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a b s t r a c t
Photocatalytic ultrafiltration membranes have great potential advantages in future-water treatment 
systems. The preparation of photocatalytic ultrafiltration membranes and the selection of catalysts 
are the key to the development of photocatalytic ultrafiltration membranes. This paper reviews the 
research status, removal mechanism of pollutants, module design and applications of photocatalytic 
ultrafiltration membranes. The metal-doped TiO2 photocatalytic ultrafiltration membranes, non- 
metal-doped TiO2 photocatalytic ultrafiltration membranes, semiconductor-doped TiO2 photocatalytic 
ultrafiltration membranes, co-doped TiO2 photocatalytic ultrafiltration membrans, and non-TiO2 
system photocatalytic ultrafiltration membranes are introduced in detail. At the same time, it sum-
marizes the removal of micro-pollutants in water, treatment of dyes in water, and applications in 
other aspects, demonstrating its potential for application in various areas of water treatment systems. 
Finally, the direction of future research is proposed.
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1. Introduction

Various environmental problems such as energy short-
ages and water pollution are facing severe challenges with 
the acceleration of industrialization, urbanization and the 
continuous development of the human economy. Membrane 
technology, especially ultrafiltration membranes technology 
is widely used in membrane reactor [1,2], product purifi-
cation and concentration [3–5], especially drinking water 

treatment [6,7] and wastewater treatment [8,9], because of its 
low cost, simple operation, effective elimination of impurities, 
bacteria and organic pollutants in water. However, the appli-
cation of ultrafiltration process still has some short comings, 
such as poor stability of the membrane, low mechanical 
properties of the membrane, low removal efficiency ratio of 
some natural small molecules and membrane fouling, which 
limits the application of ultrafiltration membrane technology 
in some industries. Among them, the problem of membrane 
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fouling has become a major factor restricting the develop-
ment of ultrafiltration membrane technology. Therefore, 
the question of how to improve the removal efficiency of 
micro-pollutants by ultrafiltration membranes and reduce 
membrane fouling has become a key issue.

Since 1972, Fujishima and Honda [10] published electro-
chemical photolysis of water at a semiconductor electrode. 
Photocatalytic technology has attracted extensive atten-
tions and applications in many fields [11]. Photocatalytic 
technology is based on the low-cost stable semiconductor 
materials that can decompose most organic matter and a 
small amount of inorganic substances under specific light 
irradiation, thereby reducing the harm of pollutants to the 
human body and the environment. It has important appli-
cation prospects in modern energy and environmental 
green new technologies. Visible light catalysis technology 
is favored by researchers because it can make full use of 
solar energy, and has low energy consumption and broad 
spectrum in the field of photocatalysis. [12–15]. However, 
the difficulty in recycling and reusing semiconductor par-
ticles is an important factor that restricts the development 
and application of visible light catalysis technology. In order 
to overcome the disadvantages of ultrafiltration technol-
ogy and visible light catalysis, researchers combined visible 
light catalysis with ultrafiltration technology. Photocatalytic 
ultrafiltration membranes made by coupling ultrafiltration 
and visible light catalysis have become a new hot spot in 
recent years [4,16–18].

At present, the photocatalytic materials for photo- 
degradation and photo-disinfection of water pollutants have 
Ag3PO4 [19,20], BiVO4 [21,22], Bi2WO6 [23,24], g-C3N4 [25], 
Fe2O3 [26,27], CuS [28], Cu2O [29–31], ZnO [32], CeO2 [33], 
ZnS [34], doped modified TiO2 [35,36], etc. TiO2 is mainly 
modified from precious metal loading, cation-doped TiO2, 
anion-doped TiO2, oxygen-deficient TiO2 and ion implanta-
tion [37]. Among them, modified TiO2 has great potential in 
research and environmental applications, due to its advan-
tages of low cost, strong chemical stability and non-toxicity 
[38]. In addition, modified TiO2 is widely used in energy uti-
lization and air purification [39–42]. Modified TiO2 is most 
widely used in visible light catalytic materials. Moreover, 
photocatalytic ultrafiltration membranes with modified TiO2 
composite photocatalysts as additives are the most widely 
studied due to modified TiO2 unique advantages.

