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ARTICLE INFO ABSTRACT

Keywords: Oily wastewater is generated from various sources such as oil/gas exploration (produced water), oil refining,
Anti-Fouling and self-cleaning, Oily wastewater pharmaceutical, food industries, and household waste. Toxins in oily wastewater often percolate into drinking
Physico-chemical treatment water, seawater, and groundwater. This becomes a source of environmental and public health concern. Due to its

Photocatalytic membrane

o hazardous nature, the discharge of oily wastewater into the environment is strictly regulated. This work critically
Advanced oxidation process

reviews progress in photocatalytic membrane reactor (PMR) for oily wastewater treatment, regulations on
allowable oil discharge, various factors that affect PMR performance, and its self-cleaning and anti-fouling
properties in oily wastewater treatment. Their removal performance for stabilized oil emulsion and trace oil
contaminants is highlighted. This work also evaluates trends of integrated techniques, utilization of functional
materials, PMR scale-up and the outlook of PMR. It was evident from 226 published articles (1976-2022) that
oily waste water contamination has been a source of concern and PMR which integrates both membrane
filtration and photodegradation processes, has emerged as a promising technology for oily wastewater treament,
simultaneously degrading oil emulsion and undertaking separation. The PMRs attained over 96% oil rejection.
Both the UV and visible light aided the degradation of oil using the PMR. High membrane surface area, provides
additional sites for the photocatalyst to occupy, contributing to an efficient degradation. Concludingly, PMRs can
exhibit a high flux of recovery ratio after several filtration cycles under UV/Vis irradiation, and with proper
design and fabrication methods, the membranes can do self-cleaning and be re-used for several cycles of filtration
with high efficiency.

1. Introduction petroleum hydrocarbons, and polyaromatic hydrocarbons are toxic and

inhibit the growth of plants and animals. They bring mutagenic and

Oily wastewater which contains oil with varying concentrations, is carcinogenic risks that threaten public health. Therefore, direct disposal
produced from various sources such as metal finishing, mining, trans- of oily wastewater is banned by government regulations [2,4].

portation, oil refining, etc [1-3]. Oily substances such as phenols, To protect the environment, oils in oily wastewater must be treated
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to comply with the required discharge standard. For example, the
effluent limit of oil/grease concentration in the wastewater ranges from
5 to 42 mg/L depending on the country’s legislation [4]. Around 250
million gallons of produced water and 80 million and 88.4 million
barrels of oil have been produced daily in 2003 and 2020 respectively
worldwide [5-7]. Without any stabilizer, such as a polymer surfactant
and alkali in crude oil, the micrometer-sized oil droplets of oily waste-
water result in a stable oil/water emulsion in the presence of natural
surfactants [5].

In the upstream operation such as crude oil production, storage, and
transportation, oil spills, crude oil tank bottom sediments, and drilling
mud leftovers are the main sources of oily wastewater, while the prin-
cipal sources of oily wastewater in downstream operations include (a)
secondary pollutants from separators (such as interceptors, corrugated
parallel plate, American petroleum institute (API) separators), (b) sed-
iments from trail or trucks, storage tanks, and (c) solids from slop oil
emulsion (such as petrochemical synthesis, oil refining) [8].

A variety of treatment methods have been tested to remove oil im-
purities and minimize the adverse effects of oily wastewater on the
environment. They include physico-chemical techniques such as elec-
trochemical treatment, membrane filtration, adsorption, flotation,
chemical coagulation, as well as biological processes and their combined
technologies [4]. Each has technological strengths and drawbacks in its
applications.

Despite their strengths, it is difficult and complicated to treat oily
wastewater using a single treatment only [4]. Most physico-chemical
treatments have drawbacks, which limit their capability of effectively
treating emulsified oil in wastewater with droplet sizes less than 10 um
[2,9]. Therefore, there is a growing need to develop an effective and
efficient method to remove emulsified oils in wastewater before its
discharge.

Integrating two or more physico-chemical treatments has been tested
to attain the desired level of effluent discharge standard. One of the most
promising options is to synergize photocatalysis technology with
membrane treatment. With minimum operational cost, membrane
filtration is considered an alternative to separate oil-water without un-
dertaking phase change or chemical consumption [10]. Membrane
filtration has the advantage of easy scalability, simplicity in operation,
and high efficiency compared to other conventional methods for
oil-water separation [11].

To improve the efficiency of membrane filtration, their surface is
modified to minimize fouling. This involves increasing hydrophilicity or
hydrophobicity of membrane surface [12], chemical modification [13],
surface coating [14], and the use of UV irradiation [15]. Trace oil sticks
to the surface of the membrane when the membrane allows water
molecules to pass through during treatment. Membranes with smooth
surfaces and hydrophobicity are prone to fouling due to the thick oil
layer that covers the membrane surface during oil-water separation. The
fouling layer decreases permeate flux, resulting in low rejection effi-
ciency. This constitutes a major challenge for the long-term operation of
membrane filtration [16]. Overcoming the fouling problem due to the
sticking oil layer onto the membrane surface requires the membrane to
have self-cleaning and anti-fouling characteristics such as a photo-
catalytic membrane.

Photocatalytic membrane reactors (PMRs) consist of a system that
integrates photocatalysts with the membrane filtration process. This
process has gained popularity for the treatment of wastewater. Titanium
dioxide (TiOy) is widely used in PMR systems due to its excellent
properties such as high chemical stability, high surface-to-volume ratio,
less toxicity, and quantum confinement effects [17]. PMRs have dis-
tinguishing features such as simultaneous separation of photocatalysts
from treated water while retaining the photocatalyst in the system. This
feature contributes to the higher efficiency, stability, and controllability
of the system. PMRs have the advantage to save energy and minimize
installation size while avoiding additional costs arising due to sedi-
mentation, coagulation, and flocculation, unlike in conventional
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photocatalytic reactors (PCRs) [18]. The photocatalyst in the PMR sys-
tem can absorb energy from sunlight, visible and UV lights depending on
the light source to be used for the photodegradation of trace oil pollutant
that sticks onto the surface of the membrane. Various polymeric and
inorganic membranes have demonstrated superior self-cleaning and
anti-fouling ability using photodegradation under UV and visible light
irradiation.

The technological strengths of a membrane are attributed to its
ability to prevent and self-clean up foulants that would be stuck to the
surface of the membrane during the filtration process. This makes it to
be efficient and effective in removing target substances in the waste-
water. To enable a photocatalytic membrane to possess the self-cleaning
and anti-fouling ability, the membrane needs to harness the absorbed
energy from the solar spectrum for the degradation of pollutants onto its
surface. This facilitates the filtration to proceed for a longer period with
less reduction in filtration efficiency.

In spite of its outstanding features, most of the few published review
articles on photocatalytic membranes for oily wastewater mainly
focused on its use for oil-water degradation and treatment [19-21]
without considering its anti-fouling and self-cleaning properties. To the
best knowledge of the authors, so far none has reviewed and discussed
the potential of the PMR reactors with self-cleaning anti-fouling prop-
erties for the treatment of oily wastewater. To reflect its novelty, this
work critically reviews various studies on the use of PMRs for oily
wastewater treatment and highlighted its potential for anti-fouling and
self-cleaning properties. This article also discussed various factors that
affect PMR performance, PMR scale-up as well as its self-cleaning and
anti-fouling properties for oily wastewater treatment. Their removal
performance for stabilized oil emulsion and trace oil contaminants was
discussed. This article also evaluates trends of integrated techniques,
utilization of functional materials, and the outlook of PMR.

It is expected that the scientific contribution of this work would pave
the way for the PMR’s widespread applications for industrial wastewater
treatment to mitigate the long-term impacts of climate change on the
environment while promoting resource recovery and the circular
economy (CE) paradigm of critical raw materials from treated effluents.

2. State of the scientific focus on PMR

To present an overview of the PMR for oily wastewater treatment,
the authors analyzed pertinent articles in the field of study using rele-
vant keywords such as ‘photocatalytic membrane’, ‘oily wastewater’,
‘photodegradation’, and ‘resource recovery’. About 226 articles related
to “PMR” and oily waste water were retrieved from the literature search
on the Web of Science (WoS) from the period between 1976 and 2022.
Selected journal articles were chosen based on their application of
photocatalytic membrane and filtration technologies and according to
their title and abstract to address the thematic topic of this review.

Fig. 1 indicates that over the past years, the number of journal ar-
ticles on PMR has exponentially increased in the body of literature. By
2022, over 4694 PMR-related articles have been cumulatively recorded
in the WoS database. This implies the novelty of PMR in removing target
pollutants in oily wastewater.

2.1. Characteristics of oily waste water

Oil such as crude oil is made up of a variety of hydrocarbons, which
contains hydrogen and carbon atoms. Its color varies from black to
brown, and it is less dense than water [22]. It also has a distinctive smell.
Generally, oils may contain a range of compounds, depending on their
source, including oils and grease, aromatic and aliphatic hydrocarbons,
radioactive material, metals, and organic salts [23]. The growth and
reproduction of marine species can be affected by polycyclic aromatic
hydrocarbons (PAHs), volatile organic compounds (VOCs), and other
harmful and poisonous compounds present in oil products [24].

Oily wastes from various sources will contain a wide range of
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Fig. 1. Depicts an increase in PMR-related publications from 1980 to 2022 (
Source: Web of Science, Accessed on June 2022).

pollutants, both in terms of concentration and type. The type of
pollutant may be one or a combination of the following: oily sludge,
seawater; emulsifying agents; gasoline; heavy metals; solvents, and
particulate debris (settleable and floatable) such as paint skins, dirt,
sand, and gravel. A general description of the chemical and physical
characteristics of untreated oily waste based on available data from
composite influents to oily waste treatment systems and discharges from
shipboards is shown in Table 1 [25].

3. Implications of oily wastewater on sustainability and
regulatory framework

Food and beverage businesses produce a significant amount of oily
wastewater, while the majority of oil in water comes from metal and
petrochemical processing industries in the form of petroleum fractions
such as diesel oil, gasoline, kerosene, hydrocarbons, and fats. These oil
components are found as oil-in-water emulsions [26]. According to the
National Research Council of the United States, 1.3 million tonnes of oil
were spilled into the sea annually in 2002 [27]. Oily wastewater has a
variety of negative implications on environmental sustainability [28,
29].

Saturated straight and branched-chain hydrocarbons, cyclic hydro-
carbons, olefins, aromatic hydrocarbons, and other components such as
sulfur compounds, nitrogen-oxygen compounds, and heavy metals are
found in oily wastewater. The toxicity of oil-contaminated water is
determined by the type, volume, and quality of the polluting oil, as well
as the location of the discharge. Oily wastewater can affect organisms
through sublethal and stress effects, impacting the diversity of fauna and
flora [30].

Table 1
Characteristics and constituents of untreated oily wastewater [23,25].

Concentration (mg/L)

Parameters Average Peak

Oil and grease 200-2000 10,000 — 100,000

Suspended solids 50 - 500 5000
pH 6 — 8 units 8.5
Phenolics 0.01-0.5 2
Lead 0.03-0.1 0.5
Sulfides 0-80 NA
Copper 0.02-2 5-10
Nickel 0.01 -0.2 0.5
Mercury Negligible NA
Zinc 01-1 2

NA-not available
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Oil contamination also has impacts on soil and lowers microbial
activity by altering root elongation and germination [31]. Accumulation
of oily contaminants in the food chain could damage the deoxy-
ribonucleic acid (DNA) and cause genotoxic, carcinogenic, and muta-
genic consequences in living organisms [32,33].

