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ABSTRACT. Membrane filtration technology has been extensively applied in water/wastewater treatment to help address the issue of 

water shortage, in which polymeric membranes are most commonly used. However, the hydrophobic nature of polymeric membranes 

would contribute to membrane damage caused by accumulation of organic/inorganic fouling during filtration processes. The strategy of 

membrane surface functionalization with nanoparticles (NPs) has been investigated and utilized to effectively improve membrane per- 

formance. Herein, recent research efforts on surface functionalization of polymeric membranes with a variety of NPs for water/waste- 

water treatment were concisely reviewed, focusing on metal and metal-oxide NPs. Methods for the immobilization of NPs on membrane 

surface and their influences on membrane properties and performances were overviewed. Results and contributions achieved in the im- 

provement of membrane performances through surface functionalization with NPs were summarized, and emphasis was given to mem- 

brane hydrophilicity, stability, as well as antifouling and antibacterial property. Furthermore, perspectives on the current challenges and 

future research needs in the development and application of surface functionalized polymeric membranes were discussed.  
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1. Introduction 

Water shortage is a global challenge with growing concern 

because of population growth, industrial development, envi- 

ronmental pollution, and climate change. Worldwide, around 

1.8 billion people would live in areas with severe water scarcity, 

and 2/3 of the population would suffer from water shortage by 

2025 (UN-Water, 2020). Facing this challenge, researchers 

keep developing reliable, efficient, and sustainable technolo- 

gies for water and wastewater treatment. Among various water 

and wastewater treatment technologies, membrane filtration 

technology has been regarded as one of the most efficient and 

cost-effective ways to retain water resources (Sri Abirami 

Saraswathi et al., 2019; Li et al., 2021b; Li et al., 2021c; Zhang 

et al., 2022). It offers excellent separation efficiency of pollu- 

tants with distinct advantages in easy maintenance, low chemi- 

cal consumption, and small environmental footprint (Kang and 

Cao, 2014). Many kinds of materials have been used for mem- 

brane fabrication, including organic and/or polymeric materials, 

inorganic and/or ceramic, and even metallic materials (Bet-

moushoul et al., 2016). In the choice of membrane materials, 

important considerations include mechanical property, easy pro- 
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cessing, thermal stability, and chemical resistance. Thus, poly- 

mers, such as poly (vinylidene fluoride) (PVDF), poly(ether 

sulfone) (PES), polysulfone (PSf), polypropylene (PP), poly 

(acrylonitrile) (PAN), cellulose acetate (CA), and polyamides 

(PA), which have appropriate properties with irreplaceable ad- 

vantages in low cost, rich category, and high processing, are 

the most commonly used membrane materials (Kochkodan et 

al., 2014). Usually, the fabrication of polymeric membranes re- 

quires organic solvents, which makes the polymeric mem- 

branes relatively hydrophobic (Miller et al., 2017). Such hydro- 

phobicity would contribute to membrane damage caused by 

organic/inorganic fouling and biofouling during filtration pro- 

cesses, which reduces membrane service life and increases sys- 

tem operational cost.  

Generally, fouling is undesirable accumulation of foulants 

on membrane surface and/or pores, which include different 

forms of organic, inorganic, and biological substances (Sri Abi- 

rami Saraswathi et al., 2019). Most of these foulants have 

higher propensities for adhesion to surfaces of hydrophobic 

membranes compared to hydrophilic membranes. Besides hy- 

drophobicity, other properties include surface roughness and 

surface charge also have significant effects on membrane foul- 

ing (Zhao et al., 2018). Fouling may intensify on rougher mem- 

brane surfaces since foulants may accumulate in valleys, espe- 

cially when the characteristic dimensions of surface features 

and pollutants are similar (Rana and Matsuura, 2010). Surface 

charge affects the fouling formation through electrostatic inter- 

actions between charged surface and foulants (Koehler et al., 
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1997). Various techniques have been employed to mitigate 

membrane fouling during filtration process (Goh et al., 2018), 

such as, feed water pretreatment (Li et al., 2014a), operation 

parameter optimization (Sassi and Mujtaba, 2011), module de- 

sign characteristics (Abid et al., 2017), as well as physical and 

chemical cleaning approaches (Lin et al., 2010). However, 

these techniques may suffer from low efficiency and/or high 

cost for fouling mitigation with possible secondary pollution. 

