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Abstract

In this study, a pilot-scale submerged membrane filtration system using hollow fiber (HF)
polytetrafluoroethylene (PTFE) membranes was experimentally investigated to treat
synthetic oily seawater containing heavy crude oil (Cold Lake Dilbit (CLD)) and light
crude oil (Very Low Sulfur Fuel Oil (VLSFO)). In this research project, the effect of
different operating parameters such as aeration flow rate and membrane flux using
different initial oil concentrations on the ultrafiltration (UF) membrane performance was
examined. The total petroleum hydrocarbon (TPH) removal efficiency was found to be
more than 91%. The results from the experiments met MARPOL 73/78 regulation which
defines the oil content in the treated water does not exceed 15 ppm. Different fractions of
petroleum and polycyclic aromatic hydrocarbon (PAH) compounds were reduced as well.
The overall performance of this system in treatment of synthetic oily seawater proves its

promising capability as an onsite treatment technology in oil spill response operations.
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CHAPTER 1 INTRODUCTION

This chapter contains the background which explains the problem statement and
motivation for this research, determines the research purposes, and outlines the thesis

layout.

1.1. Background

The increase in energy demand and economic growth has resulted in continuous gas and
oil exploration and production which significantly increases the risk of oily wastewater
discharge into the environment (Feng et al., 2021). One major part of releasing oily
wastewater into the ecosystem is associated with marine oil spill incidents. For instance,
140 significant oil spill events have released more than 7 million tonnes of oil into the
environment throughout the last century (Fingas, 2016). Some major oil spill events such
as SeaRose (250 m® of spilled oil, Newfoundland and Labrador, Canada, 2018), Deepwater
Horizon (500,000 m? of spilled oil, Gulf of Mexico, 2010), Montara (23,500 m? of spilled
oil, Western Australia, 2009), Hebei Spirit (30,865 m? of spilled oil, South Korea, 2007),
Prestige (48,138 m® of spilled oil, Spain, 2002), Exxon Valdez (41,000 m® of spilled oil,
Alaska, USA, 1989), and Odyssey (176,300 m? of spilled oil, Nova Scotia, Canada, 1988)
adversely affected marine environment, ecosystems, and human health (Nerubenko, 2015;
Bonisoli-Alquati et al., 2016; Fingas, 2016; Spies et al., 2017; Yim et al., 2017; CBC,
2019; Galierikova & Materna, 2020; CBC, 2021). As an example, the Deepwater Horizon
oil spill is officially the largest oil spill in history, which led to a widespread contamination
of coastal habitats and ecosystems, and negatively affected fisheries, tourism, and other

societal sectors (Beyer et al., 2016). The harmful impacts of other oil spill disasters on the
1



environment, economy, and public health have also been documented (Penela-Arenaz et
al., 2009; Gill et al., 2012; Young et al., 2011; Dale et al., 2013; Morales-Caselles et al.,

2017; Yim et al., 2017; Avery, 2020).

In marine oil spill response operations, different techniques such as manual recovery,
booming, skimming, and sorption as physical/mechanical treatment methods are used to
minimize or avoid the negative impacts of oil spills. In addition, chemical treatment
methods such as in-situ burning, dispersion, solidification, and demulsification; and natural
reduction and bioremediation as biological treatment methods are utilized in marine oil

spill cleanup operations (Li et al., 2016).

Currently, oleophilic skimmers collect on average 30% oil and 70% water. The large
volume of water collected is unavoidable due to wave conditions in the ocean that
contributes to variations in oil slick thickness, shearing of slick surface, and mixing of oil
with underlying water in a spill region, which affect the performance of skimmers (Chen
et al., 2022). The efficiency of a skimmer is also influenced by the viscosity of the spilled
oil. In general, lighter viscosity crude oils do not easily accumulate in thick layers on the
surface of oleophilic skimmers; therefore, more water is collected. High viscosity oils are
excessively sticky and are difficult to remove from the surface of the skimmer; thus, once
the skimmer is saturated with oil, it starts to collect a large volume of water. Oleophilic
skimmers are most efficient at collecting medium viscosity crude oil (ITOPF, 2012). As a
result of the inefficiencies of the skimmers, surplus water is recovered from the operation

and placed in temporary storage on the vessels. To obtain optimal efficiency for oil



collection, the skimmers would have to be dynamically adjusted throughout the operation,

which is impractical (Chen et al., 2022).

The present oil spill response practices require that all fluids collected during the operation
are transported back to shore. Therefore, most of the storage space is taken up by water,
which increases the requirement for additional temporary storage on the barges and/or the
need for additional trips to transport the recovered fluids back to shore for treatment and
disposal. The response capacity and efficacy of oily wastewater treatment is significantly
restricted by current oil spill response policies, allowing for further spill dispersion and
increase of environmental harm (Chen et al., 2022). Natural oil decantation (i.e., gravity
separation) in the temporary storage tanks occurs during the transportation of recovered
fluids back to shore. The fluids separate into layers according to their densities, with free
floating oil at the top, and water at the bottom (Ghidossi et al., 2009), where water takes
up 50 to 66% of the total storage space. The disposal of decanted water at sea is usually
regulated by an acceptable overall oil content. For example, the International Spill Control
Organization (ISCO) suggests that the discharge of decanted water follow the regulation
of International Convention for the Prevention of Pollution from Ships (MARPOL 73/78),
which states that the allowed oil content in the discharged water must be less than 15 ppm
(ISCO, 2022). If the decanted water can be treated to meet the MARPOL 73/78 regulation,
then the treated water can be discharged into the aquatic environment freeing up the
majority of the storage space for further oily wastewater treatment. This will improve the
capacity and efficiency of the oil spill response operations and will not harm the

environment (Chen et al., 2022).



Membrane filtration technology has been proposed as an effective onsite treatment method
for oily wastewater generated from marine oil spills (Han et al., 2019). Membranes are
semi-permeable barriers, through which selectivity between species is achieved to allow
for the separation between unwanted and wanted particles. Therefore, desired species pass
through the membrane while undesirable ones are retained in the bulk solution (Kang et
al., 2019). Membrane filtration systems have proven to have a high hydrocarbon removal
capacity, simple operation, small footprint, low chemical usage, and low secondary waste
production (Singh et al., 2011; Tanudjaja et al., 2019; Sharghi et al., 2020). Among
different membrane configurations, hollow fiber (HF) membranes are used for treatment
of complex wastewaters (i.e., oily wastewater) (Kose et al., 2012; Razavi & Miri, 2015;
Johari et al., 2020; Ayub et al., 2021). HF membranes are preferred over other membrane
configurations because they are compact modules with very high membrane surface area,
high packing density, feasibility of backwashing, self-supporting structure, simplicity of
handling, and low manufacturing cost (Baker, 2012; Wan et al., 2017; Akhondi et al., 2017;
Obotey Ezugbe & Rathilal, 2020). Although membrane-based technologies are effective
treatment systems, membrane fouling is a challenging issue hindering its large-scale
applications (Pendashteh et al., 2011; Bagheri & Mirbagheri, 2018). Membrane fouling
refers to the accumulation of substances on the membrane surface or within the pores
which results in increasing transmembrane pressure (TMP), decreasing permeate
production, and membrane lifespan, and consequently frequent membrane cleaning and

replacement are required (Bagheri & Mirbagheri, 2018; Huang et al., 2018).

Reviewing previous studies demonstrates that the majority of the research into the use of

membrane filtration for oily wastewater treatment has been conducted at bench-scale, and
4



most of the laboratory experiments were performed under the constant TMP. Constant
TMP is not appropriate for larger-scale systems because solute particles move towards the
membrane surface more quickly than they are transported away. This results in
accumulating more particles on the membrane surface at constant TMP than at constant
flux condition; therefore leading to more rapid and serious membrane fouling (Sentana et
al., 2009; Hussain, 2019; Keyvan Hosseini et al., 2023). Limited published studies have
evaluated hollow fiber (HF) membrane systems to treat oily wastewater, with most studies
having evaluated flat-sheet membranes (Li et al., 2017; Hube et al., 2020). Flat-sheet
membranes are fragile and have low packing density and low membrane flux (Doyen et
al., 2010; Obotey Ezugbe & Rathilal, 2020; Bopape et al., 2021). These membranes are
prone to rapid and frequent fouling due to their restricted backwashing capability (Altinbas
et al., 2021). HF membranes are more beneficial in comparison with flat-sheet membranes
as a result of their higher membrane flux due to higher packing density and reduced
membrane fouling as a consequence of aeration (Akhondi et al., 2017; Wan et al., 2017;

Altinbas et al., 2021; Keyvan Hosseini et al., 2023).

In addition, most of the membrane filtration research conducted to date has evaluated a
side-stream configuration, which refers to the condition when membrane is placed outside
the membrane tank. In this configuration, serious membrane fouling occurs, and thus,
frequent membrane cleaning is necessary (Judd & Turan, 2018; Obotey Ezugbe & Rathilal,
2020; Tran et al., 2021). In the submerged type, the membrane is located inside the
membrane tank and the bubbles scouring is used as a common practice to remove cake
layer from the membrane surface. Other techniques such as mechanical vibrations and

particle fluidization are employed to decrease membrane fouling; therefore, this type has
5



lower membrane fouling and more efficient membrane performance (Wang et al., 2009;

Lin et al., 2012; Judd & Turan, 2018; Tran et al., 2021; Keyvan Hosseini et al., 2023).

One of the main concerns for the discharge of decanted water into the ocean is the toxicity
of petroleum hydrocarbons (PHCs) in the decanted water and its potential effects on marine
environment and ecosystems (Perhar & Arhonditsis, 2014). PHCs and PAHs are comprised
of mutagenic and carcinogenic components and can bioaccumulate in human and animal
tissues (Hodson, 2017). Most of the membrane filtration studies have investigated the total
petroleum hydrocarbon (TPH) removal efficiency, and there have been no membrane
filtration experiments that examine the removal efficiency of polycyclic aromatic
hydrocarbons (PAHs) and other specific petroleum fractions from oily wastewater
(Gonzalez-Pérez et al., 2012; Kose et al., 2012; Syafiuddin & Boopathy, 2021; Keyvan

Hosseini et al., 2023).

To address these knowledge gaps, the purpose of this research project was to investigate
the performance of a pilot-scale membrane filtration system equipped with two
polytetrafluoroethylene (PTFE) HF membranes for the treatment of synthetic oily seawater
containing heavy and light crude oil using ultrafiltration (UF) membrane under the constant
flux. The performance of the membrane filtration system was studied in terms of total
hydrocarbon removal efficiency, different petroleum fractions (F1-F4), particular PAH
compounds removal efficiency, and membrane fouling. PTFE membrane material was
chosen for this research because of its high chemical resistance, mechanical strength for
backwashing the membrane at high flow rates which reduces membrane fouling, and

antifouling features that increase the membrane lifespan (Song et al., 2017; Li et al., 2018).



1.2. Research Objectives

The overall objective of this research was to examine the capability of a membrane
filtration system to treat synthetic oily seawater. The specific objectives of this thesis were

as follows:

e Prepare a stable oil-in-water emulsion using a high-shear vertical mixer

e Determine the effect of operating parameters (i.e., aeration flow rate and membrane
flux) using different initial oil concentrations on the performance of a pilot-scale
membrane filtration system equipped with PTFE-UF-HF membranes in terms of
hydrocarbon removal efficiency.

e Investigate the impact of membrane flux and aeration flow rate on membrane
fouling during the treatment of synthetic oily seawater comprised of heavy or light

crude oil.

1.3. Thesis Outline

This thesis is divided into five chapters. Figure 1.1 shows thesis organization for each

chapter.



. Background
Introduction Chapter 1 Research Objectives
Thesis Outline

Oily Wastewater Sources
Regulations for Discharging Oily Wastewater

. . Review of Different Treatment Methods

Literature Review Chapter 2 Fundamentals of Membrane Filtration Technology

Membrane Fouling and Its Types
Important Factors on Membrane Performance
Membrane Fouling Mitigation Measures
Review of Membrane Filtration Applications in Oily Wastewater Treatment
Identification of Knowledge Gaps

Preparation of Synthetic Oily Seawater
Materials and Chapter 3 Ana!yT}call Mefllrogis
Methods Statistical Analysis
Experimental Setup and Design

Results and Chater 4 Charactm'_isticsolf Synt:letic Oily Seawater
Discussion p UF Experimental Results
Conclusion Summary and Conclusion

Chapter 5 Recommendations for Future Research

Figure 1.1 Chart of thesis organization

Chapter 1 introduces the project background, problem statement, and the necessity for this

research, in addition to defining the research objectives, and thesis organization.

