller than the applied TMP, this is essentially due to the smaller 

contact angle. Likewise, the critical velocities are generally smaller than the CFV.  
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(a) dpore=3.6 microns 

 

(b) dpore=5.4 microns 

 

(c) dpore=6.3 microns 

 

(d) dpore=7.2 microns 

 

(e) dpore=5 microns 

Figure 7.15  Moment balance on a pinned oil droplet of diameter ddrop with the chosen 

five pore sizes for the MW-Membrane In this experiment the TMP is 0.1 bar, the CFV 

is 0.1 m/s, permeation flux, J, is 1.38x10
-3

 m/s; contact angle, θ, is 101°; viscosity of 

water is 1.002x10
-3

 kg/(m s); density of water, ρw, is 998 kg/m
3
; density of oil, ρoil, is 

770 kg/m
3
; Membrane resistance, Rm, is 7.55x10

10 m
-1
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Figure 7.15 shows the moments generated by tangential as well as normal forces on 

pinned droplets. It is obvious that most of the oil droplets, less than approximately 80 

microns, experience conditions where either permeation or pinning occurs. This implies 

that the rejection capacity of the membrane is essentially smaller compared with the JX 

and the MW membranes. The fate map associated with this membrane when the TMP is 

0.15 bar and the CFV is 1 m/s is depicted in Figure 7.16. It is clear that the membrane is 

mostly in the permeation or the partial permeation fate. As mentioned, this membrane is 

expected to have lower rejection capacities and indeed it is the case. Table 7.8 shows a 

comparison between the measured and calculated rejection capacities at different 

operating conditions. It is clearly seen that the multicontinuum approach provides an 

accurate estimation of such important macroscopic parameters. 

 PM1 PM2 PM3 PM4 PM5 

Oil Continuum 1 Permeation Permeation Permeation Permeation Permeation 

Oil Continuum 2 P. Permeation Permeation Permeation Permeation Permeation 

Oil Continuum 3 P. Permeation P. Permeation P. Permeation P. Permeation Permeation 

Oil Continuum 4 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 5 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 6 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 7 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 8 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 9 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 10 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

Oil Continuum 11 P. Permeation P. Permeation P. Permeation P. Permeation P. Permeation 

 

Figure 7.16  Fate map of membrane III (PCTE) when the TMP is 0.15 bar and the CFV 

is 1 m/s 
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Table 7.8 Comparison of measured and calculated rejection capacity of membrane III 

(PCTE) 

 Membrane III (PCTE) 

 TMP CFV TMP CFV 

 0.1 1 0.15 1 

 Rejection capacity Rejection capacity 

Measured 56 46.67 

Multicontinuum 

approach 

55.53 47.91 

 

7.9 Conclusion 

In this work an experimental setup was designed to provide a validation framework for 

the multicontinuum approach, which has been proposed to model the filtration of oily-

water systems using membrane technology. The experimental framework requires 

different kinds of measurements to prepare data and properties required by the 

multicontinuum approach. This includes the membrane and emulsion characteristics, 

operating conditions, and rejection measurements. Three different membranes have 

been used in this study, JX-PVDF, MW-PVDF, and PCTE type of membranes. Pore 

size distributions for each membrane are constructed, and droplet size distribution of the 

feed emulsion is determined. The affinity properties of the three membranes were 

determined by contact angle measurements. The three membranes show oleophobic 

nature to the oil droplets with the PCTE membrane showing the least oleophobic 

property of the three membranes. Macroscopic parameters of the membranes were also 

measured. The operating conditions for the three membranes in terms of TMP and CFV 
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are recorded. In all experiments, the rejection capacities of the membranes under 

different operating conditions were recorded. The three membranes were simulated 

using the multicontinuum approach and the rejection capacities under the different 

operating conditions were calculated. Comparisons of the simulated and measured 

rejection capacities show that the multicontinuum approach constitutes an accurate 

framework to model the filtration of oily-water systems.   
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8 Chapter 8:  A novel antifouling methodology for the 

filtration of oily-water systems using polymeric-type 

membranes: CFD investigation of the one sided 

periodic pressure technique 

 

Mohamed Zoubeik, Amgad Salama*, Amr Henni 

Produced water lab, University of Regina 

Wascana Parkway, Regina, S4S 0A2, SK., Canada 

*amgad.salama@uregina.ca 

Abstract 

Produced water treatment remains an issue of concern for the oil production industry. 

Finding effective ways to efficiently treat the oily water without incurring high 

operational costs is the challenge and focus of most research in this field. A new and 

novel periodic feed pressure technique employs the alteration of the transmembrane 

pressure (TMP) across the polymeric membrane in a fixed time interval to allow for 

decreased residence time of each oil droplet and thus prevent irreversible fouling from 

forming. Computational fluid dynamics (CFD) tools are employed to investigate the 

different fates of oil droplets when the TMP is set to zero. Mesh refinements have been 

considered until the solution is free from mesh-related errors. In order to build 

confidence in the numerical model, a number of cases from the literature are replicated 
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using CFD modeling and a good match was obtained. After validation of the 

computational model, CFD is used to model the proposed periodic feed pressure 

technique for fouling minimization. The aim of this work is to highlight what will 

happen to an oil droplet, at various stages at the membrane surface, when the TMP is set 

to zero. Different cases have been considered including a droplet in the feed stream, 

pinning at the membrane surface, in permeation, in rejection, and during breakup. In all 

these scenarios, it was found that the oil droplet leaves the pore opening clearing the 

surface for incoming flux of oily water system. Therefore, during the first half of the 

feed pressure cycle, normal filtration occurs and during the second half, cleaning of the 

surface occurs. Our method is found to be more efficient than the back-flushing 

technique offering a new methodology for antifouling action in membrane filtration. 

 Keywords: CFD, Produced water, Oily water system, Polymeric membranes, Fouling, 

Multicontinuum approach. 

8.1 Introduction 

Produced water is a term that refers to the water produced along with the oil during 

production operations. The main source of this water comes during the secondary phase 

of oil production when water is injected into oil reservoirs to displace the oil. The 

constituents of produced water, therefore, depend on the type of water used to displace 

the oil. Moreover, this water gets mixed, in some reservoirs, with formation water in 

addition to the oil. The oil-water mixture is separated at the well head using physical 

methods. After separation, the remaining water is called produced water and it contains 

essentially some oil in the form of emulsion. This water cannot be disposed of without 

treatment as it can be a cause of contamination to the groundwater and interfere with 
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plants intake. It must be further treated to minimize the amount of oil before it can be 

disposed. Several methods have been in use to clean produced from the oil content. 

They can, generally, be categorized broadly into chemical and physical methods. One of 

the most effective filtration technologies used to separate oil and water is membrane 

technology. There are several advantages of using membrane technology to filter out 

produced water. These include relatively low cost, durability, resistance to mechanical 

wear and others. However, membrane technology used in the filtration of oily-water 

systems also suffers from an unavoidable drawback which is a consequence of 

membrane selectivity. Dispersed materials accumulate at the surface of the membrane 

leading to fouling. It is indeed a persisting problem that reduces the operational time of 

membranes and requires frequent replacement of the membranes to achieve the design 

permeation capacity. Therefore, any technique to minimize the problem of fouling is 

very much appreciated by the industry. Several techniques have been proposed and used 

to minimize the problem of fouling. These include physical and chemical methods. 

Chemical methods involve the use of chemicals to mobilize the accumulated droplets at 

the surface of the membrane by changing their affinity with the membrane, or by 

dissolving accumulated materials [2, 3]. Physical methods [4, 5], on the other hand, 

involve the use of different techniques including acoustic waves or mechanical 

vibrations to destabilize accumulated droplets, crossflow or pulsating flow 

methodologies to intensify the shear stress at the membrane surface and make easy the 

dislodgment of pinned droplets, etc. [6, 7, 8]. One method that has gained popularity in 

minimizing the problem of fouling has been the use of back flushing method [1]. In this 

technique, the pressures in both the feed and permeate sides of the filtration cell are 
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exchanged and permeation flow is reversed. The reversed flow pushes the accumulated 

oil at the surface of the membrane and, presumably, opens blocked pores. However, 

since the membrane resistance is usually large, the reversed permeation flux may not be 

strong enough to expel the accumulated oil droplets. Furthermore, it will only be 

effective along pore openings, and other nearby areas of the membrane surface may not 

be affected. These areas act as the seeds over which the incoming flux of oil droplets 

accumulates. Therefore, a better technique may be to clean the surface of the feed side 

of the membrane from accumulated oil droplets once they are formed and not only at 

the pore openings. The prediction of the dynamic development of the layer responsible 

for the fouling problem is essential related to the permeation flux decline with time. 

This topic has been the focus of comprehensive research because of its relevance to the 

design of new membrane materials that resist the accumulation of dispersed materials. 

The mechanisms involved during the filtration of produced water are identified as to be 

too complex to model. One, however, can highlight three approaches, the first is 

phenomenological and experimental in nature (e.g., Hermia models) [5], the second is 

computational using the tools of computational fluid dynamics to model the process of 

permeation [9], and the third is related to the microfiltration of a single droplet to gain 

understanding of the physics involved during the filtration of oil droplets [10, 11, 12]. 

Recently, another modeling approach has been developed that utilizes the outcomes 

obtained from the study of the microfiltration processes and upscale it to represent the 

whole membrane (called the multicontinuum approach [13, 14, 15]. Experimental 

studies involving the latest visualization techniques suggest that three stages are 

important in determining the onset of fouling in the filtration of oily-water systems. 
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These stages have been shown to occur in the following order: individual oil droplets 

adhere to the membrane surface, then other incoming droplets start to cluster around 

them, following this is the coalescence of clustered droplets to form larger oil chunks 

and films [10, 16,17]. These oil chunks mix with other impurities in the feed stream to 

form a gel-like layer called cake. Therefore, in order to avoid the development of 

fouling, interference with the previously mentioned mechanisms becomes critical. As 

introduced earlier, some researchers found that the addition of certain chemicals such as 

surfactants can alter the property of the oil emulsion enough to change the interaction of 

the oil droplet with the membrane surface [18, 19]. Other less corrosive methods may be 

to back flush the membrane by reversing the flow direction across the membrane. 

Alternation of the pressure across the membrane has been shown to dislodge partially 

blocked membrane pores [19]. However, this technique only cleans around pore 

openings and not throughout the membrane surface. Furthermore, it is not 

recommended for polymeric-types membranes as it may result in the separation of the 

active from the support layer. It is therefore crucial for any antifouling technique to be 

implemented prior to the formation of the gel layer [19]. In this work, a new technique 

is proposed to interfere with the previously mentioned mechanism that leads to the 

fouling of membrane surface. The idea is to minimize the time at which pinned oil 

droplets stay at the surface of the membrane acting, therefore, as the seed for other 

droplets to cluster and coalesce. This is achieved by changing the pressure in the feed 

side to periodically change between the normal operating pressure and zero. When feed 

pressure is large, permeation occurs. When the feed pressure drops to zero, the surface 

of the membrane is cleaned by the crossflow. The time at which the permeation and the 
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cleaning cycles last can be adjusted to achieve the best combination that would result in 

the highest permeation capacity and the lowest fouling development. To demonstrate 

this, we employ a computational fluid dynamics tool to show the behavior of an oil 

droplet at the surface of the membrane when the feed pressure drops to zero while the 

flow field is active. As explained earlier, different fates accompany pinned droplets 

depending on the diameter of the droplet in relation to the diameter of the pore. We 

investigate the behavior of oil droplets undergoing these fates to understand how the 

periodic feed pressure technique actually works. In the last part of this work, we 

perform a number of experimental works to validate this technique.  

8.1 The proposed periodic pressure field technique         

As briefly explained in the previous section, the periodic pressure field approach is 

proposed to minimize the problem of fouling when using membrane technology in the 

filtration of oily-water and other systems. It has been established through CFD 

investigations that there are several steps in the journey of dispersed oil droplets during 

the filtration process. The phenomenon starts with an oil droplet moving in a random 

fashion in the continuous water phase along the crossflow direction. When the pressure 

in the feed side of the membrane is larger than that in the permeate side, a flux is 

generated towards the membrane surface. Such flux carries with it suspended oil 

droplets towards the membrane. As the oil droplet lands over the membrane surface, it 

gets affected by different hydrodynamic effects that determine its fate. These fates are 

consequences of the relationships between the operating and critical conditions. If both 

the transmembrane pressure (TMP) and the crossflow velocity (CFV) are smaller than 

the critical entry pressure and the critical velocity [16], respectively, the oil droplet is 
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pinned over the surface. If the TMP is larger than the entry pressure and the CFV is 

smaller than the critical velocity, the oil droplet will permeate. If both the TMP and the 

CFV are larger than the critical conditions, oil droplet will detach. Therefore, the idea of 

the periodic feed pressure technique is to interfere with all these mechanisms in an 

attempt to disperse accumulated droplets back to the main stream, reducing, therefore, 

the possibility of fouling. The idea is to change the TMP between its operational value 

and zero in a periodic manner as shown in Figure 8.1. Such change in the pressure field 

will interfere with the permeation flux therefore affecting the incoming flux of oil 

droplets to the surface of the membrane.  