Without proper treatment, oily wastewater discharge raises the
chemical oxygen demand (COD) and biological oxygen demand (BOD)
of a water body. This restricts the penetration of sunlight into the water
environment by generating layers on the surface of the water and dis-
rupting the aquatic environment [34]. As a result, oily wastewater
treatment is critical to reducing its impact on the environment [35-38].

Due to its long-term implications, several countries established reg-
ulatory frameworks for maximum effluent discharge limits in oily
wastewater discharge. The limits range from 5 to 100 mg/L. Table 2 lists
country-specific regulations for oily wastewater. China and Malaysia
have the most stringent discharge limit (10 mg/L) of oil in wastewater,
while the United Arab Emirates has a less stringent limit (100 mg/L) of
oil in water. Since the presence of oil in wastewater has environmental
implications, the development of cost-effective technology for oily
wastewater treatment is a priority to protect the environment [39].

4. Membrane filtration in the treatment of oily wastewater

While the widely used methods for the treatment of oily wastewater
are electro-coagulation and electroflotation [47], membrane filtration
involves the physical separation of liquid content from suspension via a
membrane by applying certain pressures. The commonly used mem-
branes are ultrafiltration (UF) and microfiltration (MF) membranes,
made of ceramic and polymeric materials. In addition, membrane
filtration, biological processes are used for the treatment of oily waste-
water [48,49]. Biological treatment involves microorganisms producing
lipase enzymes, which degrade biodegradable organic substances in oily
wastewater [50].

In adsorption treatment, the oil is removed using adsorbents such as
polypropylene, activated carbon, and chitosan-based polyacrylamide [5,
51]. In the flotation method, with a lower density than water, the oil is

Table 2
Effluent discharge limits of oily wastewater.
Regulatory body/ Legal Basis Maximum Limits References
Country of oil discharge
UAE Environmental Kuwait convention Oil and grease [40]
Regulation content in
industrial effluent:
100 mg/L
Environmental 40 CFR 435 Upper limit: [41]
Protection Agency 72 mg/L for any
(EPA) in the 24 hr period and
United States 45 mg/L over 30
days.
North Sea region Oslo—Paris (OSPAR) Upper [2]
Convention limit:30 mg/L
OSPAR Commission Paris Convention 40 mg/L for the [42]
offshore fields and
5 mg/L for the on-
land fields
Norway (Norwegian = Norwegian Upper limit: [43]
Continental Shelf)  Environment Agency 30 mg/L
and Norwegian Oil
and Gas Association
China Environmental Upper limit: [44]
protection law 10 mg/L
Department of Environment Quality Oil and grease [45]
Environment, Act 1974 in Malaysia discharge limit:
Malaysia 10 mg/L
Central Pollution Central Pollution The permissible [46]

Board of India
(CPCB)

Control Board (CPCB),
Ministry of
Environment and
Forestry,

limit for oil and
grease: 35 mg/L
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removed by allowing it to float on the surface of the water [52], while in
coagulation, the suspended solids, colloids, and oil particles are desta-
bilized, resulting in aggregation. As they aggregate to form large flocs,
their density becomes higher than water density. Afterward, the flocs
settle down and are then removed by sedimentation.

Membrane technology has been considered one of the most prom-
ising options to treat oily wastewater due to its cost-effectiveness, high
treatment efficiency, easy integration, facile operation, and minimum
chemical additives to the process [9,53]. Treatment using membranes
requires some standards to be met for discharge into the environment
[54].

Membranes are separation media for several applications ranging
from water desalination to waste treatment in the food, oil, and leather
industries [55-57]. Suitable membranes need to suit the operational
conditions of the treatment. The application of membrane technology
for oily wastewater treatment had bottlenecks due to the presence of
foulant constituents in oily wastewater [58]. To tackle this challenge,
the oily wastewater undergoes a pretreatment process before it is treated
using membrane filtration.

Membranes can be classified based on their pore size. Microfiltration
membranes with a pore size less than 0.1 pm can remove bacteria,
suspended solids, and some viruses. UF membranes can remove colloidal
particles, viruses, and proteins, while NF membranes are applicable for
selective multivalent ions and dissolved compound removal. On the
other hand, RO membranes can remove metal ions and aqueous salts
including chloride, sodium, lead, copper, etc [2].

Membrane processes can be used for separation purposes either
through crossflow filtration or dead-end filtration. In operating the
crossflow membrane separation, permeate exits through the pores and
then flows over the membrane, while in the dead-end membrane sepa-
ration, the retentate concentrates on the membrane surface. Hollow
fiber or flat sheet membrane can be used for filtration purposes, which
depends on the membrane’s operating conditions. A hollow fiber
membrane makes use of several long narrow porous filaments packed
inside a plastic housing, while flat sheet membranes could be used in a
plate/frame set-up rolled into spiral-wound modules [59,60].

Oily wastewater treatment using membrane technology can remove
the smallest oil droplet with a size of less than 10 um [2]. The principle
of separation using this technology is anchored on exclusion based on
the size of the pollutants through a selective media [61,62]. Most
membranes are fabricated from synthetic organic polymers. However,
ceramics or inorganic membranes are still used for separation. One of
the widely used membrane filtrations for oil/water emulsion and oil
removal in the petroleum industry is the UF process. This filtration
process is effective for oil separation due to its high oil rejection rate,
small space requirement, and low operational cost, while it does not
require the addition of chemical additives [58]. However, UF mem-
branes are susceptible to fouling because of high permeate flux. Earlier
studies reported that the most efficient way of minimizing the fouling
problem is by reducing the surface roughness of the membrane and
making the membrane surface hydrophilic [63].

Despite its applicability for oil wastewater treatment, membrane
technologies have bottlenecks such as flux reduction, increased energy
consumption, and reduction in life span and productivity due to fouling
caused by the accumulation of oil droplets on the membrane surface
[64]. It is important to note that the membrane’s operational conditions
and the physico-chemical nature of the membrane are important factors
to achieve an efficient separation.

4.1. Mechanism of membrane fouling for oily wastewater treatment

Membrane fouling involves the deposition of a substance which can
be either an oil droplet or solid particles on its surface that covers and
renders it to become inefficient in the separation process [65]. Fouling
reduces the flux rate of the membrane. The fouling mechanism may be
classified into four types.. Fouling takes place simultaneously during the
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filtration process causing the membrane to experience declining flux.
The membrane fouling includes; (i) cake filtration, (ii) intermediate
fouling-, (iii) standard blocking, and (iv) complete blocking [66].

4.2. Types of fouling mechanisms in oily wastewater treatment

4.2.1. Cake filtration

This is a phenomenon where each foulant oil particle locates on the
other deposited particles. Here a layer of a particle forms a cake on the
membrane surface. As a result, the layer blocks the membrane pores
stopping the water to flow through the pores of the membrane [4].

4.2.2. Intermediate fouling

This type of fouling occurs when each foulant oil particle either
settles on other particles that have already deposited on the membrane
surface or directly block some membrane area. Here the gradual buildup
of a layer of particles creates a constriction or contraction for the water
to flow through the membrane pores. It may be considered an inter-
mediate step between cake filtration and complete blocking [4].

4.2.3. Standard blocking

This mechanism refers to conditions under which oil particles are
deposited onto the internal pore walls of the membrane. This partial
blocking of the pores narrows the channel and reduces the flow rate of
water due to the small particle size on the inside wall of the pores
leading to a decrease in pore volume [4].

4.2.4. Complete blocking

In complete blocking, each oil foulant particle upon reaching the
membrane surface, involves or participates in blocking some pore of the
membrane with no superposition of particles. Here the pores are
completely blocked by a large particle or particles having sizes compa-
rable to the membrane pore sizes subsequently preventing water from
passing through [4]. Fig. 2 shows an illustration of the various fouling
mechanism that occurs during oily wastewater separation using a
membrane. For a more detailed explanation of the various types of
fouling in oily wastewater treatment using membrane filtration, the
reader is referred to our published article by Samuel et al., [4].

The fouling mechanism involves oil droplets that form coalescence

1000 ooon

Complete blocking Standard blocking

Bl

Intermediate blocking

Jilis

Oil layer blocking

Cake filtration

Fig. 2. Schematic diagram representing the various types of fouling mecha-
nisms taking place on the membrane [2].
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[67]. As a result, there is a continuous layer of oil on the membrane
surface. This is peculiar to the oil-water emulsion and slightly different
from the cake filtration process, as the fouling layer does not contain
separate particles. In this situation, oil lining could be formed inside the
pores and causes a reduction in the pore diameter, which decreases the
rejection rate and flux rate [2].

To address this fouling mechanism due to the oil droplets, the use of a
photocatalytic membrane, which combines the photocatalytic process
and membrane technology in a single unit has been explored to degrade
the oil droplet that blocks the membrane pores resulting in flux reduc-
tion. The photocatalytic membrane is believed to exhibit self-cleaning
and anti-fouling ability, which gives it the ability to self-clean up
various pollutants attached to the membrane during treatment. The
photocatalyst can either be coated on the surface of the membrane or
immobilized into the membrane surface to prevent fouling.

Another way to solve the flux reduction due to fouling is to minimize
the interaction between the oily foulants and the membrane surface by
improving the latter’s hydrophilicity [68,69]. Different nanoscale ma-
terials can be used to achieve higher flux and higher rejection rates, as
compared to conventional membranes.

4.3. Membrane surface modification

Chemical or physical methods can be used to modify the surface of a
membrane. The interaction between the altering substances and the
membrane is crucial to be considered. Coating materials can be easily
deposited and absorbed into the membrane’s surface via secondary
interaction (H-bonding, electrostatic interaction, and Van der Waals
forces) [70]. Multiple materials can be crosslinked in situ onto the
membrane’s surface to improve stability and enhance their interactions.
The strength of the secondary interaction depends on the type of surface
modification and the polymer surface. Plasma treatment and grafting
are widely adopted to modify polymer surfaces without the bulk prop-
erties being affected [71,72].

Many materials, including TiOy nanotubes, graphene oxide (GO),
carbon nanotubes (CNTs), and iron oxide particles (IOP), have been
employed to modify membrane surfaces. According to Zhang et al., [73]
TiO2 nanotubes were grafted into the channels of an alumina membrane
template, which demonstrated good photocatalytic activity on humic
acid (HA) photodegradation and significantly reduced membrane
fouling. Gao et al., [74] discovered that grafting TiO2-GO onto mem-
brane surfaces boosted photocatalytic activity and membrane
hydrophilicity.

Photo-induced RAFT-mediated grafting of acrylic acid and TiOy
photocatalysts could also improve the surface hydrophilicity and anti-
fouling ability of polypropylene macroporous membranes [75]. CNTs,
serving as electron acceptors by trapping electrons transmitted from
semiconductor photocatalysts, were employed to synthesize
CNTs-TiO2/Al;03 composite membranes due to their high electron
mobility. They slowed the recombination of photogenerated charges and
had a reduced photoluminescence intensity and increased photocurrent
density, resulting in efficient pollutant degradation and superior anti-
fouling properties [76].