Chapter 2 provides a literature review associated with the application of membrane
filtration systems in the treatment of oily wastewater to better guide the readers throughout
this research and help identify research gaps. The identification of industrial oily
wastewater sources and their environmental impacts, regulations for discharging oily
wastewater, different oily wastewater treatment methods, fundamentals of membrane
filtration system, membrane fouling and its types, significant factors affecting membrane

performance, and membrane fouling mitigation measures are provided as well.
8



Chapter 3 outlines the materials and methods used to obtain the research objectives. The
research plan was classified into four primary steps in order to accurately achieve this goal.
The steps included weathering and emulsifying crude oils to create a synthetic oily
wastewater to use in experiments, running the pilot-scale PTFE-UF-HF membrane
filtration system and adjusting the operating parameters, sampling, and analyzing different

parameters to understand hydrocarbon removal as well as investigating membrane fouling.

Chapter 4 provides the results and discussion through different analyses during the
membrane filtration process in the treatment of synthetic oily seawater. Chapter 5
summarizes the main findings and conclusions of the study and recognizes areas which
may need further research. Sources and references are provided in the last section of this

thesis.



CHAPTER 2 LITERATURE REVIEW

This chapter begins with reviewing different sources of industrial oily wastewater and its
environmental impacts, regulations for discharging oily wastewater, and various treatment
methods. Second, membrane filtration technology in terms of membrane features, module
configurations, membrane fouling and its types is discussed. Third, factors affecting the
performance of membrane filtration systems, and membrane fouling mitigation methods
are considered. Fourth, the application of membrane filtration technology for treatment of
oily wastewater is investigated. Finally, the knowledge gaps associated with membrane
filtration systems in treatment of oily wastewater are stated to highlight the research

requirement.

2.1. Oily Wastewater Sources

Different industries such as petroleum refineries, metallurgy, and transportation have
mainly contributed to the large production of oily wastewater (Kuyukina et al., 2020).
Oilfield wastewater is mostly comprised of produced water which is defined as any water
in a reservoir with a hydrocarbon resource and produced with crude oil or gas (Mondal &
Wickramasinghe, 2008; Soltani et al., 2010). The total amount of produced water globally
generated from the petroleum industry is 39.746x10° L/d (Sanghamitra et al., 2021). In
various sites, the volume of water is 2-5 or up to 50 times more than the volume of oil
produced (Veil, 2015). The rate of oil extraction, extraction technology, and reservoir
characteristics determine the volume of produced water (Ahmad et al., 2005; Bakke et al.,
2013; Veil, 2015). The generated wastewater is comprised of benzene, toluene,

ethylbenzene, and xylene (BTEX), PAHs, phenols, surfactants, biocides as toxic organic

10



components and mineral salt, heavy metals, and radioactive elements as toxic inorganic

compounds which are environmental concerns (Kuyukina et al., 2020).

Metal processing industries are another large source of oily wastewater production; the
generated oily wastewater can be highly viscous, limiting the capacities of wastewater
treatment plants, and resulting in higher maintenance costs and energy usage (Yang, 2007;
Kuyukina et al., 2020). Globally, more than 2,000,000 m* of metal processing fluid are
used annually; however, the volume of wastewater can be ten times higher because of the
dilution of this wastewater. Emulsified oil, emulsifiers, surfactants, suspended particles,

and metals are the main constituents of metallurgical oily wastewater (Wu et al., 2017).

Another major source of oily wastewater is the transportation industry; one big portion of
this source is associated with the shipping industry leading to illegal discharge of
wastewater generated from ships (i.e., shipboard slop wastewater, bilge and ballast water),
and oil spill disasters (Han et al., 2019). For instance, shipboard slop wastewater is
produced through washing oil tankers with seawater and removing hydrocarbons from the
walls of the tankers. It has high salinity and hydrocarbons, and variable organic
contaminants which may impact the treatment of specific slop wastewater (Campo et al.,
2017). Ballast and bilge waters are other types of wastewaters from ships with toxic
compounds which are harmful because of petroleum and petroleum-derived products that
have carcinogenic properties (Karakulski & Gryta, 2017). Their salinity may be different
from vessel to vessel and may also vary daily on the same vessel. Typical salinity

concentrations are between 0 and 15 g/L (Sun et al., 2010).

11



Over the years, oil exploration and production activities have increased, and millions of
tonnes of petroleum-based products are transported through open waterways worldwide,
increasing the risk of oil spills (Abidli et al., 2020). There are three categories of oil
following oil spill incidents: the first classification is light oil which is moderately volatile;
their residue remains after a few days; light oils include diesel, heating oil, and light crudes.
They are not accumulated in large quantities on banks and shorelines. The second category
is medium crude oils, which evaporate moderately within 24 h; most crude oils belong to
this category. Lastly, depending on the ocean and weather conditions, heavy oils cannot be
quickly evaporated and dispersed in the sea at a specific rate. They become dense, and
form sticky materials called tar balls and asphalt. These substances are difficult to eliminate
from rocks and sediments. When they are deposited, more aggressive cleanup operations
are necessary compared to lighter ones. Bitumen, Dilbit, refined fuel oils such as No. 6

fuel oil, and Bunker C are heavy oils (USEPA, 1999; Lee et al., 2015).

2.2. Oily Wastewater Characteristics and Its Environmental Impacts

Oily wastewater is classified based on droplet size in the dispersed phase; droplets larger
than 150 um are considered as free floating, while droplets between 20 and 150 um are
designated as dispersed, and emulsified oil has a droplet size of smaller than 20 pm. A
droplet size of less than 5 pm is associated with dissolved oil (Medeiros et al., 2022). Oily
wastewater contains volatile organic compounds (VOCs), PAHs, and other harmful and
toxic compounds that impact the environment, wildlife, and human health. For instance,
as a result of oily wastewater discharge, the physico-chemical qualities of soil are

unfavorably affected by changing morphology and reducing hydraulic conductivity, which
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restrict seed germination, plant growth, and crop production (Adetunji & Olaniran, 2021).
When oily wastewater is spilled into the marine environment, various marine species are
negatively affected in terms of physiology and ecology, leading to habitat alteration,
feeding destruction, and mortality (Visvikis & Panayides, 2017; Mohammadi et al., 2020).
Carcinogens and contaminants can also be transferred to the human food chain,
significantly harming human health (Cho, 2007). Chronic exposure to petrochemical
hydrocarbons such as BTEX results in fatal leukemia and central nervous system
dysfunction (Souza et al., 2014). It also affects the socioeconomic aspects of human life,
such as aquaculture, fisheries, tourism, and local businessmen (Fingas & Brown, 1997;

Dalaklis et al., 2020).

2.3. Regulations for Discharging Oily Wastewater

The discharge of oily wastewater into the environment with no appropriate treatment has
adverse effects on the environment, wildlife, and human life; therefore, it is required to be
cautiously regulated (Ipieca, 2013; Yu et al., 2017). To deal with this issue, different
region-specific regulations have been enacted. For instance, the Canada Fisheries Act
(Government of Canada, 2018) prohibits the discharge of decanted oily wastewater into
the ocean. Under MARPOL 73/78 regulation (ISCO, 2022), the release of oil by vessels
into the sea is not permitted, with the following exemptions: the oil content of the discharge
does not exceed 15 ppm (except in Special Areas, such as the Antarctic or the Great Lakes,
where no oil content is permitted) (SL Ross, 2005). The United States Environmental
Protection Agency (USEPA, 2016) specifies the oil and grease discharge limit of 29 mg/L

for monthly average with a maximum daily discharge of 42 mg/L (Souza et al., 2020). In
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the North Sea region, Oslo-Paris (OSPAR) convention (OSPAR commission, 2015)
legalizes that the upper limit for the discharge of oil content in the wastewater is 30 mg/L
(Dickhout et al., 2017). In Norway, the allowable amount of oil concentration to be
discharged into the sea is 30 mg/L (Yu et al., 2017). In order to meet these regulations,
technologies should be able to treat oily wastewater and reduce the oil concentration to

reach the treatment goals.

2.4. Treatment Methods for Oily Wastewater

Different technologies have been utilized to treat oily wastewater which are selected
proportional to the source of wastewater, the diversity and levels of contaminants, and the
subsequent intended use of treated effluents (Kuyukina et al., 2020). Physical treatment
methods are used to remove free oil and grease fractions and suspended particles (Wei et
al., 2019). Gravity separation, dissolved air flotation (DAF), and membrane filtration are
categorized as physical methods to remove oil from oily wastewater. Gravity separation
operates based on density difference of oil and water (Le et al., 2013). This technique is
straightforward but it has some drawbacks such as long-time operation, large footprint, and
low separation efficiency particularly for separating dispersed and emulsified oils
(Medeiros et al., 2022). Therefore, it is mainly used as a pre-treatment or primary treatment
(Medeiros et al., 2022). Conventional DAF produces micro-sized bubbles which attach to
the oil droplets and raise the buoyancy of droplets to move them to the water surface and
remove dispersed and emulsified oils. This technology has a small footprint and fast
operation but requires high energy input to producing micro-sized bubbles (Le et al., 2013;

Padaki et al., 2015). To overcome the drawbacks of two previous methods such as
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prolonged process, large-space requirement, high energy consumption, and low treatment
efficiency, membrane filtration has been proposed. In this technology, membrane pore size
acts as a selective barrier allowing the smaller particles to pass through, whereas large oil
particles are physically separated from the water phase through sieving and maintained in
the feed solution (Goh et al., 2019; Ahamed & Lichtfouse, 2021). This technology has
been shown to be a viable option for treating oily wastewaters, particularly for effluents

containing emulsified oil (Tanudjaja et al., 2019; Sharghi et al., 2020).

2.5. Membrane Filtration Technology

In 1755, Abbé Nollet introduced water permeation by a thin sheet of animal bladders in
France (Sempere, 2015). Following that, Dr. Adolf Eugen Fick from Germany introduced
diffusion law and the first high-pressure synthetic membrane made of nitrocellulose
(Ahmed et al., 2017). In 1855, Fick was the first person who reported the oldest membrane
which was MF membrane made of cellulose nitrate (Anis et al., 2019). In 1877, the
enhancement of membrane performance was initially conducted through surface
modification by W. Pfeffer. He created a copper ferrocyanide layer on a porous porcelain
membrane to study osmosis. He modified the membrane by saturating the porous porcelain
with a copper sulfate solution, followed by placing one of the faces of the membrane into
a potassium ferrocyanide solution. This membrane was used for studying the osmotic flow
of water from a pure water reservoir to a saline water reservoir. Surface modification of
membranes sustained into the 20th century as explained in a sequence of papers published

in 1907 and 1908 (Miller et al., 2017).

15



In 1907, Dr. Bechhold coined the term ‘“ultrafiltration” for his collodion membranes
(Bechhold, 1907). These low-pressure cellulosic membranes were prepared by
impregnating filter paper by glacial acetic acid and gelatin. Following Bechhold’s
membrane, there have been continuous attempts to enhance UF membranes. Zsigmondy,
Bachman, and Ferry further developed Bechhold’s membrane fabrication method (Ahmed
et al., 2017). Microporous cellulosic membranes including cellulose nitrate, and cellulose
di/triacetate were commercially available by the early 1930s (Elford et al., 1935; Baker,
2004). During the 1940s, the number of membrane manufacturers grew but until the mid-
1960s, MF membranes were only used in laboratories and very small-scale industries (Gul
et al., 2021). Around the 1950s, many industrial firms in the US were founded that started
using membrane technology for separation procedures and other large-scale applications,
this drove the search for advances in this technology (Potts et al., 1981). The first trials for
treatment of oily wastewater using membrane separation processes date back to the early
1970s (Zare et al., 2013). Since then, different companies have joined to manufacture
various types of membranes and applied them in treating oily wastewaters. Manufactured
membranes from companies such as Zenon, Kubota, Koch, Sumitomo, and Toray have
been used in the treatment of oily wastewater which is one of the most complicated
industrial wastewaters because of oil nature, its forms in water, its content, and
concentration (Zhidong et al., 2009; Buer & Cumin, 2010). Membrane filtration has been
successful in the treatment of oily wastewaters, particularly for the effluents containing

emulsified and dissolved oils (Han et al., 2015; Li et al., 2017).
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2.6. Membrane Property and Module Configuration

Membrane as a barrier has been an efficient and reliable way to selectively transport certain
components based on their characteristics (Kang et al., 2019). Membranes are very diverse
in nature, and their properties rely heavily on the type of the materials used, such as ceramic
and polymeric materials. Ceramic membranes have a high hydrophilicity, membrane
fouling resistance, integrity, and chemical resistance which can generally lead to a high
filtration performance. However, high fabrication cost makes them economically
unfeasible. Polymeric materials have a high physical and chemical resistance, which has
made them become the most typical and available materials for membrane fabrication
with different pore sizes. Examples of polymeric materials include polyvinylidene fluoride
(PVDF), polyethersulfone (PES), polysulfone (PS), polyethylene (PE), polypropylene
(PP), and polytetrafluoroethylene (PTFE). Since most of the polymeric materials are
hydrophobic, hydrophilic technology has been developed to modify the membrane surface
with hydrophilic polymers to make the membrane hydrophilic. The resulted hydrophilicity
could not only help prevent the oil droplets blockage on the membrane surface and improve
the treatment efficiency, but also help save a significant amount of cost in membrane
maintenance and replacement (Mutamim et al., 2012; Judd, 2016; Cheng et al., 2017;
Melbiah et al., 2017). When a membrane is in a direct contact with oily wastewater, the
membrane materials should be robust enough for a long period of time and sustain a good
performance according to its chemical resistance, mechanical strength, durability in wide

range of pH levels, hydrophilicity, and membrane flux (Abdel-Karim et al., 2017).
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Membrane materials can be manufactured in four main membrane configuration

categories, such as plate and frame, tubular, spiral wound, and HF which are compared in

Table 2.1 (Marrot et al., 2004; Judd, 2016).