Several review papers have been published about pho-
tocatalytic membranes or photocatalytic membrane reactors 
(PMRs). For example, Zhang et al. [43] summarized and 
discussed the fabrication methods of recently reported 
photocatalytic membranes. This article introduced photocat-
alytic membranes from three aspects: membrane materials, 
inorganic membranes and inorganic-polymer hybrid mem-
branes. Zhang et al. [44] reviewed membrane fouling in 
PMRs for water and wastewater treatment, and discussed 
the relationship of photocatalysis with membrane fouling, as 
well as fouling mechanisms and fouling control strategies in 
PMRs. Molinari et al. [45] critically examined and discussed 
the application of different PMR configurations for organic 
pollutants degradation in water treatment and synthesis of 
organic compounds. Janssens et al. [46] summarized the 
removal of pharmaceutical compounds in wastewater by 
slurry PMR technology. Most of these reviews focused on 

the configurations, applications and performances of PMRs 
[43–46]. However, this article reviews photocatalytic ultra-
filtration membranes based on visible light responsive pho-
tocatalyst. Photocatalytic ultrafiltration membranes with 
modified TiO2 photocatalyst as additive are the most widely 
studied. At the same time, ion doping and semiconductor 
recombination have been proven to be a more effective mod-
ification method in the modification methods of TiO2 such 
as precious metal deposition, semiconductor recombina-
tion, surface modification, ion doping, etc. [47]. The present 
review mainly focuses on the introduction of photocatalytic 
ultrafiltration membranes based on the ion doping modifi-
cation and semiconductor composite modification of TiO2. 
After that, this article summarizes the removal mechanism 
of pollutants, module design and applications of photocat-
alytic ultrafiltration membranes. Finally, the conclusions 
and recommendations are proposed to give insights into 
the future development of photocatalytic ultrafiltration 
membranes.

2. Photocatalytic ultrafiltration membrane materials and 
their research status

2.1. Metal-doped TiO2 photocatalytic ultrafiltration membranes

Metal ions replace Ti4+ in the TiO2 lattice in the form of 
metal ions or are doped by the form of filling in the lattice 
spaces. Metal ions can introduce lower impurity levels in 
the TiO2 band gap, so that the absorption wavelength range 
of TiO2 is expanded to the visible range. On the other hand, 
metal ions can form traps and increase the capture point of 
TiO2 electrons and holes, thereby reducing the recombination 
probability of electrons and holes, and improving the photo-
catalytic efficiency of TiO2. The TiO2 doped with metals such 
as Fe3+, Ni2+, Cu2+, Mo5+, Rh3+, Pt and Ti/Ag [48–51]. The photo-
catalytic activity of TiO2 is significantly improved by doping 
metal ions [48–50].

Many studies have shown that metal-doped TiO2 
photocatalytic ultrafiltration membranes displayed superior 
separation performance of pollutants and antifouling prop-
erties. Among the above metal-modified TiO2 photocatalysts, 
Fe3+ and Ti/Ag modified TiO2 were applied to the photocat-
alytic ultrafiltration membranes. Wang et al. [52] doped Fe3+ 
into a TiO2/polysulfone (PSF) casting solution and used phase 
transformation to produce a photocatalytic composite ultra-
filtration membrane. The result showed that the degradation 
rate of BPA was 92.30% by Fe-doped (Fe-TiO2) photocata-
lytic ultrafiltration membrane in visible light irradiation for 
180 min. Its mechanical properties and cleaning performance 
were significantly enhanced compared with TiO2 photocata-
lytic ultrafiltration membrane. The BPA removal mechanism 
by photocatalytic Fe-TiO2/PSF ultrafiltration membrane is 
presented in Fig. 1. First of all, BPA molecules aggregate on 
ultrafiltration membrane inside pores and surface via the 
electrostatic adsorption [53]. Doping Fe3+ narrows the band 
gap of TiO2 by introducing impurity or defect energy level, 
so that prompts its response to visible light [54,55]. Then, 
the Fe-TiO2 particles inside the composite membrane cause 
separation of photo-induced carriers under visible-light irra-
diation [52]. The electrons jump from valence band (VB) to 
conduction band to produce photoelectrons (e–) and holes 
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(h+). Photoelectrons (e–) react with O2 to generate free radi-
cals •O2

–, and holes (h+) react with H2O to generate free radi-
cals •OH. Final, BPA was decomposed into CO2 and H2O by 
the strong oxidizing radicals and holes [52]. Chun-Yan et al. 
[56] reported that TiO2 nanoparticle modified with metal Fe 
was blended with PSF casting solution to prepare uniformly 
dispersed Fe-TiO2/PSF photocatalytic composite ultrafiltra-
tion membrane by LS immersion phase transformation. The 
result showed that the removal rate of RhB by Fe-TiO2/PSF 
composite membrane (61%) was significantly higher than 
that of pure polysulfone membrane (33%) when the mass 
ratio of Fe-TiO2 to PSF was 0.20. And the membrane hydro-
philicity and physicochemical properties were also signifi-
cantly improved. Lin et al. [51] prepared a new type of TiO2/
Ti ceramic-metal composite ultrafiltration membrane by dop-
ing silver method. The result indicated that the modification 
not only overcame the thermal expansion but also increased 
the stability of thermal dissociation between ceramic mem-
branes. Fig. 2 shows that the FESEM images of supported 
TiO2/Ti composite tight UF membrane with Ag doping and 
without Ag doping. The TiO2 membranes by doping Ag pre-
sented the homogeneous and integrated surface (Fig. 2a), 
however the sample without Ag doping presented the sur-
face morphology with acute defects (Fig. 2b) [51]. This can be 
attributed to that the Ag nanoparticles shows the higher duc-
tility and elastic properties than the TiO2 particles, which can 
efficiently neutralize and release shrinkage stress during sin-
tering [51]. Moreover, the doping Ag method showed supe-
rior photocatalytic performances on dye decomposition [51]. 