 

 

 

 

 

 

 

Figure 8.1 Periodic feed pressure profile 

Also oil droplets that are already at the surface will encounter conditions that will revert 

them back to the main stream. In other words, when the TMP is set to zero, no 

permeation flux is present and the droplets that were once forced to move towards the 

membrane become free from such drag force and will therefore continue to disperse in 

Pressure=0 

TMP 
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the feed stream. Furthermore, the droplets that have already been pinned at the surface 

of the membrane or get rejected will, likewise, disperse back towards the feed stream 

and clear the surface from oil droplets. It is however, not very clear how the droplets 

that are already in the process of permeation behave when the TMP becomes zero. Will 

they continue to permeate or will they stop permeating and move back to the main feed 

stream? In other words, the full picture of the behavior of oil droplets under all possible 

conditions need to be investigated in order to provide a clear understanding on the 

effectiveness of the periodic pressure field approach in minimizing the problem of 

fouling. It is very interesting to model the full spectra of possibilities to highlight how 

the droplets behave under scenario of setting the TMP to zero. This could be done using 

computational fluid dynamics tools in carefully designed numerical experiments to gain 

understanding and to provide guidance on performing the experimentations needed for 

validation of the concept.     

8.2 CFD investigation of the microfiltration problem 

The computational investigation of the behavior of an oil droplet at the membrane 

surface involving different fates is conducted using the volume of fluid (VOF) two-

phase framework [20, 21]. The study of multiphase flows requires the need to capture 

the interface as the oil droplet is transported along the surface or penetrating through the 

pore opening. There are generally two basic categories when modeling a two-phase 

system involving interface dynamics. These are the sharp interface and the diffuse 

interface [22] models. In this work, we use the VOF model along with the finite volume 

technique because they satisfy the laws of conservation, locally. ANSYS Fluent [23] is 

used as our vehicle to conduct this study. The governing equations that describe the 
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dynamic behavior of this system involve the conservation of mass, momentum as well 

as the transport of a phase-field function that describes the phases. The Volume Of 

Fluid method is based on the fact that the two phases form an impenetrable interface 

where for example, each cell in the mesh can either be filled with one of the phases (a 

specific phase zone) or be a combination of the two (phase interface) [24]. This is 

accomplished by defining a phase function, α, called the volume fraction, which is the 

volume of one phase in the cell over the total cell volume. The interface is tracked by 

solving a transport equation for the volume fraction as well as the momentum equation: 

∂𝛼

∂𝑡
+ ∇ ∙ 𝐮𝛼 = 0                                                                            (1) 

where, 𝐮 is the velocity vector along which 𝛼 is transported. The density is calculated 

by 

𝜌 = (1 − 𝛼)𝜌1 + 𝛼𝜌2                                                                      (2) 

where, 𝜌 is the average density, 𝜌1 is the density of phase 1 and 𝜌2 is the density of 

phase 2. One momentum equation is solved and the velocity field is shared between the 

two phases. The momentum equation may be written as: 

∂𝜌𝐮

∂t
+ ∇. (𝜌𝐮𝐮) = −∇𝑝 + ∇ ∙ [𝜇(∇𝐮 + ∇𝐮𝑇)] + 𝜌𝐠 + 𝐅                                     (3) 

where, u is the velocity vector, g is the gravity vector, 𝑝 is the pressure, 𝜇 is the 

viscosity and F is the surface tension force. The surface tension force is determined by 

the following equation: 

𝐅 = 𝜎 
𝜌𝜅∇𝛼 

1
2 (ρ1  + ρ2) 

                                                                       (4) 
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where, σ is the surface tension between the two phases and κ is the mean curvature, 

which is computed in terms of the normal vector to the interface n via: 

κ =  
1

|𝐧|
[(

𝐧

|𝐧|
∙ ∇) |𝐧| − (∇ ∙ 𝐧)]                                                           (5) 

The surface tension force is equal to nonzero only at the interface and it acts in the 

direction normal to the interface. If the interface is in contact with the wall, the normal 

vector is found via the contact angle 𝜃𝑠𝑡: 

𝐧𝑖 = 𝐧𝑤 cos 𝜃𝑠𝑡 + 𝐧𝑡 sin 𝜃𝑠𝑡                                                            (6) 

where, nw is the unit vector normal to the wall, nt is a vector on the wall and normal to 

the contact line, and 𝜃𝑠𝑡 is the contact angle. To have a closed system, the Navier- 

Stokes equations require boundary conditions to be defined [11].  For that, the 

membrane surface is considered a no slip boundary, the top wall is considered a moving 

boundary, pressure boundary conditions were assigned to the two side boundaries and 

the outlet of the pore, and the two boundaries normal to the flow direction are assigned 

a periodic condition. More details about the boundary condition are stated in the next 

section. A SIMPLE algorithm was used for the pressure-velocity decoupling. The 

momentum equation was discretized using a second order upwind scheme. To 

reconstruct the interface and, consequently, solve the volume fraction transport 

equation, a piecewise linear interface reconstruction method was used [25]. The 

convergence criterion for the different variables was set to 10
-4

 for the velocities and 

continuity, and the maximum number of iterations per time step was set to 100. 
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8.3 The computational framework 

The computational domain chosen for this study is very much similar to that found in 

the work of Darvishzadeh and Priezjev [11]. This provides a framework for 

comparisons with their work to build confidence in our numerical procedure in addition 

to testing the proposed technique. The continuous phase assumed in this work is water 

and the dispersed phase is oil. The properties assumed for the oil include a density of 

889 kg/m
3
, a viscosity of 0.0021 Pa‧ s, and a surface tension of 19.1 mN/m. For water, 

the density is taken as 998.2 kg/m
3
, and the viscosity is 0.001 Pa‧ s. The solid surfaces 

of the domain were considered olephopic with a contact angle greater than 90°. The 

geometry of the simulation represents a rectangular conduit with a circular pore in the 

middle as depicted in Figure 8.2. The height (z direction), width (y direction), and 

length (x direction) of the conduit are 2.07, 7, and 9 µm, respectively. A circular pore 

with a radius of 0.2 µm was created in the middle of the bottom surface with the pore 

length (z direction) set to 1.5 µm. ANSYS ICEM was used to generate the mesh that 

consists of hexagonal grids as shown in Figure 8.3.  
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Figure 8.2 Schematic of the computational domain and the boundary conditions 

(adapted from Darvishzadeh and Priezjev [11]) 

 

Figure 8.3 Schematic of the mesh cross-section that consists of hexagonal meshes. The 

quadrilateral mesh generated was able to accurately resolve the pressure, velocity fields, 

and shape of the droplet throughout the simulation. 

The base mesh used throughout this study is designed such that the number of nodes for 

the conduit along the x, y, and z directions are 100, 75, and 50, respectively. The 

cylindrical pore cross section is discretized to about 30 cells and 50 nodes were set 

along the pore length. Dependency of simulation results on grid-resolution have been 
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tested using three meshes. Namely, the base mesh, a 2-times finer mesh (2 times the 

number of nodes in each direction) and a 2-times coarser mesh (half the mesh in each 

direction). In the case of the finer mesh, the number of nodes for the rectangular conduit 

in the x, y, and z directions are 200, 150, and 100, respectively, and the number of cells 

in the pore section is 60 and 100 nodes along the pore length. The Volume of Fluid 

(VOF) method was used in FLUENT for the simulation of the two-phase system. A 

spherical oil droplet was created with a radius of 0.9 µm with the x, y, and z coordinates 

of the center of the oil droplet set to 3.4, 3.5, and 0.7 µm, respectively. In other words, 

the droplet is created in the middle, just before the entrance of the pore at the bottom 

surface of the conduit. When the simulation starts, the droplet establishes the 

equilibrium configuration determined by the surface tension and the contact angle. The 

two boundaries of the duct which are perpendicular to the x-axis are assumed periodic 

boundary conditions. The side boundaries of the duct (perpendicular to the y-axis) are 

pressure-inlet boundaries, with the inlet pressure set to a predefined value according to 

the studied scenario. The top boundary of the duct (perpendicular to z-axis) is 

considered a moving wall, with the velocity likewise preset according to the required 

scenario in the positive direction of the x-axis (direction of the fluid flow). The contact 

angle of the oil droplet at the oil-water-surface contact along the bottom surface of the 

conduit as well as along the pore wall was set to 135°. The pore bottom boundary is set 

to pressure-outlet boundary with a value of 0 to create the necessary transmembrane 

pressure. The droplet can either enter the pore, reside at the entrance of the pore or 

breakup. As indicated earlier, the grid resolution might influence the velocity of the 

droplet due to shear flow. Using finer meshes (2-times finer) for simulations for 
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different situations including breakup, rejection, and permeation; it was confirmed that 

the resolution of the base mesh was appropriate and simulation results with finer mesh 

was identical to that of the base mesh. This is apparent when comparing the droplet at 

different times using the three mesh resolutions as depicted in Figure 8.4. It is evident 

that the base mesh is sufficient to provide similar results as those obtained by the finer 

mesh. The coarser mesh generated an interface that is not uniform and is not similar to 

those obtained by the two other mesh resolutions. Therefore, throughout this work, the 

base mesh resolution will be considered. 

 

 

8.4 Validation of the computational model 

 

Figure 8.4 Three mesh resolutions were tested for base mesh optimization 
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In order to build confidence in our modeling approach, we begin by replicating the 

computational work of Darvishzadeh and Priezjev [11] who looked at the effects of the 

transmembrane pressure and the shear rate on the behavior of an oil droplet upon 

encountering a pore opening. 

The simulation continued until the droplet reaches the outlet, penetrates the pore or 

breaks up. Four cases were considered that reflect four scenarios including rejection, 

permeation and two cases for breakup. The conditions adapted to each scenario are 

shown in Table 8.2. As seen in Figure 8.5, there is a very good resemblance of the 

different snapshots of the oil droplet at different stages between our simulation and that 

of Darvishzadeah et al.  [16]. The snapshots of the droplet reflect three different 

scenarios that can occur which include, rejection (A, AA), permeation (B, BB), and 

break up (D, DD, E, EE). Cases referred to with a single capital letter are those of 

Darvishzadeh [16] and those referred to by double capital letters are from the current 

simulations. Snapshot A depicts the rejection process at low shear rates. Under this 

scenario, the droplet passes by the membrane pore without penetration. The flow along 

the membrane drags the droplet along the bottom surface and from the pore opening. 

Moving along and examining snapshot B, which falls under the permeation category, 

the droplet penetrates the pore and becomes deformed by the flow and gets pulled into 

the pore before it is able to breakup. This scenario represents the case in which the shear 

rate is relatively low. With increasing shear rates, the effective hydrodynamic forces 

cause strong droplet deformation at the entrance of the pore leading the droplet to break 

up as seen in snapshots D and E. The higher shear rates cause the deformation and 
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breakup of the droplet, the level of the transmembrane pressure determines the 

minimum breakup pressure. 

Table 8.1 Operating conditions used in the modeling system 

Snapshot D, is just above the minimum breakup pressure and thus a small fragment of 

the droplet is broken up but the main droplet is carried away by the shear flow. At 

higher transmembrane pressures as seen in snapshot E, the breakup of the oil droplet is 

more significant. As the droplet comes in contact with the pore at higher pressures, the 

droplet almost pauses above the pore leading to significant change in the shape of the 

droplet and causing it to stretch out. Under high shear flow, the stretched out droplet 

breaks up. The amount of volume of the droplet that gets broken is proportional to the 

applied pressure. In Figure 8.6, comparison between the volumes of that portion of the 

droplet remained inside the pore after breakup for different TMP between Darvishzadeh 

and Priezjev [11] and our work indicates that very good agreement is obtained.     

A 

 

A

A 
 

Case TMP, bar Shear Rate, 1/s Velocity, m/s dt, s total time, s 

AA 0.975 1.5x10
5
 0.3105 1.5x10

-5
 1.05x10

-4
 

BB 1.15 1.5x10
5
 0.3105 1.5x10

-5
 1.05x10

-4
 

DD 1.035 5.0x10
5
 1.035 2.5x10

-5
 1.75x10

-5
 

EE 1.175 4.5x10
5
 0.9315 4.0x10

-6
 2.80x10

-5
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B 

 

BB 

 

D 

 

D

D  

E 

 

EE 

 

Figure 8.5 Sequences of snapshots of the sheared droplet on the pressurized pore for rp of 

0.2µm, and the contact angle of 135
0
:  A, B, C, E, graphs are based on the numerical data of 

Darvishzadeh et al. whereas the AA, BB, CC, EE is the modeling obtained by this current work 
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Figure 8.6 Comparison between current work and that of Darvishzadeh et al. [16]: 

Leakage volume variation as a function of the applied pressure for rd = 0.9 µm, rp =0.2 

µm, the contact angle of the oil droplet in water is =135º with CFD modelling using the 

periodic feed pressure technique 

In the previous discussion, it was mentioned that an effective way to minimize the 

problem of fouling may be to interfere with the different hydrodynamic forces that lead 

to the deposition of oil droplets at the surface of the membrane. The idea has been to 

interfere with the previously mentioned mechanisms that affect the stability of oil 

droplets at the surface of the membrane. It has been determined that the TMP represents 

a key parameter that plays a significant role in all the scenarios that describe the fate of 

oil droplets at the surface of the membrane. Therefore, the idea of the periodic pressure 

technique is to set TMP to zero in a periodic manner such that when the pressure is 

nonzero, permeation occurs and when it is zero, fouling layer is removed. To highlight 

the effect of TMP on the fate of oil droplets when it is set to zero, several cases are 
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explored using CFD. The different cases represent different possible fates along the 

journey of an oil droplet from the feed stream towards and along the membrane surface. 

