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Abstract: The lack of access to clean water remains a severe issue all over the world. Coupling
photocatalysis with the membrane separation process, which is known as a photocatalytic membrane
reactor (PMR), is promising for water treatment. PMR has developed rapidly during the last few years,
and this paper presents an overview of the progress in the configuration and operational parameters
of PMRs. Two main configurations of PMRs (PMRs with immobilized photocatalyst; PMRs with
suspended photocatalyst) are comprehensively described and characterized. Various influencing
factors on the performance of PMRs, including photocatalyst, light source, water quality, aeration and
membrane, are detailed. Moreover, a discussion on the current problems and development prospects
of PMRs for practical application are presented.
Keywords: heterogeneous photocatalysis; membrane process; photocatalytic membrane reactor
(PMR); configuration; influencing factor

1. Introduction
With the fast expansion of industrialization and population growth, in addition to increasing
water pollution, shortage of clean water sources has turned into a severe problem all over the world.
Over 15% of the world’s population lack access to reliable water sources, which are essential for public
health [1]. Waterborne diseases are common and often highly epidemic in both industrialized and
developing countries [2]. Therefore, it is extremely desirable to develop stable, high-efficiency and
low-cost water treatment technologies.
Heterogeneous photocatalysis is one of the most promising water treatment technologies, and it
has been proved to exhibit high efficiency in the degradation of organic contaminants and disinfection
of pathogenic microorganisms [3,4]. In a photocatalytic system, electrons transfer to the conduction
band and form electron-hole pairs after the semiconductor photocatalysts are excited by high-energy
photons, and the electrons and holes further react with the oxygen and hydroxyl groups in water,
generating various reactive oxygen species (ROSs) including •OH, •O2 − , H2 O2 , 1 O2 . These generated
ROSs have strong oxidizing properties, and can degrade different types of refractory organic pollutants
as well as inactivate various pathogenic microorganisms [3–6]. Among all the photocatalysts, TiO2 is
studied most widely because of its low toxicity, low cost, high activity and high chemical stability [7].
However, TiO2 only works under UV irradiation that accounts for about 4% of the solar spectrum
that reaches earth’s ground level [8]. To deal with this defect, many researchers modify TiO2 through
non-metal/metal doping, coupling semiconductors or dye sensitization to improve its utilization of
solar energy [9–12]. Besides, some novel non-TiO2 -based photocatalysts possessing narrow band-gaps
such as Ag-AgI and C3 N4 can also achieve the response of visible light [13–16]. This significantly
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reduces the energy consumption of photocatalysis and makes it more possible for industrialization
at large scale. In addition, heterogeneous photocatalysis also has other advantages compared with
traditional water treatment technologies, such as (1) a broad spectrum of effectiveness against various
contaminants; (2) ambient operating pressure and temperature; (3) complete degradation of the
parent pollutants and their intermediate products [3]. In spite of the above advantages, the practical
application of photocatalysis for water treatment is still facing technical challenges. Photocatalysts
are mostly used as suspended powders in the photocatalytic reactors, since the utilization of slurries
usually presents higher efficiency with respect to the use of immobilized films. However, it is difficult
to separate the photocatalysts in slurries from the treated water for reuse. This has been identified as
the major obstacle among the current engineering limitations of photocatalytic processes [3,17]. Thus,
a separation/recovery step is required to realize the reuse of photocatalysts.
Membrane technology was first applied to water treatment processes in 1960s. Since then, it has
been widely employed for the physical separation process of pollutants in water treatment plants [18].
The most frequently used membrane technologies in the water treatment field are microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO), in descending order of membrane
pore sizes [19]. It has been widely proved in practice that the membrane separation process can
remove the majority of the suspended solids, colloids and microorganisms effectively. In addition, it
requires smaller floor space and sustains a more stable effluent quality than traditional water treatment
technologies, attracting an increasing number of industrial applications. To date, it is estimated that
approximately 60 million m3 of water is purified by membrane process every day [20]. Generally,
membrane technology is an effective and mature method for a wide range of separation applications.
Thus, it is reasonable to consider coupling the membrane process with heterogeneous photocatalysis
in order to realize the reuse of photocatalysts in the photocatalytic system, which are known as
photocatalytic membrane reactors (PMRs).
PMRs have several distinct features in comparison with conventional photocatalytic reactors, such
as: (1) keeping the photocatalyst confined in the reaction environment through membrane technology;
(2) realizing a continuous process with simultaneous separation of photocatalysts and products from
the reaction environment; (3) separating the photocatalysts from the treated water [21,22]. The first
two advantages are conducive to improving process controllability, stability and efficiency. The third
advantage is beneficial to re-collecting the photocatalysts for reusing in further runs. Moreover, it is
also beneficial to save energy as well as cut down the size of installation, because additional operations
like coagulation—flocculation—sedimentation are indispensable for traditional photocatalytic reactors
in which photocatalysts have to be removed from the treated solution to ensure the effluent quality [23].
The growing interest in PMRs for water treatment can be manifested by the recent number of
publications in Web of ScienceTM . Figure 1 presents the number of publications on the topic of
“PMRs” and “PMRs for water treatment” from 1996 to 2016. Early in the 1990s, some researchers
started to employ ceramic and cellulose membranes to immobilize TiO2 , which was the embryonic form
of PMRs [24–26]. Since then, the number of publications on the topic of “PMRs” increased significantly,
indicating the good development of PMR research progress. During 2016, 132 publications were
published on the topic of “PMRs”, which was far more than in the early decades. It is obvious that
most of the PMRs are designed for water treatment, since the publications on the topic of “PMRs for
water treatment” accounts for over 70% of the publications on the topic of “PMRs”, and the rest of
the publications mainly aim at hydrogen production [27]. On the basis of the deployed state of the
photocatalysts, PMR configurations for water treatment could mainly be divided into two categories:
(1) PMRs with photocatalyst suspended in feed solution; (2) PMRs with photocatalyst immobilized
in/on the membrane. Owing to larger active surface area of the photocatalyst in suspended system
compared to that of immobilized system, the PMRs with suspended photocatalyst have been proved
to achieve higher efficiency, attracting more attention of researchers [28–30]. In addition to reactor
configurations, various influencing factors, such as photocatalyst, light source and membrane, also
affect the water treatment performance of PMRs. These influencing factors will bring about changes in
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Taking into consideration that PMRs have developed rapidly in the last few years, many novel
Taking into consideration that PMRs have developed rapidly in the last few years, many novel
configurations and new applications have been described in the literature. After Mozia’s [23]
configurations and new applications have been described in the literature. After Mozia’s [23] overview
overview of the configurations and applications of PMRs for water treatment in 2010, some new
of the configurations and applications of PMRs for water treatment in 2010, some new reviews
reviews on related topics have been presented with different emphases. Mozia et al. [31] focused on
on related topics have been presented with different emphases. Mozia et al. [31] focused on the
the fundamentals, membrane materials and operational issues of PMRs. They systematically
fundamentals, membrane materials and operational issues of PMRs. They systematically introduced
introduced the photocatalytic properties of photocatalysts and the types of membranes applied in
the photocatalytic properties of photocatalysts and the types of membranes applied in PMR systems.
PMR systems. Some aspects of membrane operations, such as fouling and separation of
Some aspects of membrane operations, such as fouling and separation of photocatalysts were also
photocatalysts were also discussed. Zhang et al. [32] focused on the membrane fouling in PMRs for
discussed. Zhang et al. [32] focused on the membrane fouling in PMRs for water treatment and
water treatment and discussed the relationship between photocatalysis and membrane fouling in
discussed the relationship between photocatalysis and membrane fouling in detail. Molinari et al. [33]
detail. Molinari et al. [33] paid attention to the application of PMRs in degradation of organic
paid attention to the application of PMRs in degradation of organic pollutants and in synthesis of
pollutants and in synthesis of organic compounds. These reviews concentrated on different aspects
organic compounds. These reviews concentrated on different aspects of PMR systems, however, the
of PMR systems, however, the PMR configuration, which is also an important aspect, was rarely
PMR configuration, which is also an important aspect, was rarely discussed at considerable length.
discussed at considerable length. Molinari et al. [34] gave a systematic introduction of PMR
Molinari et al. [34] gave a systematic introduction of PMR configurations for water treatment and
configurations for water treatment and chemical production in 2013. They presented different types
chemical production in 2013. They presented different types of PMR configurations and discussed
of PMR configurations and discussed their advantages and disadvantages in detail. However, they
their advantages and disadvantages in detail. However, they only introduced the most typical reactor
only introduced the most typical reactor designs for each type of PMR, and some novel designs
designs for each type of PMR, and some novel designs developed in recent years were hardly presented.
developed in recent years were hardly presented. Therefore, it is of significance to review the
Therefore, it is of significance to review the research progress of PMR configuration involving both
research progress of PMR configuration involving both typical and new designs. In addition to
typical and new designs. In addition to configurations, the influencing factors that affect the PMR
configurations, the influencing factors that affect the PMR performance are also vital to the practical
performance are also vital to the practical application of PMRs. However, this aspect was rarely
application of PMRs. However, this aspect was rarely reviewed in a systematic way. In the
reviewed in a systematic way. In the published reviews containing this content, the authors mostly
published reviews containing this content, the authors mostly focused on the influencing factors of
focused on the influencing factors of the photocatalytic process instead of the PMR performance [23,32].
the photocatalytic process instead of the PMR performance [23,32]. In fact, some influencing factors
In fact, some influencing factors of the photocatalysis would also affect the membrane process, and
of the photocatalysis would also affect the membrane process, and some additional factors should
some additional factors should be taken into consideration when the membrane module is coupled
be taken into consideration when the membrane module is coupled with the photocatalytic reactor.
with the photocatalytic reactor. Therefore, it is meaningful to systematically review the influencing
Therefore, it is meaningful to systematically review the influencing factors of PMR performance.
factors of PMR performance.
In this paper, typical and new types of configurations are both presented in detail, giving a
In this paper, typical and new types of configurations are both presented in detail, giving a
comprehensive introduction of the research progress in terms of PMR configurations. In addition,
comprehensive introduction of the research progress in terms of PMR configurations. In addition, the
the influencing factors of PMR performance are also discussed in depth, which is not or rarely
influencing factors of PMR performance are also discussed in depth, which is not or rarely conducted
conducted in other reviews. Generally, this paper presents an overview of the progresses in the
in other reviews. Generally, this paper presents an overview of the progresses in the configurations and
configurations and influencing factors of PMRs. Two main configurations of PMRs (PMRs with
immobilized photocatalyst; PMRs with suspended photocatalyst) are introduced comprehensively.
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influencing factors of PMRs. Two main configurations of PMRs (PMRs with immobilized photocatalyst;
PMRs with suspended photocatalyst) are introduced comprehensively. Various influencing factors on
the performance of PMR including photocatalyst, light source, water quality, aeration and membrane
are also detailed.
2. Configurations of PMRs
As mentioned above, the configurations of PMRs can be divided into PMRs with immobilized
photocatalyst and PMRs with suspended photocatalyst. For the former type of PMRs, they can
be further classified into three groups on the base of the combination form between membrane and
photocatalyst: (1) photocatalyst coated on the membrane; (2) photocatalyst blended with the membrane;
and (3) free-standing photocatalytic membrane. In PMRs with photocatalyst coated/blended with
the membrane, the photocatalysts are usually fabricated and then coated/blended with a commercial
membrane via an immobilization step, while in PMRs with free-standing photocatalytic membrane,
the membrane itself is manufactured with a pure photocatalyst. For the latter type of PMRs, Mozia [23]
divided them into three types according to the position of the light source: (a) above the feed
tank; (b) above the membrane unit; and (c) above an additional vessel, which is placed between
the membrane unit and the feed tank. However, this classification could not directly reflect the
photocatalysis-membrane process, which is the core of PMRs configurations. Here, in this paper, PMRs
with suspended photocatalyst were classified into two major types: (1) integrative type; and (2) split
type, based on the combination form between heterogeneous photocatalysis module and membrane
module. In integrative-type PMRs, the photocatalytic reaction and membrane separation processes
are merged in one apparatus. While in split-type PMRs, the two processes take place in separate
apparatuses. All the configurations mentioned above will be described in detailed in the following
parts. In addition, some novel PMR configurations developed in recent year will also be introduced.
2.1. PMRs with Immobilized Photocatalyst
In some cases of PMRs with immobilized photocatalyst, the photocatalyst is immobilized on an
inert support such as glass substrates, in which the membrane module is appended for the separation
of the photocatalytic oxidation products. While in most cases, the photocatalyst is fixed on/in a
certain support membrane, which is conducive to the separation of photocatalyst from the effluent,
avoiding secondary pollution and photocatalyst losses. The support membrane can act as not only
the support for photocatalyst but also the selective barrier for the contaminants to be removed.
For PMRs with photocatalyst coated on the membrane, the photocatalyst is coated tightly on the
surface of the support membrane. Polymeric and ceramic membranes are commonly applied as
the supports. Meanwhile, various organic and inorganic materials have also been used in some
researches. Iglesias et al. [17] summarized different ways of manufacturing membranes with a catalyst
layer on the surface, including dip-coating, electrospraying TiO2 particles, magnetron sputtering or
deposition of gas phase photocatalyst nanoparticles. Table 1 presents several examples of membranes
coated with photocatalyst by different methods. For PMRs with photocatalyst blended with the
membrane, the photocatalyst is blended into the membrane matrix, reducing the possibility of
photocatalyst leaching compared to photocatalytic-coated membranes [35]. Most researchers selected
polyvinylidene fluoride (PVDF) polymeric membranes for the photocatalyst entrapment [36–43], while
polyethersulfone (PES) [44–46], polyacrylonitrile (PAN) [47], cellulose acetate (CA) [48,49], polystyrene
(PS) [50] and polysulfone (PSF) [51,52] were also used. For PMRs with free-standing photocatalytic
membrane, its production is often performed via the electrochemical anodization of a titanium metallic
substrate, followed by the separation of the TiO2 nanotube film and different annealing treatments [17].
Compared to membrane with coated or blended photocatalyst, the immobilization step is unnecessary
for freestanding photocatalytic membrane, thus reducing the possibility of photocatalyst leaching. All
the three types of photocatalytic membranes with immobilized photocatalyst have been applied in
PMR systems.
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Table 1. Examples of membranes coated with photocatalyst by different methods.
Coating Method