Photocatalytic nanofiltration (NF) membranes with double-side
active composite TiOy, synthesized using a chemical vapor deposition
process, have enhanced pollutant photodegradation capacity while
reducing pore blockage [77]. To produce high permeability membranes,
Goei et al., [78] synthesized a pluronic-based TiO5 hybrid photocatalytic
membrane using an acid-catalyzed sol-gel technique. The membrane
had a hierarchical porosity, with Photo-induced super-hydrophilicity
which improved the accessibility of organic pollutants to the catalytic
sites. The choice of TiO; functional groups is influenced by feed pa-
rameters (hydrophilic/hydrophobic and electric charge), and therefore
a modified membrane with low foulant affinity and high photocatalytic
effectiveness is recommended.

Ideally, surface modification minimizes interactions between
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undesired molecules in the wastewater to be treated and the membrane,
while increasing the selectivity of the filtration system [79]. Physical
immobilization can be applied by dipping the membrane into the
modifier’s colloidal solution. The strength of the interaction between the
membrane and the material depends on the secondary interaction [72].

Membrane surface modification to decrease roughness has been
associated with reduced membrane fouling and an increase in surface
hydrophilicity has been suggested to reduce organic fouling, such as that
from oil emulsions [80]. Freeman et al., [80] in their work, coated a
polyamide RO membrane with polydopamine and attained a significant
improvement in fouling resistance during oil-water separation due to
less membrane roughness. Limitations of physical deposition and
adsorption include possible leaching of the deposited material over time.
As a result, a variety of studies have been conducted to improve the
strength of interactions between the membrane and the particles to
avoid any loss during the treatment [81-83]. The methods used for
membrane surface modification (Table 3) include surface grafting [84,
85], surface coating [86,87], and blending [88,89].

Blending modification (Fig. 3) is widely adopted for polymeric
membranes due to its simplicity, versatility in application, cheapness,
easy procedure, very efficient, and effective in achieving or obtaining a
membrane with the desired properties. This technique is used when the
membrane is prepared by the phase inversion method in which the
polymer is transformed in a well-coordinated and controlled way from
liquid to solids in a selected or chosen solvent thereby allowing the
distribution of the polymer uniformly. The chosen modifying material
can be added to the polymer casting solution to produce the modified
membrane [81,90].

In surface grafting, the membrane is modified by the immobilization
of a functional chain onto the membrane surface via covalent in-
teractions as can be seen in Fig. 3. In comparison with the physical
deposition method, the grafting method provides considerably longer
stability. Fig. 3 shows a schematic diagram of various membrane surface
modifications. Table 3 also presents an overview of the various mem-
brane modification techniques during and after membrane fabrication.

4.4. Membrane surface modification using photocatalytic nanomaterials

Photocatalytic nanomaterials are used to modify a membrane with
improved hydrophilic, antifouling, and self-cleaning properties. This
technique is promising because the photocatalytic nanomaterials are
capable of decomposing, degrading, and mineralizing organic contam-
inants and pollutants into smaller and more biodegradable substances,
while not forming secondary pollutants via photocatalysis [79,92,93]. A
photocatalyst to be incorporated into a membrane should have excellent
photocatalytic activity, lower energy bandgap, and slow e/h" pair
recombination [94]. Important areas of photocatalytic membrane
development are the stability of selected membrane material under an
oxidative environment, stability of the membrane under UV or visible
light irradiation, and the stability of the nanomaterial on the membrane
for continuous filtration [95].

With respect to oxidative stability under UV or Visible light irradi-
ation, reactions can take place between photons and the polymeric
membrane because photocatalysis generates radicals, which trigger
degradation reactions. It is therefore important to utilize materials that
do not deteriorate the membrane selectivity and flux when developing a
stable photocatalytic membrane under UV or visible light irradiation.

To investigate the oxidative stability of polymeric membranes such
as polycarbonates (PC), cellulose acetate (CA), polyvinylidene fluoride
(PVDEF), polytetrafluoroethylene (PTFE), polyethersulfone (PES), poly-
propylene (PP), polystyrene (PS) and polyacrylonitrile (PAN), Chin et al.
[96] found that PVDF, PTFE and PAN membranes exhibited better sta-
bility after 30 days of exposure to UV irradiation. When TiOy nano-
materials were added to the treatment system, the deterioration of the
PES membrane increased due to the oxidative compounds. They sug-
gested that PVDF and PTFE exhibited better oxidative stability and
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Table 3

Various types of membrane modification techniques [19].
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Membrane surface modification during fabrication

Membrane surface modification after membrane fabrication

Blending modification

Bulk modification

Surface grafting

Surface coating

Plasma treatment

Hydrophilic materials incorporation

Hydrophilic
nanoparticles
incorporated into
the base polymer

Examples

Carbon nanotubes,
SiO,, Composite,
Fe,03, TiOs,
Al,03, etc

Amphiphilic or
hydrophilic polymer
incorporation into the
base polymer

Sulfonation
polycarbonate, Branched
co-polymers, Polymethyl
methacrylate, Sulfonated
polyether ketone, etc

Hydrophilic
functional group
incorporation
Bonds
enhancement by
addition of
substituent groups

Carboxylation (dry
Ice), Sulfonation
(SO3, H3SO4, etc)

Chemical attachment of
hydrophilic monomers

Covalent bond
formation between
membrane surface and
hydrophilic monomer

Grafting methods:
Electron beam
radiation, UV radiation,
O3, [J-ray, Plasma
treatment.

Grafting monomers:
Poly(2-hydroxy-ethyl
methacrylate), Poly
(ethylene glycol)
methyl ether
methacrylate, etc

Hydrophilic layer deposition

Anchored layer:
chemical treatment
+ hydrophilic layer
coating

Coating materials:
Chitosan,
Polydopamine,
Polyvinyl alcohol,
poly(ethylene glycol),
etc

Chemical treatment
(Chemical used):
Crosslinking,
Sulfonation (H,SO4)

Physical immobilization:
spraying, direct
adsorption, or dipping of
the hydrophilic layer

Coating materials:
SiOa, Glycerol, TiOq,
Poly (sodium 4-styrene
sulfonate, etc

Introduction of
various functional
group

Ionization of water
or gas to generate
plasma

Gas ionization
methods:
Radiofrequency
wave, Microwave.
Ionized gases:
Hj, Nj, HO, He,
CO,, 0o, Ne, etc

(b)Surface grafting
 F AT IAFIIRIIIILATS

(a)Blending medification

Vi | o

(c)Surface coating modification

Fig. 3. Schematic diagram of common membrane surface modification: (a)
Blending [91], (b) Surface grafting [91], (c) Surface coating [62].

higher performance under UV irradiation [96]. The modification affects
their stability when added to the membrane. It is therefore essential to
ensure the adherence of the nanoparticles to the membrane to enhance
their filtration performance while ensuring that they are not lost over
time [97]. Fig. 4 shows the cross-section images from EDX analysis of a
TiOy photocatalyst immobilized membrane showing clearly that the
TiO; particles have been distributed uniformly on the membrane surface
using the co-extrusion technique. Fig. 5 also presents SEM images
showing the morphology of a CeO5 nanoparticles stainless steel coated
membrane for oil-water separation. The images present pre and
post-coated morphologies of the photocatalytic membrane. The CeO;
particles were coated on the surface of the membrane as shown in the
images.

5. Photocatalysis and photocatalytic membrane reactors (PMR)

Over the years, photocatalysis has become a fast-growing field
because of its promising application in mineralizing organic pollutants,
hydrogen production, water splitting, and CO» conversion [100].
"Photocatalysis" refers to the photoactivation of a chemical reaction by
absorbing a quantum of light from inorganic or organic material that
remains unchanged at the end of the reaction such as the photocatalyst
[101-104]. In photocatalysis, *OH is created by the irradiation of UV or
visible light, and this accelerates the oxidation of organic contaminants
rapidly and non-selectively [105]. Heterogeneous photocatalysis re-
quires the photoinduced reaction to take place in the presence of a
photocatalyst. A PMR is a hybrid unit that combines membrane sepa-
ration and heterogenous photocatalysis in a single unit. Its basic struc-
ture consists of a reactor structure housing the membrane and a light
source. Its configuration and design are important factors for its overall

performance [106].
5.1. Mechanism of photocatalytic reactions in PMR

Photocatalytic reaction in the presence of semiconductor metal ox-
ides for the degradation of contaminants in wastewater has appeared to
be a promising route due to its outstanding performance in degrading oil
droplets, inorganic, and recalcitrant organic pollutants [105,107]. The
capacity to absorb energy in the UV/Vis region and their high
surface-to-mass ratio distinguish the oxide materials. As a result, they
have gained popularity for photocatalytic degradation of organic con-
taminants. As metal oxide semiconductors are non-toxic, they are suit-
able for water treatment.

A photocatalyst to be incorporated into a membrane is expected to
have excellent photocatalytic activity, lower energy band gap, and slow
electron/hole pair recombination [94]. Among the various metal oxide
semiconductor photocatalyst used for incorporation into photocatalytic
membranes, TiO, is commonly used due to its high activity under UV
light, chemical stability, low-cost, high resistance against photochemical
corrosion, and non-toxicity [108]. The catalytic activity of TiO2 was first
reported in 1977 when it was discovered that it can degrade cyanide
[109]. After that time, TiOy has become a promising photocatalyst for
use in photocatalysis for environmental pollution degradation. Howev-
er, its use in photocatalysis is limited due to some unfavorable properties
it exhibits which include poor sensitivity or optical properties in the
visible light spectrum of the sun, rapid and fast charge recombination of
the photogenerated hole pairs and electrons, and wide energy band gap
which make it ineffective in visible light [110]. It is therefore important
to note that for efficient and effective treatment and degradation of oily
wastewater using PMRs the photocatalyst to be incorporated into the
PMRs should exhibit good optical properties, lower band for visible light
absorption, and slow charge recombination rate.

Photocatalysis offers advantages such as low cost, its production of
non-toxic by-products, and an environmentally friendly process
[111-114]. For photocatalysis, several materials could act as a photo-
catalyst for the degradation of harmful and toxic pollutants without
causing secondary pollution [115-117]. Photocatalysis which is a form
of advanced oxidation process (AOP) has gained attention because
simple aerial oxidation and self-purification processes are no longer
efficient to tackle this problem. Photocatalysis involves the use of hy-
droxyl radicals to completely degrade or mineralize the pollutant [118].
This process has the overall reaction (Eq. (1)):
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Fig. 4. SEM-EDX images of the (a) DL-PEG/TiO, and (b) DL-TiO, immobilized membranes with different magnifications. Reprinted with permission Copyright

(2017) Elsevier [98].

semiconductor

Organic polutant + O, v Vis CO, + H; + mineral acids (€D)

According to Theerthagiri et al. [117], photocatalyst accelerates the
distinct reduction and oxidation process in the presence of UV irradia-
tion of a certain wavelength. The mechanism of photocatalysis involves
three stages: (i) e and h™ separation upon the absorption of light irra-
diation (movement of electrons from the valence band to the conduction
band), (ii) scattering of charge carriers on the photocatalyst’s surface,
and (iii) the light-driven catalytic reduction and oxidation on the active
sites of the photocatalyst.