Apparently, when the oil droplet is still in the main stream when the TMP is set to zero, 

it will remain in the feed stream and will not be dragged towards the membrane surface. 

The more interesting scenarios, however, occur when the oil droplet is at the surface of 

the membrane proceeding towards its fate when the TMP becomes zero. It has been 

determined elsewhere [10] that four fates encounter a droplet at the surface of the 

membrane; namely pinning, rejection, permeation and breakup. When the TMP is set to 

zero, the fates of oil droplets undergoing any of the previously mentioned scenarios 

change as will be discussed in the next sections of this manuscript. Those oil droplets 

are very much responsible for the development of the fouling layer. We study the 

behavior of oil droplets that experience different fates and look at the change in their 

fates when the TMP becomes zero. We are interested to know how these fates change 

when the TMP is set to zero.   

8.5 Case 1: Droplets in main feed stream  

In this scenario, oil droplets dispersed in the feed channel are influenced by a net drag 

force towards the membrane surface when the TMP is nonzero. If at some point the 

pressure in the feed channel becomes zero while keeping the crossflow pattern, oil 

droplets will not be affected any more by a net force towards the membrane and will 

continue dispersed in feed channel. In other words, during the period in which the TMP 

is set to zero, no incoming flux of oil droplets towards the membrane surface exists. 

This very much decreases the possibility of the incoming oil droplets flux to cluster 

and/or coalesce with those droplets that are at the surface of the membrane reducing, 
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therefore reducing the possibility of building a fouling layer. Figure 8.7 shows two 

cases, the first Figure 8.7-a represents the case in which the oil droplet is dragged 

towards the membrane surface in normal filtration process. When the pressure 

supersedes the capillary entry pressure, the droplet permeates as depicted in Figure 8.7-

a. The same droplet in the main stream experiences no drag force towards the 

membrane and has not, therefore, gotten dragged towards the membrane surface, as 

presented in Figure 8.7-b. 

         t1                  t2        t3              t4             t5           t6              t7      

(a) Droplet dragged towards a pore opening 

 
TMP=1.19 bar 

 

(b) Droplet in the feed stream (periodic feed pressure) 

       

TMP=0.9 bar 0 0 0 0 0 0 

 

Figure  8.7 Droplet in the main stream in the normal filtration process will experience 

drag towards the membrane surface and will be held in the main stream when the TMP 

is set to zero 

8.6 Case 2: Droplet pinning at the surface of the membrane 

When the TMP is less than the critical pressure and the CFV is less than the critical 

velocity, oil droplets will stay pinned at the surface of the membrane. In this work, the 

pinning condition is achieved when the TMP is set to 0.9 bar and the CFV is set to 0.09 

m/s. Under these conditions, the oil droplet will move along the surface and when it 
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encounters a pore opening it gets pinned and stays at the surface. When the TMP is set 

to zero, the pinned droplet will experience less force and the crossflow field will be 

enough to sweep off the pinned droplets and clean the surface. This is illustrated in 

Figure 8.8 which shows the behavior of oil droplet in the case of normal filtration 

process (Figure 8.8-a) and when using the one-sided periodic pressure technique (b). 

The first set of graphs (a) shows that the droplet moves along the surface and get 

anchored by the pore opening and stays pinned at this location. When the TMP is set to 

zero (Figure 8.8-b), the droplet gets displaced and moves along the surface. Therefore 

during the time period in which the TMP is set to zero, the crossflow field cleans the 

surface from pinned droplets.   

         t1                  t2                   t3                   t4                 t5                     t6                   

t7 

(a) Pinning (normal filtration process) 

 

(b) Pinning (one sided periodic pressure) 

 

TMP=0.9 bar          0.9 bar               0.9 bar               0                    0                        0                       0      

 

Figure  8.8 The change in the fate of a pinned oil droplet 

 

8.7 Case 3: Rejection scenario 

Oil droplets subject to TMP less than the critical entry pressure and a CFV larger than 

the critical velocity will be swept of the surface by the crossflow field, even if the TMP 

is set to zero. Figure 8.9 shows an oil droplet moving towards the membrane surface 
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under rejection conditions. When the TMP is set to zero, the droplet detaches from the 

surface as expected. 

 

         t1                   t2               t3           t4             t5, TMP=0            t6                  

Rejection 

 

 

Figure  8.9 Change in the fate of rejected oil droplets 

8.8 Case 4: Permeation Scenario 

When the TMP is larger than the critical pressure and the CFV is less than the critical 

velocity, oil droplet at the surface of the membrane experiences permeation. This is 

depicted in Figure 8.10-a where the droplet permeates totally through the membrane. 

During the permeation time, the part of the droplet that exists in the feed channel works 

as a seed for the incoming flux of oil droplets to coalesce and to cluster. When the TMP 

is set to zero, two interesting things occur; firstly, the incoming flux of oil droplets stops 

and the second is that either the permeation process completes or reversal of the 

permeation occurs. Depending on the shape of the leading interface of the droplet inside 

the pore, either of the previously mentioned two fates occurs. That is if the leading 

interface has reached the exit boundary, the droplet will continue permeating even if the 

TMP is set to zero. If, on the other hand, part of the interface has not completely passed 

the exit boundary, when the TMP is set to zero, the interface recoils and pulls the 

droplet out of the pore. Figure 8.10-b shows two scenarios, one in which the leading 
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interface have reached closer to the exit of the pore when the TMP has set to zero. In 

this case the interface recoils and the droplet is pulled out of the pore. Even if part of the 

interface has crossed the exit boundary of the pore, that the interface is able to recoil 

and the droplet is pulled out of the pore.  

    t1            t2       t3        t4          t5              t6 
 

(a) Permeation (normal filtration process) 

 

 

TMP=1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

(b) Permeation (one sided periodic pressure) 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

0 bar 

 

 

0 bar 

 

 

0 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

1.15 bar 

 

 

0 bar 

 

 

0 bar 

 

Figure  8.10  Fate of an oil droplet permeating through the membrane (case a) during 

normal filtration: When the TMP is set to zero, the leading portion of the droplet in the 

pore recoils and reverse its motion towards the feed channel. This occurs whenever the 

leading interface does not totally cross the exit boundary. 

 

This last scenario is enlarged for better observation in Figure 8.11. As shown in this 

figure, the leading interface has almost passed through the exit boundary of the pore and 

only a small portion of the interface remains. When the TMP switches to zero, the 

interface recoils and the droplet starts to reverse its motion towards the feed channel as 



323 

 

depicted in Figure 8. 11 and then is moved along the membrane by the crossflow. The 

permeation scenario that have been considered in this work assumes the TMP to be 1.15 

bar and the CFV to be 0.207 m/s. Figure 8.11 shows the volume of the droplet inside the 

pore during permeation and reverse permeation. During the permeation, the volume of 

the droplet inside the pore increases monotonically. When the TMP is set to zero, the 

portion of the droplet inside the pore recedes towards the feed channel and the volume 

decreases. As seen in Figure 8.12, when the pressure method is applied, a reversal in the 

fate of the oil droplet is seen and the droplet is pulled back out of the membrane pore 

channel. This can then contribute to less pore fouling and improves the oil rejection 

capacity of the membrane. 

 

 

t1, TMP=0.0 

 

t2 

 

t3 

 

t4 

 

t5 

 

t6 

 

t7 

 

t8 

Figure  8.11 Closer view of the reversal of the permeation case when the TMP is set to 

zero When part of the interface exists inside the pore, when the TMP is zero, the 

remaining interface recoils and the droplet moves back towards the feed channel 

 



324 

 

8.9 Case 5: Breakup scenario 

When both the TMP and the CFV are larger than the critical entry pressure and the 

critical velocity, the oil droplet at the surface of the membrane will breakup. As 

explained previously, for the permeation scenario, the oil droplet permeates when the 

TMP is larger than the critical entry pressure and the CFV.  When using the periodic 

feed pressure technique, it can be seen in the Figure 8.12 how the broken off piece of 

the oil droplet was pulled back from the membrane channel when the TMP was set to 

zero and it was ultimately rejected completely. This process seems to be slower because 

the driving force that pushes the remaining of the droplet in the pore is not large (the 

dynamic pressure in the feed side due to crossflow field). In figure 8.13, the oil droplet 

begins to break up and the volume leaked increases until the droplet is broken off. Then 

when the TMP is set to zero, the volume leaked is pulled up the channel and decreases 

until it reached zero. 
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Figure  8.12  Closer view of the reversal of the break up case when the TMP is set to 

zero: When the TMP is set to zero the broken off piece of the oil droplet is pulled up the 

membrane channel and rejected 

 

 

  Figure 8.13 Volume of the droplet inside the pore during break up case  

8.10 Conclusion 

In this work, a novel antifouling technique is presented. It is based on alternating the 

feed pressure in a cyclic manner. During the first period of the cycle, the pressure of the 

feed side is high enough to allow for the filtration of produced water. In the second half, 

the pressure in the feed side is reduced and the surface of the membrane is cleaned by 

the crossflow field. In this work the pressure in the feed side is considered between the 

TMP and zero. The fate of oil droplet at the surface of the membrane is determined by 

the balance between the hydrodynamic forces. Interfering with these forces can change 

the fate of oil droplets in the feed stream and at the surface of the membrane. This is the 
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basis of the idea of the periodic feed pressure technique. So when the pressure of the 

feed side is set equal to the TMP, normal filtration process occurs. When the pressure in 

the feed side is set equal zero, no permeation flux develops and, therefore, the drag 

force that brings the droplets to the surface ceases to exist and the droplets remain in the 

main stream. Furthermore, those droplets that are already at the surface of the 

membrane will experience no tendency to stay pinned at the surface. Rather, they will 

be pushed towards the feed side rather than stay at the surface, and form the seeds for 

other droplets to cluster and coalesce. Five cases have been considered representing the 

different fates oil droplets experience on the feed side. These cases include, droplet in 

the feed stream, droplet pinning at the pore opening, rejected droplet, droplet 

undergoing permeation, and droplet undergoing breakup. In all these scenarios, when 

the TMP is set to zero, the aforementioned fates change. For an oil droplet in the feed 

stream, when the TMP changes to zero, the droplet is not under the influence of the drag 

force that drives it towards the membrane. It the stays, therefore, held in the main 

stream. For a pinned droplet, when the TMP is set to zero, it detaches and moves along 

the surface. For a rejected oil droplet, when the TMP is set to zero, it continues to 

detach. For permeating oil droplet, as long as the interface did not fully penetrate the 

membrane, when the TMP is set to zero, the droplet recoils back to the main stream. 

Finally, if a droplet undergoes breakup, when the TMP is set to zero, the portion of the 

droplet that exists in the pore slowly moves upwards until picked up by other droplets. 

Furthermore, our novel method, is shown to be a superior method to back flushing, in 

which the pressure alternates between the feed and the permeate sides. This is related to 

the fact that, in back flushing, only the pore opening areas are relatively cleaned while 
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the rest of membrane surface remains covered with the cake layer. Furthermore, the 

back-permeation flux is not strong enough to lead to any significant cleaning due to the 

resistance of the membrane. Moreover, back flushing can destroy the binding between 

the active layer of the membrane and the support layer. The periodic feed pressure 

technique is free from all these drawbacks. From all the studied scenarios, it is clear that 

the periodic feed pressure technique is quite effective in cleaning up the surface of the 

membrane. 
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Oily water treatment is one of the many drawbacks of petroleum and several other 

industries. Finding effective ways for produced water treatment remain a main focus of 

interest in the field of membrane science. Membrane modification and operational 

optimization have been approached as a potential cure for membrane fouling and the 

decline of filtration capacity. A new and novel method has been introduced in our 

previous work which utilizes no chemicals and is, therefore, environmentally friendly. It 

is based on alternating the pressure in the feed channel in a periodic manner. The 

periodic feed pressure technique (PFPT) eliminates fouling development at the surface 

of the membrane maintaining, thereby, higher permeation flux. The PFPT involves 

setting the transmembrane pressure (TMP) to zero at fixed intervals allowing pinned oil 

droplets to be washed away. This significantly reduces the overall residence time of 

pinned oil droplets, minimizing the chance for other oil droplets to cluster and coalesce 

with those pinned at the surface, which has been identified as the major reason for 

fouling. In half the cycle where the TMP is set to zero, less aggregation of oil droplets 

and less irreversible fouling have been observed. The PFPT does not cause any damage 

to the support layer of the polymeric membrane, which is a drawback of the back-

flushing cleaning. The novel PFPT method displays minimal membrane fouling and 

very similar permeation recovery despite only half the cycle time is in filtration mode. 