Photocatalyst

Membrane

Characteristics

Ref.

Dip-coating

TiO2 nanoparticles

α-Al2 O3

TiO2 -Al2 O3 membrane was synthesized by
dipping the α-Al2 O3 disk into TiO2 sol.

[53]

Electrospraying TiO2
particles

TiO2 nanoparticles

Polyamide-6
nanofiber membrane

A colloid of TiO2 nanoparticles was added
into the polyamide-6 solution before the
electrospinning process.

[54]

Polyethersulfone
membrane

A titanium film was magnetron sputtered
onto polyethersulfone membrane, and then
anodized into TiO2 nanotubes. Subsequent
crystallization of TiO2 to anatase structures
was conducted at low temperatures.
Enhanced photocatalytic performance was
achieved by combining nanotubes with
porous membrane.

[55]

Glass fiber filters

TiO2 and Pt/TiO2 nanoparticles were
prepared through flame spray pyrolysis,
followed by expansion in a supersonic
beam for the deposition on the
glassfiber filters.

[56]

Magnetron sputtering

TiO2 nanotubes

Deposition of gas phase
photocatalyst
nanoparticles

TiO2 and Pt/TiO2 nano
thin films

In PMRs with immobilized photocatalysts, the membrane separation process and heterogeneous
photocatalysis take place in the same vessel. Thereby most of the immobilized PMR systems consist
of a feed tank and only one reaction tank. The light sources are usually placed above the membrane
module for UV/visible light irradiation. The PMR system could be operated in either dead-end mode
or cross flow mode. Some typical configurations with different features are described as follows.
Figure 2 presents a TiO2 -halloysite nanotubes/PVDF-based photocatalytic membrane reactor
for hydrocarbon degradation and separation of bilge water. The batch installation was operated in
dead end mode. The membrane was immersed in the PMR under water level. The water sample
was transferred to the PMR from the feed tank for further operation. In the first 6 h, the peristaltic
pump was switched off, and the water sample in the PMR was treated by the photocatalytic membrane
under UVC light irradiation. Then, the peristaltic pump was switched on for 2 h and the permeate
flow was collected in the permeation tank. The results showed that 99.9% of hydrocarbons were
removed by the PMR system after the 8 h process, and only 1.0 ppb TiO2 leaching was detected in
the permeate tank, indicating that TiO2 was immobilized tightly with the membrane. In this type of
batch system, the water sample was kept in the reactor without recycling, thus the molecules to be
degraded could not contact with the photocatalyst and light source adequately, resulting in relatively
lower photocatalytic efficiency.
Figure 3 shows a laboratory-scale PMR system with two flow configurations that could be operated
in recirculating batch operation mode for the degradation of carbamazepine (CBZ). N-doped TiO2
photocatalytic film was coated on the surface of commercial α-Al2 O3 membranes. A solar-simulator
was placed on top as the light source. A quartz glass was positioned above the photocatalytic
membrane to keep a stable water level as well as to seal the reaction chamber. Before the light was
turned on, the prepared feed solution was recirculated through the system for 30 min, ensuring that
the CBZ achieved an adsorption/desorption equilibrium on the photocatalytic membrane. When the
system was operated in FC 1 mode, the feed solution was pumped from the uncoated side to the coated
side of the photocatalytic membrane. In addition, in FC 2 mode, the feed solution flowed on the surface
of the coated side of the membrane without filtration. The valve was closed to keep the operation
in a dead-end mode. The permeate flow was recycled back to the feed tank during the operation.
The results showed that the membrane permeability after coating procedures was found to decrease
by 50% and 12% for 200 nm and 800 nm Al2 O3 membranes, respectively. A significantly higher CBZ
reaction rate was achieved in FC 1 than FC 2 configuration, which might be due to the increased
contact between the reactants and the catalytically active sites. In this system, the modification of TiO2
with nitrogen realized the visible light response, making it possible to utilize solar energy as the light
source, thereby increased the feasibility of PMR for large-scale applications in the future.
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Figure 2. Schematic diagram of a dead‐end PMR for bilge water degradation and separation.