Egs. (2)-(6) depict the main reaction paths involved in the photo-
catalytic degradation of the target pollutant (Fig. 6). Eq. (2) shows the
simultaneous generations of electrons (e") and holes (h*) on the photo-
catalyst upon absorbing light irradiation at the conduction band (Cp)
and the valence band (V3) respectively. The photogenerated charges are
transferred to the surface of the photocatalytic material to initiate the
required reduction and oxidation processes. The reaction of ¢ and h"
with Oy and H,0 (Egs. (3)-(5)), respectively, results in the formation of
hydroxyl radical *OH and Oj. Eq. (6) shows the reaction of the radical
species with the organic pollutants, leading to the degradation of target
pollutants [118-120].

Catalyst + hy—eg, +hip @)
ecp + 0,-0; 3
0, +ecy +2H"— * OH+ OH ™ 4
h{y + H,0—H" + * OH (5)
Pollutants + * OH—Degradation products(CO, H,0, etc) 6)

The same mechanism is applicable for the photodegradation of the
oily wastewater as the pollutant as presented in Fig. 6.

Table 4 presents the results of earlier studies on the photocatalysis of
oily wastewater. Despite high oil degradation, the photocatalytic pro-
cess could not completely treat the effluents to an acceptable standard.
Although the treatment efficiency is less than 90%, it is difficult to
separate the photocatalyst from treated effluents. Therefore, the pho-
tocatalyst is better immobilized into the membrane to enable better oily
wastewater treatment to achieve the required discharge standard.
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Fig. 5. SEM images of the stainless steel membranes at different magnifications showing the surface morphology (a-c) virgin membrane before deposition (d-f) the
surface modified after deposition of ceria nanoparticles. Note the increase in apparent surface roughness after the deposition that contributes to superhydrophobic
behavior. Also, the absence of voids between the deposited particles on one of the membrane fibers in the magnified image (f). Reprinted with permission Copyright

(2019) Elsevier [99].

I~
[rers].s 0
Degradation s
by-products 5 ”
02

P

< polutants £t

The—a

Oil-water emulsion etc Degra ation
by-products

Recombination

hv>Esc

H,0

Fig. 6. Mechanism of photodegradation process [118].

5.2. Typical design and configurations of PMR

A photocatalytic membrane incorporates a photocatalyst into a
membrane for the photocatalytic reaction. Photocatalytic membrane
reactor (PMR) integrates pollutant degradation and separation mem-
brane in the same unit [132]. A supported photocatalysts layer on a
porous membrane that facilitates photocatalytic activity under UV or
visible light irradiation is referred to as a photocatalytic membrane
[133]. During the photocatalytic process, the photocatalyst gen-
erates-OH to degrade target pollutants into smaller and relatively
harmless oxidation by-products without producing secondary pollutants
[18]. Energy sources such as visible light, UV light, and heat can trigger

the formation of reactive radicals [134,135]. To improve photocatalytic
performance, membrane fouling management, operational and main-
tenance cost, and light arrangement in PMR setup are critical [136].
Pressure-driven and non-pressure-driven PMR setups are the two main
types of setup. PMRs that use MF, UF, NF, or RO separation with pho-
tocatalyst suspended or immobilized are known as hydraulic
pressure-driven PMRs, while non-hydraulic pressure-driven PMR refers
to PMR that uses FO, membrane distillation (MD), pervaporation (PV),
or membrane crystallization (MC). In addition, PMR encompasses both
suspended (or slurry) and immobilized systems [137].

In terms of membrane fouling tendency, slurry PMRs have more
tendency of fouling than the immobilized reactors. Slurry PMR neces-
sitates the separation and recovery of photocatalyst particles, which
leads to an increased operational cost [138]. This necessitates the use of
an extra container for particle separation and recycling. The immobi-
lized PMR system has a greater advantage in terms of photocatalyst
separation than the slurry PMR system. Another disadvantage of the
slurry PMR is that photocatalyst particles may induce light scattering,
membrane fouling, and clogging in the PMR [134]. To overcome these
problems, dosage and particle size need to be determined.

Photocatalytic membranes (PM), which immobilize photocatalysts
into/onto membranes have gained considerable interest for an integra-
tive configuration of PMR to reduce photocatalyst loss, membrane
fouling, and footprint [139]. Due to the advantage of increased me-
chanical, physical, and chemical stability, stainless steel and ceramic PM
are favored in PMR setups. However, this PMR arrangement has a small
light irradiation area than the slurry PMR systems [140].

As a result, the photo-degradation of pollutants was less effective
using slurry PMR. Photocatalytic membranes used in immobilized PMR
systems are stable when exposed to light. Polymeric membranes with
low resistance and photostability to oxidative radicals can be
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Table 4
Studies on photocatalytic treatment for oily wastewater from literature.
Type of wastewater Catalyst Target pollutant Treatment Process Efficiency (%) References
Synthetic Produced ZnO Petroleum hydrocarbons and Photocatalysis 68%, 62%, 56% and 45% removal [121]
water partially hydrolyzed of 25, 50, 100 and 150 mg/L
polyacrylamide (HPAM) HPAM were measured by HPLC
Diesel in seawater Nano-ZnO Diesel UV irradiation 84% removal in 3 h [122]
Crude oil and Nano-TiO, 0Oil Photocatalysis followed by 90% of oil removal [123]
contaminated water biofilm
Bilgewater TiOPG500 Oil Air stripping plus 125-W 60% removal in 8.5 h [124]
UV lamp 365 nm
Crude oil and Nano-TiO, loaded on ceramic PAHs Near-UV solar irradiation, 100% removal [125]
contaminated water microbeads 25-50 Wm2
Bilgewater K-TiO, Oil and COD Ultrafiltration and UV lamp  Photocatalysis 100% removal in [126]
with a light intensity of 2h
49 W/m?
Artificial water Nano-TiO,-SiO, Naphthenic acid Fixed-bed system plus 92% removal after 4 h [127]
sunlight
Diesel in Water Polyurethane foams modified with Diesel UV irradiation 72% degradation after 16 h [128]

silver/titanium dioxide/graphene
ternary nanoparticles (PU-Ag/P25/
G)

TiO2-SiO, solution dip-coated on
ceramic beads

Groundwater
contaminated by
gasoline and diesel

Offshore-produced
water

Wastewater from
polymer flooding

TPHs, BTEX, TOC

Immobilized TiO, on a glass plate PAHs

Nano-TiO, PAM

Irradiated by sunlight > 70% degradation of BTEX and [129]
1.6 mW/cm? measured at TPH

365 nm) with HyO5

8-W UV lamp plus ozone >90%in1lh [130]

125-W Hg lamp 80% removal in 1.5 h [131]

problematic. Hence, in immobilized PMR, stainless steel and ceramic-
based membranes are selected [134]. Fig. 7 shows typical configura-
tions of PMR systems.

5.3. PMRs for oily wastewater treatment

Treatment of oily wastewater by the PMRs involves a simultaneous
filtration and degradation of pollutants in the oily wastewater, which
occurs inside the membrane pores, while the permeate passes through
the membrane. The degradation of the pollutants happens after the
photocatalyst is excited by a light source, while the filtration and sep-
aration take place through membrane filtration. For this reason, the
membrane act as the irradiated element. As a result, it is vital to use
materials resistant to damage due to the effects of OH radicals, which are
responsible for the degradation of the pollutants [138].

Normally, photocatalytic reactions are conducted in a suspension of
either microscale or nano-sized catalyst particles. Despite the effec-
tiveness of the photocatalytic activity, the separation of the catalyst
particles is the key problem of suspension catalyst treatment. Apart from
the reusability of the catalyst the separation is important to minimize
the adverse effects of the semiconductor nanoparticles in the absence of
light [141]. To promote an efficient photocatalytic reaction, the use of
visible-light-driven photocatalytic membranes for oily wastewater
treatment needs to be further explored. So far, only a few works have
reported its applications using visible light as a light source. In recent
years, various studies have reported the use of UV light in PMRs for the
treatment of oily wastewater.

Alias et al. [16] synthesized a photocatalytic nanofiber-coated
inorganic hollow fiber membrane for oilfield-produced water (OPW)
treatment. They fabricated the membrane by coating alumina (Al,O3)
hollow fiber membrane with polyacrylonitrile (PAN) nanofibers com-
bined with graphitic carbon nitride (GCN) photocatalyst. While the
porous coating comprised smooth hydrophilic nanofibers for water
permeation, it successfully trapped oil droplets, resulting in an improved
oil rejection rate. Its sparse mesh prevented oil pollutants from forming a
fouling layer on the membrane surface, allowing a high permeate flux to
be maintained. For 3 h of crossflow filtration of OPW at 2 bar, a
maximum permeates flux of 640 Lm?h® and an oil rejection percentage
of 99% was obtained, along with a water flux of 816 Lm™2h®.

After three cycles of 3 h of filtration, the photocatalytic activity of
GCN enabled the coating to degrade the trapped oil on the membrane
under UV irradiation, attaining a permeate flux of 577 Lmh™! and oil
rejection of 97%. They found that the membrane’s fouling resistance
and cleaning capabilities are beneficial for a long-term filtering opera-
tion. The SEM images of the membrane using bare Al;03, NF/Al;O3, NF-
bGCN/Al;03, and NF-nsGCN/AL,O3 are displayed in Fig. 8. While oil
covered the surface of the membranes, the NF-nsGCN/Al,O3 attained a
better permeate flux. The membrane surface was not totally covered
with oil droplets due to the presence of the photocatalyst.

Fig. 9 shows the oil droplet size distribution in the oilfield produced
water (OPW) feed and permeate solution produced by bare Al;03 and
NF-nsGCN/Al;O3 membranes after 3 h. The figure also displays a higher
particle size distribution in the bare Al;O3 membrane than in the NF-
nsGCN/Al;0O3 membrane, indicating a higher degradation of the target
contaminant by the latter.

In another work, Veréb et al.,[142] prepared TiO; and TiO/carbon
nanotubes (CNT) composite modified PVDF membranes to purify
oil-in-water emulsions. They found that the combination of the photo-
catalytic nanomaterial TiOy with 1 wt% CNT resulted in the highest flux
and lowest resistance. The enhanced photocatalytic degradation by the
composite resulted from the presence of the photocatalytic nano-
materials. The membrane exhibited the ability to regenerate during the
photocatalytic process, thereby exhibiting self-cleaning properties,
leading to a longer period of treatment cycles.

Zangeneh et al.,[143] prepared a photocatalytic self-cleaning PES
nanofiltration membrane that incorporated triple metal-nonmetal
doped TiO; (K-B-N-TiO3) for post-treatment of palm oil mill effluent.
They found that the addition of K-B-N-TiO5 nanoparticles (0.5 wt%)
improved the modified membranes’ water flux, due to their hydrophi-
licity and increased photocatalytic activities of the photocatalyst. They
also reported that the highest permeation flux, dye, and COD removal
efficiency were around 27 kg/m? h, 98%, and 90%, respectively.

Fig. 10a displays the SEM images of the surface of the mixed matrix
PES membrane with 0.5% (w/w), K-B-N-TiO, which gave a better
permeate flux due to the presence of finger-like pores in the modified
membrane. The authors also reported that the degradation of the fouling
agents on the surface of the membrane and the improved removal of
COD and color from the biologically treated POME was attributed to the
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Copyright (2022) Elsevier [21].

super hydrophilic impact and the increasing nanoparticles (NPs) reus-
ability of the modified membranes after UV Visible light irradiation on
the K-B-N-TiO2/PES modified membranes increased flux recovery ratio
(FRR).