In this work, we show how the flux is recovered using both the PFPT and regular 

filtration methodology. Furthermore, we compare the overall amount of filtrate at the 

end of the experiments using both methods. It is interesting to note that, the amount of 

filtrate is very much comparable to that obtained using the regular technique and even 

higher. By varying the frequency of the cycle and the amplitude of the pressure change, 



334 

 

it is possible to recover the flux to that of the clean membrane. Visual inspections of the 

membranes post operation and post rinsing indicate that membranes undergoing 

filtration using the PFPT technique achieved a very clean surface compared with those 

undergoing regular filtration processes. This method is a promising solution to 

membrane fouling that is easy to implement without any additional use of chemicals or 

equipment. 

Keywords: Produced water, fouling in porous membranes, Polymeric-type membranes, 

Multicontinuum approach 

 

 

 

 Introduction 9.1

Produced water generated from the petroleum industry is an important waste stream. Its 

management is a significant challenge due to its highly pollutant nature and the large 

volume of oily wastewater generated. Other industries contributing to the production of 

produced water include food processing, metal fabrication, power plants and several 

other industries [1]. Finding effective ways to treat and reuse produced water can lead to 

the financial sustainability of the industry and generate a water source for positive use 

such as irrigation or reuse by the industry itself. Membrane filtration technology is 

leading the way for oily wastewater treatment because of its many advantageous. 

Membrane technology is relatively cheap, easy to operate and maintain, consumes less 

power, etc. [2] [3]. However, membrane technology also suffers from an unavoidable 
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problem that results in the deterioration of their performance with time. This 

phenomenon is called membrane fouling and it is related, essentially, to the inevitable 

accumulation of dispersed materials at the surface of the membrane [2]. Such 

accumulation of materials blocks the openings of the membrane pores, reducing thereby 

the area available for filtration. The selectivity function, which controls how the 

membrane responds to the incoming flux of materials, is a design parameter that needs 

to be optimized. This is dependent on many things including factors unique to the 

membrane surface and its properties, the properties of the feed stream and the operating 

conditions of the filtration unit [2] [4] [3]. Membrane surface properties are known to 

play a role in flux control and rate of fouling. The main membrane properties that 

influence its filtration capacity include its pore sizes, surface roughness, surface 

electrical charge and affinity to the oil phase [5,6].  Membrane pore sizes and 

hydrophilicity are known to play a key role in filtration process and the development of 

fouling [7]. Agrwalt et al. studied the effect of membrane surface properties in filtration 

where they highlighted that an ideal membrane is the one that has minimal roughness 

and is superhydrophilic [8]. The importance of surface charge and contact angle was 

considered in the work of Dresselhuis et al. and Essafi et al [9, 10]. Dresselhuis et al. 

suggested that a higher ionic strength of the emulsion leads to more spreading of the oil 

droplet along the membrane surface [9, 10]. Membrane surface properties are, 

essentially, a product of the materials used to fabricate the membrane. Ceramic and 

polymeric membranes have both been used for produced water treatment. Ceramic 

membranes are made of inorganic materials that are inert to harsh conditions such as 

solvents and extreme temperatures [5]. Polymeric membranes, on the other hand, are 
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made of organic materials and allow for a more selective separation; a key feature 

unfound in ceramic membranes [5]. Membrane modification can lead to the 

enhancement of the surface properties to optimize both flux and minimize fouling [11]. 

The produced water used as the feed in the filtration unit can affect the filtration results 

and the rate of fouling. Produced water is considered an oil in water emulsion with the 

oil phase dispersed in the aqueous phase [5]. The exact composition of produced water 

can vary based on its source, however the commonly found components include 

dissolved inorganic and organic material, dispersed oil and suspended solids mixed with 

chemical stabilizers and surfactants [12]. The stability of the emulsion is influenced by 

the repulsive electrostatic forces between the droplets and the attractive van der Walls 

forces which then interact with the inherent charge of the membrane surface influencing 

filtration, rejection and fouling rates [5]. Another key player in the rate of membrane 

fouling and function is the operational conditions. Operational conditions including 

crossflow velocity (CFV) and transmembrane pressure (TMP) are strongly related to the 

flux and fouling rates of the membrane [6, 13]. There are critical TMP and CFV that 

need to be estimated to ensure optimal operation of the membrane. For example, when 

oil droplets attach to the surface of the membrane they form interfaces that prevent 

pinned oil droplets from permeation unless a threshold pressure is surpassed. Therefore, 

adjusting the TMP such that the threshold pressure is not exceeded ensures that most of 

the dispersed oil droplets do not permeate. Membrane fouling is a major issue impacting 

the implementation of membrane filtration and is the focus of many of the research 

work. As the filtration process starts, accumulation of oil droplets and debris occurs 

along the surface of the membrane and within the membrane pores leading to fouling. 
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As this layer develops more and more oil droplets and debris adhere to form a gel-like 

layer. The literature contains many studies that have looked at ways to combat the 

development of fouling via membrane features and properties [14, 15, 16, 17]. 

Conversely, other approaches dealing with operational control and interventions can 

help tackle the rate of fouling formation such as back flushing [18, 19,20], ultrasound 

vibration [21, 22] pulsing mode [23] and crossflow filtration [24]. Crossflow filtration, 

in particular, has gained recognition because of its effectiveness in reducing the problem 

of fouling. When the crossflow rate achieves critical velocity, the accumulated and 

pinned oil droplets along the membrane surface are flushed away [25]. The critical CFV 

needed is dependent on the droplet size range and pore size range. Therefore, for any 

given emulsion that is constituted of a range of oil droplets and a membrane that has a 

range of pore sizes, a critical CFV needs to be maximized to clear off most pinned 

droplets, however, it will not be able to detach all pinned oil droplets. Thus, an 

accumulation of the pinned droplets will occur despite the efforts of the crossflow field 

leading to the formation of oil chunks that grow to cover the surface of the membrane. 

The point in filtration time where the oil debris starts to wet the membrane base is the 

point of irreversible fouling formation. Thus, for an antifouling intervention to be 

effective, it must be applied before the point of membrane wetting Zhu et al. [15]. Once 

irreversible fouling occurs hydraulic cleaning is no longer effective. In order to better 

understand the point of occurrence of irreversible fouling, recent studies have 

implemented new methods in order to visualize the fate of the oil droplet during 

filtration and from these studies three stages of oil droplet behaviour have been noticed. 

These include populating the surface of the membrane with oil droplets, clustering 
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and/or coalescence of incoming droplets with pinned ones, and the growth of coalesced 

oil droplets to form oil chunks or laminates [27]. To minimize the problem of fouling, 

one needs to interfere with the previously mentioned mechanisms in attempts to 

prevent, eliminate and minimize its evolution. One way has been to introduce chemical 

materials (e.g., surfactants) to the feed mixture to alter the surface tension properties of 

the oil-in-water emulsion [8] [27]. Such alteration can affect the affinity properties of 

the oil, interfering, thereby with the pinning characteristics of oil droplets. However, as 

this method involves the addition of chemical materials, it poses hazards to the 

environment and is, therefore not favorable. Another method to eliminate the problem 

of fouling, which is not directly related to the previously mentioned mechanisms, has 

been to periodically clean the membrane surface by back flushing. Back flushing has 

been explored before as a method for membrane cleaning. It provides an interesting 

cleaning procedure by alternating the permeation flux direction across the membrane. In 

a predetermined pattern of the alternating pressure field between the feed and the 

permeate sides, it is possible, by reversing the flow to open blocked channels and 

partially restore the performance of the membrane [27] . However, this process is only 

effective in partially opening blocked pores while the rest of the gel layer continues to 

stick to the surface. Over these attached layers other incoming oil droplets attach and 

extend to relock opened pores. Therefore, it is believed that the best technique to 

minimizing the problem of fouling is to dislodge pinned oil droplets before they start to 

make the gel layer [27]. Furthermore, back flushing cannot be used in membranes with 

external support layers as it would delaminate the membrane easily. In our previous 

works, a novel antifouling technique is introduced which has the advantage that it 
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shorten the residence time of pinned oil droplets at the surface of the membrane. This is 

done by periodically changing the pressure of the feed channel according to particular 

pattern, as will be discussed in the next section. So, when the pressure is high, the 

permeation of water brings with it oil droplets to the surface of the membrane, when the 

pressure is lowered, the crossflow will be able to dislodge attached oil droplets. In our 

previous work, a computational study has been conducted to investigate the fate of oil 

droplets in the feed stream and at the surface of the membrane when the TMP is set to 

zero. In all the studied scenarios, it was found that when the TMP is set to zero, oil 

droplets undergo detachment and dislodgment from the surface. In our previous works, 

we introduced two modeling methodologies to study this technique. In the first, we used 

the multicontinuum framework, as developed in [28-31], to study the macroscopic 

behavior of the membrane undergoing the PFPT. In the second, we used the tools of 

computational fluid dynamics (CFD), as developed in [32-33] to analyze the behavior of 

pinned oil droplets when the pressure is set to zero. In this part, an experimental 

investigation is conducted to confirm the effectiveness of this technique and provides a 

proof of concept of the antifouling characteristics of the periodic feed pressure 

technique.  

9.2 The periodic feed pressure technique, PFPT 

In order to determine why the periodic feed pressure technique may work in eleminating 

the problem of fouling, it is important to highlight the different hydrodynamic forces 

that determine the fate of oil droplets at the surface of the membrane. A droplet in the 

feed stream is dragged towards the membrane by the permeation flux. Therefore, if the 

permeation flux is set to zero, no such drag force exists and oil droplets will continue to 
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be dispersed in the feed stream. For oil droplets pinning at the surface of the membrane 

by the virtue of the drag force due to crossflow field, the lift force due to the asymmetric 

flow field around the droplet and the buyouncy due to density difference, it will loose 

important force component that is due to the permeation flux. This imbalance of forces 

will lead to the detachment of oil droplets from the surface of the membrane. 

Furthermore, for oil droplets that are permeating, as long as part of the leading interface 

still exists in the pore space when the TMP is set to zero, oil droplet will recoil, pulling 

the leading interface back to the feed stream. Likewise, oil droplets that have 

experienced breakup, the breaked portion in the pore space will move backward towards 

the feed side. In other words, for all the scenarios, when the TMP is set to zero, oil 

droplets will dislodge the surface. This is essentially the essence of the periodic feed 

pressure technique as will be explained in the next section. Figure 9.1 shows, 

schematically, the different hydrodynamic forces applied on a pinned oil droplet. 

 

Figure 9.1Schematic of the hydrodynamic forces affecting on a pinned oil droplet DCF 

refers to the drag force due to crossflow velocity, DJ is the drag force due to permeate 

flux, FB is the buoyancy force due to density difference, and FL is the hydrodynamic lift 

force due to asymmetric flow field around the droplet 
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9.3 The proposed periodic pressure field technique 

 

As explained, the permeation of water through porous membranes introduces 

hydrodynamic drag force that pulls dispersed oil droplets towards the membrane 

surface. When the oil droplets pin over pore openings, they anchor themselves to the 

membrane surface by forming an interface at the entrance of pore openings. If pinned 

oil droplets are not detached by crossflow filtration or permeated through the membrane 

(if the TMP is larger than the thershold critical entry pressure), they stay pinned, 

forming, thereby, the seeds for other incoming droplets to cluster and/or coaleasce. If 

the permeation flux is reduced or eliminated, the incoming flux of dragged oil droplets, 

likewise, is reduced. Furthermore, pinned oil droplets will not be stable at the membrane 

surface. Therefore, if the crossflow field is maintained, pinned oil droplets will easily 

detach off the membrane surface. As a proof of concept, in this work, we introduce an 

experimental study on the effect of periodic pressure field pattern on the permeation 

flux with time. Figure 9.2 shows the pattern of the periodic pressure field studied in this 

work. Two periodic patterns are considered; namely a 1-1 and a 1-2 cycles. In the 1-1 

cycle, a 1 min of filtration and a 1 min of cleaning are used. In the 1-2 cycle, on the 

other hand, a 1 min of filtration and a 2 min of cleaning are used. Figure 9.2 shows a 

schematic diagram of the 1-1 periodic feed pressure where the pressure alternates 

between the TMP and zero in equal interval of 1 min.  
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Figure 9.2 Schematic of the proposed periodic pressure field 

During half the cycle, the TMP is large and permeation occurs, and during 

the second half no permeation takes place and the crossflow field cleans the 

surface of the membrane. In the 1-2 cycle, the cleaning time douples the 

filtration time and therefore it can achieve higher cleaning capacity. It is 

interesting to know whether this technique would result in less overall 

filtration capacity of the membrane based on the fact that the permeation 

time is smaller by 50% for the 1-1 cycle and by 66% for the 1-2 or not. We 

compare this technique with the classical case in which the pressure field is 

continuous with time.  