To reduce the frequency of using these techniques, membrane 

modification to alter the surface properties for enhancing foul- 

ing resistance has been considered as a promising alternative 

(Remanan et al., 2018).  

In recent years, applications of nanoparticles (NPs) for 

membrane modification to improve membrane performance 

have been reported extensively (Pendergast and Hoek, 2011; 

Dlamini et al., 2019). Typically, approaches of membrane modi- 

fication with NPs can be divided into two main categories: 

blending NPs into casting solutions to obtain mixed matrix 

membranes, and immobilizing NPs on membrane surfaces to 

obtain surface modified membranes (Kang and Cao, 2014). A 

variety of mixed matrix membranes have been developed using 

diverse compositions of NPs/polymers and applied in a range 

of waste treatment with improved separation, physicochemical, 

and antifouling properties (Zhao et al., 2011; Ng et al., 2013; 

Sri Abirami Saraswathi et al., 2019). However, one of the 

biggest problems of the blending approach is the aggregation 

phenomena of NPs. Aggregation causes the instability of cast- 

ing solution and non-uniform distribution of NPs in the mem- 

brane matrixes. This will lead to changes of membrane surface 

morphology and section cross microstructure, thus resulting in 

potential reductions in filtration performance and antifouling 

ability (Kang and Cao, 2014). The aggregation behavior con- 

trol in incorporating NPs is very difficult, since NPs have small 

size (less than 100 nm) and high surface energy, which lead to 

their bad compatibility with hydrophobic polymer bulk due to 

surface interactions (Dlamini et al., 2019). Currently, the at- 

tempt to disperse NPs for preparing mixed matrix membranes 

is mainly undertaken through strong mechanical stirring or son- 

ication. Nevertheless, the effectiveness would be limited if the 

NPs concentration is relatively high (Kang and Cao, 2014).  

In comparison, the other approach of membrane modifica- 

tion, which is immobilization of NPs on surfaces of existing 

polymeric membranes, is also frequently used and could be 

more effective in performance improvement (Asadollahi et al., 

2017). Generally, the goal of surface modification with NPs is 

to form a functional coating on the existing membrane surface 

without damaging the original membrane. In this way, most of 

NPs can disperse on the coating to maximally improve mem- 

brane performances. This coating can avoid the directly contact 

between membrane surface and foulants (Kochkodan et al., 

2014), and endow special properties to the membrane surface 

(i.e., hydrophilicity, antibacterial property, catalytic activity), 

thus reducing membrane fouling and improving filtration per- 

formance. These NPs can be organic or inorganic materials and 

can effectively act as hydrophilic modifiers for membranes. 

Various NPs also have excellent antifouling property, in partic- 

ular against microorganisms. The modification and develop- 

ment of polymeric membranes with NPs coating is an emerging 

and promising research field, altering membrane surface prop- 

erties in a favorable way. Membrane surface modification and 

functionalization with organic nanomaterials (e.g., carbon-based 

nanomaterials) has been extensively studied and reviewed else- 

where (Hegab et al., 2015; Al-anzi and Siang, 2017; Li et al., 

2021a). However, carbon-based nanomaterials, such as nano 

graphene oxide and carbon nanotubes, are generally expensive. 

Thus, many researchers have turned their attentions to inorgan- 

ic nanomaterials, such as metal and metal-oxide based NPs, to 

develop cost-effective and problem-free membranes. Herein, a 

comprehensive review on surface functionalization of polymeric 

membranes with metal and metal-oxide nanoparticles for 

water/wastewater treatment will be presented. 