They also characterized the modified membrane using Atomic Force
Microscopy (AFM). As can be seen from Fig. 10b, they presented the 3D
AFM images of the blended and unfilled PES membrane surfaces. It
could be seen from the images that the valleys or pores of the membrane
are shown in dark patches, and the brighter region displayed the largest
membrane surface. They reported that the surface roughness of the
unfilled PES membrane is the highest, and it can be decreased by adding
K-B-N-TiO2 nanoparticles at concentrations between 0.1 and 0.5 wt%.
As reported in other studies, it is known that decreasing surface
roughness of the modified membrane limits foulant entrapment or
adsorption in the valleys and adhesion at peaks, which reduces mem-
brane fouling [144,145]. However, as the nanoparticle content
increased from 0.5 to 1 wt%, the surface roughness also increased. This
is because the hydrophilic nanoparticles agglomerated or accumulated
on the membrane surface. Due to foulant deposition in the "valleys" of
the rough membrane surface, it has been discovered that membrane
fouling can become more severe as roughness increases [146].

Zangeneh et al.,[143] also reported the reusability of the bare PES
and the modified membrane after three (3) cycles of filtration which
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lasted for 60 min. They found that after 60 min of visible or UV cleaning,
the FRR values for the post-treatment of the biologically treated Palm oil
mill effluent (POME) for the 0.5 wt% TiO5 modified and unmodified
membranes cleaned by visible light irradiation showed a reduction in
FRR value after three regeneration cycles of approximately 2.6% and
12.5%, respectively. However, when UV irradiation was used, this value
was attained at roughly 1% and 5.2% respectively. According to Fig. 10c
(i & ii) the 0.5 wt% TiO2 modified nanocomposite membrane’s UV/Vis
cleaning efficiency was still high after three cycles. It shows that doping
TiOy with K, B, and N was able to reduce the band gap, increase
visible-light absorption with a decrease in the rate of recombination, and
function as a powerful photocatalyst for the degradation of fouling
agents and xenobiotic compounds during membrane filtration.

They also investigated the stability of the membrane under visible
and UV irradiation by examining the permeation flux variations of the
unmodified and the 0.5 wt% TiO, modified membranes. They reported
that after three regeneration cycles with visible light cleaning, it was
discovered that the permeation flux of unmodified and 0.5 wt% modi-
fied membrane was reduced by around 29.8% and 6.40%, respectively,
while the loss of permeation flux values were about 17.3% and 3% with
UV irradiation cleaning. Additionally, after three regeneration cycles,
neither the unmodified nor the 0.5% TiO3 modified membranes’ ability
to remove COD was altered. After three regeneration cycles with Vis/UV
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Fig. 8. Surface SEM micrographs of (a) bare Al,03, (b) NF/Al;03, (c) NF-bGCN/Al,O3, and (d) NF-nsGCN/Al,03 membranes after 180 min OPW filtration. Reprinted

with permission Copyright (2019) Elsevier [16].
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Fig. 9. Oil droplets size distribution in OPW feed and permeate solutions
produced by bare Al;03 and NF-nsGCN/Al,O3 membranes after 3 h Reprinted
with permission Copyright (2019) Elsevier [16].

light cleaning, the results demonstrated that membrane degradation had
not occurred.

The photographic images of the surface of unmodified PES and the
0.5 wt% TiO2 modified membranes after three cycles of filtration under
various cleaning conditions are shown in Fig. 11. According to Fig. 11,
the 0.5 wt% TiO3 modified membrane is lighter in color than the un-
modified membrane after cleaning. This suggested that the triple-doped
TiOy NP addition increased the PES’s ability to clean itself and be
reused.

In separate work, Moslehyani et al.[147] fabricated a PVDF/MWCNT
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nanocomposite photocatalytic membrane system for the treatment of
petroleum refinery wastewater. They reported that the photocatalytic
process resulted in over 90% of pollutant degradation and the UF
permeation cell eliminated all contaminants. They reported that the
nanocomposite membrane with 1% (w/w) oxidized MWCNTSs incorpo-
rated into the PVDF matrix was the best nanocomposite membrane for
filtration purposes among all of the fabricated membranes.

Lou et al.,[148] fabricated a functional PVDF/rGO/TiO, nanofiber
web for the removal of oil from water. This was done by incorporating
rGO/TiO4 nanoparticles into the electrospun solution. In that study, they
reported that the PVDF/rGO/TiO, nanofibers with rGO/TiOy concen-
tration of 3% gave the best oil removal from the oil-water emulsion.
They reported a removal efficiency of 98.46% under UV light irradia-
tion. They attributed this to the presence of the photocatalytic nano-
particles which aided the degradation of the oil from the oil-water
mixture.

Alias et al.,[149] synthesized a photocatalytic graphitic carbon
nitride embedded in electrospun polyacrylonitrile nanofibers for the
degradation of OPW. They reported that under visible light irradiation,
the photocatalytic nanofiber gave 85.4% OPW degradation which was
enhanced to 96.6% under UV light. They attributed the photo-
degradation efficiency to the ability of the PAN nanofibers to adsorb the
oil and GCNs ability for photodegradation of the oil. The synergic effect
gave rise to effective photodegradation by the photocatalytic nanofiber
for the OPW.

Chen et al.,, [150] fabricated a photocatalytic cellulose acetate
membrane decorated by RGO-Ag-TiO, for the photodegradation of
dye-oil water emulsion. They reported over 99% dye-oil rejection from
the oil-water emulsion after six (6) cycles of photodegradation under
visible light irradiation. They also reported that the membrane
demonstrated a relatively stable dye—oil-water permeation flux of about
27.5Lm?h?.

Table 5 presents various studies reported on photocatalytic mem-
branes for oily wastewater treatment. It is evident from Table 5 that the
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Fig. 10. a. The SEM cross-section images of the mixed
matrix PES membranes with 0.5% (w/w) K-B-N-TiO,,
Reprinted with permission Copyright (2018) Elsevier
[143]. b- AFM images of modified PES membranes
with different weight fractions of the K-B-N-TiO,
nanocomposite (i) bare PES, (ii) 0.1 wt%, (iii) 0.5 wt
%, (iv) 1 wt%. Reprinted with permission Copyright
(2018) Elsevier [143]. c-. FRR values of the unmodi-
fied membrane (i), 0.5% TiO, modified membrane (ii)
membranes after reusability tests using distilled water
(DI), distilled water and visible light cleaning (DI +
VIS), and distilled water and UV light cleaning (DI +
UV) irradiation for 60 min. Reprinted with permission
Copyright (2018) Elsevier [143].>
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Fig. 11. Digital camera images of the unmodified and the 0.5 wt% TiO, modified membranes after three cycles of filtration with various cleaning conditions

Reprinted with permission Copyright (2018) Elsevier [143].

various photocatalytic membrane reactors attained over 90% removal of
the pollutants present in the oily wastewater. Both the UV and visible
light aided the degradation of oil and targeted contaminants in the oily
wastewater. When the membrane has a high surface area, it provides
additional sites for the photocatalyst to occupy and contribute to effi-
cient degradation. Overall, the combination of the photocatalytic pro-
cess with membrane filtration gives a synergic effect, which contributes
to the efficient treatment of oily wastewater. It is important to note that
the light source, configuration, and design of the photocatalyst are
important to attain an efficient degradation of target pollutants in oily
wastewater.

5.4. PMR separation kinetic for stabilized oil-water emulsion and trace oil
contaminants

The fundamental issue, which can cause an irreversible drop in the
permeate flux in a membrane, is membrane fouling by suspended or
dissolved organic compounds. To tackle this problem, photocatalytic
materials can be introduced into the membranes which when exposed to
light, can break down these organic compounds formed on the surface of
the membrane. Even though these photocatalytic membranes have
shown they can restore their original permeability, less is known about
how photocatalysis affects the permeate flux’s kinetics. Water can
selectively pass through a photocatalytic membrane while being
repelled by it [159].

It is postulated that the degree of permeate flux recovery in response
to light illumination is influenced by a number of experimental factors,
including the photocatalytic degradation rate (kp), the active surface
area (A) of the photocatalytic membrane coating, and the incident light
intensity (I) [160]. Adsorption, desorption, and photocatalytic degra-
dation of oil molecules are the three main chemical reactions that can
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occur when the surface of a photocatalytic membrane used for oily
wastewater treatment is exposed to UV or visible light [161,162].

Panchanathan et al., [163] in their work showed that the three re-
actions above obey the first order kinetics. Now for F-SiO5 not photo-
catalytic [164], and N-TiO, photocatalytic [165], the following
differential equation can be obtained describing a time-dependent
photocatalysis-driven evolution of the area fraction of the surface of
the membrane contaminated with oil (f.(t)):
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where f(r) and f(y) are the area fraction of F-SiO2 and N-TiO» respec-
tively. The subscripts Fand T and symbolize F-SiO3 and N-TiO; respec-

tively. Solving Eq. (7) by substituting

d

@ form(t) =kam o) —  kKamfer ®
and

d

I for)(t) =kary  faey —  kanfer — ke (C)]
where k, kg, and k, are the rate constant values for adsorption,

desorption, and photocatalytic degradation of oil respectively, on a
particular phase (e.g., F-SiO3 N-TiO3), and

foery = 1—  fep 10)
and
foey = 1— fon an

(i.e., the non-contaminated area fraction of each phase, .. orfur))
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Table 5
Summary of the different photocatalytic membranes for treatment of oily wastewater.
Photocatalyst Membrane Light Reactor Water source Oil rejection (%) Membrane Reference
source preparation
Technique
GCN NF-GCN/Al,03 uv Photocatalytic Produced water 94 electrospinning [16]
membrane
TiO, TiOo/PVDF uv Photocatalytic Produced water 67 Dry-wet spinning [151]
membrane
TiO5 + HNT TiOo/HNT/PVDF uv Photoreactor (TiO3) Bilge water 98 Phase inversion [152]
+ filtration (HNT)
TiO, TiO,/PVDF uv Filtration Crude oil-water 96 Physical deposition [153]
+ photocatalytic emulsion
cleaning
TiO; + CNT TiO,/CNT/PVDF uv Filtration Crude oil-water 92 Physical deposition [142]
-+ photocatalytic emulsion
cleaning
RGO-Ag-TiO, RGO-Ag-TiO,/CA Visible Photocatalytic Dye oil-water 99 Physical deposition [150]
light membrane emulsion
HMO-TiO, HMO-TiO,/PES uv Filtration palm oil-water 99 Phase inversion [143]
-+ photocatalytic emulsion
cleaning
TiO,/Fe203 TiO,/Fe,03/CA uv Filtration Surfactant- 100 Physical deposition [154]
+ photocatalytic stabilized oil-
cleaning water emulsion
ZnO PVDF@PDA@ZnO uv Filtration Stable oil-water 99 Facial phase [155]
+ photocatalytic emulsion inversion
cleaning
TiO, TiO2/PVDF/MWCNT uv Photocatalytic reactor Petroleum 99 Phase inversion [147]
(TiO2) + filtration refinery water
(MWCNT)
RGO/PDA/g-C3N4 RGO/PDA/g-C3N4/CA Visible Photocatalytic Diesel, gasoline, 100 Physical deposition [156]
light membrane soybean oil
emulsion
Graphitic carbon Graphitic carbon nitride UV and Photocatalytic Produced water 97 - UV (180 min), 85- Electrospinning [149]
nitride (GCN) (GCN) coated on Alumina Vis membrane Vis
(Al203)
TiO, PVDF/TiO, uv Photocatalytic Produced water 67 (focused on Dry-wet spinning [151]
membrane surfactant removal)
o-Fe,03 Al,03/YSZ Vis Photocatalytic Synthetic oily 98 Phase inversion [157]
membrane wastewater
GCN PAN nanofibers uv Photocatalytic Produced water 90 ( partially Electrospinning [158]
membrane hydrolyzed
polyacrylamide
(HPAM)
rGO/TiOy PVDF nanofiber webs uv Photocatalytic Oil-water 98 Electrospinning [148]
membrane emulsion
results in: where A and AP are the total surface area of the membrane and the
Kam) Kur) » Ku(r) transmembrane pressure respectively. R. and r, are the oil contamina-
few =1 K - K for (6= 0))e Kt} Xfn + { K tion and the resistance per unit area of the membrane to the permeation
Ka(r) y of the water-rich permeate originating from the membrane itself
( Ke for) (6 =0))e 'K )t} Xf g respectively. p is the dynamic viscosity of the water-rich permeate
® 12) (approximately 0.953 mPa-s) [159,166] The above equation represents
the time-dependent evolution of the water-rich permeate flux through
where fr (4 =0)andf.r) (4 = 0) are the initial area fraction of the the membrane exposed to oil-water upon illumination by visible light.