2.2. Non-metallic doped TiO2 photocatalytic ultrafiltration 
membranes

Non-metallic ions are embedded in the TiO2 lattice, 
making TiO2 responsive in the visible region by reducing 
the bandgap of TiO2. Non-metals doped in the TiO2 lattice 
typically include N, S, C and other non-metallic mono-
mers or their compounds. Some researchers found that the 
response range of TiO2 materials which were doped with 
non-metal such as C [57,58], two-dimensional carbon nano-
materials GO [59], N [60], S [61], F [60,62] was successfully 
extended to the visible light region. Since the atomic radii 

of N3– and O2– are close, the N is mainly by occupying the 
O vacancies in the TiO2 lattice to achieve N-doped TiO2. 
The interaction between N and O vacancies causes the N2p 
intermediate level to appear in the forbidden band. On the 
other hand, N doping is often accompanied by the formation 
of O vacancies. The formation of N2p intermediate levels and 
O vacancies lead to the TiO2 response in visible light [63,64]. 
Doped N is the most studied in the study of non-metallic 
element doped TiO2 [65].

Among the above non-metal modified TiO2 photocata-
lysts, the ultrafiltration membranes with two-dimensional 
carbon nanomaterials graphene oxide or non-metal element 
N-doped TiO2 as additives is the most widely studied non-
metal doped TiO2 photocatalytic ultrafiltration membranes. 
Studies have shown that graphene oxide or non-metal ele-
ment N-doped TiO2 photocatalytic ultrafiltration membranes 
can improve anti-pollution performances and self-cleaning 
properties [59,66–68]. Pastrana-Martinez et al. [66] prepared 
the flat sheet photocatalytic ultrafiltration membrane by 
using lab-made TiO2, graphene oxide-TiO2(GOT), and TiO2 
photocatalyst as additives. The research manifested that the 
membranes prepared with the GOT composite (M-GOT) 
exhibited the highest photocatalytic activity, outperforming 
those prepared membranes with bare TiO2 (M-TiO2) and 
membranes with P25 TiO2 (M-P25) under visible light illu-
mination. Continuous mode experiments proved that the 
membranes prepared with the GOT composite (M-GOT) had 
higher pollutant removal efficiency in the near ultraviolet/ 
visible and visible light. This was mainly due to the fact 
that the GOT has a lower band-gap energy (2.9 eV) than 
the bare TiO2 (3.2 eV) [66]. Athanasekou et al. [59] synthe-
sized graphene oxide-TiO2 composites and developed a 
novel visible light responsive catalytic membranes, as the 
most- efficient material to be used in hybrid photocatalytic/
ultrafiltration water treatment processes. Graphene oxide-
TiO2 photocatalytic ultrafiltration membrane was proved 
to be appropriate for the treatment of methylene blue (MB). 
Zhou et al. [67] synthesized asymmetric N-TiO2 ceramic ultra-
filtration membrane via sol-gel method, in which formamide 
was used as nitrogen resource. As indicated by results, the 
materials band gap was reduced to 2.65 eV and the absorp-
tion band was shifted to about 545 nm. The membrane 

Fig. 1. BPA removal mechanism by photocatalytic Fe-TiO2/PSF composite UF membrane under visible-light irradiation [52].
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had excellent visible light absorption and potential appli-
cation in micro-polluted surface water under visible-light 
environment. Cheng et al. [68] strived to improve the TiO2 
photocatalytic activity via N-doped TiO2 used the LPNTP 
technology under normal pressure and low temperature. 
The N-doped TiO2 band gap was reduced to 2.82 eV and the 
absorption band was shifted to 439 nm. Then, the catalyst 
was combined with ceramic ultrafiltration membrane. The 
N-doped TiO2 photocatalyst recovery efficiency reached 
99.5% after the ultrafiltration had been carried out for 90 min 
and the result indicated that the photocatalyst was able to be 
separated/recovered completely.

2.3. Semiconductor material doped TiO2 photocatalytic 
ultrafiltration membranes

The spectral response of TiO2 is expanded by doping 
semiconductor materials into the TiO2 lattice. The reason 
is that the band gap of the conductance band and valence 
band of the two kinds of semiconductors are inconsistent to 
cause overlap, thereby increasing the separation rate of the 
photogenerated charge and expanding the spectral response 
of TiO2. On the other hand, the composite forbidden band 
width of two different semiconductor materials is narrower 
than that of the TiO2, and the reduction of the forbidden band 
width can effectively reduce the energy required for light 
excitation. The research verified that the doping of semicon-
ductor materials such as In2O3 [69,70], BiOCl [71], Cu2O [72], 
Ag2O [73], SiO2 [74,75], g-C3N4 [76] and Bi2MoO6 [77] not only 
effectively expanded the visible light absorption range of 
TiO2 but also greatly improved the coupling effect between 
photo- generated electrons and holes, thereby improving 
photocatalytic performance.