2. Immobilization of Metal and Metal-Oxide NPs 

Metal and metal-oxide NPs are pure metals and metallic 

oxides with nanoscale sizes (usually between 1 and 100 nm). 

So far, many kinds of metal and metal-oxide NPs have been 

engineered, and their chemical and physical properties have 

also been well documented. They are attractive nominees from 

various scientific and technological perspectives due to their 

unique properties in nano size as compared to their bulk parti- 

cles. Generally, metal and metal-oxide NPs exhibit fascinating 

optical, magnetic, electronic, and catalytic properties, thus they 

have been widely produced and utilized in industry, agriculture, 

consumer products, and household goods. For example, four 

metal and metal-oxide NPs (i.e., cerium oxide (CeO2), silver 

(Ag), zinc oxide (ZnO), and titanium dioxide (TiO2) NPs) have 

been regarded as high interest because of their widespread use 

and commercial importance (OECD, 2009; Baker et al., 2014). 

CeO2 NPs are broadly used as glass polishers and in heat-resistant 

coatings (EPA, 2009). Ag NPs are found in over hundreds of 

consumer products as antibacterial agents, and are especially 

effective against E. coli (McQuillan et al., 2012; Baker et al., 

2014). TiO2 NPs and ZnO NPs are commonly incorporated in 

sunscreens where they can protect against cell damage through 

blocking UV light due to their light absorption and photocat- 

alytic properties (Osmond and McCall, 2010; Baker et al., 

2014). Table S1 summarizes the productions and typical usages 

of common metal and metal-oxide NPs. Recent years, many 

kinds of metal and metal-oxide NPs have also been extensively 

applied in the field of environmental research (Khin et al., 

2012), such as environmental remediation, pollution control, 

antimicrobial agent, etc. One of latest applications of these NPs 

includes the immobilization of them on polymeric membrane 

surfaces to increase the membrane performances for water and 

wastewater treatment, such as hydrophilicity, selectivity, anti- 

bacterial and catalytic activities. 

The most important bottleneck affecting the immobiliza- 

tion of NPs into any membrane surface is achieving a uniform 

distribution and reliable stability to avoid pore blocking and NP 

leaching. To improve the durability of NP coatings, one popu- 

lar strategy is to introduce appropriate functional groups or 

polymer coatings on membrane surfaces as binding agents to 

adsorb NPs or their precursors. NPs can then be immobilized 
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on membrane surfaces though secondary interactions (van der 

Waals or electrostatic interactions) or covalent bonding or their 

combinations, or be generated on membrane surfaces through 

in-situ formation.  

Polymeric membrane surfaces may be activated to have 

functional groups through chemical treatment. The surface-active 

agent could be acid, alkali, or oxidizer solution with suitable 

concentration. The formation of polymer coatings can be 

achieved through simple adsorption or covalent coupling. These 

coatings may consist of materials that can be simply fixed to 

membrane surfaces through secondary interactions, or materi- 

als that are cured (cross-linking) on membrane surfaces with 

enhanced stability. The strength of secondary interactions would 

depend on the polymer surface nature and the modifier charac- 

teristics. Membrane surface coated with polyelectrolytes through 

layer-by-layer (LBL) deposition due to electrostatic adsorption 

has been reported as an effective way (Gao et al., 2018). The 

resulted coatings exhibit robust adhesion due to the large num- 

ber of charged groups on polyelectrolytes. This method is not 

sensitive to small imperfections on membrane surface, never- 

theless, deposition of too many layers may affect the membrane 

permeability.  