Figure 2. Schematic diagram of a dead-end PMR for bilge water degradation and separation. Adapted
Adapted with permission from [36], Copyright Royal Society of Chemistry, 2015.
with permission from [36], Copyright Royal Society of Chemistry, 2015.
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Figure 3 shows a laboratory‐scale PMR system with two flow configurations that could be
operated in recirculating batch operation mode for the degradation of carbamazepine (CBZ). N‐doped
TiO2 photocatalytic film was coated on the surface of commercial α‐Al2O3 membranes. A solar‐simulator
was placed on top as the light source. A quartz glass was positioned above the photocatalytic
membrane to keep a stable water level as well as to seal the reaction chamber. Before the light was
turned on, the prepared feed solution was recirculated through the system for 30 min, ensuring that
the CBZ achieved an adsorption/desorption equilibrium on the photocatalytic membrane. When the
system was operated in FC 1 mode, the feed solution was pumped from the uncoated side to the
coated side of the photocatalytic membrane. In addition, in FC 2 mode, the feed solution flowed on
the surface of the coated side of the membrane without filtration. The valve was closed to keep the
operation in a dead‐end mode. The permeate flow was recycled back to the feed tank during the
operation. The results showed that the membrane permeability after coating procedures was found
to decrease by 50% and 12% for 200 nm and 800 nm Al2O3 membranes, respectively. A significantly
higher CBZ reaction rate was achieved in FC 1 than FC 2 configuration, which might be due to the
increased contact between the reactants and the catalytically active sites. In this system, the
modification of TiO2 with nitrogen realized the visible light response, making it possible to utilize
solar energy as the light source, thereby increased the feasibility of PMR for large‐scale applications
in the future.
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Figure 4 present a lab scale PMR in cross flow mode with LiCl‐TiO2‐PVDF membrane for the
Figure 4 present a lab scale PMR in cross flow mode with LiCl-TiO2 -PVDF membrane for the
removal of natural organic matters (NOM). A cooling system was connected to the feed tank to
removal
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that the LiCl‐TiO2‐PVDF membrane was able to achieve high NOM removal efficiency as well as
decreased membrane fouling in cross flow mode.
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Figure 4. Schematic diagram of a lab scale PMR operated in cross flow mode with both the permeate
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Figure 5. Schematic diagram of a lab scale PMR operated in cross flow mode with only the retentate
returned back into the feed tank. Adapted with permission from [60], Copyright Elsevier, 2010.
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Elsevier,
2010.
Figure
6a
[61].
In
this
system,
the
feed
stream
was
controlled
by
a
fluid
delivery
system.
The
returned back into the feed tank. Adapted with permission from [60], Copyright Elsevier, 2010.
photocatalytic cell unit consisted of an outer Plexiglas tube and an inner tube made of NF
In
most of the
describedactive
in the
literature,
the
membrane
just onetubes
photocatalytic
membrane
withPMRs
TiO2‐modified
layers
on both
sides.
The twobears
as mentioned
defined theactive

side. Romanos et al. designed a continuous cross‐flow PMR configuration with double‐side
TiO2‐modified NF membranes for methyl orange degradation. The schematic diagram is shown in
Figure 6a [61]. In this system, the feed stream was controlled by a fluid delivery system. The
photocatalytic cell unit consisted of an outer Plexiglas tube and an inner tube made of NF
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In most of the PMRs described in the literature, the membrane bears just one photocatalytic
active side. Romanos et al. designed a continuous cross-flow PMR configuration with double-side
TiO2 -modified NF membranes for methyl orange degradation. The schematic diagram is shown
in Figure 6a [61]. In this system, the feed stream was controlled by a fluid delivery system.
The
photocatalytic
cell unit consisted of an outer Plexiglas tube and an inner tube made of
Catalysts
2017, 7, 224
9 ofNF
30
membrane with TiO2 -modified active layers on both sides. The two as mentioned tubes defined the
reactor into an outer flow channel and an inner flow channel. Four 9 W UV lamps were used as the
membrane, while
while 15
15 UVA miniature LEDs were used as the
light source for external surface of the membrane,
The ends
ends of
of the
the inner
inner tube
tube (membrane)
(membrane) were
were open
open in
in air.
air.
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inner membrane
membrane surface.
surface. The
During the experiment,
experiment, the
the feed
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stream was transferred
transferred to
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channel and flowed in the
direction. The
The retentate
retentate was
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discharged from
from the
the water
water outlet
outlet on the top, and the permeate
upward direction.
permeate
was discharged from the
the outlet
outlet at
at the
the bottom.
bottom. Romanos’s
Romanos’s group
group further
further improved
improved the device in their
following studies
shown
in Figure
6b, an
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Plexiglas
tube was
added
studies[62–64].
[62–64].AsAs
shown
in Figure
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tube
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Thus, be
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feed solution
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transparency
polymer
fibers could
Thus,
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the
feed solution
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process,
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better photocatalytic
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system.
performance
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(a)

(b)

Figure 6. Schematic diagram of a (a) primary; (b) improved continuous flow PMR with double‐side
Figure 6. Schematic diagram of a (a) primary; (b) improved continuous flow PMR with double-side
active TiO2 modified membrane for water purification. Adapted with permission from [61,63],
active TiO2 modified membrane for water purification. Adapted with permission from [61,63],
Copyright Elsevier, 2012.
Copyright Elsevier, 2012.

2.2. PMRs with Suspended Photocatalyst
2.2. PMRs with Suspended Photocatalyst
In PMRs with suspended photocatalyst, the photocatalyst is dispersed in the feed solution
In PMRs with suspended photocatalyst, the photocatalyst is dispersed in the feed solution evenly,
evenly, and a membrane module is applied independently for the recovery of photocatalyst from
and a membrane module is applied independently for the recovery of photocatalyst from the reaction
the reaction solution. One distinct advantage of such a system is that the photocatalyst can contact
solution. One distinct advantage of such a system is that the photocatalyst can contact with the
with the pollutants sufficiently due to higher surface area, while the immobilized system is usually
pollutants sufficiently due to higher surface area, while the immobilized system is usually hindered by
hindered by the mass transfer limitation over the immobilized layer of photocatalysts [3]. In
addition, the increase of photocatalyst dosage in a wide range is feasible in suspended system,
while it is not available for immobilized system because of the limited surface area of the membrane.
Generally, PMR with suspended photocatalyst exhibits higher photocatalytic efficiency and is more
promising for large‐scale industrial applications. According to the combination form between
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the mass transfer limitation over the immobilized layer of photocatalysts [3]. In addition, the increase
of photocatalyst dosage in a wide range is feasible in suspended system, while it is not available
for immobilized system because of the limited surface area of the membrane. Generally, PMR with
suspended photocatalyst exhibits higher photocatalytic efficiency and is more promising for large-scale
industrial applications. According to the combination form between photocatalysis and membrane
process, the suspended PMRs configuration is classified into integrative type and split type. Both of
Catalysts
2017,
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them
are
described
in the following sections.

2.2.1. Split-Type
Split‐Type PMRs
PMRs with
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which
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for
with
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Figure 7.
7. Schematic diagram of a typical
typical split-type
split‐type PMR
PMR with
with suspended
suspended photocatalyst
photocatalyst utilizing
utilizing
Figure
nanofiltration. Adapted
Adapted with
with permission
permission from
from [65],
[65], Copyright
Copyright Elsevier,
Elsevier,2014.
2014.
nanofiltration.