Among the above semiconductor modified TiO2 photo-
catalysts, g-C3N4 modified TiO2 was successfully applied to 
photocatalytic ultrafiltration membranes. The photo catalytic 
performances and anti-contamination properties of the 
ultrafiltration membrane can be improved by doping semi-
conductor material into the TiO2 as additives. Yu et al. [78] 

successfully synthesized nanocomposites using mesoporous 
graphite carbonitrides (mpg-C3N4) and titanium dioxide 
(TiO2). The photocatalytic ultrafiltration membrane was pre-
pared by combining mpg-C3N4/TiO2 with polysulfone (PSF) 
matrix. It can be seen from Fig. 3 that TiO2 nanospheres 
adhere to the mesoporous surface of mpg-C3N4. Moreover, 
the authors demonstrated the synthesis of mpg-C3N4/TiO2 
and the successful loading of mpg-C3N4/TiO2 within the 
PSF membrane using EDX elemental analysis spectrum. 
The research showed that the novel photocatalytic ultrafil-
tration membrane had good ability to degrade the antibiotic 
sulfamethoxazole (SMX) in sunlight. The structure of novel 
mpg-C3N4/TiO2 photocatalytic ultrafiltration membranes 
was able to provide stable support with high integrity and 
flexibility after solar irradiation [78]. Chi et al. [79] immobi-
lized g-C3N4/TiO2(CNTO) onto polytetrafluoroethylene ultra-
filtration membranes (PTFE UFMs) by plasma-enhanced 
surface graft technique using polyacrylic acid (PAA) as a 
bridging agent. The g-C3N4/TiO2 was synthesized via calcina-
tion of the mixture of melamine powder and TiO2 particles. 
The CNTO/PAA/PTFE UFM is highly resistant to fouling in 
bovine serum albumin (BSA) solution, and the fouled CNTO/
PAA/PTFE UFM show ability to rapidly regenerate visible 
light irradiation. This was due to intrinsic photocatalytic and 
hydrophilicity property of CNTO. 

2.4. Co-doped TiO2 photocatalytic ultrafiltration membranes

The TiO2 is modified by a single element to improve 
the photocatalytic performance of TiO2, and its effect is 
limited. In recent years, the study of co-doping a plurality 
of substances having different properties with TiO2 has 
attracted more and more attention in improving the visi-
ble light catalytic activity system of TiO2. The composite 
materials formed by co-doping TiO2 include nitrogen and 
metal (Fe, Ni, Ag, or Pt)-TiO2 [80], N-F-TiO2 [81,82], Ag3PO4/
TiO2/Fe3O4 [83], N-C-TiO2 [84], N-Pd-TiO2 [85], N/GO-TiO2 
[86,87], g-C3N4/Ag/TiO2 [88], etc. The co-doped TiO2 not only 
enhances the absorption of visible light by TiO2 but also helps 

Fig. 2. FESEM images of supported TiO2/Ti composite tight UF membrane: (a) with Ag doping amount of 6 dwb% and (b) without 
Ag doping [51].
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the adsorption of reactants by increasing the surface acidity 
of TiO2, thereby further improving photoactivity of TiO2.

The co-doped TiO2 photocatalytic ultrafiltration mem-
branes are divided into two categories. One type is TiO2 
doped with the same type of materials photocatalytic ultrafil-
tration membranes, such as different non-metallic elements 
co-doped TiO2 photocatalytic ultrafiltration membranes 
[84,86,87,89]. Among the above-mentioned photocatalysts of 
the same type of materials co-doped with TiO2, N/GO-TiO2 
and N-C-TiO2 were successfully applied to photocatalytic 
ultrafiltration membranes. Xu et al. [87] prepared a new 
graphene oxide derivative (NRG) by doping N into graphene 
oxide. The graphene oxide derivative (NRG) was combined 
with the titanium dioxide (TiO2) nanoparticles to form NRG/
TiO2 (NRGT). The NRG/TiO2 (NRGT) nanocomposites were 
introduced into the membrane matrix. The study has indi-
cated that the hydrophilicity of the ultrafiltration membrane 
was significantly improved, and the rejection rate to the 
BSA solution and the antifouling property depended on the 
mixing amount of the NRGT nanocomposite. Then, Xu et al. 
[89] synthesized N-doped graphene/titania (NRGT) nano-
composites by non-solvent induction method, and doped it 
into polysulfone (PSF) to synthesize NRGT-PSF membrane. 
This research has proved that NRGT-PSF membrane exhib-
ited higher photolytic efficiency to methylene blue (MB) 
at UV light (about 20%–50% improvement) and sunshine 
(about 30%–80% improvement). And NRGT-PSF membrane 
can maintain high water flux and good anti-fouling ability 
after being polluted. Chen et al. [86] discussed a photocat-
alytic polysulfone ultrafiltration membrane prepared by 
grafting with N–TiO2/graphene oxide (NTG). Methylene blue 
removal under ultraviolet light, darkness and sunlight were 
used to characterize the photocatalytic ability. The mem-
brane exhibited an enhanced photocatalytic performance, 
especially in sunlight rather than in ultraviolet light. The 
kinetics for N–TiO2/graphene oxide membrane (NTG-M) in 
sunlight is ~4% faster than in UV, which implies that NTG-M 
is better utilized in sunlight. The recyclability of the photo-
catalytic membrane had a great improvement compared 
with the powder photo catalyst. Cao et al. [84] fabricated a 
visible-light response mesoporous N, C-co-doped TiO2 ultra-
filtration membrane via a weak alkaline sol–gel process. 