Covalent coupling, such as cross-linking, is usually attained 

through a curing step, thus the obtained coating could have me- 

chanical integrity. Many techniques can be applied to accom- 

plish cross-linking on membrane surface. The commonly used 

techniques may include, chemically induced polymerization by 

adding initiator or chemically induced small molecule coupling 

by chemical surface treatment, UV-induced polymerization in 

the presence of photo-initiator, plasma polymerization or plasma-

induced graft polymerization, corona discharge-induced poly- 

merization. Table S2 presents the outline information of these 

techniques (Miller et al., 2017). For example, plasma activation 

can induce the graft polymerization of vinyl monomers to poly- 

meric membrane surfaces (Ulbricht and Belfort, 1996). Perox- 

ides can be formed on membrane surface through plasma treat- 

ment, which can then generate radicals to trigger polymerize- 

tion reactions through thermolysis (Ulbricht and Belfort, 1996). 

Figure 1 shows a typical approach of membrane surface modif- 

ication with NPs, which begins with plasma treatment, followed 

by graft polymerization and subsequent NP immobilization. 

The other strategy to improve the durability of NP coating on 

membrane surface is to disperse NPs on solution of polymeric 

monomer, followed by co-polymerization which can be induced 

by the techniques in Table 2. It is noteworthy that the treatment 

conditions of most mentioned polymerization techniques should 

be optimized to avoid permeability reduction due to unreason- 

able coating and membrane damage due to aggressive treatment. 

3. Membrane Surface Functionalization with NPs 

3.1. Titanium Dioxide-Based NPs 

Titanium dioxide nanoparticles (TiO2 NPs) are hydrophilic 

inorganic nanomaterials commonly employed in the surface 

functionalization of polymeric membranes due to their high 

stability, low cost, strong hydrophilicity and photocatalytic ac- 

tivity. Performances of polymeric membranes before and after 

surface functionalization with TiO2 NPs are shown in Tables 1 

and 2. It was reported by Luo et al. (2005) and Moghimifar et 

al. (2014) that the immobilization of TiO2 NPs on PES UF 

membrane surfaces could effectively increase the permeation 

of the resultant membranes due to the enhancement of surface 

hydrophilicity (Luo et al., 2005; Moghimifar et al., 2014). Sur- 

face wettability and water permeability of polypropylene (PP) 

membranes were remarkably enhanced through surface modi- 

fication with TiO2 NPs, which were demonstrated by remark- 

ably decreased water contact angle and increased water flux 

(Saffar et al., 2014; Pi et al., 2016). Significant improvement in 

the hydrophilicity of PVDF membrane surface was also ob- 

tained by Chen et al. (2019b) for oily wastewater treatment. 

After surface modification with TiO2 NPs, the water contact 

angle was decreased from 83.5° to 9.1°, and the permeation 

flux was increased by 4 times without compromising oil rejec- 

tion rate. The effects of the nano-TiO2 immobilization at dif- 

ferent concentrations on filtration performance of a PES mem- 

brane were investigated by Pourjafar et al. (2012). It was found 

that the increase in TiO2 concentration could highly affect the 

surface morphology (rougher surface) and permeation (lower 

flux) of coated membranes. 

In recent years, a number of researchers have studied the 

deposition of TiO2 NPs on membrane surfaces to enhance anti- 

fouling properties, since TiO2 NPs have a tendency to decline 

 

 
Figure 1. Typical approach of membrane surface modification through plasma induced graft polymerization followed by  

NP immobilization. 
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the adhesions of organic foulants and microorganisms on mem- 

brane surfaces due to their super hydrophilicity (Bet-moushoul 

et al., 2016). Li et al. (2009) fabricated an antifouling SMA/ 

PVDF membrane via electrostatic self-assembly between ana- 

tase TiO2 NPs and carboxyl groups of styrene-alt-maleic anhy- 

dride (SMA) on the membrane surface. In comparison to the 

membrane without TiO2 NPs, the permeability and antifouling 

ability of modified membranes were significantly improved. 