Table 2.1 Comparison of different membrane configurations (Keyvan Hosseini et al., 2022)

Oil Removal

Configuration Applications Advantages Disadvantages Efficiency (%) Reference
Low packing, (Frederickson,
high cost, 2005; Judd,

. . not backflushable, 2010;
Easily removing the lowest Masoudnia et
UF and RO, solids from water, membrane area ber Hybrid MF/UF: al. 2014
Plate and Frame MBR, easy to clean, unit volume p 99.9% H;;an e t’ al
Membrane Module  Food and beverage, moderate potential . UF: >95% .g "
Oily Wastewater for foulin low efficiency 2015; Berk,
y g compared to other 2018; Obotey
configurations, Ezugbe &
high pressure drop Rathilal, 2020)
(Kim et al.,
Less fouling 1998;
MEF/UF, compared to plate ~ Low packing Frederickson,
Tubular wastewaters with high  and frame, density, UF: 99% 2005; Li et al.,
Membrane Module dissolved and handling the not backflushable, UF: 98.04% 2006; Judd,
suspended solids, oil highest solids very high cost, 2010; Obotey
and grease load, very large footprint Ezugbe &
easy to clean Rathilal, 2020)
(Cheryan &
RO/NF/MF Rajagopalan,
1998;
UF, .
whey protein Easy cleaning Marchese et
concentration through cleaning Lower packing al., 2000;
oo in place, density than HF, UF: 90.1% Schwinge et
. lactose concentration, . . .
Spiral Wound . . . small footprint, high potential for UF: 99.7% al., 2004;
cathodic/anodic paint . . . .
Membrane Module recove robust design, fouling, Radjenovic et
Ry low capital and not backflushable al., 2008;
dye desalting, h .
operating cost Judd, 2010;
sulfate removal,
oil separation Obotey
Ezugbe &

Rathilal, 2020)
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Moderate capital
cost,

very high packing (Frederickson,
density, 2005;
ME/UF and RO, backflushable, ) Radjenovic et
capable to Fiber breakage, al., 2008;
MER, enerate high operatin Judd, 2010;
industrial wastewater, oily g g1op £ UF: 99% ; ’
HF Membrane wastewater movement by cost, UF: 98.5% Kose et al.,
Module - ice processin mechanisms such  high potential of HRti 2012; Salahi et
Jbio tecph ) hca%i’ons as bubbling, fouling al., 2015;
pp higher membrane Obotey
area per unit Ezugbe &

volume compared
to flat-sheet
membranes

Rathilal, 2020)

Plate and frame configuration has a restricted application and mostly used for treating
wastewater with high amounts of suspended solids (SS) (Obotey Ezugbe & Rathilal, 2020).
Its manufacturing cost is high, and the packing density is in the range of 148 to 492 m?/m?
which is lower than spiral wound and HF. This membrane has a moderate potential of
membrane fouling, and its cleaning is easier than spiral wound and HF. In tubular
membrane, the manufacturing cost is high, and its packing density is 20 to 374 m?/m?
which is the lowest compared to other configurations. This type of membrane maintains a
high tangential velocity in the feed and is used for feed containing a high amount of SS
(Berk, 2018; Obotey Ezugbe & Rathilal, 2020; Keyvan Hosseini et al., 2022). This
membrane has a low potential of membrane fouling, and its cleaning is the easiest due to
the large diameter (Berk, 2018). In spiral wound, packing density is 492 to 1247 m?/m?
which is lower than HF. This membrane has a high potential of membrane fouling, is hard
to clean, and has a moderate manufacturing cost (Obotey Ezugbe & Rathilal, 2020; Keyvan
Hosseini et al., 2022). The packing density of HF is 492 to 4924 m?/m? which is the highest

and the manufacturing cost is low. Generally, HF membranes are favored over other

membrane configurations due to their benefits such as compact modules with very high
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membrane surface area per unit volume, high packing density, and capable of generating
movements by mechanisms (i.e., bubbling) to mitigate membrane fouling (Di Profio et al.,

2011; Baker, 2012; Keyvan Hosseini et al., 2022).

Based on the difference between the pressure-driven membrane processes, membranes are
classified into four groups such as MF, nanofiltration (NF), UF, and reverse osmosis (RO).
The four categories are given by the differential pressure applied to speed of the mass
transport through the membrane. In this line, higher pressure is needed to separate smaller
components according to their geometrical dimension (Barjoveanu & Teodosiu, 2006;
Padaki et al., 2015; Martini et al., 2017; Varjani et al., 2020). MF membranes are used for
removing suspended solids with the particle size in the range of 0.1-5 um. UF and NF are
used for removing particles in the range 0of 0.001-0.1 pm and 0.0001-0.01 pum, respectively
(Le-Clech et al., 2006). The particle dimension for RO ranges between 0.0001 to 0.001 pm
and this membrane is able to remove salinity from wastewater (Jamaly et al., 2014). MF
and UF membranes have been widely used for treatment of oily wastewater compared to
NF and RO. This is because of their capability in removing oil particles due to their
selectivity features and separation mechanism. In both MF and UF membranes, the
removal mechanism is sieving, and transport mechanism is convection. NF and RO are
broadly utilized to remove salts and their removal and transport mechanisms are diffusion
(Barjoveanu & Teodosiu, 2006; Cao, 2016; Abuhasel et al., 2021; Keyvan Hosseini et al.,

2022).
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Membrane filtration systems have two main types of process flow configurations (shown

in Figure 2.1) based on the arrangement of the membrane modules: side-stream and

submerged.
Recirculated stream > Out
In In
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o0 Membrane [ o Membrane
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Figure 2.1 a) side-stream b) submerged (Modified figure from Judd, 2010)

Side-stream configuration refers to when the membrane module is outside of the membrane
tank while submerged type refers to the configuration which the membrane module is
directly placed inside the membrane tank (Le-Clech et al., 2005). For small flows of
effluents, the side-stream membrane filtration system is often selected because it is simpler
in operation and smaller in footprint (Marrot et al., 2004; Buer & Cumin, 2010). In side-
stream configuration, the mixed liquor from the reactor is circulated across the membrane
at high crossflow velocities and pressures to mitigate membrane fouling (Kharraz et al.,
2022). This configuration requires high energy for circulation, and has severe membrane
fouling (Park et al., 2018; Al-Khafaji et al., 2022). For very large plants, the submerged
membrane filtration system is mostly selected due to its lower tangential velocities which
results in milder operating conditions (Lin et al., 2012). This configuration has also lower
energy consumption, and overall robustness in performance compared to side-stream
systems (Marrot et al., 2004; Buer & Cumin, 2010; Judd, 2016). The cleaning process in
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submerged configuration is more complicated than side-stream type. Increasing aeration
flow rate, decreasing the membrane flux, and using physical or chemical cleaning are three
methods to manage membrane fouling in this configuration. Aeration generates a shear
force on the membrane surface through the rise of bubbles which decreases the
accumulation of foulants on the membrane surface. Using lower membrane flux reduces
membrane fouling since it diminishes the rate of foulants reaching the membrane surface.
These methods can significantly mitigate membrane fouling and the requirement for
membrane cleaning. In addition, physical cleaning is preferred over chemical cleaning due
to its simplicity and harmless material usage which does not generate chemical waste

(Judd, 2005; Al-Khafaji et al., 2022; Keyvan Hosseini et al., 2022).

2.7. Membrane Fouling

One of the most challenging issues in membrane filtration technology is membrane fouling
which refers to the accumulation and deposition of substances on the surface of the
membrane due to complex physical and chemical interactions among various foulants (L1
& Elimelech, 2004; Gkotsis et al., 2014; Krzeminski et al., 2017). In oily wastewater, oil
interacts with a membrane surface in distinctive ways: they deform, coalesce, break up,
enter, and seal membrane pores. Changes in oil shape allows oil droplets to enter the
membrane pores and can permeate across the pores smaller than the droplet size (Tummons
et al., 2017, 2020). This results in flux decline over time when TMP is constant and
increase in TMP over time when membrane flux is constant. Fouling phenomenon

exacerbates the membrane performance, decreases time intervals for membrane cleaning
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and replacement, and shortens membrane lifespan leading to increase in operational cost

(Safazadeh Haghighi, 2011).

2.8. Types of Membrane Fouling

There are different major classes of membrane fouling based on the location of fouling,
and intensity and flux recovery. Depending on the fouling location, fouling can be
classified as concentration polarization (CP), external fouling, or internal fouling (Bagheri
& Mirbagheri, 2018). In CP, solutes and ions are accumulated in the thin liquid layer close
to the surface of the membrane (Bhattacharjee et al., 1999; Li et al., 2016). This will lead
to the formation of a region with higher concentration compared to the whole bulk (Romero
& Davis, 1991). It increases flow resistance and decreases membrane flux (Abdelrasoul,
2015). CP is a reversible phenomenon and does not impact the intrinsic properties of the

membrane (Shi et al., 2014).

In addition to CP, particles, colloids, and macromolecules increase membrane resistance
through adsorption or deposition on the surface of the membrane which is called external
fouling. This type of fouling creates a layer on the membrane surface categorized as gel
layer and cake layer. Due to the difference in pressure between the feed and permeate sides
of the membrane, macromolecules, colloids, and inorganic solutes are deposited on the
surface of the membrane and form a gel layer. Cake layer is created with the accumulation
of solids on the membrane surface (Blandin et al., 2016). Adsorption and deposition of
solutes and colloidal particles within the pore refers to the internal fouling or pore blocking

(Stephenson et al., 2000).
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Based on flux recovery and degree of foulants removal, membrane fouling can also be
classified as reversible fouling, residual fouling, irreversible fouling, or
irrecoverable/permanent fouling (Gkotsis et al., 2014). Reversible fouling can happen
within 10 minutes of filtration and foulants can be removed by physical cleaning methods
(i.e., relaxation and backwash). If foulants need maintenance cleaning such as chemically
enhanced backflush, the fouling refers to residual fouling which occurs within 1 to 2 weeks.
When the foulants cannot be removed by physical cleaning and need chemical cleaning,
the irreversible fouling happens in the system typically within 6 to 12 months.
Irrecoverable/permanent fouling takes place when the foulants cannot be removed by
chemical cleaning which happens within several years (Kraume et al., 2009; Gkotsis et al.,

2014; Bagheri & Mirbagheri, 2018; Du et al., 2020).

2.9. Factors Affecting Membrane Performance

2.9.1. Membrane Features

2.9.1.1 Pore Size Distribution

The pores of membrane should be small enough to provide an excellent size-sieving effect
which will avoid pore clogging (Huang et al., 2018). For example, in membrane filtration
systems for treatment of oily wastewater, small membrane pore size intensifies the pressure
required for entering oil films and droplets into pores and this will decrease membrane
fouling by emulsified oil (Tummons et al., 2020). However, if pores are too small, the
membrane resistance to permeate flux will be too high which is not desired (Huang et al.,

2018). Therefore, the size of the membrane pores should be carefully selected.
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2.9.1.2 Surface Chemistry
Contact angle is a factor showing the wettability of a solid surface by a liquid which is
formed by a liquid and the tangent line to the upper surface where three phase boundaries

such as liquid, gas, and solid are interconnected (shown in Figure 2.2).