The fabrication of visible-light response ultrafiltration mem-
brane demonstrated remarkable photocatalytic activity in 
visible-light and exhibited extraordinary water permeability.

The other type is TiO2 doped with a mixture of different 
types of materials photocatalytic ultrafiltration membranes, 
such as non-metal and metal co-doped TiO2 photocata-
lytic ultrafiltration membranes [85]. Among the above- 
mentioned photocatalysts of the different types of materials 
co-doped with TiO2, N-Pd-TiO2 was successfully employed 
to photocatalytic ultrafiltration membranes. Kuvarega et 
al. [85] reported N, Pd co-doped TiO2 nanoparticles were 
successfully embedded in PSF ultrafiltration composite 
membranes by a simple phase inversion method. This 
study has presented that the addition of N, Pd-TiO2 to PSF 
membranes resulted in the improved membrane wetta-
bility, porosity, and visible light activity while membrane 
integrity was maintained. The higher TiO2 content resulted 
in an increase of membrane roughness. The PSF composite 
membranes by doping 7% N, Pd-TiO2 can achieve up to 
92% dye degradation within 180 min after visible light 
irradiation.

2.5. Non-TiO2 system photocatalytic ultrafiltration membranes

The novel non-TiO2 system visible light responsive pho-
tocatalysts mainly include bismuth-base semiconductor 
materials, oxide type, metallic sulfide and oxyhalogenide 
visible light responsive photocatalysts, etc. Bismuth-base 
semiconductor materials mainly include Bi2O3 [90], BiVO4 
[91], BiPO4/Ag3PO4 [92], and BiOI/Bi2WO6 [93] compos-
ite bismuth-base catalysts. The oxide type visible light 
responsive photocatalysts include photocatalysts such as 
WO3 [94,95], γ/α-Fe2O3 [96], Nd2Zr2O7 [97], Sm2Ti2O7 [98], 
CuO [99], ZnO [100,101], etc. Metallic sulfide photocata-
lysts mainly include ZnS [102], CuS [103], CdS [104], Ag2S 
[105], etc. Oxyhalogenide photocatalysts mainly include 
BiOX (X = Cl, Br, I) [106], PbBiO2Br [107], BiOClBr [108], etc. 
The photocatalytic properties are not significant when these 
visible light responsive photocatalyst act alone. However, 
these single photocatalyst can enhance the activity of the 
visible light responsive photocatalyst by doping element 
and photosensitization modification, etc.

Fig. 3. TEM images of (a) mpg-C3N4, (b) TiO2 nanospheres, and (c) mpg-C3N4/TiO2 [67].
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There were few studies on non-TiO2 photocatalytic 
ultrafiltration membranes than TiO2-based photocatalytic 
ultrafiltration membranes. Among the above non-TiO2 pho-
tocatalysts, γ/α-Fe2O3, CU2O, WO3, etc. were successfully 
applied to photocatalytic ultrafiltration membranes. Zhang 
et al. [109] studied the α-Fe2O3 nanocrystals were entrapped 
PVDF membranes because of the high density Fe3+ of 
{210} and {001} planes. The size, morphology and internal 
structure of α-Fe2O3 nanocrystals are shown in Fig. 4. The 
structure of the α-Fe2O3 nanocrystals are nanorods with 
a diameter of 10–15 nm (Fig. 4a) and nanoparticles with a 
size of 20 nm (Fig. 4b). The results of this research indicated 
that α-Fe2O3/PVDF membrane showed effective photocata-
lytic degradation of Congo red (CR) attributed to the higher 
surface density of Fe3+. At the same time PVDF membrane 
blended α-Fe2O3 nanorods could enhance their antifouling 
ability because of the photo-Fenton degradation of CR dye 
under the visible light irradiation [109]. The α-Fe2O3/PVDF 
membrane was difficult to find Fe2O3 nanorods because the 
α-Fe2O3 nanorods are surrounded or dispersed by the poly-
mer, as shown in Fig. 5a. Fig. 5b exhibited that the PVDF 
membrane had a pore size of 10 mm [109]. Singh et al. [110] 
explained characterization and synthesis of polysulfone 
ultrafiltration membranes modified with Cu2O. Ibuprofen 
(IBP) was used to study the pharmaceutical drug removal by 
synthesized ultrafiltration membranes. The results indicated 
that IBP was successfully removed under visible light con-
ditions and the removal rate of IBP was 86% by membrane 
RY4 with amount of 2.0% Cu2O. The results of this study 
confirmed that the optimal removal condition was pH 4.5. 
It was due to the surface charge and electrical properties of 
IBP. IBP is a weak acid with pKa values in between 4.52 and 
4.9 resulted with IBP exists as an electrically neutral species 
under weak acidic conditions, whereas, the Cu2O was pres-
ent as a positive charge containing species. These reasons 
facilitated the adsorption of IBP in the membranes and cata-
lyst surface [110,111]. Kazemi et al. [112] developed the WO3 
nanostructures modified by doping with iron. The photo-
catalytic ultrafiltration membranes were prepared using 