9.4 Experimental procedure and equipment 

The filtration system used in this experimental work is provided by Sterlitech 

Corporation, USA. Figure 9.3 shows a schematic diagram of the setup used throughout 

the course of this work. As depicted in Fig. 3, the feed is stored in a stainless-steel tank 
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of 5-gallon capacity; from there it is pumped into the stainless steel membrane cell 

(CF042 316 from Sterlitech Corporation) at high speed generated by a Hydracell CC 

pump with speed control by an Emerson controller. There are multiple control valves 

for safety and pressure/flow monitoring, which are obtained from Swagelok Co. 

Additionally, the pressure sensors that are found on either side of the membrane cell are 

obtained from Turck Inc. The pressure detectors have an accuracy of ±0.3% with the 

signal 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 discharge from 

digital flow meter is then reconnected back into the feed tank. The permeate component 

is collected in a beaker placed on a mass balance from Mettler Toledo MS4002S with 

repeatability standard deviation of 0.01g. This is then recorded automatically where the 

mass balance is logged to a computer that records all the weights and displays them on 

output screen.  
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Figure 9.3 Polymeric membrane flow system 

The performance of the membrane is assessed by determining the oil content in the 

permeate. The oil content was analyzed using the Horiba OCMA 350 analyzer utilizing 

a non-dispersive infrared (NDIR) spectrophotometric technique. The oil analyzer is able 

to detect the oil content with an uncertainty of 4 mg/L. The characteristics of the 

membrane used in this study are shown in Table 9.1. 

Table 9.1 Flat sheet polymeric membrane used of produced water treatment 

membrane Manufacturer Polymer Thickness Pore Size Flow 

area 

MW  

Membrane 

GE Osmonics PET (polyester 

(polyethylene 

terephthalate) 

0.2 mm 50,000 

MWCO 

0.0042 m
2
 

 

The filtration system used in this experimental work is provided by Sterlitech 

Corporation, USA. The pressure detectors have an accuracy of ±0.3% with the signal 
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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 discharge from digital 

flow meter is then reconnected back into the feed tank. The permeate component is 

collected in a beaker placed on a mass balance from Mettler Toledo MS4002S with 

repeatability standard deviation of 0.01g. This is then recorded automatically where the 

mass balance is logged to a computer that records all the weights and displays them on 

output screen.  

9.5 Feed Preparation and Characteristics 

The membranes were first treated by an overnight soak in DI water before 

placement in the filtration cell. The operating parameters were adjusted by the 

control valves to the desired settings. The filtration unit was then initiated and once 

the permeation flux stabilized, the mass of permeate collected in grams every 

3 seconds was recorded by the computer system. A small amount of the permeate 

was collected for analysis after a few minutes of operation. The performance of the 

membrane at the particular operating conditions is then calculated in terms of the 

permeation flux and the rejection capacity. The amount of permeate was converted 

into volume of permeate obtained per unit area of membrane per unit time 

(L/m
2
h). The permeate flow once measured, was returned to the feed tank in order to 

maintain a feed with a constant concentration. The oil rejection efficiency was 

calculated using the following equation  

Ro =  
Cf − Cp

Cf
 ×  100% …………………(1) 
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Initially, the filtration experiment was performed using the three feeds with different 

oil concentrations without the use of the periodic feed pressure technique as our 

control. Then the same general process was repeated with the addition of the 

pressure technique for each of the three feeds. In addition, thermogravimetric 

analysis was performed on the membrane prior to fouling and post filtration to 

investigate the weight decomposition for each. The feed was prepared in the lab to 

replicate oil from the Bakken reservoir in Western Canada, to allow for ease of 

access to produced water for the experiments, and a constant reliable supply of 

water. The use of synthetic oil feed is relatively common in the literature and has 

been used by many authors for testing membrane filtration for produced water 

treatment as reported by Weschenfelder et al. [31]. Three different feeds were made 

to test the periodic feed pressure method using three different oil concentrations. 

The oil used was light oil with a measured  density of 0.87844 g/cc obtained using 

Anton Paar DSA 5000 M digital densitometer with an uncertainty of  ± 5x10
-5

 g/cm
3
  

and a viscosity of 5.23 cp  (± 1.0 % accuracy) measured by viscometer DV-II +Pro  

at 22.5 °C. A total volume of 0.15 mL, 0.31 mL, and 0.41 mL of Bakken oil was 

added to a 2 L of RO water and mixed in blender at 18,000 rpm for 2 minutes to 

generate a 50 mg/L, 150 mg/L and 200 mg/L feeds, respectively. The oil content of 

the feed was then measured using Oil Content Analyzer (Company – Horiba). The 

contact angle of the oily emulsion on the MW membrane was measured to be 

approximately 135° using DSA-100 drop shape analyzer with uncertainty ±2
o
. The 

oil droplet size was measured using Mastersizer 3000 which required the following 

properties; namely, a reflective index of 1.45 and a density of 0.8 g/cc. The 
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experimental work began with the determination of the oil droplet size distribution. 

The results are seen in graphical form in Figure 9.4 along with the contact angle of 

the oil droplet.  

 

Figure 9.4 Oil droplet size analysis of synthetic PW and oil contact angle 

The resistance of the membrane is experimentally determined by plotting the flux of 

pure water at different TMP levels and constructing the linear relationship where the 

slop of the line is equal to the membrane resistance. The pure water flux was determined 

via the permeate weight conversion method. Figure 9.5 shows the fitted relationship 

between the flux and the pressure difference measurements.  
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Figure 9.5 Flux-pressure measurements of the MW-PVDF membrane at 1m/s 

Membrane resistance is based on many factors including membrane thickness, nominal 

pore size, and various morphological features such as the tortuosity, porosity, and pore 

size distribution. It is important to report the rejection characteristics of the membrane at 

the early stage of the filtration process. As seen in Table 9.2, the rejection capacity of 

the membrane is almost 100 % for the three considered feeds. 

Table 9.2 Rejection capacity of the studied membrane for the three feed concentrations 

  Feed 1 Feed 2 Feed 3  

Parameter Feed Permeate Rejection 

(%) 

Feed Permeate Rejecti

on (%) 

Feed Permeate Rejection 

(%) 

Oil 

content 

(ppm) 

50 0 100 150 0 99.4 200 0 100 

Turbidity 

(NTU) 

251 0 100 380 0 100 450 0 100 

 

y = 179.97x 
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9.6 Results and discussion 

In order to highlight the significance of the periodic feed pressure technique, the results 

are categorized in three parts. In the first, the behavior of the membrane to the different 

feed streams is investigated considering normal filtration cycle (i.e., no periodicity in 

the feed side pressure). Then we apply the new technique and compare the flux decline 

with time for the three feeds. Second, we compare the total amount of permeate at the 

end of the experiments to investigate the effect of the no permeation flow half cycle on 

the permeation flow. Thirdly, visual inspection of the membranes after the experiments 

indicates how clean the membranes are for the normal and the periodic feed pressure 

techniques. As indicated, the filtration experiments were performed initially without the 

application of the periodic feed pressure method and the flux decline is depicted in 

Figure 9.6. The feed with the lowest oil concentration showed the slowest rate of flux 

decline. This reflects and supports the theory of the oil droplet behavior at the surface of 

the membrane, as oil droplets increase in number, they aggregate and form layers of 

debris that lead to decrease in flux and an increase in fouling development [25]. 

 The flux (L/ m
2
.hr) for the three feeds at the beginning of the experiments (which is 

used to normalize the flux curves) are given in Table 9.3. 

Table  9.3 Flux values at the beginning of the filtration for the three feeds 

 Feed 1 (50 mg/L) Feed 2 (150 mg/L) Feed 3 (200 mg/L) 

Maximum Flux 

(L/m
2
.hr) 

403 399 393 

There is very little difference in the maximum permeation flux (at the beginning of the 

experiments) is observed. This is essentially because the three used membranes are of 

the same type.  
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Figure 9.6 Permeate flux decline as function of time at CFV of 1 m/s and TMP of 1 bar 

The development of fouling along the feed side of the membrane is captured at different 

times. Fouling appears once oil droplets pin over the surface of the membrane. If the 

time taken for pinned oil droplets to fully permeate, breakup or dislodge the surface is 

relatively long, there is a large chance that incoming oil droplets coalesce and cluster 

with pinned droplets. This results in the formation of larger size droplets, chunks or 

laminates of oil films that spread over the surface and block the area available for 

filtration. This behavior is depicted in Figure 9.7 that shows successive pictures of the 

surface of the membrane after different times of operation. One notices that as time 

proceeds, larger oil droplets and chunks of oil laminates develop at the surface of the 

membrane and the color of the membrane becomes more yellowish until the membrane 

is fully covered with oil layer. If the feed stream contains, in addition to the oil content, 
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other impurities, solid particles, debris, etc., they will deposit over the oil forming a gel-

like cake layer that is difficult to clean. The periodic feed pressure technique is 

considered to prevent the oil from accumulating along the membrane surface by 

dividing the filtration process in a cyclic manner to allow filtration during part of the 

cycle and cleaning in the second part. The PFPT, in this study, is implemented 

following three cycles; namely, a 1-1 cycle, a 1-2 cycle and a 0.5-1 cycle. A 1-1 cycle 

refers to a 1 min permeation and a 1 min cleaning, the 1-2 cycle refers to a 1 min 

permeation and a 2 min cleaning and the 0.5-1 cycle refers, likewise, to a 1/2 min 

permeation and a 1 min cleaning. These cycles are shown schematically in Figure 9.8. 

As has been mentioned as the motive to the PFPT, which is to destabilize oil droplets 

upon pinning over the membrane; visual inspections of the surface of the membrane at 

different time of operation confirm this fact. That is when the permeation drag becomes 

very small (approximately zero) and pinned droplets lose the drag force that holds them 

at the surface, oil droplets becomes unstable and can easily dislodge the surface by the 

crossflow field. 
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Clean membrane 

 

After 5 min 

 

10 min 

 

20 min 

 

30 min 

 

60 min 

 

80 min 

 

120 min 

Figure 9.7 Successive pictures taken for the membrane during the filtration of oily 

water systems following regular filtration process, TMP=1.0 bar, CFV=1.0 m/s and oil 

content is 150 mg/L 

 

Figure 9.9 shows pictures of the surface of the feed side of the membrane at different 

time of operations for the three mentioned PFPT cycles together with the regular 

filtration technique. In all these experiments, the TMP is set to 1.0 bar and the CFV is 

set to 1.0 m/s.  The pictures are taken after 0, 5, 10, 20, 30, 60, 80 and 120 mins. Each 

of these pictures have been captured with respect to new membranes. In other words, 7 

MW membranes have been tested for each feed pressure pattern to the required time 

when the picture is to be taken. The reason is to minimize the disturbance that may be 

caused when the membrane is taken from the setup to capture the picture. As seen in the 

Figure 9.9, significant change in the development of fouling can be noticed along the 
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different PFPT cycles. Following a particular time between the different techniques, it is 

noticed that the intensity of fouling changes between the different feed pressure 

patterns. Apparently, the smaller the permeation half cycle and the longer the cleaning 

half cycle the better the performance. However, this may result in decreasing the overall 

volume of filtration. Therefore, it is an optimization exercise that would suggest the best 

cycle that suits particular membrane, operating conditions and required filtration 

capacity. Furthermore, it is to be noticed that the membrane at the end of operation and 

after rinsing with clean water, membrane returns to its clean state when using the PFPT 

technique compared with the case in which regular filtration process occurs. In other 

words, the life time of the membrane increases following the use of the PFPT. This is 

very important as it can result in significant saving of time, efforts and capital. Figure 

9.9 suggests that the PFPT is essentially effective in reducing the problem of fouling by 

providing cleaning periods during the full filtration process. Furthermore, when the 

cleaning half period is longer, the membrane surface is cleaner. However, making the 

cleaning period longer, intuitively, reduces the filtration time and can reduce the overall 

productivity of the membrane. This may be compensated by the increase of the life span 

of the membrane. In the next section we show that this might not, essentially be the 

case, and the overall gain that is obtained by the recovery process of the membrane 

surpasses the reduction in filtration during the cleaning periods. Before we show this, it 

is important to show the behavior of the permeation flux of the membrane for the three 

feeds; namely 50 mg/L, 150 mg/L and 200 mg/L oil content concentrations. The 

operating conditions for all the feeds are TMP of 1 bar and a CFV of 1 m/s. Three cases 

are considered with respect to four patterns of the feed pressure; namely continuous 
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feed pressure, 1-1 PFPT, 1-2 PFPT and 0.5-2 PFPT cycles. Figure 9.9 shows the 

schematic of the pressure cycles used in this study. 