contaminated regions for F-SiO; and N-TiO at the start of visible light
illumination respectively, which are assumed to be zero.
Here K(y) and K are defined as

K= ke + ki 13)
and

Km= kaqn + kin+ kym (14)
respectively.

The time-dependent flux of the water-rich permeate under visible
light illumination (J (1) ) can be written as

()

Rc
J(‘i) = AP{I’m + X (15)

14

5.5. Influencing parameters for PMRs in water treatment

Photocatalysis is a crucial step in the decomposition of oil and oily
wastewater via the PMRs. Several studies have been conducted in recent
years to determine the operational parameters for an efficient photo-
degradation process. The goal of investigating the parameters is to find
out optimum conditions for maximizing the photodegradation of target
contaminants. Light intensity, pH, the dose of photocatalyst, and sub-
strate concentration are the operational parameters studied [106].

5.5.1. Effect of photocatalyst dosage on photodegradation efficiency

To enhance photodegradation, the amount of photocatalyst available
on the photocatalytic membrane is critical. As the photocatalyst’s dose
increases, its surface area increases as well. The presence of additional
active sites on the membrane surface is indicated by the availability of a
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large surface area on the membrane. This results in additional reac-

tive-OH and-Oj; to complete mineralization.

The photocatalyst dose and degradation rate have a corresponding
relationship. When the photocatalyst dose exceeds its optimum level,
the degradation rate may be slowed down due to the inhibition of light
that penetrates the solution [167]. The optimal loading of TiO; in a
slurry PMR was 1.5 g/L. When the loading exceeds it, the flux declines
due to fouling and this results in a lower treatment efficiency because of
the agglomeration of TiO, on the membrane [168].

5.5.2. Effect of light intensity and quantum efficiency on photodegradation

efficiency

Journal of Environmental Chemical Engineering 10 (2022) 108539

light that reaches the photocatalyst surface is determined by the pho-
tocatalyst loading and the reactor geometry. Therefore PMR’s rational
design is critical to achieving optimum quantum efficiency.

Jia et al. [171] used TiOy/activated carbon to study the photo-
degradation rate of phenol under a UV light irradiation at pH 7.5 with
40 mg/L of initial phenol concentration. The light intensity ranged from
0.875 to 2.625 W/L. When the light intensity increased, the photo-
catalytic degradation improved. The photon energy was limited at low
light intensities. Therefore, only a few reactive radicals were formed. As
the intensity of the light grew, the production of free radicals increased
because of the large number of excited e'/h" pairs. When the light in-
tensity exceeded 1.75 W/L, the increase in photodegradation perfor-

Photocatalytic reaction rates can be boosted by light intensity.
Beyond the ideal intensity, the photon energy distribution determines
the reaction rate [169,170]. Therefore, high quantum efficiency is
critical in PMR. The quantum efficiency depends on the rate of radiant
energy absorption and the radiative field distribution. The amount of
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mance was negligible. [172].

As aresult, the reaction between target molecules and the active sites
became faster, increasing the photodegradation rate. When light in-
tensity exceeded its optimum level, it was no longer a limiting factor in
the rate of photodegradation [173]. Due to the increasing temperature,
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Fig. 12. Field emission SEM images of (a) Bi»O3, (b) TiO, nanofiber, and (c) and (d) hierarchical Bi,O3/TiO; fibrous composite; (e) phenol photodegradation curves
using Bi»03, TiO, nanofibers, and Bi,O3/TiO, fibrous composite; (f) temporal evolution of the UV spectra of the phenol solution using BiO3/TiO, fibrous composite.

Reprinted with permission Copyright (2020) Elsevier [175].
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the excessive light intensity would cause e /h" pair recombination,
which decreased photocatalytic activities [174].

5.5.3. Effect of catalyst morphology on photodegradation efficiency

Morphological structures determine the specific surface area for
contaminants’ adsorption on photocatalyst surfaces. High specific sur-
face areas are achieved using a hierarchical structure to improve pho-
tocatalytic activities. Rongan et al. [175] reported that a hierarchical
Bi;03/TiO, fibrous composite had a specific surface area of 51 mz/g,
while pure BiyOs had 4 m?/g. The BiyO3/TiO, fibrous composite with
4-60 nm mesopores demonstrated an outstanding phenol photo-
degradation among the other three photocatalysts due to its slit-like
mesoporous hierarchical structure (Fig. 12(a)-(d)). (pure Bi,Os, TiOy
nanofiber, and Bi303/TiO5 fibrous composite) (Fig. 12 (e) and (f)).

Photocatalyst physical and chemical stability are critical to boosting
photocatalytic performance. The photocatalysts’ stability is ensured by
their resistance to deactivation due to light irradiation and the hostile
environment (acid or basic pH). The stability of the chosen photocatalyst
depends on pore size and crystalline structures [176].

5.5.4. Effect of pH of the solution on photodegradation efficiency

Due to the effect of the pH solution, the properties of the surface
charge or zeta potential on photocatalyst, adsorption behavior, and the
aggregate size formation of the compounds may change [177]. pH has a
relationship with membrane charge or zeta potential. At high pH, the
membrane pore surface becomes more negative and this is due to the
type of material used in the membrane fabrication [178,179]. The redox
reaction is affected by changes in surface potential. When the pH rises,
the amount of-OH in the solution increases, improving the pollutant’s
removal.

Emam & Aboul-Gheit [177] studied the photocatalytic degradation
of oil in seawater using TiO,. They found that pH influenced the
degradation rate of the oil. Khezrianjoo & Revanasiddappa [180] re-
ported a photodegradation of m-cresol utilizing ZnO and found that the
photodegradation rate was affected by the number of OH in solution
and the electrostatic attraction between catalysts and substrates.

ZnO has a pHp,, (point of zero charges) of 9.0 [181]. Khodja et al.
[182] reported that the catalytic activity of ZnO is adversely affected at
pH< 4, as the catalyst is photodecomposed. Under alkaline conditions,
the repulsive electrostatic contact between the negatively charged
catalyst surface and the anionic dye became stronger. The repulsive
force between them became important as the pH > pHyy,,, resulting in a
reduction in the amount of adsorbed substrate [183]. Consequently, this
had a negative impact on the photodegradation rate.

6. Self-cleaning and anti-fouling properties of PMRs in oily
wastewater treatment

During the filtration process, impurities accumulate onto the mem-
brane’s surface and in its pores, causing fouling. Suspended inorganic
solids (inorganic fouling), organic colloids, soluble inorganic chemicals
(scaling), living/growing microbes (biofouling), and organic macro-
molecules (organic fouling) contribute to fouling [9,184-186].

In oil-polluted water, scaling is induced by hydroxide and salt pre-
cipitation, whereas oil droplets are the cause of fouling in the pores and
surface blockage [186]. The characteristics such as physico-chemical
properties and concentrations, membrane properties like hydrophilici-
ty, charge properties, and surface roughness, and operational conditions
like temperature, applied transmembrane pressure, flow velocity, and
recovery can affect the fouling layer [187,188].

Electrostatic and Van der Waals forces of interactions between the
membrane surface and colloidal particles determine the fouling mech-
anism [189-191]. Ionic strength, droplet size, pH, temperature, and
emulsifier concentration also influence the interactions between the
contaminant and the surface of the membrane during the treatment of
oil-contaminated water [2,153]. It is, therefore, necessary to investigate
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the variation, as they influence membrane efficiency, performance,
pore, and fouling [192-195].

Contaminants in oily wastewater can form a hydrophobic layer,
resulting in a barrier to water on the surface of the membrane and
causing a declining flux, decreased life span, and difficulty in cleaning.
This increases energy consumption and treatment cost [31]. Several
studies have been carried out to address these issues to make membrane
technology for the treatment of oily wastewater become efficient.

Membrane modification, enhanced cleaning processes, hydrody-
namic surface shearing, and application of pretreatment are useful to
prevent membrane fouling [184,196]. Another way to cope with flux
decline is to improve the membrane’s hydrophilicity, which reduces
sticky contacts between the membrane surface and the foulants. Sulfo-
nation, carboxylation, grafting, and plasma treatments are examples of
the techniques used [13,69,80,197].

The use of hydrophilic materials in membrane modification is
another strategy to prevent oil droplets from adhering to the mem-
brane’s surface and maintain low-level filtration resistance. Hydrophi-
licity is defined by the contact angle o between the membrane surface
and a droplet of water. A lower contact angle indicates more hydro-
philicity [81]. Membrane materials are hydrophobic, which interferes
with the interactions between the surface of the membrane and water
molecules, and prevent water from passing through the membrane. The
hydrophobic nature of membrane materials induces fouling by allowing
hydrophobic molecules to attach to the membrane’s surface, forming a
thick layer on the boundary [68,81].

It is therefore significant to increase the membrane hydrophilicity by
modifying their properties. Regular shutdowns of filtration for cleaning
the membrane and recovery of permeability tend to increase the cost of
the membrane filtration, while chemical consumption in the filtration
reduces the lifespan of the membrane. Consequently, this increases the
costs of the filtration process [196].

For this reason, the development of membranes with excellent
antifouling and self-cleaning properties from hydrophilic photocatalytic
nanomaterials is a promising technique, as the organic foulant can be
effectively decomposed or degraded. In most cases producing, non-toxic
substances without producing any secondary pollutants using solar
irradiation [79,92,93,198]. The self-cleaning and photocatalytic mech-
anisms work altogether to prevent deposition of absorb foulants, and
degrading them using a photocatalyst (Fig. 13) [199,200].