In the
the lab-scale
lab‐scale split
split PMR
PMR presented
presented in
in Figure
Figure 8,
8, the
the UV
UV lamps
lamps were
were placed
placed both
both in
in the
the
In
photocatalytic
feed
tank
and
on
top
of
the
membrane
unit.
The
hybrid
set
up
is
composed
of
an
photocatalytic feed tank and on top of the membrane unit. The hybrid set up is composed of an
inline slurry photocatalytic reactor and a cross flow microfiltration membrane module. Flat sheet
microfiltration membrane was positioned between the transparent quartz cases. A UVA lamp was
positioned above the membrane while three same lamps were positioned in the feed tank. A
motorized stirrer was positioned in the feed tank to keep the photocatalyst distributed uniformly in
the solution. The system was operated in two modes: (1) the lamps in photocatalytic reactor were
turned on while that in membrane module was turned off; (2) the lamp above the membrane was
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inline slurry photocatalytic reactor and a cross flow microfiltration membrane module. Flat sheet
microfiltration membrane was positioned between the transparent quartz cases. A UVA lamp was
positioned above the membrane while three same lamps were positioned in the feed tank. A motorized
stirrer was positioned in the feed tank to keep the photocatalyst distributed uniformly in the solution.
The system was operated in two modes: (1) the lamps in photocatalytic reactor were turned on while
that in membrane module was turned off; (2) the lamp above the membrane was turned on while those
in photocatalytic reactor were turned off. For the former mode, the system was operated similarly
to the PMR described in Figure 7. For the latter mode, the feed solution was first pre-treated by the
photocatalyst
Catalysts 2017, 7, and
224 then the supernatant was collected for further photocatalysis—MF hybrid treatment
11 of 30
with UVA illumination on the surface of the membrane. This mode was designed for investigating
whether
thedesigned
photocatalytic
process onwhether
the membrane
could control
membrane
effectively.
mode was
for investigating
the photocatalytic
process
on thefouling
membrane
could
The
results
showed
that
the
irradiation
of
UVA
on
membrane
surface
in
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of
TiO
yielded
in an
control membrane fouling effectively. The results showed that the irradiation of UVA 2on membrane
increase
in
permeate
flux.
However,
it
was
also
proposed
that
the
membrane
structural
damage
due
to
surface in presence of TiO2 yielded in an increase in permeate flux. However, it was also proposed
UVA
irradiation
wasstructural
non-negligible.
that the
membrane
damage due to UVA irradiation was non‐negligible.

Figure 8.
8. Schematic
diagram of
split‐type PMR
PMR with
with suspended
suspended photocatalyst.
photocatalyst. The
The UV
UV lamps
lamps were
were
Figure
Schematic diagram
of aa split-type
placed
in
the
feed
tank
as
well
as
above
the
membrane
unit.
Adapted
with
permission
from
placed in the feed tank as well as above the membrane unit. Adapted with permission from [68],
[68],
Copyright Elsevier,
Elsevier, 2008.
2008.
Copyright

The majority of the PMRs developed by the researchers were in laboratory scale; only few
The majority of the PMRs developed by the researchers were in laboratory scale; only few
researchers designed PMRs in pilot scale. Karabelas’s group developed a laboratory pilot PMR
researchers designed PMRs in pilot scale. Karabelas’s group developed a laboratory pilot PMR system
system firstly [69], and then enlarged it into pilot scale in the following study [70]. The pilot‐scale
firstly [69], and then enlarged it into pilot scale in the following study [70]. The pilot-scale PMR mainly
PMR mainly consisted of a membrane vessel and a UV treatment system as presented in Figure 9.
consisted of a membrane vessel and a UV treatment system as presented in Figure 9. The working
The working volume of them was 10 L and 15 L respectively. The UF hollow fibers membrane with
volume of them was 10 L and 15 L2 respectively. The UF hollow fibers membrane with the total surface
the total surface area of 4.19 m was submerged in the membrane vessel. Four 39 W germicidal
area of 4.19 m2 was submerged in the membrane vessel. Four 39 W germicidal lamps were encased
lamps were encased within the quartz sleeves, and submerged in the UV chamber. A number of
within the quartz sleeves, and submerged in the UV chamber. A number of unit automations such as
unit automations such as level control unit, backwashing unit and in situ cleaning unit were also
level control unit, backwashing unit and in situ cleaning unit were also applied in
the PMR system.
applied in the PMR system. The total treatment capacity of the system was 1.2 m3/d. The pilot‐scale
The total treatment capacity of the system was 1.2 m3 /d. The pilot-scale PMR could be operated
PMR could be operated in an automatic mode, which meant that it was able to run stably for a long
in an automatic mode, which meant that it was able to run stably for a long time in an unattended
time in an unattended condition. In addition, the system could be monitored in a remote distance
condition. In addition, the system could be monitored in a remote distance thanks to the wireless
thanks to the wireless communication system. Furthermore, the energy consumption appeared to
communication system. Furthermore, the energy consumption appeared to be comparable with
be comparable with traditional water treatment technologies, indicating that the novel PMR system
traditional water treatment technologies, indicating that the novel PMR system was a promising water
was a promising water purification technology. Besides, Benotti et al. [71] developed a pilot PMR
purification technology. Besides, Benotti et al. [71] developed a pilot PMR system to remove thirty-two
system to remove thirty‐two pharmaceuticals, endocrine disrupting and estrogenic compounds
pharmaceuticals, endocrine disrupting and estrogenic compounds from water. Augugliaro et al. [72]
from water. Augugliaro et al. [72] designed a pilot‐scale PMR to degrade lincomycin in aqueous
designed a pilot-scale PMR to degrade lincomycin in aqueous medium under sunlight. Overall, the
medium under sunlight. Overall, the studies on pilot‐scale PMR system are relatively insufficient,
studies on pilot-scale PMR system are relatively insufficient, and more efforts need to be dedicated to
and more efforts need to be dedicated to this significant research field.
this significant research field.
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Figure 9. (a) Schematic diagram and (b) front and side views of the pilot scale continuous PMR system.
Figure 9. (a) Schematic diagram and (b) front and side views of the pilot scale continuous PMR system.
Adapted with permission from [70], Copyright Elsevier, 2016.
Adapted with permission from [70], Copyright Elsevier, 2016.

2.2.2. Integrative‐Type PMRs with Suspended Photocatalyst
2.2.2. Integrative-Type PMRs with Suspended Photocatalyst
In integrative‐type PMRs with suspended photocatalyst, hollow fiber membranes are mostly
In integrative-type PMRs with suspended photocatalyst, hollow fiber membranes are mostly used
used to construct the membrane module. The membrane is usually submerged in the photocatalytic
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Figure 10.
10. Schematic
typical lab‐scale
Figure
Schematic diagram
diagram of
of aa typical
lab-scale integrative
integrativePMR
PMR with
with UV
UV lamps
lamps inside
inside the
the reactor.
reactor.
Adapted
with
permission
from
[73],
Copyright
Elsevier,
2006.
Adapted with permission from [73], Copyright Elsevier, 2006.