 

 

 

 

 

(a) Continuous feed pressure                                           (b) 1-1 PFPT 

 

 

 

 

 

(c) 1-2 PFPT                                                             (d) 1/2-1 PFPT 

 

                                 

 

 

1 min 1 min 

TMP 

Time 

1 min 2 min  1/2 min 1 min 

Figure 9.8 Schematic of the tested feed pressure cycles 
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Figure 9.9 Successive pictures of the feed side of the membrane at different times of 

operation following regular filtration and the PFPT cycles 
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Figure 9.10 depicts the filtration performance using the 50 mg/L feed with the 

implementation of the periodic feed pressure technique. The figure depicts two of the 

PFPT cycles mentioned before; namely the 1-1 and the 1-2 cycles. The comparison is 

done with respect to the permeation flux for the regular filtration process and the two 

PFPT cycles. Since the flux obtained using the PFPT alternates between a maximum 

value, during the permeation half cycle, and a minimum value during the cleaning half 

cycle, in this graph we only show those associated with the permeation half cycle. The 

raw graphs, which contain the flux history of the three feeds, can be found in Figures 

S1-S3 in the supplementary material. From Figure 9.10, it is clear that with the normal 

pressure technique the flux declines with time as a result of fouling development. That 

is oil droplets that neither permeate nor sweep off form the seeds for other droplets to 

cluster and coalesce with contributing, therefore, to the development of fouling. When 

the feed pressure follows the 1-1 and the 1-2 cycles, the permeation flux recovers to 

almost the level when the filtration is first started, particularly for the 1-2 cycle. This is 

obviously due to the fact that the cleaning half cycle is longer. It also confirms the 

findings that were obtained through our previous CFD investigation, which highlights 

that when the pressure in the feed side is set to zero, oil droplets undergoing different 

fates are going to dislodge from the membrane pores. 
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Figure 9.10 Permeate flux decline as function of time using both regular and the PFPT 

methods with a 50 mg/L feed stream 

When the oil content in the feed stream is 150 mg/L, the decline in the permeation flux, 

when following regular filtration pattern, is faster as depicted in Figure9.11. On using 

the periodic feed pressure technique following the 1-1 and the 1-2 cycles, better 

performance is generally observed with the permeation flux recovered to approximately 

80%. The performance associated with the 1-2 cycle is generally better than the 1-1 

cycle.  
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Figure 9.11 Permeate flux decline as function of time using both regular and the PFPT 

methods with the 150 mg/L feed stream 

 

Similar pattern is also observed for the case when the feed stream had an oil content of 

200 mg/L as presented in Figure 9.12. It is to be noted that the difference between the 

150 and the 200 feed oil content is not significantly large and, therefore, approximately 

similar patterns of flux recovery is generally observed. The general trend is that the 

permeation flux generally recovers when using the periodic feed pressure technique 

compared with the regular filtration process. Also, the recovery of the permeation flux 

is very much dependent of the feed oil concentration and the used pressure cycle. The 

fact that the permeation flux did not recover to almost 100% when the oil content is 

large, highlights that a higher frequency of the periodic feed pressure cycle may need to 
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be implemented to recover the flux back to its original value.  

 

Figure 9.12 Permeate flux decline as function of time using both regular and the PFPT 

methods with the 200 mg/L feed stream 

 

It is interesting to investigate how the cyclic feed pressure technique will affect the total 

amount of filtrate at the end of the experiments. Intuitively, one may think that the total 

amount of filtrate obtained using the periodic feed pressure technique is going to be less 

than that obtained using regular filtration technique. This may be because the time of 

filtration in the 1-1 cyclic pressure field is half the total time and in the 1-2 cyclic 

pressure field it is 1/3 of the total time. However, as shown in Figure 9.13, this is not 

always true. In fact, the total amount of filtrate when the oil content in the feed stream is 

the smallest is very much closer to that when the feed pressure follows the regular 
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pattern. When the oil content is large, it is found that the cyclic feed pressure technique 

produces larger amount of filtrate than the regular process. Furthermore, the 1-2 cyclic 

pressure field produces the largest. It is interesting to highlight the state of the 

membrane after filtration using the regular filtration process, the 1-1, the 1-2 and the 

1/2-1 cyclic feed pressure technique, which is depicted in Figure 9.9. This figure shows 

the actual membrane post filtration and post water rinse. Visual inspections at the end of 

filtration show that the membrane undergoing the regular filtration process is essentially 

covered with larger amount of oil. After each membrane was rinsed with water, the oil 

at the surface of the membrane, largely, washes away. However, for the tested 

membrane following regular filtration process, the surface remains stained and appears 

yellowish indicating that the oil droplets have invaded the pore cells and started to form 

a layer of oil films at the surface. Membranes undergoing 1-1, 1-2 and 0.5-1 cycles 

PFPT, on the other hand, are, to a large extent, cleaner and almost recovered to its 

original state. When they get washed with water, the surface is almost an oil free 

environment. Overall, with the use of PFPT, oil droplets at the surface and within the 

pore oscillate and become unstable and this prevents the permanent adherence of oil 

droplets to the pore walls. The membrane is easily cleaned with no staining. When the 

PFPT method is not applied, there is increased residence time of the oil droplets at the 

surface of the membrane and within the pore increasing, therefore, the chance to get 

bind to the membrane and pore surface.  
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Figure 913 Comparison between total amounts of filtrate for the three cases after 2 

hours of operation 

This confirms the effectiveness of the periodic feed pressure technique in eliminating 

the problem of fouling and in increasing the life span of the membrane. 

Thermogravimetric analysis was also performed. The results are shown in the Figure 

9.14. The pre-filtration plain membrane showed a weight loss of about 30 wt% at 

around 160 ºC due to the decomposition of the coating layer on the membrane surface. 

Another step seen on the graph of weight loss is seen between 280 ºC and 400 ºC is also 

observed on all the samples due to the decomposition of the membrane support material. 

When the plain MW membrane was thoroughly rinsed with water, the extra coating 

layer on the membrane surface must have suffered some breakdown hence a minor 

weight loss is recorded for the sample at 160 ºC. On the other hand, the post-filtration 

membrane using the periodic feed pressure technique showed a similar profile to the 

rinsed membrane indicating that no fouling was observed due to the pressure technique, 

whereas the sample obtained after regular filtration (with no pressure technique) has 
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shown an extra weight loss attributed to the amount of fouling (oil) on the membrane 

surface and pores. 

 

Figure 9.14 TGA analysis 

 

9.7 Conclusion 

The introduced PFPT is very effective in eliminating the development of fouling. This 

technique is based on alternating the pressure in the feed channel between the regular 

TMP and zero. Therefore, in part of the cycle where the pressure is set to the TMP, 

permeation occurs and in the second part when the pressure is zero, cleaning of the 

surface occurs. This novel work shows the development of a new filtration operational 

procedure whereby making the TMP zero at regular intervals has shown to minimize 

membrane fouling without impairing the overall filtration process. An MW polymeric 

membrane is considered in this study. The membrane is tested in the filtration of typical 
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produced water volume. Three feeds have been considered with oil content of 50, 150, 

and 200 mg/L. Three periodic feed pressures have been studied; namely a 1-1 a 1-2 and 

a 0.5-1 PFPT.  The 1-1 cycle refers to a 1 min filtration and a 1 min cleaning the 1-2 

cycle, refers to a 1 min filtration and a 2 min cleaning and the ½ -1 cycle, refers, 

likewise, to a ½  min filtration and a 1 min cleaning. In all the experiments conducted 

the PFPT shows to be very effective in recovering the flux to approximately that of the 

new membrane. Also the choice of the cycle is very important in optimizing the 

operation of the membrane. Visual inspections of the membranes post rinsing at the end 

of the filtration process show that the PFPT is restoring the membrane surface to almost 

its state at the beginning of the filtration. Furthermore, even though part of the pressure 

cycle has been reserved for cleaning purposes (i.e., no filtration), yet the overall 

filtration capacity of the membrane has exceeded that which was obtained from regular 

filtration process using the full time. This is a direct consequence of the recovery 

process of the membrane that is achieved when using the PFPT.   
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Chapter 10: Summary and future work 

The inclusive literature review delivered a broad overview of the state of knowledge 

regarding membrane technology and its use for oily water treatment. It highlighted the 

remaining gaps in knowledge regarding the optimization of membrane function and the 

lack of effective antifouling solutions.  Furthermore, there was a lack of effective 

modeling methods that reflect the behaviour of oil droplet across each pore and how its 

impacted by the operating conditions. These gaps in the literature motivated the 

research undertaking in this work.  

The project explored a wide range of membranes including a total of eight membranes 

with a wide range of surface properties, pore sizes and types. The Taguchi method 

proved to be an effective option for finding the optimal operating hydrodynamic 

conditions for ceramic membranes to achieve the optimal rejection capacities. 

Furthermore, the multicontinum theory was validated using different polymeric 

membranes and found to be an effective modeling method for membrane filtration, 

behaviour and outcome. The multicontinnum theory has also been proven as an 

effective model reflecting the behaviour of oil droplets across membrane pores. 

In addition, other modeling modalities were explored and found to be also effective for 

membrane function prediction including the use of neural networks. 
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Moreover, a novel method aimed at solving the fouling drawback of membrane 

technology was discovered. In this work, a one-sided pressure method is first described 

providing an effective easy method to prevent irreversible fouling from taking hold on 

the membrane surface. This novel method, is ground breaking as it allows for a pressure 

driven method to be used on polymeric membranes without disruption or erosion of the 

polymeric membrane support layers as can be seen with back flushing methods. 

There are many opportunities to continue this research work. Expansion of the pressure 

method could be further optimized by the alteration of the interval frequency of the 

transmembrane pressure changes. Furthermore, experimentation of this method with 

ceramic membranes has yet to be tested and can be compared to the back flushing 

method. Moreover, the CFD modeling can be expanded to test different pore shapes and 

how that can affect the behaviour of each oil droplet. 
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11.1 APPENDIX A:  Novel polymeric membrane 

modification using hydrophilic ionic liquid 

Mohamed Zoubeik, Amgad Salama*, Amr Henni 

Produced water laboratory, Faculty of Engineering, University of Regina 

3737 Wascana Parkway, Regina, SK, S4S 0A2, Canada 

Abstract 

A novel hydrophilic polymeric membrane was created using ionic liquid modification. 

The ionic liquid modified the pristine polymeric PVDF based membrane from a 

hydrophobic surface to an almost superhydrophilic membrane. Modification verification 

was undertaken using two membrane characterization methods including contact angle 

determination and thermogravimetric analysis. The use of the hydrophilic ionic liquid 

transformed the membrane and decreased the contact angle from 97° to 11°. In addition, 

post filtration analysis revealed partial leaching of the ionic liquid from the surface of 

the membrane and deterioration of the modified surface. However, the modified 

membrane retained its hydrophilic surface property with a final contact angle of 55°. 



375 

 

Ionic liquids emerge as a novel, easy and effective method of polymeric membrane 

modification. 

 

 

 

Keywords: ionic liquid, polymeric membrane, surface modification, hydrophilic  

 

11.1.1 Introduction: 

Membrane technology is emerging as the solution for produced water treatment. Many 

different types of membrane filtration systems have been investigated in aim of finding 

effective membrane materials that can achieve higher permeation rates, higher rejection 

capacity, and strong antifouling properties. The biggest drawback of using membrane 

filtration systems for oily wastewater treatment, however, is the decline in membrane 

function and efficiency with time due to the accumulation of oil droplets at the 

membrane surface or within the membrane pores [1]. Thus, significant amount of 

research works has been devoted to the mitigation of the problems of fouling via 

membrane modification methods. Membrane fouling can be controlled by optimizing 

various parameters including the feed characteristics, operating conditions and 

membrane surface properties. The selectivity criterion of the membranes used in the 

filtration of oily-water systems is essentially based on the interfacial properties of the 

oil-water-substrate systems. In particular, oil droplets need to be oleophobic with the 

membrane substrate in the water environment. This will provide essential cutoff 
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criterion with respect to the operating pressure above which permeation of oil is 

obtained. Furthermore, in crossflow filtration systems, a critical velocity is defined as 

the velocity at which pinned oil droplets may be dislodged from the membrane surface   

Darvishzadeh & Priezjev (2012). These two criteria have been used by Salama et al.[2] 

to construct a multicontinuum framework that is capable of modeling the whole 

spectrum of phenomena in various oily-water filtration systems using membrane 

technology. In this regard, the surface properties of the membrane play a vital role, and 

this is easily seen with produced water treatment. Emulsified oils spread more over 

oleophilic membranes than it does over oleophobic membranes. For this reason, 

extensive amount of research works have focused on modifying surface affinities of 

membranes to achieve the desired selectivity criterion. Hydrophilic surfaces tend to 

tightly bind a layer of water along the surface, which acts as a physical barrier to the 

attachment of foulants. Many papers in the literature have shown that hydrophilic 

membranes perform better in oily wastewater treatment [3, 4]. The hydrophilicity of the 

membrane surface is widely characterized by contact-angle measurements, although the 

contact angle is known to depend upon other factors, such as surface roughness and 

surface charge (4). The contact angle measurement is used to determine the 

hydrophilic/hydrophobic nature of a membrane surface and is thus used as a membrane 

characterization method during membrane modification.  

Membrane modifications may be divided into two types; namely, physical 

modifications (coating, blending and using composite membranes) and chemical 

modifications (functionalization of polymers, plasma treatment, and graft 

polymerization) [1,2] (5)Modification of membranes can be done by incorporating the 
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modifying agent into a casting solution of the membrane before membrane formation. 