Liquid Liquid Liquid
Solid Solid Solid
0>90° 0<90° 6=90°

Figure 2.2 Demonstration of contact angle of a liquid (Modified figure from Safazadeh Haghighi,

2011)

The contact angle between a droplet and a solid surface demonstrates hydrophobicity or
hydrophilicity. When the contact angle of a water droplet on the membrane surface is more
than 90°, the membrane surface is hydrophobic and when it is between 0° and 90°, the
membrane surface is hydrophilic (Safazadeh Haghighi, 2011). In oily wastewater
treatment using membrane filtration system, oil droplet makes the membrane wet, which
is distributed throughout the membrane surface, and water cannot be dispersed over the
membrane surface. Therefore, instead of considering water droplets on the membrane
surface, oil droplets are determined to be on the solid surface. Consequently, the condition
of contact angle is reversed and if 6 > 90°, the membrane is hydrophilic and when 0° < 6 <
90°, the membrane is hydrophobic (Safazadeh Haghighi, 2011; Tummons et al., 2020).
The affinity between oil droplets and the membrane under water such as underwater

oleophilicity or olephobicity is a significant factor. In the membranes with an antifouling
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feature, affinity between oil and membrane under water is negligible and is called
underwater oleophobicity. Membrane with higher hydrophilicity shows higher underwater
oleophobicity; this causes hydrophilic membranes to be chosen for constructing
antifouling membranes (Huang et al., 2018). If the oil droplets and membrane have
different surface charges, membrane fouling will be exacerbated due to the electrostatic
attraction (Lu et al., 2016). It is understood that in hydrophilic membranes, irreversible
fouling is less and when the charge of membrane surface is similar to surfactant charge,
membrane fouling will decrease (Dickhout et al., 2018; Huang et al., 2018; Saini et al.,
2019). Therefore, membrane fouling can be impacted by membrane surface charges

through modifying its wettability towards oil droplets (Shi et al., 2016; Liu et al., 2017).

2.9.2. Effect of TMP, Membrane Flux, and Crossflow Velocity (CFV)

Membrane performance is primarily determined by TMP, membrane flux, and
permeability (Germain et al., 2005; Metzger et al., 2007). TMP is described as the pressure
at the inlet Pin and at the outlet Pout of the inner casing, and at the outlet of the outer casing,

Pperm (shown in Eq. (2.1)) (Vinther et al., 2014).

> +P
Pop =—"—"-F, (2.1)

2 perm

Membrane flux is the permeate flow per unit area of the membrane and relies on hydraulic
resistance, cake layer thickness, and driving force (Izadi et al., 2018). The driving force is
the gradient of potential membrane area of mass transport associated with pressure and
particle concentration. The mechanism of mass transport in the membrane operation is

related to the materials and structure of the membrane (Izadi et al., 2018). Flux also

26



determines the fouling rate or the rate of increase in TMP with time, which indicates how
often the membrane should be cleaned and the methods adopted for cleaning (Judd, 2016).
For a porous membrane system, Eq. (2.2) is used to estimate the permeate flux, which is

proportional to hydraulic resistance.

L T™MP
——)=— (2.2)
m-h  u-R

J(

where J is permeate flux (L/m?'h), TMP is transmembrane pressure (kPa), p is the viscosity
of the permeate (Pa.s), Rt is the total resistance (1/m) which is shown in Eq. (2.3). This
equation indicates resistance-in-series (RIS) model which is the most comprehensive and
applied model in the membrane filtration systems. This model is straightforward and

directly associated with the phenomena in the study (Di Bella & Di Trapani, 2019).
R =R,+R +R, (2.3)

where Rm is the intrinsic membrane resistance, Rc is the cake resistance formed by the cake
layer (reversible fouling), and R, is pore blocking resistance caused by solute adsorption
into the membrane pores and gel formation (irreversible fouling) (Psoch & Schiewer,
2006). Permeability is specified as flux per TMP which is another important factor to be

considered in membrane filtration systems as calculated by Eq. (2.4) (Izadi et al., 2018).

Permeability = # (2.4

where J is membrane flux and TMP refers to transmembrane pressure.

Hong et al. (2003) realized that increasing TMP declined permeate flux due to increasing

the particles transportation to the membrane, and consequently caused particles to be
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accumulated on the membrane surface. Besides, increase in permeate flow rate intensified
drag force and cake layer resistance due to cake layer compression which led to TMP

Increase.

Membrane technology can operate two ways: constant TMP or constant flux. In a constant-
TMP mode, a fast flux decrease is observed at the beginning of the filtration followed by
a slow decline until a steady-state flux is obtained while in a constant flux, severe
membrane fouling does not occur (Le-Clech et al., 2006). Under a constant flux, fouling
in membrane filtration systems happens in a three-stage mechanism. The first stage of
membrane fouling has been considered as a conditioning fouling during which there is an
initial short-term rise in the TMP. The second stage of membrane fouling is called slow
fouling, during this stage the TMP gradually increases linearly or exponentially. The third
stage of membrane fouling is associated with a sharp rise in the TMP and also sudden

increase in the rate of changes (Zhang et al., 2006).

The majority of previous membrane filtration studies for treatment of oily wastewater used
constant TMP (Norouzbahari et al., 2009; Salahi et al., 2010, 2011; Mahbouba et al., 2021),
Badrnezhad & Beni (2013) investigated the performance of a UF membrane to treat
produced water. In this experiment, optimum operating parameters were temperature of
40°C , pH of 7.0, and TMP of 3 bar and results showed that oil removal efficiency was
over 99%. In this study, the permeate flux decreased rapidly at the beginning of the

experiment and it gradually reached a pseudo-steady condition as time passes.

Another effective parameter is crossflow velocity (CFV), which is calculated by dividing
the volumetric flow rate through the membrane by the cross section area of the membrane
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(Sterlitech Corporation, 2017). Increasing CFV increases turbulence and Reynolds number
inside the system and increases shear stress on the membrane surface. Consequently, it
reduces the accumulation of substances on the membrane surface, and therefore, improves

the performance of the membrane (Masoudnia et al., 2014).

2.9.3. Effect of Aeration

Aeration provides a homogenous distribution of influent inside the membrane tank and
decreases the deposition of substances on the surface of the membrane (Luis, 2018).
Aecration leads to shear stress and fluctuations on the membrane surface, which is an
effective fouling management strategy (Etemadi et al., 2020). When membrane is air
scoured, the generated air bubbles are less dense than the surrounding mixed liquor and
they move to the water surface as a result of buoyancy forces. The mixed liquor is drawn
into the bubble wakes as the bubbles moving upwards and also displaced by rising air
bubbles. This gas/liquid two-phase flow has greatly improved the performance of the
membrane process compared to increasing liquid flow alone (Drews, 2010). As an
example, Wang et al. (2009) used a UF membrane filtration system to treat oily
wastewater. In this system, aeration was performed for 2 min at 10-minute filtration
intervals. The constant aeration maintained TMP at a low amount and reduced sharp TMP

increase.

2.10. Membrane Fouling Mitigation Methods

Cleaning procedures are classified as either in-situ or ex-situ methods depending on where
the membrane module is located throughout the cleaning process. The membrane module

remains in the membrane tank during the cleaning process in in-situ cleaning, also known
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as online cleaning. Cleaning the membrane out of the membrane tank (i.e., in another tank
outside the membrane filtration unit) is termed as ex-situ procedure or offline cleaning

(Zsirai et al., 2012).

2.10.1. Physical Cleaning

Physical cleaning methods rely on mechanical techniques to eliminate foulants from the
membrane surface and improve cleaning efficacy. Backwashing, air sparging, relaxation,
vibration, and sponge ball cleaning are examples of physical cleaning. Physical methods
are effective for removing the cake layer that forms on the membrane surface and
eliminating reversible contaminants on the membrane surface or in the membrane pores
(Peng & Tremblay, 2008). Physical cleaning is simple because no chemicals are needed,
no chemical wastes are produced, and the probability to chemically degrade the membrane

is less (Judd, 2010).

Backwashing is the most common method for addressing membrane fouling in which the
direction of the permeate flow is reversed to remove foulants deposited on the membrane
surface or inside the pores. Combining backwash with air scouring is a common physical
method to remove fouling in submerged systems (Hilal et al., 2005). Chua et al. (2003)
investigated the influence of backwash duration on the membrane fouling in a pilot-scale
HF membrane unit. The results showed that longer backwash duration was more effective
than prolonged air scouring in controlling membrane fouling. The process improvement
was observed when backwash flow rate increased up to twice that of the permeate flow
rate, but further increase in the backwash flow rate did not have any improvements. Ye et

al. (2010) investigated the impact of aeration during backwash on the membrane fouling
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for seawater filtration. That study found that backwash with a moderate air flow rate had
a lower final TMP and postponed the fouling rate more efficiently in comparison with a
high air flow rate. High air flow rate constrained the air scouring benefits and did not

improve reversibility.

Relaxation occurs when the filtration process is stopped while the air scouring of
membrane is in progress. This method is commonly conducted in submerged membrane
filtration systems for removing reversible fouling. Longer relaxation can be more effective;
however, a too long and a highly frequent relaxation would cause severe fouling because

of the relatively high instantaneous flux (Wu et al., 2008; Judd, 2010; Yusuf et al., 2016).

Vibration is another method to mitigate membrane fouling in which shear stress is
generated on the membrane surface through the relative motion between the membranes
and liquid (Li et al., 2014). Ullah et al. (2011) used periodic vibration to dislodge oil
droplets from the membrane surface and did not report significant decline in flux which

enhanced the membrane performance.

Sponge cleaning is another method to remove membrane fouling; Sadeghi et al. (2017)
developed a membrane filtration system to treat saline petrochemical wastewater. Physical
cleaning was conducted by rinsing the membrane surface with tap water, and then, wiping
it with a soft sponge which was found effective. Takadono et al. (1984) reported that
membranes equipped with the automatic sponge ball cleaning systems could successfully
treat solutions containing high concentrations of dissolved or suspended solids. This
system maintained a high membrane flux under constant TMP improving the efficiency of
the membrane filtration unit.
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2.10.2. Chemical Cleaning

When membrane fouling becomes severe which is difficult to remove through physical
methods, chemical cleaning turns out to be necessary. Chemical cleaning is more effective
than physical cleaning in removing foulants attached into the pores of the membrane (Judd,
2010). Chemical cleaning involves immersing a polluted membrane in a chemical cleaning
agent that reacts chemically with impurities to remove pollutants from the membrane
surface or pores and restore membrane flux (Gul et al., 2021). There are normally six stages
to chemical cleaning: (1) bulk dispersion and production of cleaning agents; (2) transport
of cleaning agents to the fouled surfaces; (3) transmission through fouled layers; (4)
cleaning reactions; (5) transport of reaction products back to the interface; and (6) transport
of products back to the bulk solution (Porcelli & Judd, 2010). Some chemicals that are
used to remove organic foulant in oily wastewater are bases, oxidants, acids, and
surfactants. Each chemical affects the foulant through a different mechanism; for instance,
when base is used for chemical cleaning, the associated reactions include hydrolysis,
solubilization, saponification, and chelation (complexion with metals) which occur
between base and foulants to effectively eliminate the membrane foulants. When acids
such as hydrochloric acid (HCI), sulphuric acid (H2SOs4), nitric acid (HNO3), and
phosphoric acid (H3POs) are used, the reactions are solubilization, hydrolysis,
precipitation, dissolution of inorganics, and chelation (Ullah et al., 2021). Therefore,
different chemicals can recover membrane flux, decrease TMP, and consequently improve

the membrane performance.
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Various studies have evaluated chemical cleaning to recover membrane permeability, and
reduce membrane fouling, for instance, Huang et al. (2015) used a PVDF-UF membrane
filtration system to treat oily wastewater under a constant TMP. In this study, pure water
and 3 wt.% sodium hydroxide (NaOH) aqueous solution were used to recover membrane
flux. Results showed more than 90% flux recovery which led to membrane fouling
mitigation and membrane performance enhancement. In another study, Nystrom (1991)
used an alkaline solution (NaOH) for cleaning UF membrane when treating oily
wastewater; the results showed that chemical cleaning was able to significantly restore the

initial water flux.