The permeate flux was much higher during the filtration of 

BSA solution, and flux recovery ratio (FRR) was increased 

from 28.2 to 80.5% through the introduction of TiO2 NPs on 

the membrane surface. Due to the high specific surface area of 

TiO2 NPs, membrane surface coated with nano-TiO2 may have 

capability to help remove metal ions through adsorption during 

filtration process. Zhang et al. (2012) evaluated the adsorption 

behavior of Cu2+ on a nano-TiO2 entrapped PVDF membrane 

which was obtained by cetyltrimethyl ammonium bromide 

(CTAB) treatment and TiO2 NPs self-assembly. It was found 

that the entrapped TiO2 NPs increased the adsorption rate of 

Cu2+ from 53.84 to 68.8%, while improved the membrane sur- 

face hydrophilicity, permeability, and BSA resistance.  

The self-assembly of TiO2 NPs on polymeric membrane 

surfaces following graft polymerization for enhancing the 

membrane performances such as permeace and fouling resis- 

tance, have been successfully demonstrated in many studies 

(You et al., 2012; Zhang et al., 2013a; Saffar et al., 2014; Shi 

et al., 2016; Chen et al., 2019b). Tremendously enhanced anti- 

fouling effects were observed in the modified membranes, 

which were reflected by relatively better flux recovery and low- 

er flux reduction. These favorable effects could be attributed to 

the hydrophilicity of the self-assembled TiO2 NPs. It was re- 

ported that nano-TiO2 coatings could improve the membrane 

hydrophilicity and also form a hydrophilic layer near the mem- 

brane surface. This layer could prevent the direct contact of 

foulants with the membrane surface, and thus improve the anti- 

fouling properties (Kang and Cao, 2014). However, during 

self-assembly process, TiO2 NPs may be randomly attached to 

the functional groups of the grafted layer, part of NPs may be- 

come detached during cross-flow filtration, leading to dis- 

counts in antifouling properties. Madaeni et al. (2011b) com- 

pared filtration performances of two PVDF membranes whose 

surfaces were modified through the nano-TiO2 self-assembly 

method on grafted PAA layer and in situ immobilization of AA 

monomer-functionalized TiO2 NPs, respectively. The results of 

antifouling tested showed that the second method was better in 

terms of nano-TiO2 durability in the modified membrane sur- 

face. To further improve the durability of nano-TiO2 coating, 

Shi et al. (2016) anchored TiO2 NPs on the surface of a com- 

mercial PVDF MF membrane through PDA/TiO2 co-poly- 

merization method with the help of a silane coupling agent 

KH550. The obtained membrane was superhydrophilic and had 

an ultrahigh efficiency (nearly 99%) for the separation of sur- 

factant stabilized oil/water emulsions. The immobilized TiO2 

NPs were reported to be firmly embedded on the membrane 

surface even after immersed in water with strong shear flow for 

30 days. This made the modified membrane durable in oil re- 

sistance and antifouling performance. Xiong et al. (2017) dec- 

orated TiO2 NPs with hydrophilic copolymer through hydro- 

lysis, condensation, and crosslinking, and then immobilized 

TiO2 NPs on PVDF membrane surfaces using spin coating. The 

prepared membranes showed robust superwetting property 

(water contact angle in air dropped to 0° within 1 s), and ex- 

cellent durability in long-term separation of both stabilized 

water/oil and oil/water emulsion with few NPs loss. Wang et 

al. (2021) developed a cellulose-based NF membrane (CS/DA-

TiO2-NFM) through casting of both chitosan (CS) and (DA-

TiO2) on cellulose membrane surface. The irreversible recov- 

ery ratio of the resultant membrane was only 23.25% of the 

control during the antifouling test against BSA. Also, signif- 

icant improvement in the rejection performances of the mod- 

ified membranes were observed. Li et al. (2014b) modified 

PVDF hollow fiber membranes through PVA/TiO2 co-poly- 

merization. The optimal membrane presented 92.7 ± 2.20% of 

Congo red (CR) rejection rate, which was much higher than 

that of the original membrane (54.5 ± 6.1%). However, the per- 

meate flux was severely declined due to the PVA cross linking. 