These compounds then preferentially migrate to the surface during membrane formation 

[2]. Some modification methodologies take place after membrane formation in what is 

called coating modification. The membrane is directly coated with affinity modifying 

compounds that change the surface properties. Some coats are attached to the membrane 

surface via secondary interactions. This includes, for example, electrostatic interactions 

via adsorption in a non-permanent fashion (4). Other types of membrane modifiers are 

attached more secularly via crosslinking to achieve a more robust and durable layer (4, 

8). The overall effect of the treated layer is to improve permeation capacity and to 

decrease the problem of fouling. This was shown by Pagidi et al. who used different 

hydrophilic additives and were able to improve and achieve a high flux (8). Zhu et al. 

(9) added hydrophilic and oleophobic segments to a PVDF membrane with improved 

flux and fouling compared to a plain hydrophilic membrane. 

A significant disadvantage of membrane surface modification by adsorption may be that 

adsorbed material is not covalently bound to the surface and therefore, may leach from 

the surface over time (9) (10). As leaching of the surface-modifying compound occurs, 

the surface properties will revert to the unmodified membrane [5]. The concept of 

leaching of surface-modifying compounds has been reported in literature [6-8]. This is 

essentially true for water soluble compounds that are used for membrane surface 

modifications such as polyethylene glycol, polyvinyl pyrrolidone, and polyethylene 

oxide [6, 9, 10]. With leaching, changes to the membrane surface properties are 

inevitable. This was nicely shown by Cao et al. where a PVDF modified membrane saw 

a dramatic drop in the membrane flux after the leaching of the tethered hydrogel layer 
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leading to a loss of the surface hydrophilicity (11). In other words, the affinity 

properties of the membrane deteriorate with time and the membrane returns back to its 

original state before modification or even worse.  

As indicated earlier, the most important property of the membrane on which its 

selectivity is based is related to the contact angle. For those membranes whose materials 

are naturally oleophilic and have been changed to oleophopic by surface treatment, such 

criteria are impacted by the deterioration of the membrane surface properties. This is of 

course seen by the declining in the contact angle measurements. This exact phenomena 

has been shown by some studies that investigated the robustness of modified 

membranes such as Xiong et al. [8]. They showed that contact angle measurements can 

decrease with chemical cleaning of the membrane and hydraulic pressure. As leaching 

of surface modifying agents occurs, the surface properties change and the contact angle 

decreases. This will have an impact on the membranes function and rejection properties 

with time. As the filtration time increases, the contact angle will decrease, and the 

rejection profile will change. The aim of this paper is to investigate, using 

computational fluid dynamic (CFD), how the changes in contact angle may impact 

rejection profiles.  

11.1.2 Experimental procedure 

11.1.1.2  Ionic liquid used 

In this work ionic liquids were used as a way to introduce hydrophilic properties to the 

membrane surface as a novel approach to membrane enhancement. The ionic liquid 

used in this study is 1-Ethyl-3-methylimidazolium acetate (emim Ac) which is an 
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aprotic imidazolium room-temperature ionic liquid with hydrophilic property (12). Ionic 

liquids are novel substances with many application potentials including separation 

processing (12). Their unique features of high thermal and electrochemical stability and 

conductivity make them promising membrane surface modifiers (12). 

11.1.3 Modification method: hydrophilic ionic liquid EMIM AC coating 

of PVDF membrane 

The JX PVDF membrane was used as the base membrane. The PVDF support layer 

consists of a non-woven polyester (polyethylene terephthalate).  The membrane was 

then cut into a circular piece with a 11cm diameter and placed in a Buchner funnel 

attached to a vacuum source. The membrane was initially placed at the base of the 

funnel and the funnel was filled with ethanol and the vacuum was started and thus the 

ethanol slowly drained through the membrane into the beaker below for 30 min period. 

Then 3 g of the IL dissolved in 40 ml of ethanol which formed a homogenies mixture 

and was poured over the membrane into the funnel and the membrane was submerged 

into this mixture for about 30min. The membrane was then removed and placed in the 

oven at 80 
o
C overnight to evaporate the ethanol and to fix the IL additive to the 

membrane. The membrane was then soaked in ultrapure water overnight.   

11.1.4 Results:  

Membrane characterization was done using contact angle measurements and 

thermogravimetric analysis (TGA) as a way to test and validate the modification 

process. The contact angle was found on the unmodified membrane and then after 

membrane modification. The contact angle was found using KRUSS K100 system. The 
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unmodified membrane showed a water contact angle of 97.8° whereas the modified 

membrane had a water contact angel of 11.7° as seen in Figure 1 a, b becoming much 

more hydrophilic. Hydrophilic membrane surface develops a thin layer of water 

molecules that act as a string of pearls attached to each other via hydrogen bonds 

creating an antifouling barrier making it a more attractive option for produced water 

filtration (13). When the angle is < 10°, which is almost seen in our modified 

membrane, it is considered superhydrophilic surface (4). When the angle is less than 90° 

it is considered hydrophilic, and if >90° then it is considered hydrophobic (4). Thus, via 

membrane modification, the membrane was transformed from a hydrophobic membrane 

to a superhydrophilic membrane.  
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Figure A.1 Water contact angle of membranes, (a) Before modification 97.8° ± 2, (b) 

After modification 11.7° ± 2° (c) After filtration 2h and cleaning with 0.1Mm SDS 

55.3° ±2°  

The contact angle was then measured after the modified membrane underwent 5 hours 

of pure water filtration. The contact angle was then found to be 55.3° as seen in Figure 

A .1C. This shows that the ionic liquid modification was reversed partially, and the 

coating layer of the ionic liquid leached out during filtration. However, the membrane 

surface is still hydrophilic compared to the original unmodified hydrophobic membrane.  

In figure A. 2, the filtration performance of the JX pristine membrane and the ionic 

liquid modified membrane. It can be seen that the ionic liquid modified membrane 

maintains a higher operational flux and a lesser flux decline than the pristine membrane. 

 

Figure A.2 Permeate flux decline as function of time at CFV of 0.5 m/s and TMP of 1 
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ATGA was performed on the unmodified and modified membranes. The following 

graph shows the TGA curves of the ionic liquid, the unmodified membrane and the 

modified membrane pre and post filtration. From the TGA curves, one can conclude 

that membrane modification did in fact occur as the unmodified membrane and the 

modified membrane have different degradation responses and have different thermal 

stability profiles. Furthermore, the degradation steps of the unmodified membrane and 

the modified membrane post filtration are similar meaning that the filtration process 

eliminated most of the ionic liquid losing it as a surface modifier. In Figure A .3 the 

derivate weight change is seen for each of the membranes and the modified membrane 

shows a different profile reflecting and confirming the membrane was indeed modified. 

This is also reinforced in figure A 4. 

 

. 
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Figure A.3 TGA analyses for the for [Emim][Ac] and of the pristine and 

modified membranes. 

 

 

Figure A .4 weight loss derivative profile of the pristine and modified membranes 
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Figure A .5 The leakage volume as a function of the applied pressure for rd = 0:9µm, rp 

= 

0.2µm, the contact angle of the oil droplet in water is = 135º 
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11.1.5 Modified Darvishzadeh et al. (14) model: 

The next section demonstrates the results of the CFD modeling of oil droplet behaviour 

along a circular pore as the contact angle decreases from 135 to 20
o
. The other operating 

parameters remained constant at TMP of 1.35bar and CFV of 1.35m/s. The trend shown 

by the snapshots in the following diagram is that as the contact angle decreases the 

volume of the droplet leaked increases. At higher contact angle, most of the oil droplet 

is rejected. In case 2 with a contact angle of 135°, droplet partially penetrates into the 

membrane pore, but the flow along the membrane generates a force along the droplet 

surface in combination with the low surface tension due to the high contact angle, the 

flow easily prevents penetration and pulls the droplet out of the pore and leads to 

droplet rejection.  As the contact angle decreases, the surface tension increases, and the 

shear flow is unable to pull the droplet out of the pore in the same way due to the 

changes in the direction of the summative forces leading to more of the droplet to break 

up and a smaller volume is rejected as seen in case 5. Decreasing the contact angle has a 

similar effect on droplet behaviour as decreasing the shear rate, as seen by Darvishzadeh 

et al. (14), decreasing the shear rate could mean the difference between droplet break up 

or droplet permeation, called the critical shear rate. Along the same lines as the critical 

pressure, to optimize membrane function one would need to operate the membrane 

above the critical shear rate and below the critical pressure to optimize function. The 

same could be said for the critical contact angle of a membrane needed to maximize 

rejection abilities. The concept of a critical contact angle of a filtration membrane, or its 

importance was also shown by Monfred et al. (15) They were able to show via CFD 
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modeling and ANOVA that the contact angle was the most critical factor among the 

others examined including shear rate, surface tension, pore diameter and droplet size in 

its effect on the critical pressure. They showed that as the contact angle increased, the 

critical permeation pressure also increased. Thus, by pushing the boundary cut off of the 

critical pressure higher with a higher contact angle, that translates into maximizing both 

the flux and rejection. This further supports that one of the best ways to improve 

membrane function and delay fouling is by membrane modification to increase 

hydrophilicity, ie increase contact angle. This is also the same finding of the research by 

Darvishzadeh et al. (14) that showed that increases in the contact angle, interface 

tension, droplet diameter and shear rate result in increases in the critical permeation 

pressure. 

 

11.1.6 Case studies 

The case studies were done using different water contact angle that were used as input 

into the model and then we were able to model the behaviour of the water droplet across 

the membrane for each different case. In addition to the variation of the contact angle, 

other operating parameters were modified based on the three outcome possibilities of 

the droplet which include: droplet break up or rejection based on the work from 

Darvishzadeh et al. (6). The operating conditions for the droplet break up is P=1.035bar 

and CFV =1.035 m/s and the conditions for droplet rejection is p=1.035bar and CFV 

=1.035 m/s ,As the cases demonstrate, as the water contact angle decreases, the leak 

volume increases as seen in Figure A .6.  
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11.1.7 Break up cases 

 

Figure A .6 Leakage volume, as a function of contact angle, demonstrates an almost 

linear relationship between leakage volume and applied contact angle. The results 

obtained by our modeling for rd = 0:9µm, rp =0.2µm. P=1.035bar and velocity 

1.035m/s. 
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As the cases demonstrate, as the water contact angel decrease, the leak volume increases 

 

Figure A.7  Leakage volume as a function of contact angle demonstrates an almost 

linear relationship between leakage volume and applied contact angle. 
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11.1.8 Rejection case 

 

Figure A.8 Leakage volume as a function of contact angle which demonstrates an 

almost linear relationship between leakage volume and applied contact angle. The 

results obtained by our modeling for rd = 0:9µm, rp =0.2µm. P=0.9bar and velocity 

1.3m/s. 

As the rejection cases show, as the contact angle increases, the percentage of droplet 

rejection increases. Thus, as the surface becomes more hydrophobic, the rate of 

rejection increases. Furthermore, what is shown in figure A.9 is the relationship 

between the volume leaked and the contact angle. As the contact angle increases the 

volume leaked decreases. Thus, at higher contact angle, less oil droplets are blocking 

the membrane channels and rejection rates are increased. 
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As the cases show, as the contact angle increases, the percentage of droplet rejection 

increases. Thus as the surface becomes more hydrophobic, the rate of rejection 

increases.  

 

 

Figure A. 9 Leakage volume as a function of contact angle which demonstrates an 

almost linear relationship between leakage volume and applied contact angle. 
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11.1.9 Conclusion 

This novel work used the unique concept of membrane modification using ionic liquids. 

A PVDF based polymeric membrane was modified using a hydrophilic ionic liquid 

EMIM Ac. Modification was undertaken using a coating method. The novel modified 

membrane demonstrated hydrophilic properties lacking in the pristine membrane as 

shown by the decrease in contact angle. Furthermore, TGA proved the modified 

membrane contains new material in comparison to the unmodified membrane 

degradation curves. This novel work paves the path for easy hydrophilic modification of 

polymeric membranes to enhance flux and membrane function.  
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11.2 APPENDIX B:  Ultrafiltration of oil-in-water 

emulsion using a 0.04µm silicon carbide 

membrane: Taguchi experimental design 

approach 

 

 

 

Figure B. 1 Colour comparison between feed and permeate after membrane treatment 
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11.3 APPENDIX C: Optimization of operating 

conditions for a microfiltration alumina 

ceramic membrane via Taguchi and neural 

network methodologies 

11.3.1 Artificial Neural Network theory and methodology  

A new modeling method that is becoming quite popular in the literature is the use of 

artificial neural network (ANN) for flux decline prediction and fouling. The ANN is 

based on building three or more layers that are made up of elements called neurons 

(Nandi et al., 2010). These neurons are processing units that accept incoming input 

signals which are based on the operating conditions such as CFV, temperature, pH and 

TMP. These signals are then transmitted via different connections to the activation 

function and other connected neurons until the output is reached. The unique power of 

ANN modeling system is the system’s ability to learn, adapt and generate new 

interrelationship connections between the input and output. The output is usually the 

experimental outcome to be modeled, and in this work, the output is the permeate flux. 