2.11. Membrane Filtration Application in OQily Wastewater Treatment

Different studies have been conducted to evaluate MF and UF membranes in the treatment
of oily wastewater using different operational parameters. For example, Rezvanpour et al.
(2009) used flat-sheet cellulose UF membranes to treat oily wastewater containing
kerosene. They investigated the effects of TMP, initial oil concentration, feed flow
velocity, and pH on the performance of a bench-scale UF system. Results of that study
showed that the optimum conditions were TMP of 3 bar and oil concentration of 3% (v/v)
which led to the greatest flux (108 L/m?h) and 98% of total organic carbon (TOC) removal
efficiency. Wang et al. (2009) used a bench-scale membrane unit containing flat-sheet
PVDF-MF membranes to treat emulsified oily wastewater. Operational parameters were
feed flow rate of 3 ml/min, TMP of 0.2 MPa, and oil concentration of 850 ppm. Results of
that study showed that TOC removal efficiency was over 95% and membrane fouling

increased with filtration time and decreased the membrane performance. To recover the
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membrane flux, membranes were chemically cleaned with different chemical solutions. In
addition, the fouled membrane was recovered using interval filtration and aeration with the
aeration flow rate of 3 ml/min. Findings of the Wang et al. (2009) study showed that the
aeration was more effective in maintaining membrane flux and enhancing the membrane

performance.

Seyed Shahabadi and Reyhani (2014) studied the performance of a bench-scale flat-sheet
PAN-UF membrane filtration system to treat produced water. Different operating
parameters such as temperature, TMP, and CFV were considered. The results of that study
showed the optimum values for temperature, TMP, and CFV were 50°C, 3.9 bar, and 1.75
m/s, respectively, and oil and grease removal efficiency was 100%. In terms of membrane
fouling, high temperature resulted in more oil solubility in water, and therefore, some
droplets penetrated the membrane. Oil droplets did not accumulate on the surface of the
membrane, and they blocked membrane pores. Increasing CFV enhanced the turbulence
of fluid flow which removed the layer of precipitations from the membrane surface.
Increasing TMP accumulated more contaminants on the membrane surface which formed
a gel layer at higher TMP. This increased flux decline and fouling resistance in the

membrane filtration system.

Huang et al. (2015) investigated the performance of a bench-scale flat-sheet PVDF-UF
membrane filtration system at TMP of 0.3 MPa for the treatment of oily wastewater. The
results of that study showed more than 95% of oil removal efficiency. Fouling mechanism
was also examined, and external fouling was the main reason of flux decline. Results

indicated that flux recovery of the fouled membranes after chemical cleaning using 3 wt.%
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NaOH aqueous solution was more than 90%. Yang et al. (2018) investigated the treatment
efficiency of a bench-scale unit containing flat-sheet PES-MF membrane and achieved

98.9% oil removal efficiency under constant TMP.

The selection of the review of the above studies was due to the similarities of their research
work to the goal of this thesis to treat oily wastewater; however, they were operated under
the constant TMP, and a number of bench-scale studies were more than pilot-scale studies.
Most of the published studies reviewed used flat-sheet membranes with a side-stream
configuration in physical separation studies to treat oily wastewater when considering the
effect of different parameters on the membrane performance (Keyvan Hosseini et al.,
2023). Previous UF and MF physical separation studies mostly used TMP, CFV,
temperature, pH, and oil concentration as operating parameters and did not provide a
thorough analysis about removal efficiencies of different parameters such as various
fractions of PHC, and PAHs in oily wastewater (Keyvan Hosseini et al., 2023). The
fouling investigation of the majority of previous studies was limited to bench-scale and

few of them mentioned the fouling mechanisms and membrane cleaning in the system.

The second group of studies concentrated on HF membrane application for the treatment
of oily wastewater. For instance, Zhu et al. (2014) fabricated a modified PVDF-HF
membrane to treat oily wastewater containing three types of oil such as hexadecane, crude
oil, and palm oil. In an unmodified membrane, the oil contact angle was approximately 15°
or lower which indicated the high oleophilicity of the membrane while modified
membranes had an oil contact angle of about 75°. Hence, an unmodified membrane

adsorbed a higher concentration of oil in comparison with a modified membrane as a result
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of its hydrophobicity. Results showed that the modified HF membrane had a greater water
flux (i.e., 72 L/m?'h), and less flux reduction (i.e., from 6% to 3%) during oily wastewater
treatment. Over 98%, 98%, and 70% oil removal efficiencies for oily wastewater
containing hexadecane, crude oil, and palm oil were achieved, respectively. Otitoju et al.
(2017) evaluated three different HF membranes under similar operating conditions. The
three membranes were PES, PES/Si0Oz, and tetracthyloxysilane PES/(TEOS). PES/TEOS
indicated the best hydrophilicity compared to the other two membranes. The oil contact
angle of the PES/TEOS membrane was 125.47° which was the highest in comparison with
PES and PES/SiOz. This membrane had a 99.98% oil removal efficiency and a permeate
flux of 90.937 L/m*h, which was higher than two other membranes. This study also
revealed that the modified PES/TEOS membrane showed an outstanding antifouling
feature and the oil deposition on it was easily washed using physical cleaning. El-badawy
et al. (2022) used PVDF-PET braid-reinforced HF membranes to treat oily wastewater.
Results showed that flux reached 620 L/m*h and oil removal efficiency was 88% due to

high porosity and underwater oleophobicity of the membrane.

Previous HF physical separation studies demonstrated that the modification of membranes
using appropriate materials has a drastic effect on oily wastewater treatment, significantly
improving permeate flux, oil rejection, and facilitating membrane cleaning (Keyvan
Hosseini et al., 2022). These studies did not investigate the effect of different operating
parameters on the membrane performance. In addition, these experiments were confined
to bench-scale laboratory experiments, and the challenge remains in preparing modified

HF membranes for commercial use (Hube et al., 2020; Naim et al., 2021).
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2.12. Knowledge Gaps and Research Hypothesis

This chapter has laid the basis required for a comprehensive investigation into the
performance of a membrane filtration system during the treatment of oily wastewater.
Although there have been successful bench-scale and pilot-scale studies on the
performance of membranes in treatment of oily wastewater, there have been very few pilot-
scale studies applied to the treatment of oily wastewater. Therefore, there is a need to
develop a practical experiment which can be used in industrial applications (Yuliwati et
al., 2012; Alzahrani & Mohammad, 2014; Hube et al., 2020; Ismail et al., 2020). The
majority of the previous studies were operated under the constant TMP which is not
appropriate for large-scale applications due to the rapid transportation of particles toward
the membrane surface, and consequently severe membrane fouling (Hussain, 2019). The
impact of different operating parameters on the membrane performance during the oily
wastewater treatment was investigated using flat-sheet membrane rather than HF
membrane. HF membranes are more favorable in comparison with flat-sheet membranes
due to their higher membrane flux, higher packing density, and lower membrane fouling
due to aeration (Akhondi et al., 2017; Altinbas et al., 2021). Membrane filtration studies
were mainly performed with side-stream configuration rather than submerged type which
is restricted to bench-scale membrane filtration systems (Lenntech, 2022) and tends to
severe membrane fouling, and consequently, low membrane performance. Most studies
investigated the removal efficiency of TPH, and no studies were found that examine the
removal efficiency of different fractions of petroleum and PAHs (Keyvan Hosseini et al.,
2023). Among the studies, little information could be found describing the analysis of

membrane fouling in a pilot-scale membrane filtration system with heavy and light crude
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oils. As a result, in this thesis a pilot-scale submerged PTFE-HF membrane filtration unit
using UF membranes was used and the analysis of membrane performance in terms of
treatment efficiency and membrane fouling was investigated. The effect of operating
parameters such as aeration flow rate and fixed membrane flux on hydrocarbon removal
efficiency and membrane fouling in the experiments containing heavy and light crude oil
was conducted. The following chapter outlines materials and methods, which were used in

order to address the research gaps that have been identified.
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CHAPTER 3 MATERIALS AND METHODS'

This chapter outlines the materials and methods used to assess the performance of a pilot-

scale PTFE-HF membrane filtration system to treat synthetic oily wastewater.

First, the characterization of light and heavy crude oils, and the preparation of synthetic
oil-in-water emulsion are stated. Second, the methods to analyze different hydrocarbon
removal parameters such as TPH, PHC fractions, and PAHs as well as the analysis of
fouling resistances are reported followed by statistical analysis. Furthermore, the
experimental setup of a pilot-scale membrane filtration system, filtration and cleaning

processes, and experimental design approach are discussed.

A research plan was implemented which involved different stages as shown in Figure 3.1.
The research plan was split into four phases to obtain the research goals effectively and
precisely. These phases consist of preparing oil-in-water emulsion, running a pilot-scale
membrane filtration system, performing UF experiments, and conducting analytical and

statistical analyses.

IThis chapter is based on the paper that has been published:

Keyvan Hosseini, P., Liu, L., Keyvan Hosseini, M., Bhattacharyya, A., Miao, J., & Wang, F. (2023).
Treatment of a Synthetic Decanted Oily Seawater in a Pilot-Scale Hollow Fiber Membrane Filtration
Process: Experimental Investigation. Journal of Hazardous Materials, 441, 129928.
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Oil-in-Water Running a Pilot-Scale UF Membrane
Emulsion Membrane Filtration Filtration Statistical Analysis
Preparation Unit Experiments

Figure 3.1 Research plan conducted for this thesis

3.1. Preparation of Synthetic Qily Seawater

3.1.1. Crude Oil Characterization

In the experiments, heavy and light crude oil samples such as Cold Lake Dilbit (CLD) and

Very Low Sulfur Fuel Oil (VLSFO) were used. The crude oil samples were provided by

Multi-Partner Research Initiative (MPRI) in Canada. CLD as a heavy crude oil is a major

unconventional product which is transported within North America (Conmy et al., 2017).

VLSFO as a light crude oil has recently been approved to be used onboard ships by

International Maritime Organization (IMO), which has made it a popular fuel due to its

low cost (Kim et al., 2021). These crude oils were selected because both have a high

potential to be spilled into the ocean as a result of tanker accidents. The samples from these

two types of oil were characterized by the following standard procedures: API gravity
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(ASTM D4052), density (ASTM D4052), and kinematic viscosity (ASTM D7042), and

the measured quantities are reported in Table 3.1.

Table 3.1 The physical characteristics of two types of crude oil

Qil Type Density (g/cm?) Viscosity (cPs) @ 20°C API’
CLD 0.924 331 21.8
VLSFO 0.877 10.4 29.7

3.1.2. Oil Weathering Process

The synthetic oily wastewater was prepared to reproduce decanted oily seawater from a
marine oil spill clean-up operation in the Atlantic Ocean. In nature, spilled oil is exposed
to weathering processes including evaporation, aqueous dissolution, sorption, oxidation,
emulsification, and dispersion. Therefore, the chemical composition and physical
properties of oil are changed (Yang et al., 2020). The weathering of petroleum products
can be replicated in the laboratory by air sparging to remove volatile chemical components
(Lietal., 2009). A pressurized air cylinder and tubing were used to simulate the weathering
process (shown in Figure 3.2). A pre-weighed container was filled with oil and placed on
a balance under the fume hood to measure the weathering rate. The reduction in oil mass
indicated the evaporation of volatile components in the oil sample. The rate of evaporation

was calculated using Eq. (3.1):

M initiat — Wi (t ) %

evap

R

100 (3.1)

moil,initial

where m refers to initial oil weight, and m,_, (¢) denotes the weight of oil at time t.

oil ,initial
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Figure 3.2 Weathering crude oil in the laboratory

3.1.3. Emulsification Process

The oil-in-water emulsion was produced using a high shear vertical mixer (Inoxpa, Spain);
during this process the wastewater was drawn from the lower part of the feed tank and the
rotor moved it circularly. The oil-in-water emulsion was mechanically and hydraulically
sheared at a high speed. The vertical suction and radial thrust both resulted in a flow
circulation (Inoxpa, 2021). The schematic diagram of the tank/mixer setup is shown in

Figure 3.3.
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Figure 3.3 The schematic diagram of the tank/mixer set-up for emulsification process

Following weathering process, synthetic oily seawater containing oil-in-water emulsion
was prepared using a 1000 L of seawater and mixed with two types of crude oil (i.e., CLD
and VLSFO) using different oil concentrations under 3515 rpm. Seawater was provided
by Aquatron laboratory (located in Halifax, NS, Canada) which accesses seawater from
the Northwest Arm of the Atlantic Ocean. Seawater passed through four sand filters and

was exposed to UV treatment to remove suspended solids and bacteria.

3.2. Analytical Methods

3.2.1. Synthetic Oily Seawater Characterization

The determination of the oil droplet size was carried out using a laser light scattering
system (Mastersizer, United Kingdom). A laser beam passed through a sample and
measured the intensity of light scattered throughout the sample. Deionized water was

applied as a dispersive phase.