Excellent antifouling and self-cleaning ability of membranes are
crucial for the treatment of oily wastewater due to the oil-in-water
emulsion process. Zhang et al. [201] synthesized a hydrophilic
photo-Fenton-like catalyst. The GO/Fe MOF-assembled poly-
acrylonitrile (SPAN) nanofibrous membrane with self-cleaning and
anti-fouling properties was used to inhibit the accumulation of oil
droplets on the membrane surface. They reported that the membrane
had a permeation ranging from 920 to 7083 Lm?h’! and separation ef-
ficiency of 96%. They also observed that the membrane had a flux re-
covery ratio of > 96%. This indicates that the membrane exhibited
anti-fouling and self-cleaning properties during the filtration cycle.

Cai et al. [26] prepared a series of visible-light-driven self-cleaning
2D heterojunctions performing heterostructured membranes for
oil-in-water emulsion separation. The presence of g-CN and Bi»02COs3
(BOC) heterojunction also referred to as BOC with visible light catalytic
properties efficiently avoided a sharp decrease in permeation flux and
membrane fouling. They tested the self-cleaning ability of the CN@BOC
heterojunction by degrading 1000 mg/L of soybean oil-in-water emul-
sion for 1 h under simulated light and found that the white emulsion
turned into a colorless solution after 1 h of irradiation. The oil and water
contact angles for the fabricated GO/PG/CN@BOC heterojunction
membrane and other prepared membranes as determined are shown in
Fig. 14a. Since for waste-water treatment, the membrane surface’s
wettability is crucial, they, therefore, tested the wettability of the
fabricated GO/PG/CN@BOC heterojunction membranes by measuring
the contact angles of organic solvent and water in the air and the organic
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Copyright (2009) Elsevier [200].

solvent’s contact angle underwater.

They claimed that the fabricated 2D heterojunction membrane had
superoleophobic properties underwater but was both lipophilic and
hydrophilic in air. The water contact angle (WCA) of the GO/PG
membrane was less than that of the GO/PG/CN membrane because of
the more hydrophilic nature of GO/PG than g-CN. But as the amount of
the CN@BOC hetero- junction grew, the contact angle with water
reduced due to the high hydrophilicity of BioO2CO3 (Fig. 14a). The GO/
PG/CN@BOC-3 and GO/PG/water CN@BOC-4’s contact angles
declined by 10° in just 2 min, and both values fell below 10° in just
15 min.

According to their findings, the fabricated 2D heterojunction mem-
brane exhibited superoleophobic properties when underwater but was
both lipophilic and hydrophilic in the air. They observed that GO/PG
membrane had a smaller water contact angle than the GO/PG/CN
membrane because GO/PG is more hydrophilic than g-CN. However,
due to the high hydrophilicity of Bi;O2COs, the contact angle with water
decreases with an increase in the amount of CN@BOC heterojunction
(Fig. 14a). Additionally, they observed that within 2 min, the water
contact angles (WCAs) of the GO/PG/CN@BOC-4 and GO/PG/
CN@BOC-3 membrane decreased by 10° and the contact angle for
both membranes fell below 10° in 15 min.

They also investigated the stability of the fabricated GO/PG/
CN@BOC heterojunction membrane and reported that significantly, the
fabricated GO/PG/CN@ BOC membranes were free-standing, flexible,
and continuous after the substrate was dissolved by dimethylacetamide
(Fig. 14c).

Additionally, they presented a schematic view of the oil contact
angle (OCA) underwater for the original GO/PG/CN@BOC-3 mem-
brane, OCA after contamination with soybean oil and after further
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irradiation by sunlight. Following the fouling by oil, they found out that
the OCA of the CN@BOC membrane decreased from 160° to 95°
(Fig. 14b), indicating a loss of superoleophobicity. After exposure to the
light for 1 h underwater, the membrane regained superoleophobicity.
The results supported the heterojunction’s high photodegradation per-
formance over the GO membrane, indicating the anti-fouling and self-
cleaning ability of the membrane.

Wang et al. [202] prepared a novel and multifunctional poly-
vinylidene fluoride-co-hexafluoro propylene (PVDF-HFP)/catechol-po-
lyethyleneimine (CA-PEI)/Ag/3-glycidyloxy propyltrimethoxy silane
(KH560) tubular nanofiber membrane (TNM) for dye degradation and
oil/water separation. They used Ag nanoparticles on the surface of the
nanofiber to improve the membrane’s catalytic capacity for the degra-
dation of Congo red and methylene blue (MB). They found that the
modified KH560 membrane with 3% (w/w) became more hydrophilic
and could catalytically separate oil-water emulsion over ten (10) cycles
of the test without any decay in the membrane. This performance in-
dicates its self-cleaning capability.

Liu et al. [203] fabricated a super hydrophilic composite photo-
catalytic membrane with self-cleaning and degradation ability based on
LDH and g-C3N4 photocatalyst. For photocatalytic degradation and
pollutant separation, the PVDF/LDH@g-C3N4s @PDA/GO composite
membrane performed excellently. They reported a degradation rate of
93%, 97%, 92%, 95%, and 100% for the diesel, gasoline, petroleum
ether, rhodamine B (RhB), and MB, respectively. The fabricated mem-
brane exhibited high efficiency and stability with high flux and rejection
for the pollutants over ten (10) cycles of filtration. This suggests that the
photocatalytic degradation demonstrated a superior photocatalytic,
self-cleaning, and anti-fouling ability. Liu et al., [152] synthesized a
sunlight-driven 2D heterostructure photocatalytic membrane with
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self-cleaning ability for efficient oil-water separation. When the fabri-
cated membrane was used for oil-water separation, it had an initial
permeate flux of 4536 Lm2h 'bar!. With continuous filtration, howev-
er, the flux decreased due to the adsorption of oil droplets on the surface
of the membrane, while after exposure of the membrane to sunlight, the
membrane maintained a flux recovery ratio (FRR) of higher than 95%
after ten (10) cycles of the filtration process. This reveals excellent
anti-fouling and self-cleaning properties under sunlight irradiation.
Table 6 summarizes the ability of fabricated membranes to exhibit
anti-fouling and self-cleaning properties. Due to its hydrophilic and
photocatalytic properties on the same surface, TiO5 is good support for
self-cleaning photocatalytic membranes [204]. The fabricate mem-
branes had high flux depending on the oil content in the oil-water
emulsion. With light oils, the flux was higher than that with heavy
oils. Table 6 also shows that most of the membranes had over 90% oil

Journal of Environmental Chemical Engineering 10 (2022) 108539

rejection rate during the separation of oil-water emulsion. They
exhibited a high flux of recovery ratio after several filtration cycles
under UV Vis irradiation. With proper design and fabrication methods,
the membranes can do self-cleaning and be re-used for several cycles of
filtration with high efficiency.

7. Influencing factors for Scale-up of PMR

There have not been any noteworthy large-scale applications of
PMRs in the field of water/wastewater treatment despite intensive study
on a number of features of PMRs and their well-known characteristics. A
thorough evaluation of the three potential technological components
(membranes, light source, and photocatalysts,) and their interactions
indicates that each technological readiness level (TRL) is currently low
(at about ; 4-5); as a result, significant developmental work is needed to

Table 6
Summary of PMRs with self-cleaning and anti-fouling properties for oily wastewater treatment.
Membrane Feed concentration/ Pure water flux ((L.m->  Application (Foulant) Rejection rate Light Flux Reference
operating conditions h-'bar-') % source recovery
ratio (%)
GO/MCU-C3N,4/PVDF Ddf Oil = 100 ppm, 1281 Oil/water emulsion > 98 Visible 92.36 [205]
SDS= 0.2 mg/L Pressure
=1 bar, with 4 cycles of
filtration
SPAN@GO/M88A Oil= 2 Ml, Water = 200 MI, 920-7083 Oil/water (diesel/water) 99 UV-Vis > 96 [201]
SDS= 50 ppm, with 3 cycles
of filtration
MXene@CS/TA- Span-80(0.1 g), oil: water 500.38-1022.7 Oil/water emulsion ( 100 UV-Vis > 96% [206]
FeOOH (1:99), pressure= 1 bar petroleum ether crude
oil)
N-BiO,CO; @MXene/ Oil: water (1:100), 815.3 Oil/water emulsion > 99 Visible > 959%, [207]
PES SDS= 0.15 mg/mL
Pressuere= 0.1Mpa with 5
cycles of filtration,
GO/PG/g- Oil= 1000 ppm, SDS=0.1 g, 420 Oil-water emulsion - Vis > 96% [26]
C3N40Bi;0,CO3 with filtration time of 1 hr. separation
PVDF-HFP Tween80 = 0.5 g, 500 g 799 Oil and water separation/ 98 UV/Vis > 95% [208]
water, 5 g oil, Pressure dye degradation.
0.02Mpa, with 10 cycles of
filtration
PVDF/LDH@g-C3N4 SDS = 0.2 mg/m, oil:water 397.14 Gasoline, diesel, and 96.74, 93.22, UV light > 90% [203]
@PDA/GO (1:100), 1Pressure 0.1Mpa, petroleum ether removal and 92.35,
with 10 cycles of filtration. respectively.
GO/g-C3N4 @TiO, 0il/SDS= 1000 ppm,With Reached 4536 Oil-water separation 99 Visible >95 [152]
10 cycles of filtration
FP-Fe,03-STA Water = 20 g, Oil(toluene) 80 Oil/water (toluene, > 89 uv > 80% [209]
= 20 g, With 6 cycles of trichloromethane, and n-
separation hexane)
ZIF-8 @GSH/PI Oil: water (1:50), Span 80 5632.98 Oil/water (Kerosene, > 99 uv > 90% [210]
(0.1 wt%), 10 cycles of Toulene, hexane)
filtration
Nanostructured TiO, Oil/water mixture (50% v/ 16954 Oil/water (Heavy and > 99 uv > 99.2 [211]
mesh membrane v), with 10 cycles of light oil)
filtration
Carbon Cloth (CC) 0Oil dyed with Sudan 8840-9008 (Soyabean Oil/water (Soyabean, 99 Visible > 90% [212]
@TiO, @Ag IlI= 5 mL, Water= 5 mL oil, diesel), 9729-10682 diesel, light oils)
with 60 cycles of filtration. (Low viscosity oil)
Stereocomplex Oil= 1 mL, water = 100 mL, 4200 Lm™h™! Oil/water (n-hexane/ >99 uv > 97% [213]
Polyactide (GTsc) SDS= 20 mg, with 15 cycles water mixture)
-GA-TiO, coated of filtration
scPLA(GTsc)
PKCN/PVDF (carbon Oil: water (1:99), Tween 8 129 Oil/water > 99 Visible 96.5 [214]
nitride membrane 0 = 10 mg, pressure = 1 bar,
With 10 cycles of filtration
PANI/TiO, modified Oil:water (1:1) = 80 mL, 46,000-176,000 Oil/water (diesel, 100 UV-Vis > 90% [215]
mesh with 100 cycles of filtration. toluene, etc)
CC@TiO,-Cu Oil = 5 mL dyed with Sudan 6.64 (Soyabean), 7.00 Oil/water (Soyabean, 99.6% Visible > 99% [216]
111, water = 5 mL, with 80 (1,2-dichloroethane, petroleum ether, 1-2- di-
cycles of filtration 8.97 (Petroleum ether, chloroethane, toluene)
8.57 (Toulene)
CNT@CS/TA-FeOOH Oil =10 g, water =1L, 4300-5700 Oil/water > 99% Sunlight > 97% [217]
Tween 80 = 0.1 g, Pressure irradiation

= 0.5 bar
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make PMR systems appealing and prepared for commercialization (with
TRL = 9). The need to create cutting-edge, environmentally friendly,
and socially responsible technology should serve as the driving force
behind these efforts. Considerable research and development (R&D) is
needed to move the PMR process toward commercialization, with a
focus on testing and demonstration in real environment and pilot plants
to improve important design and performance parameters such as hy-
draulic residence time, concentration, type of photocatalyst, and
apparent quantum efficiency,

It is important that in PMRs scale-up, technical challenges be given
priority in R&D. It will be feasible to accurately identify environmental
indicators (such as environmental footprint/CO,, total processed water
unit cost) and process economic following PMR pilot-scale testing/
demonstration. In general, no substantial scale-up challenges are
anticipated due to the modular nature of PMR components, and the
stages toward PMR full-scale development seem simple. However, since
such a novel hybrid process would compete in the market for a place that
is characterized by well-entrenched conventional processes and
conservatism, operating with reasonable reliability for an extended
period of time, the pilot PMR data must be reasonably accurate and the
various performance indicators must be attractive.