Fe0-doped WO3 photocatalytic nanoparticles via layer by 
layer technology. The novel PES ultrafiltration membranes 
have shown significant Cr(VI) ions removal under visible- 
light illumination. Ramanan et al. [113] demonstrated that 
photo-mobile 4,4-azodianiline(AZO) and a bio-adhesive 
polydopamine (PDA) were co-deposited onto UF membrane 
surface. AZO undergoes photoisomerization from the cis- to 
trans- configuration under visible light condition, and the 
self-cleaning behavior of the modified membranes was due 
to the reversible volume change.

3. Removal mechanism of pollutants and membrane 
module design

3.1. Removal mechanism of pollutants by photocatalytic 
ultrafiltration membranes

The photodegradation mechanism of pollutants by pho-
tocatalytic membranes is proposed and is shown in Fig. 6. 
First of all, pollutants aggregate on ultrafiltration mem-
branes inside pores and surface via the electrostatic adsorp-
tion [53]. The membrane with photocatalyst loading showed 
the better photodegradation performance, and this is due to 
ultrafiltration membrane had high thermal, and chemical 
resistance that can support photocatalyst to generate radicals 
to degrade the contaminants [114]. Doping metal, etc. nar-
rows the band gap of TiO2 by introducing impurity or defect 
energy level [54,55], and the charge transfer can be achieved 
in photocatalyst system under visible light irradiation [115]. 
Then this causes modified TiO2 (m-TiO2) to generate holes 
(h+) and electrons (e–) under visible light irradiation (Eq. (1)). 
The holes (h+) react with OH– produced by water molecules 
(H2O), which is adsorbed on the m-TiO2 surface, to generate 
hydroxyl radicals (OH•) (Eqs. (2) and (3)). The generated 
electrons can react with absorbed surface O2 to produce reac-
tive oxygen species (Eq. (4)) [116]. Reactive oxygen species 
can react with hydrogen ions (H+) to form hydroxyl radicals 
(OH•) (Eqs. (5)–(7)). Finally, pollutants can be oxidized by 
the hydroxyl radicals to carbon dioxide and water (Eq. (8)). 

Fig. 4. TEM images of α-Fe2O3 samples: (a) nanorods and (b) nanoparticles [109].
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Meanwhile, hydroxyl radical can also inactivate micro-
organisms, bacteria and viruses [11].

m-TiO h eh
2

γ → ++ −  (1)

H O H OH2 → ++ −  (2)

h OH HO+ − •+ →  (3)

e O O− −+ →2 2  (4)

O H HO2 2
− + •+ →  (5)

2 2 2 2 2HO O H O• → +  (6)

H O h HO2 2 2+ → •ν  (7)

Pollutants HO O intermediates CO H O+ + → → + +•
2 2 2   (8)

3.2. Photocatalytic ultrafiltration membrane module design

The treatment of wastewater by photocatalytic ultrafil-
tration membranes is mainly carried out through a PMR 
[11,117]. The composition and design of the PMR applied in 
wastewater treatment is presented in Fig. 7. It was generally 

(a) (b)

Fig. 5. SEM image of the composited α-Fe2O3/PVDF membrane: (a) surface and (b) cross section [109].

Fig. 6. Pollutions removal mechanism by photocatalytic ultrafiltration membrane under visible-light irradiation.



49J.L. Fu et al. / Desalination and Water Treatment 168 (2019) 42–55

equipped with a light transmissive membrane module and 
visible-light lamp (or sunlight). The photocatalytic ultrafil-
tration membrane was fixed on the light transmissive mem-
brane module. The wastewater feed was pumped using a 
peristaltic pump equipped with a pressure dampener. The 
retentate was continuously recycled to the wastewater feed 
tank. Meanwhile, the regulating valve is used to adjust the 
pressure in order to maintain a constant the transmembrane 
pressure (TMP) in PMR system.