43



The electrical conductivity of solutions, total dissolved solids (TDS), and salinity were
measured with an Ecosense EC300A handheld which was calibrated for measurements.
pH was measured by ROSS Ultra, Thermo Fisher Scientific probe. The first step was to
calibrate the pH meter by measuring the pH of standard liquids at acidic pH of 3, neutral
pH of 7, and basic pH of 10. After the calibration process, the pH probe was rinsed properly
with deionized water. The pH of the sample was measured by immersing the pH probe into
the beaker filled with the sample. The determinations of solutions viscosity at room

temperature were performed using ASTM D7042.

3.2.2. Treatment Efficiency Analyses

The TPH concentrations of the feed and permeates were measured by standard methods.
TPH rejection percentage through the membrane is calculated based on Eq. (3.2)

(Radjenovic et al., 2008):

— €~ % %100 (32)

Cf

rej

where Cris TPH concentration in the feed and Cp, is its concentration in the permeate after

the filtration process.

Ultraviolet-visible (UV-Vis) spectrometry was used to measure TPH; a 10 ml water sample
was filled in a centrifuge tube. After that, I ml of dichloromethane (DCM) was added. The
mixture was vortexed for 60 seconds and settled until the water and DCM were completely
separated. The absorbances of 340 nm, 370 nm, and 400 nm were measured by UV-Vis
spectrometer and integrated to calculate the TPH concentration of the organic phase

according to methodology outlined in Zheng et al. (2015) and Song et al. (2022).
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PHCs are comprised of readily volatile decanes (F1: C6-C10), semi-volatile hexadecanes
(F2: C10-C16), non-volatile tetratriacontane (F3: C16-C34), and non-volatile
pentacontane (F4: C34-C50). These fractions have different toxicity mechanisms; F1 and
F2 as the lighter fractions have relatively high-water solubility and bioactivity which lead
to acute toxicity. F3 and F4 are a complex combination of aromatic, aliphatic, heterocyclic,
and asphaltene hydrocarbons that are very hydrophobic and recalcitrant which make them
unable to break down (Wang, 2008). PAHs are a subdivision of PHCs which are persistent
organic compounds. These components are mutagenic and carcinogenic, and do not
degrade easily under natural conditions. The USEPA has recorded 16 PAHs as priority

contaminants (Rutter et al., 2014).

PHCs were evaluated by gas chromatography/mass spectrometry (GC-MS); a 10 ml water
sample was filled in a centrifuge tube. Following that, 1 ml of DCM was added, and then,
the mixture was vortexed for 60 seconds and settled until the water and DCM were fully
separated. 100 uL of the organic phase was transferred to a 150-pL vial and then 10 pL of
internal standard was added. The mixture was analyzed through an Agilent 7890A gas
chromatogram-mass spectrum system. A 30 m DB-5ms capillary GC column was used,
and the carrier gas was Helium. The GC oven temperature was set at 45 °C for 2 min, then
ramped up 6 °C/min to 300 °C for 20 minutes. A selected ion mode was used to obtain a
better signal to noise (S/N). The GC-detectable n-alkanes C8-C38 alkanes (F1-F4) and
PAHs were profiled and identified through specific mass/charge number (m/z) values

using the ChemStation Software (Zheng et al., 2015).
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3.2.3. Membrane Fouling Analysis

The fouling resistances were calculated using a four-step procedure as outlined by D1 Bella
and Di Trapani (2019): (1) Rm was measured by calculating the TMP in clean water; (2)
Rtwas evaluated on the basis of the final TMP value before the last backwash; (3) Rm+tRp
was evaluated based on the final TMP after the last backwash. After a backwash was
conducted, the membrane was subjected to filtration cycle for 9 minutes and R, was
derived by subtracting Rm obtained from step 1. 4) Rc was determined from the Rt achieved
in step 2. TMP was recorded every minute on the pilot-scale membrane system using a

PLC control panel (WE!NVIEW, China).

3.3. Statistical Analysis

Statistical analyses were performed to evaluate major factors affecting removal efficiency
and membrane fouling in the membrane filtration system. The statistical analysis was

carried out using MINITAB 19 where analysis of variance (ANOVA) test was conducted.

3.4. Experimental Setup and Design

The schematic design drawing of the membrane filtration system is shown in Figure 3.4.
The entire pilot-scale system has dimensions of 2280 mm % 914 mm x 2000 mm (L x W

x H).
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Figure 3.4 Schematic design drawing of the pilot-scale membrane filtration unit

The membrane tank has a working volume of 340 L and two HF-PTFE membrane modules
with a nominal pore size of 0.08 pm (Sumitomo Electric, Japan). PTFE is used extensively
in different fields of industries due to high thermal stability, superior chemical resistance,
and high mechanical strength (Xu et al., 2012). The PTFE membranes were exposed to a
surface modification by the manufacturer using a hydrophilic polymer which decreases its
water contact angle to 58° from 146°. Table 3.2 shows the key specification of the PTFE

membrane modules used in this study.

Table 3.2 The specification of PTFE membrane modules (Sumitomo Electric)

Parameter Value (unit)
Material PTFE
Nominal Pore Size 0.08 pum
TMP (Filtration) > 40 kPa
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Maximum Operating Temperature 50 °C

TMP (Backwash) <100 kPa
Length 1300 mm
Bottom Section 154 x 164 mm
Membrane Area 6 m?

3.4.1. Filtration and Cleaning Processes

Synthetic oily seawater was pumped from the feed tank to the membrane tank using a feed
pump (Dongguan Riyiguobao, MPX-250-C-C-V-5-V38-A). The pilot-scale unit was
operated continuously at specific inlet flow rate (i.e., UF experiments: inlet flow rate of
1500 L/h). The filtration process consisted of a cycle of 9 minutes of filtration and 1 minute
of relaxation and after three cycles a 15-second backwash happened based on the
membrane manufacturer’s suggestion. The filtration and cleaning procedures are shown in
Figure 3.5. The filtration and backwash processes were conducted with a self-priming

pump (Dongguan Riyiguobao, MPX-250-C-C-V-5-V38-A).

l Filtration (pump 02, AVO1, air blower) —=9min

A
\ 3 cycles
: AT
| Intermittent/idle Cair blower) —1min

_[ | backwashing (pump 03, AVO02, airblower) — 15s l ]/-

Figure 3.5 Filtration and cleaning procedures

This pump was capable of changing flow direction as required using automatic
electromagnetic valves in the system. Aeration was performed using an air blower (HCC-

301S) at the bottom of the membranes which was constant throughout the experiments to
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reduce membrane fouling and promote the recirculation of liquid within the tank. The air
flow rate was adjusted with manual valves and monitored through an air rotameter which
was placed inside the system. To avoid overflowing of the membrane tank, a pipe at the
bottom of the membrane tank led to a reflux pump (Dongguan Riyiguobao, MPX-250-C-
C-V-5-V38-A) to return water to the feed tank based on the inlet flow rate. TMP from the
pressure gauge and filtration flow rate from the electromagnetic flow meter were recorded

automatically every minute with the help of a PLC during each run.

This system was equipped with online chemical cleaning and the instructions were
provided by the membrane manufacturer. Chemical cleaning was conducted before
changing the oil type or if TMP reached 40 kPa. The membrane filtration unit had two
chemical cleaning tanks with working volumes of 60 L each, one for acid and one for
alkaline solution. The membrane manufacturer recommended mixing 300 to 3000 mg/L
sodium hypochlorite (NaClO) and 100 to 500 mg/L NaOH for removing organic foulants
and 300 to 3000 mg/L HCI for removing inorganic foulants. In the system, 300 mg/L and
100 mg/L NaClIO and NaOH were used, respectively followed by 300 mg/L HCI. After
adding the chemical through the membrane into the membrane tank, it was left to soak for
2 hours for each, alkaline and acid cleaning. The membrane unit was then flushed with
water to eliminate the chemicals from the system. Waste residuals were drained into a

wastewater storage tank before starting the experiments.

3.4.2. Experimental Design Approach

The experiments were designed according to Taguchi method to be able to use its S/N ratio
analytical tool. The study was conducted using UF membranes with two levels for
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membrane flux and aeration flow rate to treat oily seawater containing two types of oil
(heavy crude oil (i.e., CLD) and light crude oil (i.e., VLSFO)) using different initial oil
concentrations. A design of two factors with two levels resulted in an orthogonal array of
L4 (2%) and in total 16 experiments were used to assess the effects of operating parameters

on the UF membrane performance (shown in Table 3.3).

Table 3.3 Experimental design for UF experiments

CLD Experiments

Experimental Run Membrane Flux (L/m?h) Aeration Flow Rate (m%/h) Oil Concentration (ppm)

1 6 4.8 50
2 6 6 50
3 12 4.8 50
4 12 6 50
5 6 4.8 100
6 6 100
7 12 4.8 100
8 12 6 100
VLSFO Experiments
Experimental Run Membrane Flux (L/m?h) Aeration Flow Rate (m3/h) Oil Concentration (ppm)
1 6 4 50
2 12 4 50
3 6 4.8 50
4 12 4.8 50
5 6 4 100
6 6 4.8 100
7 12 4.8 100
8 12 4 100

The Taguchi ‘signal’ and ‘noise’ indicate the desirable and undesirable value for output
characteristics, respectively, and their ratio (S/N) is used to transform responses to
optimize the membrane filtration process (Kim et al., 2007). The equation of the S/N ratio
depends on the criterion for the quality characteristics to be optimized. Since a high

removal efficiency is desired, the “the larger the better” criterion was selected for the S/N
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ratio. Egs. (3.3) and (3.4) are used to calculate the S/N ratio and mean square deviation

(MSD), respectively (Hesampour et al., 2008; Reyhani et al., 2013).

S 1
—=-10log,, —— 33
N 2o MSD (3.3)

YV +Y +.4Y;
MSD === ; — (3.4)

where MSD is the mean square deviation, Y is the response factor, and N is the number of

observations.
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CHAPTER 4 RESULTS AND DISCUSSION?

This chapter outlines the results and discussion related to different stages of this thesis.
The results associated with oil weathering and synthetic oily seawater characteristics are
first reported to provide a better understanding about the synthetic oily seawater. Next, the
results of UF experiments pertaining to treatment efficiency and membrane fouling

analyses are discussed.

4.1. Characteristics of Synthetic Oily Seawater

The results of the weathering experiments showed that the heavy crude oil (CLD) had a
15% mass loss within 24 h while the light crude oil (VLSFO) underwent a mass loss of
1.5% within 48 h. The light crude oil had significantly lower weathering rate compared to
the heavy crude oil. This would be due to the fact that VLSFO was sufficiently weathered

before receiving and most of its volatile components were previously weathered.