Figure 11 presents a different configuration of integrative PMR. The system was used to
Figure 11 presents a different configuration of integrative PMR. The system was used to remove
remove pharmaceuticals and endocrine disrupting chemicals in water [77]. In this system, 7 UV
pharmaceuticals and endocrine disrupting chemicals in water [77]. In this system, 7 UV lamps were
lamps were positioned surround the reactor instead of submerged in the photocatalytic suspension.
positioned surround the reactor instead of submerged in the photocatalytic suspension. The reaction
The reaction tank was a cylindrical rig that possessed a total working volume of 4 L. Polyvinylidene
tank was a cylindrical rig that possessed a total working volume of2 4 L. Polyvinylidene fluoride
fluoride hollow fiber membranes were potted to provide 100 cm of membrane surface. The
hollow fiber membranes were potted to provide 100 cm2 of membrane surface. The membrane module
membrane module was positioned in the center of the reactor. A peristaltic pump was employed to
was positioned in the center of the reactor. A peristaltic pump was employed to extract permeate
extract permeate from the membrane. Transmembrane pressure was measured by a pressure
from the membrane. Transmembrane pressure was measured by a pressure transducer. Membrane
transducer. Membrane filtration was initiated immediately after TiO2 photocatalyst was added into
filtration was initiated immediately after TiO2 photocatalyst was added into the reactor under UV
the reactor under UV irradiation. During the experiment, the flux was maintained at a constant
irradiation. During the experiment, the flux was maintained at a constant value, and the permeate was
value, and the permeate was withdrawn continuously while equal quantity of feed water was
withdrawn continuously while equal quantity of feed water was supplied to the reactor. Aeration was
supplied to the reactor. Aeration was supplied at the bottom of the reactor for the same purposes as
supplied at the bottom of the reactor for the same purposes as those in the integrative PMR exhibited
those in the integrative PMR exhibited in Figure 10. The temperature was maintained around 25 °C
in Figure 10. The temperature was maintained around 25 ◦ C during the reactions. The results showed
during the reactions. The results showed that all the tested compounds except tris(2‐chloroethyl)
that all the tested compounds except tris(2-chloroethyl) phosphate were eliminated to various extends.
phosphate were eliminated to various extends. Direct filtration experiment revealed that hydrophobic
Direct filtration experiment revealed that hydrophobic compounds were rejected by the UF membrane
compounds were rejected by the UF membrane completely while hydrophilic molecules were
completely while hydrophilic molecules were retained partially. The membrane fouling was reduced
retained partially. The membrane fouling was reduced after the addition of TiO2 because more
after the addition of TiO2 because more compounds were adsorbed and degraded by photocatalysis
compounds were adsorbed and degraded by photocatalysis instead of adsorbed on the membrane.
instead of adsorbed on the membrane. Similar integrative PMR configurations with UV lamps outside
Similar integrative PMR configurations with UV lamps outside the reactor were also described in
the reactor were also described in other literatures [78,79].
other literatures [78,79].
Integrative PMRs have also been coupled with other treatment process to enhance the performance.
Deveci et al. [80] developed a novel water treatment technology that coupled fungal biodegradation in
FMBR (fungal membrane bioreactor) with UV-assisted photo degradation in PMR. The installation
was designed to treat textile wastewater from the reactive washing process. The results showed that
the decolorization rate and COD removal efficiency were 88% and 53% for photodegradation, 56%
and 60% for fungal biodegradation, respectively. Higher treatment efficiency was achieved (93% for
decolorization and 99% for COD removal) when the water treated by fungal biodegradation process
was further purified by photocatalytic degradation. Doruk et al. [81] coupled PMR with reverse
osmosis (RO) module to treat textile and wood processing industry wastewater. The COD removal
efficiency increased from 30–55% to 88% after the additional RO process.
To summarize, both configurations of PMRs with immobilized or suspended photocatalyst have
their distinguishing features and limitations. The main advantages and disadvantages of the two types
of PMRs are briefly summarized in Table 2.

Figure 11. Schematic diagram of a lab‐scale integrative PMR with UV lamps outside the reactor.
Adapted with permission from [77], Copyright Elsevier, 2014.

phosphate were eliminated to various extends. Direct filtration experiment revealed that hydrophobic
compounds were rejected by the UF membrane completely while hydrophilic molecules were
retained partially. The membrane fouling was reduced after the addition of TiO2 because more
compounds were adsorbed and degraded by photocatalysis instead of adsorbed on the membrane.
Similar
integrative
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Table 2.
Main advantages and disadvantages of PMRs with immobilized/suspended
photocatalyst [23,32].
PMR with Immobilized Photocatalyst
1.
2.
Advantages

3.

1.

2.
Disadvantages
3.

No need to separate and recycle
the photocatalyst;
Pollutants could be degraded either in
feed or in permeate;
Less membrane fouling due to enhanced
hydrophilicity and degradation of
organic pollutants that form the gel layer
or filtration cake.

Lower photocatalytic efficiency due to
lower effective surface area of
the photocatalyst;
UV light and generated hydroxyl
radicals may damage the
polymer membranes;
Impossible to adjust the photocatalyst
loading according to the composition
of wastewater.

PMR with Suspended Photocatalyst
1.

2.
3.

1.

2.

Higher photocatalytic efficiency due to
sufficient contact between photocatalyst
and contaminants;
Convenient to adjust the photocatalyst
concentration to a desired value;
Membrane damage caused by UV light
and generated hydroxyl radicals could
be avoided.

Higher operating cost and requires
additional process to
separate photocatalysts;
Membrane fouling caused by
photocatalyst and/or pollutants.

2.3. Novel PMR Configurations
Most PMR systems couple photocatalysis with pressure driven membrane techniques. However,
there are still a few intrinsic limits as listed in Table 2. Recently, some researchers started to apply new
membrane techniques, such as membrane distillation, dialysis and pervaporation, to the PMR system.
2.3.1. Coupling Photocatalysis with Membrane Distillation
In a membrane distillation (MD) process, the feed volatile components are evaporated into gas
phase and then pass through the porous hydrophobic membrane. Meanwhile, the non-volatile
components stay in the feed side of the membrane and their theoretical retention rate is 100%.
The temperature and the composition of the solution in the layers adjacent to the membrane determine
the vapor pressure difference between both sides of membrane, which acts as the driving force of
the mass transfer through the membrane [82,83]. There are several types of MD configurations
such as direct contact MD (DCMD), vacuum MD, sweep gas MD and air gap MD. Among all these