Key factors affecting the efficiency of PMRs include 
equip ment and system factors. Equipment and system 
factors mainly include light source [50,52], membrane mate-
rials [52,79], photocatalyst type [85,86], and initial pH of 
solution, and so on. The light source mainly includes xenon 
lamps, LED lights, solar light, etc. [50,52,78]. The mem-
brane materials mainly include polysulfone, poly ethersul-
fone, poly vinylidene fluoride, polytetrafluoroethylene and 
ceramic membrane, etc [52,59,79,109]. The photocatalyst 
type is mainly the photocatalyst based on modified TiO2 
and non-TiO2 system photocatalyst [78,89,109]. The initial 
pH can affect the solubility of the ions such as Ca2+ and Mg2+ 
in the solution which in turn affects the efficiency of the 
PMR [110,111,118]. 

4. Application of photocatalytic ultrafiltration membranes

Photocatalytic ultrafiltration technology not only over-
comes the shortcomings of semiconductor materials that 
are difficult to recycle and reuse, but also overcomes the 
membrane fouling and other drawbacks of ultrafiltration 
membrane technology [119,120]. It makes the photocatalytic 
ultrafiltration technology to be applied in many areas of water 
treatment, such as the removal of natural micro- pollutants 
in the water, the treatment of water dyes, etc. [31,45,121–
125]. Pollutants removal by photocatalytic ultrafiltration 
membranes are shown in Table 1.

4.1. Removal of micro-pollutants

Photocatalytic ultrafiltration membranes were exten-
sively studied for the removal of micro-pollutants. The 
model micro-pollutants studied to date include diphenhy-
dramine (DP), antibiotic sulfamethoxazole (SMX), ibuprofen 

(IBP), diclofenac (DCF) of micro-polluting drug and humic 
acid (HA), etc. [66,78,110,126,127]. Pastrana-Martinez et al. 
[66] prepared graphene oxide-TiO2 membrane (M-/GOT).
The membrane was tested in continuous operation mode 
for the degradation and mineralization of a pharmaceuti-
cal compound diphenhydramine (DP) under visible light 
irradiation, and 61% of diphenhydramine was degraded by 
the membrane (M-GOT). Yu et al. [78] successfully achieved 
to degrade the antibiotic sulfamethoxazole (SMX) via novel 
mpg-C3N4/TiO2 nanocomposite photocatalytic membrane 
under solar light. 69% of SMX was degraded by the mem-
brane (with 1% mpg-C3N4/TiO2 loading) PSf-3 over the 30 h 
consecutive solar light irradiation. The pharmaceutically 
active compound SMX molecule was degraded into seven 
intermediates of different molecular weights smaller com-
pounds [78]. Singh et al. [110] investigated the degradation 
of ibuprofen (IBP) through Cu2O photocatalyst modified 
polysulfone mixed matrix ultrafiltration membranes under 
visible light condition. Plakas et al. [126] proposed and 
evaluated a new type of automatic PMR test device for the 
degradation of diclofenac (DCF). This research has shown 
that the catalyst loading significantly affected the removal 
of DCF under the specific conditions tested. However, 
hydraulic retention time (HRT) had a rather insignificant 
effect and revealed the reaction pathways leading to the 
mineralization of DCF. Szymański et al. [127] indicated 
that the PMR that is composed of ceramic TiO2 ultrafiltra-
tion membrane had obvious removal of humic acid. And 
the study had revealed that the membrane fouling can be 
avoided by an increase of TiO2 loading from 0.5 to 1.5 g/dm3 
in case of model solution of HA. Moreover, the addition of 
Ca2+ and Mg2+ to the feed water was able to improve the 
removal efficiency of HA and reduce membrane fouling. 
The reason was that Ca2+ and Mg2+ ions can act as bridges 
between HA molecules and the surface of the photocatalyst 
[118]. This led to an increase of adsorption of HA molecules 
on the surface of TiO2 particles and thus an improvement 
of the effectiveness of HA removal from wastewater [127].

4.2. Waste dye water treatment

Removing dyes in wastewater via photocatalytic ultra-
filtration membranes has been shown to be more efficient 