The oil-in-water emulsion droplet size analysis showed that most of VLSFO oil droplets
in the emulsified samples were in the range of 1 to 10 um in diameter through high shear
vertical mixer. This range of oil droplets indicates stable condition of oil-in-water emulsion
(Chakrabarty et al., 2008). The results also showed that 90% of the samples containing 50
and 100 ppm oil in seawater had a size of 4.02 (shown in Figure 4.1 (a)) and 7.87 pm

(shown in Figure 4.1 (b)) or smaller, respectively. The stable emulsion inside the feed tank

This chapter is based on the paper that has been published:

Keyvan Hosseini, P., Liu, L., Keyvan Hosseini, M., Bhattacharyya, A., Miao, J., & Wang, F. (2023).
Treatment of a Synthetic Decanted Oily Seawater in a Pilot-Scale Hollow Fiber Membrane Filtration
Process: Experimental Investigation. Journal of Hazardous Materials, 441, 129928.
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is presented in Figure 4.2. Characteristics of oil-in-water emulsion were tested for feed

samples which are shown in Table 4.1.
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Figure 4.1 Droplet size distribution of oil-in-water emulsion with (a) 50 ppm, (b) 100 ppm
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Figure 4.2 Stable oil-in-water emulsion

Table 4.1 Oily wastewater characterization

Conductivity (mS/cm) 39.5
Total dissolved solids (TDS) (g/L) 30.5
Salinity (ppt) 30.5
. . CLD: 50, 100
Oil Concentration (ppm) VLSFO: 50, 100

pH 8.2

50 ppm (CLD) 0.0009989

Viscosity (23°C) 100 ppm (CLD) 0.001044

(Pa-s) 50 ppm (VLSFO) 0.0009943

100 ppm (VLSFO) 0.0009970
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4.2. UF Experimental Results

4.2.1. Effect of Aeration on TPH Concentrations of CLD and VLSFO Influents

The initial oil concentrations added to the feed tank were 50 and 100 mg/L; however, the
amount of TPH concentrations measured after taking samples from the membrane tank
were lower than initial amounts as observed in Table 4.2. These results suggest that air
bubbles adhered to the oil and pushed it to the surface, demulsifying the solution which
led to rapid reduction of TPH concentration in influent collected from the membrane tank.
Similar results were found by Aliff Radzuan et al. (2016) which showed the role of aeration
in reduction of TPH concentration in DAF technology. In the system, aeration helped
enhance overall removal efficiency of synthetic oily seawater as it operated similar to DAF
systems. After each run, the wastewater from the membrane tank along with the permeate
was returned to the feed tank for the next run. After discharging the wastewater from the
membrane tank, it still maintained about 15 cm of wastewater, in which the majority of the
demulsified oil remained. The reflux pump pumped water from the membrane tank back
to the feed tank throughout each experimental run and the accumulation of the demulsified
floating oil at the top of the membrane tank was observed which was not recirculated back
into the feed tank for emulsification. In addition, initial wastewater samples from the

membrane tank were collected after 5 min of aeration.
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Table 4.2 TPH removal efficiency for oily seawater containing CLD and VLSFO

. o . Initial TPH .
Experimental Run Membrane Flux Aeration Imtlal. Oll. Concentration in the . TPH Concentration TPH S/N
2 Flow Rate Concentration in the in the Permeate Tank .
(CLD) (L/m*h) 3 Membrane Tank Removal (%) Ratio
(m°/h) Feed Tank (ppm) (ppm)
(ppm)
1 4.8 50 11.95 0.13 98.91 39.90
2 6 50 5.62 0.31 94.48 39.51
3 12 4.8 50 3.51 0.11 96.87 39.72
4 12 6 50 2.36 0.22 90.68 39.15
5 4.8 100 8.78 0.17 98.06 39.83
6 6 100 9.55 0.17 98.22 39.84
7 12 4.8 100 9.99 0.17 98.30 39.85
8 12 6 100 11.12 0.98 91.19 39.2
. . . Initial TPH .
Experimental Run Membrane Flux Aeration Imtlal' Oll. Concentration in the . TPH Concentration TPH S/N
2 Flow Rate Concentration in the in the Permeate Tank .
(VLSFO) (L/m*h) 3 Membrane Tank Removal (%) Ratio
(m’/h) Feed Tank (ppm) (ppm) (ppm)
1 6 50 133 0.3 97.75 39.80
2 12 50 24.35 0.18 99.26 39.94
3 6 4.8 50 17.47 0.18 98.97 39.91
4 12 4.8 50 22.55 0.24 98.94 39.91
5 4 100 64.67 0.22 99.66 39.97
6 4.8 100 19.09 0.17 99.11 39.92
7 12 4.8 100 2791 0.2 99.28 39.94
8 12 4 100 18.36 0.24 98.69 39.89

56



4.2.2. Effect of Membrane Flux and Aeration Flow Rate on TPH Removal

Efficiency

The efficiency of TPH removal and the computed S/N ratio for each experimental run are
shown in Table 4.2. The S/N ratio was used to specify the optimal operating conditions of
the membrane filtration system to obtain the best TPH removal efficiency. It was observed
that membrane flux of 6 L/m?*h and aeration flow rate of 4.8 m*/h resulted in a higher S/N
ratio for the experiments performed with CLD as shown in Figure 4.3 (a, b). Membrane
flux of 12 L/m*h and aeration flow rate of 4.8 m*h for 50 ppm of VLSFO resulted in a
higher S/N ratio, whereas a membrane flux of 6 L/m?*h and aeration flow rate of 4.8 m*/h
in 100 ppm of VLSFO resulted in a higher TPH removal efficiency as shown in Figure 4.3
(c, d). The main effect plot for S/N ratios of TPH removal efficiency is shown in Figure

4.3.
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Figure 4.3 Main effect plot for S/N ratios of TPH removal efficiency for two factors at two levels with

(a) 50 ppm CLD, (b) 100 ppm CLD, (c) 50 ppm VLSFO, (d) 100 ppm VLSFO

The absence of oil recirculation in the membrane tank led to the accumulation of
demulsified oil at the surface of the membrane tank as a result of the aeration in the system;
consequently, aeration functioned as a DAF in this system which improved oil removal
efficiency. Runs 2, 4, 6, and 8 with aeration flow rate of 6 m*/h compared to runs 1, 3, 5,
and 7 with aeration flow rate of 4.8 m3/h in CLD experiments indicated that increasing
aeration flow rate caused formation of larger air bubbles and enhanced the flotation process
inside the system. A large quantity of bubbles increases the possibility of collisions and
adhesions among bubbles and oil droplets. Increasing aeration flow rate increases the

bubble size. Bubble coalescence process promotes large bubbles formation in the flotation
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tank. As the bubble size increases, the number of bubbles decrease, which leads to a
decrease in oil removal efficiency in the system (Huang and Long, 2020). This was
observed in CLD experiments while the difference in oil removal efficiency between 4.8
m?/h and 4 m*/h in VLSFO was not reflected because of the small difference in aeration

flow rates.

In the experiments, lower membrane flux led to higher removal efficiency compared to
higher membrane flux. This is because low membrane flux gives more time for oil-in-
water emulsion to be filtered by UF membranes. Convection allows oil to be dragged
across a membrane due to the existence of a pressure gradient (Huang et al., 2012). Low
membrane flux represents low convection transport leading to low surface tension forces
between water and oil. Therefore, it leads to the low mass transfer, and consequently low
movement of oil across the membrane and reduces the passage of oily wastewater through
the membrane. Thus, lower membrane flux enhances the quality of the permeate during
filtration (McCabe et al., 1993). Among different runs of CLD, run 5 (i.e., aeration flow
rate of 4.8 m*/h and membrane flux of 6 L/m?'h) had slightly lower TPH removal efficiency
in comparison with run 7 (i.e., aeration flow rate of 4.8 m*/h and membrane flux of 12
L/m?'h) which was conducted at a higher membrane flux. One possible reason for the lower
TPH removal efficiency could be due to oil sticking to the sides of the tank. The analogous
results were achieved from VLSFO runs and confirmed that lower membrane flux was
more effective in TPH removal efficiency. Runs 3 (i.e., aeration flow rate of 4.8 m*/h and
membrane flux of 6 L/m?'h) and 5 (i.e., aeration flow rate of 4 m*/h and membrane flux of
6 L/m?h) with lower membrane flux showed higher TPH removal efficiency; however,

runs 1 (i.e., aeration flow rate of 4 m*/h and membrane flux of 6 L/m?'h) and 6 (i.e., aeration
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flow rate of 4.8 m*/h and membrane flux of 6 L/m*h) showed negligibly lower TPH

removal in comparison with the corresponding runs with higher membrane flux which

would be due to sticking oil to the walls of the tank.

ANOVA analysis was conducted for TPH removal efficiency of CLD and VLSFO and the

results were given in Table 4.3.

Table 4.3 ANOVA results for TPH removal efficiency with oily seawater containing CLD and

VLSFO

TPH Removal Efficiency of CLD

Source Degree of F-Value P-Value
Freedom
Regression 3 5.19 0.073
Oil concentration 1 0.74 0.438
Membrane flux 1 5.05 0.088
Aeration flow rate 1 9.78 0.035
Error 4 -
Total 7 -
TPH Removal Efficiency of VLSFO
Source Degree of F-Value P-Value
Freedom
Regression 3 0.47 0.721
Oil concentration 1 1 0.374
Membrane flux 1 0.14 0.728
Aeration flow rate 1 0.27 0.633
Error 4 -

Total

CLD results show that p-value of aeration flow rate was less than 0.05 indicating the

importance of this parameter on TPH removal. However, none of the parameters had a

significant impact on the TPH removal efficiency in VLSFO experiments (p-value>0.05).

This was due to the fact that initial oil concentrations in the membrane tank were much
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lower than the initial oil concentrations in the feed tank and the selected aeration flow rates
were relatively close to each other, which led to very similar oil removal efficiencies for
all the runs. The F-value for CLD was 5.19 indicating the model was significant. There
was 7.3% chance that a “Regression Model F-Value” this large could occur due to noise.

While for VLSFO, F-value was 0.47 which was not significant due to 72.1% of noise.

The closer the R? value is to 1, the more precise the relationship between the independent
variables and the response. As the R? of the model in CLD runs was equal to 0.7956, only

20.44% of the total variance could not be explained by the proposed regression model (Eq.

(4.1)).

VLSFO regression model (Eq. (4.2)) was not precise since the p-value was higher than
0.05 and R? of the model was equal to 0.2597. This could be described by the low variation

in oil removal efficiencies between the different runs and lack of replication in the

experiment.
TPHRemuval Efficiency, CLD = 1 1853 + 0'024 lcz)il - 0'526Qmembr(me - 3 '66Qair (4' 1)
TPHRemova/ Efficiency, VLSFO = 96'73 + 0'009 1 OCniI + 0'0283Qmem/7mne + 0'294Qa[r (4'2)

where C, refers to oil concentration (ppm), O is the membrane flux (L/m*h), and

membrane

Q.. is the aeration flow rate (m*/h).
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4.2.3. PHCs Removal in CLD and VLSFO Experiments

Figure 4.4 shows the concentrations of PHCs in influent and permeate of different runs for
CLD. Most of the F1 fractions from two types of oil were removed during the oil
weathering process as a result of its volatile nature. In some CLD runs such as 1, 2, 3, 4,
6, and 8 with membrane fluxes of 6 and 12 L/m?>h and aeration flow rates of 4.8 and 6
m?>/h, the concentration of F1 fraction increased in permeate compared to influent. It was
observed that the effect of membrane flux and aeration flow rate in different runs on F1
fraction removal efficiency was not recognized. This would be as a consequence of
sampling errors and/or volatility of this fraction. In CLD runs, the removal efficiency of
F3 was the highest compared to the other fractions, different runs indicated that aeration
flow rate of 4.8 m*/h and membrane flux of 12 L/m*h resulted in higher F3 removal
efficiency. F2 removal efficiency was higher in the runs with aeration flow rate of 12 m*/h
and membrane flux of 6 L/m?*h. Using aeration flow rate of 6 m*/h and membrane flux of
6 L/m*h led to higher F4 removal efficiency. The results showed that higher membrane
flux and higher aeration flow rate were more effective in removing PHC fractions in CLD
runs. This would be as a result of the complex nature of each petroleum hydrocarbon
fractions or sampling errors. The results also showed that the removal efficiency of F3
fraction in all runs was the highest, followed by F2, F1, and F4, respectively (shown in

Figure 4.4).
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Figure 4.4 Influent and permeate concentrations of PHC in CLD experiments

Figure 4.5 shows the concentrations of PHCs in influent and permeate of different runs for
VLSFO. In VLSFO experiments, runs with aeration flow rate of 4 m?h and membrane
flux of 6 L/m*h resulted in higher removal efficiency of both F2 and F1. F3 had higher
removal efficiency in the runs with aeration flow rate of 4.8 m*/h and membrane flux of 6
L/m*h. Comparing different VLSFO runs showed that using aeration flow rate of 4 m*/h
and membrane flux of 6 L/m?>h resulted in higher removal of petroleum hydrocarbon
fractions. The removal efficiency of F2 fraction was the highest which can be associated
with its volatile nature throughout the filtration process (shown in Figure 4.5). F3 also had
an equally high removal efficiency. Comparing the results of two types of oil showed that
the effect of operating parameters on the removal of PHC fractions was different depending
on the condition of the experiments (i.e., oil physical features, volatility of components,

toxicity mechanism, sampling errors, and sticking oil to the walls of the tanks).

63



The high removal efficiency of F3 would be attributed to the poor solubility of this fraction
in water (ChemSafetyPro, 2021). For example, the aromatic components have a water
solubility of between 6.6-650 pg/L (Polak & Lu, 1973; Maxxam, 2021), and aliphatic
components have a water solubility of 0.0025 pg/L in F3 (Maxxam, 2021). Since the
hydrocarbons in F3 fractions are extremely hydrophobic, they are repelled by the
hydrophilic Sumitomo PTFE membranes (water contact angle of 58°). Consequently, most
F3 fractions in runs with CLD and VLSFO are retained in the membrane tank, thus a high

removal efficiency was achieved.
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Figure 4.5 Influent and permeate concentrations of PHC in VLSFO experiments

4.2.4. PAHs Removal in CLD and VLSFO Experiments

Different PAH compounds were investigated for CLD experiments, and the results showed
that all PAH concentrations were less than 1 ppb. The results of PAHs for runs using

VLSFO are shown in Table 4.4. 18 PAHs such as naphthalene, 1-methylnaphthalene, 2-
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methylnaphthalene, acenaphthylene, acenaphthene, fluorene, anthracene, phenanthrene,
pyrene, fluoranthene, benzo (a) anthracene, chrysene, benzo (b) fluoranthene, benzo (e)
pyrene, benzo (a) pyrene, indeno (1, 2, 3-cd) pyrene, dibenzo (a, h) anthracene, and benzo

(g, h, 1) perylene were investigated in this study.