The optimal neuron connection would provide the best fit of the experimental data. The 

schematic representations of how ANN works is presented in Figure C 1. The multilayer 

model of the network is will be presented later in the manuscript.  
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Figure C. 1 Flowchart of ANN model 

 

In general, an ANN algorithm, consists of three main layers as shown in Figure C2 The 

first layer is the input layer, where training datasets are fed into the network for 

preprocessing. The second layer is called the hidden layer, and that is where the training 

process takes place. In this layer, different training algorithms can be incorporated.  

Put all data in an 𝑚 × 𝑛 matrix where 𝑚 is 
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Figure C. 2 A single layer artificial neural network structure 

The third layer is called the output layer and that is where the trained dataset goes 

through a post processing step to generate an optimal estimate of the targets provided to 

the network. In some scenarios, more than one hidden layers may be used. Figure C3 

shows a schematic of an ANN with two hidden layers. In this work we used both kinds 

of ANN to predict the output flux. 

 

Figure C. 3 ANN with two hidden layers used in this study 

A schematic diagram, shown in Figure C 4, illustrate the process and show how a 

typical ANN works., In this Figure, the vector 𝐩 = [𝑝1, 𝑝2, ⋯ ]𝑇 collects the input 
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parameters and 𝑤 is a weight factor assigned to each input for processing in each 

neuron in the hidden layer. Likewise, the vector 𝐛 = [𝑏1, 𝑏2, ⋯ ]𝑇 collects the bias 

factors and 𝑓 is either a linear or nonlinear function. The output of the hidden layer is 

represented by the vector  𝐚 = [𝑎1, 𝑎2, ⋯ ]𝑇. The number of neurons in the hidden layer 

depends on many parameters such as the number of data points, the variance and the 

bias of the dataset and a lot of other parameters. The simplest way to find a good 

number of neurons in the hidden layer is through trial and error starting with an initial 

guess and checking the performance of the training repeatedly until meeting 

performance criteria.  

In summary, in a single layer ANN, the inputs (which are known) are multiplied by 

some random weights, added to some bias values and then summed up and passed 

through a function to generate an output for the next layer which could be an output 

layer or another hidden layer. This process involves optimization, and at each iteration, 

the weights are updated based on the gradients in the dataset. The goal is to minimize 

the error between the outputs of ANN and the actual examples provided to the network. 

This process repeats until the goal is met or overfitting happens, meaning that the 

network cannot continue training and improving the performance.  

 

Figure C. 4 Representation of different layers and calculations in a single layer ANN 

When the number of inputs and parameters in the system is greater than one or two, it is 

better to represent the system in matrix or vector form. In Figure C 5, vector 

representation of a system with 5 inputs and 1 output is shown. In this example, we 

assume that 𝑆 number of neurons in the hidden layer exist. In order to generate the 

output in each layer, the activation function, which is also called transfer function, needs 

to be selected. In these examples, we consider a transfer function, 𝑓𝑖, for each layer. 

The vector form for calculating the output of each layer is shown in Figure C 5. In order 
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to generate an ANN for our work, we use MatLab ANN Toolbox. This toolbox has four 

different algorithms for training as follows:  

 

 

 ‘trainlm’: Levenberg-Marquardt backpropagation 

 ‘trainbr’: Bayesian regularization backpropagation 

 ‘trainscg’: Scaled conjugate gradient backpropagation 

 ‘trainrp’: Resilient backpropagation 

These algorithms are used to update the weights during each iteration. In addition to 

these algorithms, the user can select different transfer functions for 𝑓𝑖 as shown in 

Figure C7. The three transfer functions available are: 

 ‘logsig’ 

 ‘tansig’ 

 ‘purelin’ 

Normally a training algorithm is selected and then a transfer function is selected for all 

hidden layers and a transfer function for the output layer. 

 

Figure C. 5 Vector representation for calculating output of each layer in a single layer 

ANN 

After testing several combinations of these algorithms and transfer functions and 

comparing the training performance, it turns out that using ‘trainbr’ algorithm for 

Input layer Hidden layer Output layer 
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training, ‘logsig’ transfer function for hidden layers and ‘tansig’ transfer function for 

output layer results in the best performance compared to the other combinations.  

 

 

 

Figure C. 6 Comparison between feed and permeate 

 

Figure C. 7 Contact angle for water (55 at 0 sec, 4 at 30 sec) 
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Figure C. 8 Training performance vs number of neurons in a single layer ANN 

 

Figure C. 9 3D surface of training MSE (as the percentage of maximum flux) vs 

number of epochs vs training dataset percentage 
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Figure C. 10 Training performance vs number of epochs for a single test 

 

Figure C. 11Training performance vs number of epochs for a single test 
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Figure C. 12  Membrane cleaning and flux recovery 
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11.4 APPENDIX D:  Optimization of operating 

conditions towards a higher-performance for 

an ultrafiltration ZrO2 ceramic membrane 

with super-wetting surface properties: 

Experimental and modeling investigations 

 

 

 

 

 

 

Figure D. 1 Representation of different membrane fouling: a) complete pore blocking, 

b) standard blocking, c) cake layer formation, d) intermediate blocking 
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Table D .1 Contact angle measurements using water and oil 

ZrO2 

 

Contact 

angle with 

water is 2.2° 

at 0 to 2.5 

sec 

ZrO2 

 

 

Contact 

angle with 

oil  is 131.1° 

at 0 to 80 

sec 
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Figure D 

Figure D.  2 SEM image of pristine ZrO2 membrane 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure D. 3 Error bars show the standard deviations for TDS and conductivity 

measurements. 
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Figure D. 4Error bars show the standard deviations for salinity and TOC measurements. 

 

 

 

 

 

 

 

Figure D. 5 Error bars show the standard deviations for COD and Turbidity 

measurements. 
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Figure D. 6 Error bars show the standard deviations for Oil content (ppm) 

measurements. 
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Figure D. 7 Error bars show the standard deviations for Zeta potential (mv) 

measurement. 

 

 

Figure D. 8 Results of ANOVA for test series and effect of Contribution of operating 

parameters TMP, Temperature, pH and CFV on flux (UF ZrO2 membrane) 
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Table D. 2 Rejection results for each experimental run 

Trials 
TMP 

(bar) 

Temp 

(
o
C) 

CFV 

(m/s) 
pH 

Oil 

rejection 

(%) 

COD 

rejection (%) 

TOC 

rejection 

(%) 

1 0.6 30 0.6 5 85.99 58.05 97.74 

2 0.6 40 1.2 7 92.83 57.36 99.47 

3 0.6 50 1.8 11 97.28 67.68 75.39 

4 1.2 30 1.2 11 90.59 60.11 98.95 

5 1.2 40 1.8 5 98.35 53.92 89.91 

6 1.2 50 0.6 7 97.53 66.99 84.08 

7 1.8 30 1.8 7 91.76 55.30 79.20 

8 1.8 40 0.6 11 97.77 71.80 98.94 

9 1.8 50 1.2 5 97.53 51.86 87.23 

10 1.2 40 1.8 7 98.35 68.36 99.01 

 

 

 

Figure D. 9 Training performance (MSE) vs number of neurons in each hidden layer. 
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Figure D. 10 Training performance for different number of neurons in the first hidden 

layer. 

 

Figure D. 11 A 3D surface of training MSE vs number of epochs vs number of neurons 

in hidden layers for experiment 1. 
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Figure D. 12 Contours of MSE vs number of epochs and number of neurons in the first 

hidden layer. 
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11.5 APPENDIX E : A comprehensive 

experimental and artificial network 

investigation of the performance of an 

ultrafiltration titanium dioxide ceramic 

membrane: Application in produced water 

treatment 

 

 
Figure E. 1 Interaction plots for permeation flux 
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Figure E. 2 Training performance vs number of epochs for training a double layer ANN 

for the first experiment. 

 

 

Figure E. 3 Training performance vs number of epochs for the ANFIS prediction model 

based on the first experiment. 

 



417 

 

 

Figure E. 4 Predicted flux vs experimental data for the first experiment. 

 
Figure E. 5 Coefficient of determination for all experiments. 
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Figure E. 6 Training performance vs number of neurons in each hidden layer. 

 

 

 

Figure E. 7 Effect of different number of neurons in the first and second hidden layer 

on the training performance. 
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Figure E. 8 Contours of the training performance vs number of neurons in hidden 

layers and number of epochs. The dark blue area shows the best training performance. 

 

Figure E. 9 Training performance vs number of epochs and percentage of the training 

dataset. 
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Figure E. 10 Training performance vs number of neurons in hidden layers and number 

of epochs. 

 

 

 

Figure E. 11 Contours of the training performance vs number of epochs and percentage 

of the training dataset. 
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Figure E. 12 All prediction models and experimental data for the last 18 minutes of the 

dataset. (These results are for all experiments). 
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11.6 APPENDIX F: Investigation of oily 

wastewater filtration using polymeric 

membranes: Experimental verification of the 

multicontinuum modeling approach 

 

11.6.1 Moments generated by tangential and normal total forces on a 

pinned droplet 

 

Figure F. 1 Calculated moments of the applied forces on pinned droplets for the 
case studied by Tummons et al. [15] 
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11.6.2 Hydraulic characteristics of the three membranes 
 

 

Figure F. 2 Flux-pressure measurements of the JX-PVDF membrane 
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Figure F. 3 Flux-pressure measurements of the MW-PVDF membrane 

 

 

Figure F. 4  Flux-pressure measurements of the PCTE membrane 
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11.6.3 The Multicontinuum analysis of Membrane I (JX-PVDF) 

 

(a) Entry pressures, oil continuum 1 

 

(b) Critical velocities, oil continuum 1 

 

(c) Entry pressures, oil continuum 2 

 

(d) Critical velocities, oil continuum 2 



427 

 

 

(e) Entry pressures, oil continuum 3 

 

(f) Critical velocities, oil continuum 3 

 

(g) Entry pressures, oil continuum 4 

 

(h) Critical velocities, oil continuum 4 
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(i) Entry pressures, oil continuum 5 

 

(j) Critical velocities, oil continuum 5 

 

(k) Entry pressures, oil continuum 6 

 

(l) Critical velocities, oil continuum 6 
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(m) Entry pressures, oil continuum 7 

 

(n) Critical velocities, oil continuum 7 

 

(o) Entry pressures, oil continuum 8 

 

(p) Critical velocities, oil continuum 8 
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(q) Entry pressures, oil continuum 9 

 

(r) Critical velocities, oil continuum 9 

 

(s) Entry pressures, oil continuum 10 

 

(t) Critical velocities, oil continuum 10 
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(u) Entry pressures, oil continuum 11 

 

(v) Critical velocities, oil continuum 11 

 

Figure F. 5 Operating and critical conditions relationships among the different continua 

for membrane I 

 

 

 

 

 



432 

 

11.6.4 Membrane II (PAN) 

 

(a) Entry pressures, oil continuum 1 

 

(b) Critical velocities, oil continuum 1 

 

(c) Entry pressures, oil continuum 2 

 

(d) Critical velocities, oil continuum 2 



433 

 

 

(e) Entry pressures, oil continuum 3 

 

(f) Critical velocities, oil continuum 3 

 

(g) Entry pressures, oil continuum 4 

 

(h) Critical velocities, oil continuum 4 
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(i) Entry pressures, oil continuum 5 (j) Critical velocities, oil continuum 5 

 

(k) Entry pressures, oil continuum 6 

 

(l) Critical velocities, oil continuum 6 

 

(m) Entry pressures, oil continuum 7 

 

 

(n) Critical velocities, oil continuum 7 
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(o) Entry pressures, oil continuum 8 

 

(p) Critical velocities, oil continuum 2 

 

(q) Entry pressures, oil continuum 9 

 

(r) Critical velocities, oil continuum 8 
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(s) Entry pressures, oil continuum 10 

 

(t) Critical velocities, oil continuum 10 

 

(u) Entry pressures, oil continuum 11 

 

(v) Critical velocities, oil continuum 11 

 

Figure F. 6 Operating and critical conditions relationships among the different continua 

for membrane II 
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11.6.5 Membrane III (PCTE) 

 

(a) Entry pressures, oil continuum 1 

 

(b) Critical velocities, oil continuum 1 

 

(c) Entry pressures, oil continuum 2 

 

(d) Critical velocities, oil continuum 2 
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(e) Entry pressures, oil continuum 3 

 

(f) Critical velocities, oil continuum 3 

 

(g) Entry pressures, oil continuum 4 

 

(h) Critical velocities, oil continuum 4 
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(i) Entry pressures, oil continuum 5 (j) Critical velocities, oil continuum 5 

 

(k) Entry pressures, oil continuum 6 

 

(l) Critical velocities, oil continuum 6 

 

(m) Entry pressures, oil continuum 7 

 

(n) Critical velocities, oil continuum 7 
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(o) Entry pressures, oil continuum 8 

 

(p) Critical velocities, oil continuum 8 

 

(q) Entry pressures, oil continuum 9 

 

(r) Critical velocities, oil continuum 9 
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(s) Entry pressures, oil continuum 10 

 

(t) Critical velocities, oil continuum 10 

 

(u) Entry pressures, oil continuum 11 

 

(v) Critical velocities, oil continuum 11 

Figure F. 7 Operating and critical conditions relationships among the different continua 

for membrane III 

 