However, a few distinct merits of the PMR technology over con-
ventional methods, particularly in regard to the overall environmental
performance highlighted in recent years including lack of addition of
oxidants and minimization or elimination of side reactions or streams,),
may prove to be a deciding factor in favor of large-scale PMR applica-
tions [218].

7.1. Economic issues

7.1.1. Equipment-capital expenses

For PMR process researchers and developers, a fairly thorough and
trustworthy economic analysis of an industrial-size PMR system that
links construction, operation, and process equipment design to respec-
tive cost parameters (primarily treated water per unit cost) is essential
because it makes it easier to evaluate and prioritize those aspects and
problems of the technology which need to be addressed to achieve the
desired advancement. For a novel PMR process, the same technique that
applies to typical process engineering projects can also be applied. The
fundamental work is designing equipment, specifying it, and estimating
costs; as a result, the kind of equipment utilized and its accessibility on
the market plays a key role in the development of new processes.
Additionally, in comparison to the conventional membrane separation
process, more related uncertainties and significant design issues exist in
PMRs which have a negative impact on cost estimation [219].

Overall, it is anticipated that data obtained from a novel PMR pilot
plant operated under practical conditions would help to considerably
reduce those uncertainties that may exist and will enable fair and reli-
able estimations of operating and capital expenses. The modular design
of both membrane and UV/Visible light equipment will also make it
easier to scale up from pilot to full scale, making it easier to estimate
capital costs.

7.1.2. Operating expenses

The specific cost items, such as the cost of energy, membrane,
chemicals, capital, UV/Visible lamp replacement, and personnel
(including maintenance and supervision) are pretty well defined when it
comes to operating expenses, which are converted into total treated
water unit cost (€ m™). Pearce, [220] reported that considering expe-
rience with comparable water treatment processes, it is anticipated that
the main cost components for any module of PMRs will be capital ex-
penditures and membrane stability (membrane replacement and per-
formance restoration) with the biggest source of uncertainty relating to
energy use [219,220]. Generally, the challenges surrounding the most
effective system geometric configuration in conjunction with the effec-
tive use of UV/Visible light, are prevalent in all types of PMR and
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demand top priority in the task relating to its technological
development.

7.2. Technical issues

7.2.1. Photocatalytic system morphology and design

The configuration and morphology of the system have a significant
impact on whether the primary goal of PMR technological development
and process design, i.e., minimizing specific energy consumption (SEC),
treatment cost measured in terms of a unit volume of purified water, and
overall environmental impact, is achieved. Indeed, the latter has a direct
impact on operating costs, capital costs, and energy efficiency (in the use
of solar and artificial light). Choosing the best photocatalytic system’s
morphology is therefore a fundamental task in the technological
development and scale-up of the PMR and this is given top priority in the
order of steps for process design [218].

The two basic types of PMR design or configuration based on pho-
tocatalyst usage are PMRs that utilize photocatalysts immobilized on a
substrate material such as stainless steel, polymers, and ceramic, and
PMRs that employ powdered photocatalysts dispersed in water or liquid.
The most prevalent systems discussed in the literature are those PMR
with dispersed photocatalysts because they have more active surface
area accessible than immobilized systems, which may make them more
effective. Their configuration, therefore, affects the effectiveness of the
system which in turn affects the possibility of scale-up [21,218].

7.2.2. Mode of operation of the PMR

The preferred mode of operating PMR system for industrial purposes
is continuous, with the primary operating conditions including energy
requirements pollutants removal rate, and treated water volumetric
throughput, which is essentially constant. However, there can be situ-
ations of interest such as for small treatment operations where batch or
semi-batch operations are used. The primary problems when trying to
maintain continuous PMR operations are connected to membrane
degradation caused by material aging such as pinhole development and
as well fouling results in decreased separation effectiveness and
increased operating pressure respectively. As a result, measures to
control or mitigate these operating problems with proper performance
assessment techniques are required [221,222].

Another issue is the cleaning of the UV light sources employed for the
PMR which are commercially accessible as mercury lamps housed inside
cylindrical glass sleeves for water applications. Standard ways are
available to clean up those sleeves from potential deposits automatically
[223]. Such a periodically used cleaning technique was found to be
efficient in removing deposited photocatalyst particles from UV lamp
sleeves, preserving constant UV light emission, in a recent PMR pilot
[224]. The heat release and corresponding rise in treated water’s tem-
perature caused by UV power utilization in a PMR system are problems
that could have an adverse overall impact, especially in applications
needing long hydraulic residence times (HRT).

Another crucial aspect of the operation of the PMR system is air
bubbling or aeration. Two primary purposes of air bubbling are to
maintain the concentration of dissolved oxygen in the treated water and
to produce agitation of fluid close to the surfaces of the membrane,
particularly in the case of the submerged membranes, which causes fluid
shear stresses that typically reduce fouling [221,222]. However, prac-
tical experience with submerged UF membranes in a bit to optimize
aeration rate, shows that increased nonoptimized aeration can greatly
increase water treatment unit cost. Some research has substituted
sparging oxygen for air bubbling; nevertheless, it is unlikely that doing
so will improve photocatalytic processes [225].

These important issues have not received sufficient attention thus far
and ought to be a research and development item for inclusion in
practical pilot projects. A critical investigation based on the variation of
the main values of operating parameters, largely through permeate
quantitative and qualitative studies, can be made in the operation of
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plants indirectly by assessing the photocatalyst performance or effi-
ciency to identify stability and efficiency in contaminant degradation.

7.3. Sustainability issues

Recent years have seen the acceptance of the "triple bottom line"
(TBL) technique for sustainability, i.e., considering social, environ-
mental, and economic criteria, to determine the best water and waste-
water treatment technology for a given application. This is crucial when
making investments in large-scale operations since the used technolo-
gies should satisfy specific and connected sustainability "pillars" within
the allotted amounts of time and space. Literature has described PMR as
a sustainable and green technology that can compete with other tradi-
tional and cutting-edge water treatment methods.

This evaluation is mostly based on the environmental performance of
the technology exclusively in laboratory-scale studies, without taking
other pertinent effects, like social and economic into account. However,
assessment of the PMR social impact and economic performance is an
essential component of the sustainability assessment for future studies
considering promising PMR technology, providing scientific backing in
the choice of the best among competing sustainable technologies [219].

A project for water treatment should be evaluated for sustainability
from a sufficiently broad regional and temporal viewpoint. Regarding
the latter, all project-related actions and factors should be taken into
account, including planning, designing, building, commissioning plants,
operating them, and even decommissioning. Spatially, a study should
take into account potential consequences that may be felt outside the
immediate region of the plant, as is the case with "greenhouse gases"
released in connection with the disposal of plant effluents and energy
consumption. Various techniques now employed to evaluate the effects
of water/wastewater treatment facilities, include the driver- pressure-
state-impact-response (DPSIR) method, best available technology
(BAT), life cycle assessment (LCA), and the environmental impact
assessment (EIA)[226].

Therefore, in a complex, dynamic, and uncertain environment where
water and wastewater treatment operations would be done, PMR tech-
nology can be seen as a viable and logical choice, maintaining a mini-
mum variation in its sustainability performance.

8. Future direction of research of PMR

The degree of mineralization of contaminants and the kind and
toxicity of side products due to incomplete degradation are key issues to
be confronted in every PMR system implementation. Relevant R&D
projects should be given top priority, both at the basic level and in pilot
plants. To enable evaluation of the performance of both entire innova-
tive PMR systems and photocatalysts individually, appropriate ISO
standards development should be pursued. Scaling up of equipment and
the assessment of environmental, economic, and technical PMR per-
formance metrics are anticipated to be simple once the aforementioned
scientific and technological challenges have been effectively addressed
and the associated uncertainties have been eliminated.

Research on photocatalysis applications for oily wastewater has
intensified. Effective catalysts with longer stability and durability are
essential to boost their performance. For application in larger-scale
systems, extensive research is necessary. To maximize their removal
efficiencies, in-depth studies on the interaction between the nature of
water molecules, oil droplets on the membrane surface, and surface
change during photocatalysis are required. For the enhanced perfor-
mance of the photocatalytic membranes for oily wastewater treatment,
future PMR studies need to consider: (i) developing antifouling and self-
cleaning photocatalytic membranes with stable properties for long-term
operations, (ii) the ability to absorb a wide spectrum of visible light; (iii)
applications at a larger scale, (iv) real samples of oilfield-produced and
other wastewater, (v) simple methods for synthesizing photocatalyst
with a long lifetime, (vi) the identification of intermediate compounds
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during treatment, and (vii) the effects of vapor phase on PMR photo-
catalytic performance at high temperature.

9. Conclusion

It is difficult to treat oily wastewater because of its complex con-
stituents and the presence of oil droplets, oil-water emulsion, and other
components. Conventional membrane technology suffers from draw-
backs such as its inability to treat tiny oil droplets, which accumulate on
the surface of the membrane. This decreases its flux and reduces its ef-
ficiency while increasing treatment cost. Minimizing the contact be-
tween membrane surface and oily foulants by enhancing the
membrane’s hydrophilicity is critical to overcoming the flux reduction
problems. Therefore, a hybrid process that involves photocatalysis and
conventional membrane filtration is a promising option. PMR technol-
ogy offers effective mineralization of tiny oil droplets and emulsion in
water, heavy metal detoxication, and mineral recovery in oily
wastewater.

It was conclusively evident from a literature survey of 226 published
articles (1976-2022) that individual treatment either photocatalysis or
membrane technology alone could not maximize its treatment perfor-
mance for oil-water separation. Synergizing the two separate systems
could overcome the drawbacks of the individual treatment. The PMRs
attained over 96% removal of the pollutants in oily wastewater which
was shown that in most cases meet the regulatory standard of a
maximum of 40 ppm of allowable oil discharge into the environment or
water body. Both the UV and visible light aided the degradation of oil in
the wastewater. When the membrane has a high surface area, it provides
additional sites for the photocatalyst to occupy, contributing to an
efficient degradation. Concludingly, PMRs can exhibit a high flux of
recovery ratio after several filtration cycles under UV/Vis irradiation
resulting in low filtration cost, lower energy requirements, and required
level of oil in water before discharge or reuse. Therefore, with proper
design and fabrication methods, the PMR can exhibit self-cleaning and
be re-used for several cycles of filtration with high efficiency.
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