The solubilities of 1-methylnaphthalene, 2-methylnaphthalene, anthracene, fluorene,
phenanthrene, fluoranthene, acenaphthene, chrysene, and pyrene are 25000, 24600, 4340,
1680-1980, 1200, 200-260, 3930, 2000, and 135 pg/L, respectively (Inchem, 2006;
Government of Canada, n.d.a, n.d.b; Syafiuddin & Boopathy, 2021; National Center for
Biotechnology Information, 2022a, 2022b, 2022¢, 2022d, 2022¢, 2022f). All quantities are
less than 100000 pg/L which makes them relatively insoluble. Hydrophobicity is a result
of low solubility which causes the PAH compounds to be repelled by the hydrophilic
membrane, and this leads to a high removal efficiency. The values of PAH in
acenaphthylene, benzo (b) fluoranthene, benzo (e) pyrene, benzo (a) pyrene, benzo (a)
anthracene, indeno (1, 2, 3-cd) pyrene, dibenzo (a, h) anthracene, and benzo (g, h, 1)
perylene were negligibly detected in the influent and permeate (Syafiuddin & Boopathy,
2021). The membrane filtration system containing PTFE-UF-HF membranes effectively

removed PAH compounds reducing the oil toxicity.
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Table 4.4 Concentrations of PAHs in oily seawater containing VLSFO

Run 1 2 3 4 5 6 7 8
Compound PAHs concentration (ppm)

Naphthalene Influent 1.643 0.578 0.951 0.881 4.155 0.943 0.833 0.829
Naphthalene Permeate 0.363 0.258 0.277 0.256 0.587 0.429 0.318 0.356
1-MethyINAP Influent 3.742 1.195 1.825 2.161 10.359 2.031 1.833 1.932
1-MethyINAP Permeate 0.717 0.483 0.472 0.430 1.146 0.542 0.646 0.671
2-MethyINAP Influent 2.336 0.832 1.177 1.367 6.474 1.297 1.221 1.239
2-MethyINAP Permeate 0.567 0.404 0.391 0.412 0.901 0.469 0.632 0.528
Acenaphthene Influent 0.249 0.093 0.129 0.155 0.829 0.121 0.134 0.119
Acenaphthene Permeate 0.068 0.058 0.071 0.151 0.113 0.023 0.051 0.024
Fluorene Influent 0.493 0.268 0.385 0.437 0 0.319 0.329 0.269
Fluorene Permeate 0.291 0.159 0.119 0.121 0.223 0.087 0.147 0.087
Anthracene Influent 3.458 1.905 2.559 3.050 15.674 2.699 3.111 2257
Anthracene Permeate 0.564 0 0.775 0.785 1.003 0.533 1.203 0.718
Phenanthrene Influent 0.341 0 0.242 0.291 1.778 0.249 0.325 0.209
Phenanthrene Permeate 0 0 0.070 0.046 0.081 0.032 0.173 0.055

Benzo(b)fluoranthene Influent 0.095 0.030 0 0 0 0 0.045 0

Benzo(b)fluoranthene Permeate 0 0 0 0 0 0 0 0

Benzo(e)pyrene Influent 0 0 0 0 0 0 0.034 0

Benzo(e)pyrene Permeate 0 0 0 0 0 0 0 0
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Benzo(a)pyrene Influent 0 0.014 0 0 0.082 0 0.013 0
Benzo(a)pyrene Permeate 0 0 0 0 0 0 0 0
Pyrene Influent 0.256 0.157 0.198 0.258 2.990 0.235 0.311 0.211
Pyrene Permeate 0 0 0.030 0.029 0.106 0 0.044 0
Fluoranthene Influent 1.473 0.845 1.117 1.489 8.235 1.482 1.773 1.302
Fluoranthene Permeate 0 0 0.069 0.077 0 0.078 0.166 0.126
Benzo(a)anthracene Influent 0.061 0.039 0 0.075 0.325 0.037 0.073 0.047
Benzo(a)anthracene Permeate 0 0 0 0 0 0 0 0
Indeno(1,2,3-cd)pyrene Influent 0 0 0 0 0 0 0 0
Indeno(1,2,3-cd)pyrene Permeate 0 0 0 0 0 0 0 0
Dibenzo(a,h)anthracene Influent 0 0 0 0 0 0 0 0
Dibenzo(a,h)anthracene Permeate 0 0 0 0 0 0 0 0
Benzo(g,h,i)perylene Influent 0 0 0 0 0.044 0 0.018 0
Benzo(g,h,i)perylene Permeate 0 0 0 0 0 0 0 0
Chrysene Influent 0.115 0.052 0.177 0.061 0.541 0.124 0.185 0.144
Chrysene Permeate 0 0 0 0 0 0 0.017 0
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4.2.5. Membrane Fouling Analysis

The impact of operating parameters on the membrane fouling is shown in Figure 4.6 (a,
b). Results showed that pore blocking resistance was the most dominant resistance based
on RIS model in this study due to the characteristics of oily seawater. Figure 4.6 (a, b)
shows that runs with high aeration flow rate and low membrane flux were more effective
in maintaining low total resistance (i.e., consisting of cake and pore blocking resistances,

and intrinsic membrane resistance).
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Figure 4.6 Membrane resistances in experiments with (a) CLD, (b) VLSFO
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In the runs with lower cake resistance, pore blocking resistance was higher due to the
decline of cake thickness which was consistent with the results obtained by Keyvan
Hosseini et al. (2020). The amount of cake resistance was not significant due to using
aeration and high shear rate inside the membrane tank which dislodged the accumulated
layer on the membrane surface similar to the results presented by Braak et al. (2011). This
was also in line with Ueda's et al. (1997) results, who investigated the impact of aeration
on cake-removing efficiency in a submerged membrane filtration system equipped with
HF membranes. Using low oil concentration did not lead to significant accumulation of
oily substances on the membrane surface which was consistent with Mohammadi's et al.
(2003) study. They showed that higher oil concentration led permeation flux to have higher
reduction at a constant TMP and this was because gel resistance increased linearly with

increasing oil concentration.

Short operational time, low oil concentration (less than 100 ppm), and using aeration and
hydrophilic membrane with antifouling features did not lead to a significant membrane
fouling phenomenon. In submerged HF membrane filtration systems, the bubbles
generated from aeration create unsteady-state shear at the membrane surface through
turbulent eddies, fiber oscillations, particle scouring, and recirculation of content in the
membrane tank which lead to the cake layer formation reduction on the membrane surface

(Akhondi et al., 2017; Bérubé, 2020; Soydemir et al., 2020).

The regression model of total resistance for CLD and VLSFO (Egs. (4.3) and (4.4)) showed
that R? was 81.58% and 68.54%, respectively which 18.42% and 31.46% of the total

variance could not be explained by the models for CLD and VLSFO, respectively. In CLD,
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aeration flow rate was the most significant factor affecting the total resistance (p-value
<0.05). However, none of the parameters has a significant impact on the total resistance in
VLSFO experiments (p-value>0.05) (as shown in Table 4.5). This would be as a result of
the insignificant difference between the selected aeration flow rates in VLSFO runs which
led to a relatively similar condition in the experiments. The physical features of two types
of oil may affect the experimental runs as well. VLSFO has lower density and viscosity

and more volatile chemical compounds compared to CLD which could be another factor.

R =1.478x10”+3.633x10°Q, . —6.958x10"°Q

air

+6.834x10°C,, (4.3)

embrane

R =1.444x10"7 +1.448x10"°Q, . -8.594x10"°Q —2.552x10°C,, (4.4)

embrane

where C

', refers to oil concentration (ppm), O, is the membrane flux (L/m*h), and

embrane

Q.. is the aeration flow rate (m*/h).

Table 4.5 ANOVA results for total resistance of CLD and VLSFO

Total Resistance of CLD

Source Degree of F-Value P-Value
Freedom
Regression 3 591 0.06
Qil concentration 1 2.4 0.196
Membrane flux 1 0.98 0.379
Aeration flow rate 1 14.34 0.019
Error 4 -
Total 7 -
Total Resistance of VLSFO
Source Degree of F-Value P-Value
Freedom
Regression 3 291 0.165
Oil concentration 1 0.11 0.753
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Membrane flux 1 5.29 0.083

Aeration flow rate 1 3.31 0.143
Error 4 - -
Total 7 - -
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CHAPTER S CONCLUSION

5.1. Summary and Conclusion

In this study, comprehensive research on the performance of a pilot-scale membrane
filtration system to treat synthetic oily seawater was conducted to recognize its potentials
for safe decanting and efficacious treatment. The first stage of this research was to simulate
a homogenous and stable oily seawater using a high shear vertical mixer. The synthetic
oily seawater was analyzed in terms of oil droplet size, salinity, TDS, conductivity, and
viscosity. Oil droplet size was in the range of 1 to 10 um showing the stability of the

synthetic oily wastewater.

The experiments were performed using UF membranes with CLD and VLSFO considering
two operating parameters such as aeration flow rate and membrane flux. High TPH
removal efficiency was achieved when low membrane flux (6 L/m*h) and moderate
aeration flow rate (4.8 m3/h) were applied to the system. The system met MARPOL 73/78
regulation and decreased the oil concentration in the permeate significantly and the TPH
removal efficiency was higher than 91%. The analysis of PHC fractions were conducted
and the percentage removal of F3 fraction in all runs was the highest, followed by F2, F1,
and F4, respectively. PAH compounds decreased significantly showing the capability of
UF membrane to mitigate toxic substances. Consequently, the pilot-scale membrane
filtration system with UF membranes was proven to be appropriate as an onsite treatment

technology in oil spill response operation.

The investigation of membrane fouling was also conducted through examining fouling

resistances. In the experiments, the use of hydrophilic membrane, low oil concentration
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(less then 100 ppm), proper cleaning methods, and aeration led to an insignificant fouling
phenomenon. The biggest fraction of total resistance was related to pore blocking
resistance based on RIS model. It was observed that low membrane flux (6 L/m?h) and

high aeration flow rate (6 m*/h) resulted in low total resistance in the experiments.

Membrane filtration technology is an appropriate technique by freeing the storage space
that is occupied by the recovered water and meets regulatory requirements in order to
discharge back the decanted water into the ocean. Therefore, this technology will
significantly reduce the number of frequent trips to shore for waste disposal, save time and
resources, and increase the overall efficiency and capacity of oil spill response operation.
The findings provide scientific aid for decision-making and help mitigate the negative

impacts of spilled oil in the ocean.

5.2. Recommendations for Future Research

The following recommendations provide suggestions for further studies:

e Additional research into the capability of the system in treating weathered and fresh
crude oils can be conducted.

e A long-term evaluation of the membrane filtration system could be helpful in
approving the efficiency of the system both in treatment and membrane fouling.

e The effect of changing time intervals and frequency in membrane cleaning methods
such as relaxation and backwashing can be considered.

e Using intermittent aeration can be investigated to save energy consumption and

make the system more sustainable.
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Environmentally-friendly chemicals can be used instead of regular acid and
alkaline solutions for chemical cleaning to make the pilot-scale membrane filtration
system more ecofriendly.

The addition of a pre-treatment method can help increase initial oil concentration
at the beginning of the treatment process without significant membrane fouling and

operational failure.
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APPENDIX: Samples Taken from the Experiments
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Figure A1 Oily wastewater containing 50 ppm CLD (a) membrane tank (b) permeate tank
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Figure A2 Oily wastewater containing 100 ppm CLD (a) membrane tank (b) permeate tank

105



Membrane Permeate
Tank Tank

(@)

Membrane Permeate
Tankcc Tank

(@)

Membrane Permeate
Tankee Tank

Figure A3 Oily wastewater containing 50 ppm VLSFO (a) membrane tank (b) permeate tank
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Figure A4 Oily wastewater containing 100 ppm VLSFO (a) membrane tank (b) permeate

tank
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