tap water. As presented in Figure 12, nine polypropylene (PP) membranes were used to assemble
the capillary module. The temperature of the feed and the distillate were controlled by a heater and
a cooler respectively. A photoreactor with a working volume of 3 dm3 was positioned before the
membrane module for photocatalytic reaction. When the system was operated in batch mode, the
photoreactor also acted as the feed tank. When the system was operated in continuous flow 14
mode,
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an additional feed tank was applied to supply fresh feed water to the photoreactor continuously. A
UVA lamp was positioned above the photoreactor as the light source. The fresh feed water was
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2.3.2. Coupling Photocatalysis with Dialysis
In comparison with photocatalysis coupled with pressure driven membrane processes, the
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2.3.2. Coupling Photocatalysis with Dialysis
Although coupling photocatalysis with DCMD reduces membrane fouling caused by
photocatalyst significantly, it needs high energy for the sake of heating and evaporating the feed
water. Dialysis is a process driven by the chemical potential difference between both sides of the
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membrane without transmembrane pressure. During the process, the contaminants diffuse from
higher chemical potential side to lower chemical potential side.
Azrague et al. [90] developed a photocatalysis-dialysis system to depollute turbid water. As
shown in Figure 13, at the beginning, the feed solution was added to the feed tank, and TiO2 suspension
was positioned
Catalysts
2017, 7, 224in the photoreactor. The feed solution and TiO2 suspension were recirculated on
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Coupling photocatalysis with dialysis has some advantages: (1) requires lower energy
Coupling photocatalysis with dialysis has some advantages: (1) requires lower energy
consumption; (2) maintains the photocatalyst in the photocatalytic compartment without a final
consumption; (2) maintains the photocatalyst in the photocatalytic compartment without a final
filtration stage; (3) keeps the solid substance from feed solution away from the photoreactor, thus
filtration stage; (3) keeps the solid substance from feed solution away from the photoreactor, thus
avoiding the light shielding effect. It is notable that the treated water needs further treatment to
avoiding the light shielding effect. It is notable that the treated water needs further treatment to
separate the photocatalyst.
separate the photocatalyst.
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with immobilized
photocatalyst, the enhanced hydrophilicity of modified membrane and the degradation of organic
pollutants that form the gel layer or filtration cake would effectively mitigate membrane fouling,
which is a major obstacle of suspended PMRs [32]. However, the immobilized PMRs require
custom membranes with suitable pore size, effective dispersion of catalyst particles and high
resistance to UV irradiation, posing a great challenge to the membrane manufacturing industry [33].
In addition, the active surface area of the photocatalyst is limited in immobilized PMRs, resulting in
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photocatalyst, the enhanced hydrophilicity of modified membrane and the degradation of organic
pollutants that form the gel layer or filtration cake would effectively mitigate membrane fouling,
which is a major obstacle of suspended PMRs [32]. However, the immobilized PMRs require custom
membranes with suitable pore size, effective dispersion of catalyst particles and high resistance to UV
irradiation, posing a great challenge to the membrane manufacturing industry [33]. In addition, the
active surface area of the photocatalyst is limited in immobilized PMRs, resulting in relative lower
photocatalytic efficiency than that in suspended PMRs.
PMRs with suspended photocatalyst are more promising for practical application in large scale,
because the commercial membrane module can be directly used without any modification procedures,
and the photocatalytic efficiency is higher than that in immobilized PMRs due to sufficient contact
between photocatalyst and contaminants [23]. Suspended PMRs can be further divided into split type
and integrative type. For split-type PMRs with suspended photocatalyst, the configuration is quite
clearly structured, which is convenient for installation and maintenance. The major obstacle is the
membrane fouling caused by photocatalyst particles. In addition, the photocatalyst is easy to deposit
in the corner of the pipeline, and the required device volume is relative larger than immobilized
PMRs, limiting their industrialization potentials. These problems could be solved by the application of
integrative-type PMRs, in which the membrane module is directly submerged in the photocatalytic
reaction tank, thus the photocatalyst deposition and occupation area are reduced. The membrane
fouling could be mitigated to a certain extent by aeration [32], which meanwhile increases the energy
consumption. Generally, integrative-type PMRs with suspended photocatalyst exhibit the most
potential for industrial applications.
Coupling photocatalysis with non-pressure driven membrane techniques such as membrane
distillation, dialysis and pervaporation are commendable attempts for developing novel PMR
configurations. However, more studies are still needed to solve several problems like high-energy
consumption, low permeate flux or photocatalyst separation from treated water.
3. Influencing Factors of PMR
There are many factors that affect the performance of PMR, which would influence the
photocatalysis process and/or the membrane process. The influencing factors of PMR are described
as follows.
3.1. Photocatalyst
Photocatalyst is the key factor of photocatalysis process, and the structures and properties of
photocatalyst play a critical role in photocatalytic performance. Furthermore, once the certain type
of photocatalyst is applied, the loading of the photocatalyst also has an effect on the efficiency of
the system.
3.1.1. Structures and Properties of Photocatalyst
The structures and properties of photocatalyst such as band gap energy, crystal composition,
porosity, surface area and particle size distribution, have significant effects on its photocatalytic
efficiency. Among these factors, band gap energy plays the most important role in selecting the
photocatalyst [93]. For photocatalyst with lower band gap, less photon energy is required to excite
the electrons from valence band to conduction band, thus achieving higher photocatalytic efficiency
under the same circumstance. In addition, the photocatalyst can achieve visible light response when its
band gap is sufficiently low. TiO2 -based photocatalyst is the most utilized photocatalyst in PMR due
to its distinguishing features such as high activity, high chemical stability, low cost and low toxicity.
Horovitz et al. [57] developed an immobilized PMR system with N-doped-TiO2 -Al2 O3 membrane
and investigated its photocatalytic performance in terms of carbamazepine degradation. The results
showed that doping nitrogen into TiO2 significantly improved the degradation efficiency under
full spectrum light. In addition, N-TiO2 coated membrane exhibited certain photocatalytic activity
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under visible light, while the undoped one showed negligible efficiency. Gao et al. [94] employed
TiO2 -graphene oxide (GO) modified UF membranes in an immobilized PMR for degrading methylene
blue. It was found that the TiO2 -GO coated membrane showed obvious faster degradation kinetics in
comparison with TiO2 coated membrane and GO coated membrane under both UV (60–80% faster)
and solar irradiation (300–400% faster).
Other photocatalysts such as ZnO [65], WO3 [95], CuO/ZnO [96] were also used in PMR system.
Hairom et al. [65] synthesized four types of ZnO via different procedures. The results showed that
precipitation with the addition of PVP under the stirring condition (ZnO-PVP-St) was a remarkable
procedure to synthetize the smallest particle size of ZnO. The ZnO-PVP-St exhibited the highest
photodegradation performance among four types of prepared ZnO under UV light as expected.
3.1.2. Photocatalyst Loading
In general, the increase of photocatalyst loading leads to a larger surface area of photocatalyst,
thus improving its adsorption capacity and degradation efficiency. However, excessive photocatalyst
usually has negative effects on the performance of PMR. For PMR with immobilized photocatalyst,
when the loading photocatalyst on the membrane surface reaches a certain amount, there was no
need to further increase it, because the upper photocatalytic layer would deactivate the photocatalyst
at the bottom layer through absorbing, scattering, reflecting and blocking the UV light. Excessive
amount of photocatalyst will not increase the photocatalytic efficiency but decrease the pore size
and porosity of the photocatalytic membrane [97]. For PMR with suspended photocatalyst, the
increase of photocatalyst concentration would lead to higher solution opacity, thus the penetration
ability of photons through the solution decreases consequently. Moreover, the total surface area
of photocatalyst may reduce due to agglomeration at high photocatalyst concentrations [23,32].
Therefore, decreased photocatalytic efficiency may be achieved when the photocatalyst is overloaded
in suspended PMR system. The optimum photocatalyst loading changes with PMR systems, because
different photocatalysts, light sources, contaminants and configurations are applied. Table 3 presents
some examples of the optimum photocatalyst loading in different PMR systems. It should be noted
that the thickness of the photoreactor is an important parameter that affects the optimum photocatalyst
loading. Because for the same fixed photocatalyst concentration, a thin reactor is more uniformly
illuminated than a thick reactor, which might present zones at dark. Therefore, the optical thickness,
which takes into account both the photocatalyst concentration and the geometrical thickness of the
photoreactor, is widely recognized as the fundamental parameter of a photoreactor.
Table 3. The optimum photocatalyst loading in different PMR systems.
Configuration

Photocatalyst
(Membrane)

Contaminant

Light Source

Tested Loading

Optimum
Loading

Ref.

Immobilized

TiO2 -porous
stainless steel
membrane

Methanol

UVA N/A

0–34.0 g/m2

8.5 g/m2

[98]

Immobilized

TiO2 -ceramic
membrane

Acid Red 4

UVA 4 mW/cm2

0.03, 0.13, 0.29
and 0.44 g

0.29 g

[99]

Immobilized

TiO2 -PVDF
membrane

Oily wastewater

UVA 0.333 mW/cm2

0–4 wt %

2 wt %

[39]

Suspended

TiO2 -P25

Diclofenac

UVA 14.4 mW/cm2

0.3, 0.5 and
0.75 g/L

0.5 g/L

[69]

Suspended

TiO2 -P25

Humic acids

UVC 0.154 mW/cm2

0.5, 1.0, 1.5 and
2.0 g/L

1.5 g/L

[100]

Suspended

TiO2

Acid Red 1

UVC 62.91 mW/cm2

0–2 g/L

0.5 g/L

[101]
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3.2. Light Source
3.2.1. Light Wavelength
According to the emitting wavelength, the electromagnetic spectrum of UV could be divided
into UV-A (315–400 nm) (3.10–3.94 eV), UV-B (280–315 nm) (3.94–4.43 eV) and UV-C (100–280 nm)
(4.43–12.4 eV) [3]. Kertèsz et al. [101] developed an integrative PMR system to study the
photodegradation efficiency of Acid Red 1 under both UV254 and UV366 irradiation with the same
intensity. Generally, the decolorization rates were nearly equal at both wavelengths, while slightly
faster initial degradation was observed at 254 nm. It is notable that UV only occupies about 4–5% of the
solar spectrum, and over 95% of the UV is in the UVA range. Thus, great attentions have been paid to
developing the visible-light-driven (VLD) photocatalyst. To date, some researchers have employed the
VLD photocatalyst in PMR system [57,94], increasing the potential for large-scale industrial application.
3.2.2. Light Intensity
It is generally known that the influence of light intensity on photocatalytic performance could be
divided into three stages [3,23,32]:
(1)

(2)

(3)

At low light intensity, reactions involving electron–hole formation are predominant while
electron—hole recombination can be ignored, thus the reaction rate increases linearly with
the increase of light intensity;
At middle light intensity, the electron—hole pair separation and recombination process compete
with each other, resulting in relative lower reaction rate, which ultimately lies on the square root
of the light intensity;
At high light intensity, the reaction rate is not affected by the light intensity.

Generally, the photocatalytic reaction rate increases with the increase of light intensity as long as
it is not too high. This can be confirmed by the studies conducted by Wang et al [78], who utilized
integrative PMR with suspended C-N-S tridoped TiO2 to degrade carbamazepine under vis-LED
irradiation. The results showed that the degradation efficiency of CBZ increased from 28% to 68% as
the vis-LED units increased from 60 to 240.
3.3. Water Quality
Water quality parameters including the initial pollutant concentration, feed pH, temperature and
inorganic ions could influence the performance of PMRs.
3.3.1. Initial Pollutant Concentration
The initial pollutant concentration plays a critical role in the performance of PMRs. On the one
hand, increasing initial pollutant concentration within a certain range improves the possibility of
reactions between polluted components and oxidative species, resulting in higher degradation rate.
On the other hand, further increasing initial pollutant concentration may lead to relatively lower
degradation rate. There are two main reasons: first, the increase of pollutant concentration affects the
solution opacity and the pollutants themselves will absorb the light instead of photocatalyst, reducing
the photocatalytic efficiency. In some cases, the pollutants do not absorb in the UVA range, thus this
mechanism is not valid in such conditions. Second, the pollutants are likely to occupy the active sites
of photocatalyst at higher concentration, thereby affecting the photocatalytic performance. In sum,
the degradation efficiency of the organic pollutants increases to certain value and then decreased
accordingly as increasing the initial pollutant concentration. The Langmuir-Hinshelwood type model
is widely utilized to indicate the kinetic equation between pollution concentration and its degradation
rate [32,93]:
dC
kr Kad C
r=−
=
(1)
dt
1 + Kad C
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where Kad is the constant of adsorption equilibrium and kr is a true rate constant. At low initial
pollutant concentration, Equation (1) can be simplified into Equation (2):