Fig. 7. Configurations of photocatalytic ultrafiltration membrane reactors.
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than conventional wastewater treatment such as sedimen-
tation and coagulation. The model pollutants studied to date 
mainly include alizarin red, methyl orange and methylene 
blue [59,84,68,128,129]. Oun et al. [128] have shown that TiO2 
nanoparticles were immobilized on a ceramic ultrafiltration 
membrane. SEM characterization showed that TiO2 nano-
particles were densely and uniformly covered on ceramic 
supporting to form a thin layer of about 4.2 mm thick, resulting 
in a significant reduction of the average pore size (50 nm) 
while providing water permeability of 117 L h–1 m2 bar–1. TiO2 
nanoparticle-based tubular UF ceramic membranes designed 
in this way have been shown to achieve up to 99% removal 
of alizarin red dye. Cheng et al. [68] combined N-doped TiO2 
photocatalyst with ceramic ultrafiltration membranes to 
degrade azo dyes, and 63% of azo dyes were degraded after 
16 h in a photocatalytic system. Cao et al. [84] fabricated a 
visible-light response mesoporous N, C-co-doped TiO2 ultra-
filtration membranes. The result indicated that no appre-
ciable degradation of methyl orange (MO) was obtained in 
dark conditions. But the degradation of methyl orange was 
nearly completed in 4 h under visible light. Moustakas et al. 
[129] developed visible light active TiO2 photocatalytic ultra-
filtration membranes coated with modified nanostructured 
titania (m-TiO2). The modified photocatalytic membranes 
were incorporated in a water purification photocatalytic 
reactor in continuous flow filtration conditions and tested 
for the photocatalytic degradation of methyl orange (MO) 
and methylene blue (MB) compounds with very promising 
results [129]. Similarly, Athanasekou et al. [59] synthesized 
ceramic photocatalytic ultrafiltration membranes that proved 
to be appropriate for the treatment of methyl orange (MO) 
and methylene blue (MB).

4.3. Other aspects of the application

Photocatalytic ultrafiltration membranes are used in 
other areas, such as the removal of phenol and the treatment 
of heavy metal ions [52,112,114]. Wang et al. [52] achieved 
the removal of bisphenol A by photocatalytic Fe-TiO2/PSF 
composite UF membranes under visible-light irradiation. 
Mohamed et al. [114] prepared a novel polymer–inorganic 
UF membrane via incorporation of N-doped anatase/rutile 
mixed phase TiO2 nanorods into the cellulose microfiber 
via phase inversion technique. The photocatalytic mem-
branes exhibited the highest photocatalytic activity in the 
degradation of phenol under visible light irradiation [114]. 
Kazemi et al. [112] deposited the (CHI-ALG)3.5 bilayers and 
Fe0@WO3 on the polyethersulfone (PES) ultrafiltration mem-
brane surface. The novel PES ultrafiltration membrane was 
used to degrade Cr(VI) ions. By depositing the (CHI-ALG)3.5 
bilayers and Fe0@WO3 on the ultrafiltration membrane sur-
face, the Cr(VI) rejection for 25 mg/L feed concentration was 
enhanced from 17% for neat PES to 92.1% for PES/(CHI-
ALG)3.5/Fe0@WO3 membrane [112]. This is due to the Fe0@
WO3 photocatalysts converted by precipitation and reduc-
tion of Cr(VI) ions to Cr(III) form [130].

5. Conclusions and perspectives

The photocatalytic ultrafiltration membranes are divided 
into metal-doped TiO2 photocatalytic ultrafiltration 

membranes, non-metal-doped TiO2 photocatalytic ultra-
filtration membranes, semiconductor-doped TiO2 photo-
catalytic ultrafiltration membranes, co-doped TiO2 photo-
catalytic ultrafiltration membranes, and non-TiO2 system are 
the five kinds of photocatalytic ultrafiltration membranes in 
this paper. Then its removal mechanism of pollutants, mod-
ule design and applications in various fields of water treat-
ment system are introduced. In five kinds of photocatalytic 
ultrafiltration membranes, co-doped TiO2 photocatalytic 
ultrafiltration membranes are the most widely studied, fol-
lowed by non-metallic-doped TiO2 photocatalytic ultrafiltra-
tion membranes. The application in water treatment systems 
is mainly focused on the removal of micro-pollutants and 
dye in water.

In the future, the research still needs to solve several 
problems: (1) at present, the wavelength of visible light is 
400–800 nm. More studies are needed to focus on the pho-
tocatalytic mechanism in the visible wavelength range in 
the future research work of photocatalytic ultrafiltration 
membranes. (2) In the study of photocatalytic ultrafiltration 
membrane based on visible light responsive photocatalyst, 
although the wavelength absorption range of photocata-
lytic ultrafiltration membranes has been increased, more 
attentions should be paid to the use of modified TiO2 and 
other visible light responsive photocatalyst. The modified 
material will not only lead to the complexity of the prepa-
ration methods and the cost increase, but also may pollute 
the environment, such as the addition of heavy metal ions. 
Therefore, the future search for economic and environment 
friendly substances modified TiO2 photocatalytic ultrafiltra-
tion membrane is still research hotspot. (3) Photocatalytic 
ultrafiltration membranes have not yet been established for 
large-scale industrial applications. Most studies are still in 
the stage of laboratory development. This main reason is the 
compatibility of the casting solution with the photocatalyst 
and the key factors affecting the efficiency of the PMR have 
not been completely solved. It is the key to future research 
to study the formation mechanism of membranes, the con-
trol factors of membrane materials and photocatalysts, and 
establishing a widely used design theory of PMRs.
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