C
ln
C0



= −kr Kad t = −kapp t

(2)

where C is the pollutant concentration at time t, C0 is the initial pollutant concentration, kapp is the
apparent rate constant of a pseudo first order reaction.
Halim et al. [102] studied the influence of initial humic acid (HA) concentration on the
performance of an integrative PMR. The HA powder was dissolved in deionized water to yield
TOC concentrations of 5, 10, 20 and 50 mg/L. It was found that the TOC degradation rate increased
with rising initial TOC concentration. However, the membrane fouling resistance value also increased
at the same time, resulting in a higher concentration of organic laden particles as well as the formation
of a denser cake layer. Therefore, it is notable that the initial concentration of pollutants affects not
only the degradation rate of contaminants, but also the fouling degree of the membrane.
3.3.2. pH
The influence of pH on the performance of PMR system is very complex. First, the ionization state
of photocatalyst surface varies under different pH condition. Taking TiO2 as an example, the isoelectric
point for Degussa P25 is generally regarded as 6.8 [103]. Thus, the TiO2 surface is positively charged
when pH < 6.8, favoring the adsorption of negatively charged molecules, whereas the TiO2 surface is
negatively charged when pH > 6.8, favoring the adsorption of positively charged molecules. Second,
TiO2 nanoparticles incline to agglomerate under acid conditions, resulting in less effective surface area
for photon and organic pollutant adsorption, thus the degradation rate of contaminants is reduced [104].
Third, pH also has an influence on the performance of membrane process [97]. For one thing, the
agglomeration and dispersion tendency of photocatalyst nanoparticles are affected by pH, which has
an impact on the particle size of photocatalyst, thus the membrane flux is affected consequently. For
another, the electrostatic interaction between photocatalyst and membrane is influenced by pH, which
affects concentration polarization and membrane fouling [105]. To summarize, since the influences of
pH on PMR performance are quite complicated, the optimum pH for specific PMR system should be
determined particularly. Table 4 presents the optimal pH values attained in different PMR systems.
Table 4. Optimal pH values attained in different PMR systems.
Configuration

Photocatalyst
(Membrane)

Contaminant

Tested pH Value

Optimum
pH Value

Ref.

Suspended
Suspended
Suspended
Immobilized
Suspended

TiO2 -P25
TiO2 -P25
TiO2
TiO2 /Al2 O3 membranes
TiO2 -ZrO2

Diclofenac
Humic acid
Fulvic acid
Acid Orange 7
Humic acid

4.1, 6.2 and 7.5
3.0, 6.5 and 9.0
3.4, 6.5, 8.2 and 10.3
4.0, 6.0 and 8.0
4.0, 7.0 and 10.0

6.2
3.0
3.4
4.0
4.0

[69]
[100]
[73]
[106]
[107]

3.3.3. Temperature
Because the photocatalytic process does not require heating, most of the experiments are
conducted at room temperature and only few studies investigated the effects of temperature on
photocatalysis. It has been universally acknowledged that the optimal temperature for photocatalytic
reaction is between 20 ◦ C and 80 ◦ C [4]. At high temperature (>80 ◦ C), the recombination of charge
carriers is promoted, which is unfavorable for photocatalytic process. In addition, the adsorption
of contaminants is inhibited and thus the photoreaction performance is limited. At extreme low
temperature (<0 ◦ C), the apparent activation energy is increased and the desorption of degradation
products from the photocatalyst surface turns into the rate limiting step [3]. Within a certain range, the
increase of temperature has been found to promote the photocatalytic activity. This is because the mass
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transfer rate is increased at higher temperature, which promotes the combination of contaminants
and photocatalyst as well as the desorption of final products from photocatalyst [97]. To some extent,
temperature also has an effect on the solution viscosity and influences the membrane flux consequently.
The solution viscosity decreases at higher temperature, which helps to create turbulence on the
membrane surface. The cake layer and concentration polarization layer can be dispersed by the
turbulence, thus increasing the membrane flux.
3.3.4. Inorganic Ions
Inorganic ions such as Ca2+ , Mg2+ , Cl− , NO3 − and SO4 2− usually exist in real wastewater. Many
experiments have been conducted to study their effects on photocatalytic performance [108–111].
It is concluded that certain concentration of Al3+ , Fe2+ , Cu2+ , PO4 3− and Cl− would decrease the
photocatalytic reaction rate while Mg2+ , Ca2+ and Zn2+ exhibited slight effects that can be ignored,
probably because they are at their maximum oxidation state [3]. Zhang et al. [109] investigated the
influence of different inorganic ions on the removal of endocrine disrupting compounds with TiO2
photocatalysis process. In synthetic water, the inhibition of photocatalytic activity for removal of
estrogenic activity by ions is in the following order: HPO4 2− > NH4 + > HCO3 − > SO4 2− > NO3 − >
Cl− . Similar order was also obtained for secondary effluent. However, the inhibition was found to
be stronger in synthetic water than that in secondary effluent, which may be due to the presence of
DOM in secondary effluent. Ng et al. [112] studied the effects of inorganic ions on the disinfection of
Escherichia coli. The results showed that the presence of Ca2+ increased the inactivation efficiency while
SO4 2+ was inhibitory. The presence of Cl− and NO3 − exhibited negligible effects. Many theories have
been put forward to describe the inhibition effects of inorganic ions on photocatalytic activity. They
include UV screening, adsorption competition of active sites and photons on photocatalyst surface,
radicals and electron gaps scavenging and direct interaction with photocatalyst [3].
It is notable that the presence of inorganic ions affects not only the photocatalytic process but
also the membrane process. Darowna et al. [113] investigated the effects of different inorganic salts
(NaHCO3 , Na2 HPO4 and Na2 SO4 ) on the stability and fouling of a polyethersulfone UF membrane
in a PMR system. It was found that the permeate flux decreased significantly at high salts content.
The presence of HCO3 − ions caused the most severe permeate flux deterioration, which could be due
to both a higher feed pH and a formation of a dense fouling layer. The permeate flux was the highest
in the presence of SO4 − ions, which was even higher than that observed in pure TiO2 solution. This
was because the repulsion of TiO2 particles by the membrane caused lower thickness of the fouling
cake under such circumstances.
In summary, the presence of inorganic ions influences both photocatalysis and membrane process
in PMR systems. Therefore, it is necessary to take it into consideration in the actual application.
3.4. Aeration
Aeration can increase dissolved oxygen (DO) in the reaction solution, which plays a significant
role in photocatalysis process because it provides enough electron scavengers to prevent the excited
electrons in conduction band from recombination [3]. In addition, for PMR with suspended
photocatalyst, aeration can also keep the photocatalyst well dispersed in the solution and increase the
contact between photocatalyst and contaminants, thus promoting the photocatalytic reaction. However,
excessive aeration may result in a decrease in photocatalytic efficiency because the adsorption process
of target contaminants onto the photocatalyst will be significantly hindered. Chin et al. [114] studied
the influence of aeration rate on the performance of a low-pressure integrative PMR. The aeration rate
was set as 0.2, 0.5, 1.0, 4.0 L/min respectively and the optimal aeration rate was achieved at 0.5 L/min.
It was proposed that greater shear rates produced at higher aeration rates could disintegrate aggregated
particles, favoring higher degradation efficiency. However, the presence of bubble clouds at high
aeration rate could reduce UV transmission in the reaction solution. Therefore, the optimal aeration
rate was determined by the balance of the competing light attenuation effects and mass transfer.
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The aeration rate is also an important parameter to membrane fouling. Instable bubbles and
turbulent flow generated by aeration exhibit a shearing effect that is conductive to removing the
fouling layer and concentration polarization on the membrane surface. In a research conducted by
Huang et al. [75], an air-scouring pipe was applied below the membrane modules to produce coarse
bubbles, which could strike the membrane fibers as well as attenuate membrane fouling. Du et al. [115]
applied bubbly flow to control membrane fouling under different aeration rate in an integrative PMR.
It was found that employing bubbly flow was a valid way to reduce membrane fouling, resulting in a
rapidly decreasing fouling rate with the aeration increase. Detailed CFD simulation results further
confirmed that the mean shear stress increased rapidly as the air flow rate increased.
Although aeration plays a significantly role in both photocatalytic efficiency and membrane
fouling, it should be noted that the high energy consumption cannot be ignored especially in large
scale application, thus technical and economic analysis should be carried out for aeration in PMRs.
3.5. Membrane
The application of an appropriate membrane is vital to the synergistic performance of PMR.
Several parameters including membrane material, membrane pore size and membrane configuration
should be considered.
3.5.1. Membrane Material
There is a possibility for the membrane to be damaged by the UV irradiation and reactive oxygen
species generated in the photocatalytic process. In addition, the impacts are greater especially for
polymeric membranes. Chin et al. [116] investigated the stability of ten types of polymeric membranes
in photocatalytic reaction. For microfiltration membranes, PTFE and PVDF showed the greatest
stability while PP and CA both exhibited a 20% drop in membrane resistances. For ultrafiltration
membranes, PAN membranes showed no change in the resistance while PES and PS membrane
reduced by about 30% and 26%, respectively. This was because that the PES and PS membrane
contained the components of sulfur, which was quite vulnerable to UV irradiation. Despite the
resistance to UV and reactive oxygen species, mechanical strength is also an important character
to be considered. Mozia et al. [66] investigated the stability of PES UF membranes in a PMR with
suspended photocatalyst. It was found that the abrasion of membrane surface by photocatalyst
caused more damage to the membrane separation properties than the action of oxidizing species.
Ceramic membrane may be an option for PMR system due to its good chemical stability as well as
high mechanical strength. However, the wide application of ceramic membrane is still limited because
it requires much higher manufacturing costs than the polymeric membrane. Taking the economic
factor into consideration, comparatively inexpensive polymeric membrane is still more applicable
for industrialization, despite the defects described above. Thus, it is of great significance to develop
low-cost polymeric membranes with excellent physical and chemical stability.
3.5.2. Membrane Pore Size
The first priority of choosing the membrane pore size is to ensure high separation efficiency of the
photocatalyst. Large pore size would lead to a decrease in photocatalyst separation efficiency while
small pore size results in a decrease in membrane flux. Generally, If desired retention rate is achieved, it
is of great importance to improve the permeate flux in order to reduce capital investment and operation
cost. Thus, on the base of expected separation efficiency of photocatalyst, the membrane pore size
should be as large as possible [97]. The pressure driven membrane processes can be divided into MF,
UF, NF and RO, with descending order of membrane pore sizes. Considering the above-mentioned
factors, MF and UF are most often applied in PMR system. Generally, MF membranes are able to reject
particles and dissolved molecules larger than 100 nm while UF membranes can reject that over 10 nm.
The particle size of photocatalyst is usually in the range of 5–100 nm. Meanwhile the aggregation
of photocatalyst particles in aqueous media and the formation of a dense cake layer on membrane
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surface will also improve the rejection of photocatalyst. Therefore, MF and UF membrane can achieve
high separation efficiency of most type of photocatalysts, and there is no need to apply membranes
with smaller pore size. However, it should be noted that in some cases NF membranes are applied in
order to achieve better effluent quality. Because NF membranes have higher separation efficiency of
the pollutants and their intermediates, which are retained in the photoreactor for further treatment,
therefore the pollutants are degraded more completely.
3.5.3. Membrane Configuration
The configuration of the membrane also has a great influence on the performance of PMRs. In
the PMRs, the most applied membrane configurations are hollow fiber membrane and flat sheet
membrane. Azrague et al. [90] investigated the treatment performance of turbid water in a PMR with
both inside-out hollow fiber membrane and flat sheet membrane. The results showed that obvious
deposition of pollutants and photocatalyst occurred inside the hollow fiber membrane, whereas less
fouling was observed for flat sheet membrane. With the development of membrane technology,
outside-in hollow fiber membranes have been proved to exhibit better antifouling ability compared to
the inside-out ones [117]. Xu et al. [118] found that although both outside-in and inside-out hollow fiber
UF modules could meet the desired standard of permeate quality, the outside-in module consistently
performed better with an air enhanced backwash than the inside-out one using a chemical enhanced
backwash. Therefore, the outside-in hollow fiber membranes were more frequently applied in the
PMR systems [73,77]. It should also be noted that the hollow fiber membrane has a larger surface
area than the flat sheet one, so the required device volume will be much smaller, which is one of its
advantages for industrial application. The comparison of different kinds of membrane in application
is shown in Table 5.
Table 5. Comparison of different kinds of membrane in application.
Material

Configuration

Stability

Cost

Fouling

Surface Area

polymer
polymer
polymer
ceramic

inside-out hollow fiber
outside-in hollow fiber
flat sheet
tubular

normal
normal
normal
excellent

low
low
low
high

severe
normal
normal
normal

large
large
normal
normal

3.5.4. Other Parameters
Despite the parameters described above, other parameter of the membrane process, such as
cross flow velocity, trans-membrane pressure and module packing density also have an effect on the
performance of PMR [93]. To summarize, thorough analyses of specific PMR system are required to
determine the optimum parameters of the membrane.
4. Future Challenges and Prospects
The development of PMR provides a promising approach for water treatment. This technique
has been utilized for the treatment of various organic wastewaters such as water micro-pollutants,
secondary treated effluent, pharmaceutical wastewater, dye wastewater, campus sewage, and grey
water [32]. The coupling of photocatalysis and membrane separation technology can effectively
overcome the technical defects of a single process and take advantage of their respective functions,
achieving a synergistic effect. However, there are still some challenges for the practical application of
PMR, which are discussed as follows.
The majority of the studies utilize simulated feed water as the target contaminants, ignoring
the presence of other components in real water sample such as suspended solids, inorganic ions and
dissolved organic matter. Studies proved that these components would have a certain effect on both
photocatalysis and membrane process [109,113]. Thus, it is of great significance to systematically study
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the effects of different components on the PMR performance and figure out the influence mechanisms,
providing guidance for practical application of PMR. On the base of full understandings of the above
issue, studies on the treatment of real wastewater in PMR are urgently needed. In addition, most
studies are conducted in a laboratory scale PMR device. However, the operation parameter, operation
load and energy consumption are quite different from industrial scale application. Therefore, more
researches should be conducted in relatively larger scale installation (pilot scale) to pave the way for
scaling-up the PMR system.
Membrane stability is another challenge for the practical application of PMR. Polymeric
membranes can be damaged by UV irradiation and hydroxyl radicals due to their relatively low
chemical stability. Furthermore, the membrane must suffer from certain pressure and the flushing
effect of the current, which may change the physical structure of the membrane. Furthermore, the
abrasion of membrane surface caused by photocatalyst particles would also affect the membrane
separation property. All the fore-mentioned problems call for novel membrane materials possessing
high chemical stability and excellent mechanical strength. Despite the chemical and physical damage
to membrane structure, membrane fouling remains a severe issue for the long-term operation of PMR.
In single membrane system, organic pollutants would form a thin deposition on the membrane surface
that causes serious pore blocking, particularly in the case of MF and UF [119]. However, this problem
is alleviated in PMR system because photocatalytic oxidation can degrade most organic pollutants.
Therefore, the main fouling mechanisms in PMR are cake layer of photocatalyst on membrane surface,
along with a small adsorption fouling caused by organic contaminants. Furthermore, some inorganic
ions in feed water and those released in degradation process could be bound to photocatalyst particles,
enhancing fouling layer consequently [120]. The as described membrane fouling would decrease
permeate flux as well as diminish effective photocatalyst concentration in suspension, resulting in
negative effect on PMR performance [90]. Therefore, it is significant to develop effective approaches
for reducing membrane fouling.
With respect to investment and operation cost, PMR is still facing challenges from conventional
water treatment method. TiO2 -P25 is the most used photocatalyst in PMR, which could only be
activated by UV irradiation. Application of UV lamps would consume much energy which was
reported to occupy about 80% of the operation cost [93]. Many researchers proposed that the application
of visible-light-driven photocatalyst would be an effective approach to reduce energy consumption.
However, the photocatalytic efficiency under solar light is not as desirable as that under UV irradiation.
In addition, larger working area is required for solar irradiation, which increases the investment cost
significantly. In general, solar photocatalysis is a promising method to reduce operation cost, whereas
more relevant work should be conducted to develop novel photocatalyst with high photocatalytic
efficiency and long-term stability.
5. Conclusions
Coupling heterogeneous photocatalysis and membrane process is a promising method for water
treatment. PMRs with immobilized photocatalyst do not need to separate and recycle the photocatalyst
and bear less membrane fouling. However, they have low photocatalytic efficiency due to low total
surface area of photocatalyst per unit volume. Therefore, PMRs with suspended photocatalyst are more
feasible for large-scale application. The suspended PMRs configuration is classified into integrative
type and split type; the integrative PMR reduces the pipe length, the head losses and occupation area
while the split PMR is convenient for installation and maintenance. Photocatalysis coupling with
other membrane techniques such as membrane distillation, dialysis and pervaporation also exhibit
certain distinguishing features. Several factors including photocatalyst, light source, water quality,
aeration and membrane have effects on the PMR performance more or less. These influencing factors
should be considered comprehensively in practical industrial application. Although PMRs exhibit
great potential for water treatment in large scale, they are still facing serious challenges in respect of
membrane stability, investment and operation cost.
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