Qin et al. (2015) fabricated a hydrophilic PVDF membrane via 

chemically binding TiO2 NPs followed by poly(vinyl alcohol) 

(PVA) coating on the membrane surface. During filtration tests 

with BSA solution, besides the FRR was significantly in- 

creased from 20.0 to 80.5% after modification, the BSA rejec- 

tion rate was increased from 44.7 to 86.5%.  

Using the photocatalytic properties of TiO2 NPs, mem- 

brane performances can be further improved. For example, 

Mansourpanah et al. (2009) examined the performance of PES/ 

PI membrane modified through diethanolamine (DEA) coating 

and TiO2 self-assembly followed by ultraviolet (UV) irradia- 

tion. It was found that –OH groups originated excellent adhe- 

sion of TiO2 NPs on the membrane surface, increased revers- 

ible deposition and diminished irreversible fouling. Later, this 

research group directly deposited TiO2 NPs on a cellulose UF 

membrane surface through coordinance bonds with native –

OH groups, and then irradiated the coated membrane using UV 

light (Madaeni et al., 2011a). The modified membrane flux was 

increased to a large extent compared to the virgin membrane. 

The deposited TiO2 NPs could be revived through UV irra- 

diation, thus improving the antifouling performance. Ngo et al. 

(2016) modified a commercial TFC-PA membrane for dye re- 

moval through dip-coating of TiO2 NPs with subsequent UV 

irradiation. The permeate flux was increased by about 60% and 

the dye rejection rate was improved from 92 to 99%. The anti- 

fouling property of the modified membrane was also enhanced 

with a higher maintained flux ratio and a lower irreversible 

fouling factor compared with the pristine membrane. TiO2 NPs 

were also applied to membrane self-cleaning and pollution 

degradation through photocatalysis. You et al. (2012) evaluated 

the antifouling and photocatalytic properties of PVDF plasma-

grafted PAA membranes with self-assembled TiO2 NPs. Be- 

sides tremendous improvement in hydrophilicity, the mem- 

brane’s original performance could be recovered after 30 min 

of cumulative UV irradiation. The TiO2-modified membranes 

could also remove 30 ~ 42% of Reactive Black 5 (RB5) dye 

(50 mg/L in solution) under UV light (254 nm, 15 W) within 

120 min. Fischer et al. (2015; 2017) in-situ synthesized TiO2 
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Table 1. Summary of the Performance of Polymeric Membranes before and after Surface Modification with TiO2 NPs (Part 1: 

Hydrophilicity) 

Membrane 
Filtration 

Category 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

PES 

membrane 

UF Na2CO3, TiO2 Self-

assembly  

39.6° 19.2° 70.2  

L/m2 h 

102.9 

L/m2 h 

- - 0.2 

Mpa 

PEG-5000 

rejection 

Luo et al., 

2005 

PES/PI 

membrane 

NF DEA, TiO2 Self-

assembly  

61° 53° 13  

L/m2 h 

bar 

17  

L/m2 h 

bar 

15% 65% 0.7 

MPa  

BSA 

filtration 

Mansour- 

panah et al., 

2009 

SMA/PVDF 

membrane 

MF Poly(styrene-

alt-maleic 

anhydride) 

(SMA), TiO2 

Self-

assembly  

85° 54.1° 150  

L/m2 h 

550  

L/m2 h 

98.6 ± 

2.3% 

92.5 ± 

1.4% 

100 

kPa  

BSA 

rejection 

Li et al., 

2009 

PVDF 

membrane  

MF PAA,  

TiO2 (P25) 

In situ poly- 

merization 

- - 6  

L/m2 h 

bar 

6.5  

L/m2 h 

bar 

70% 90% 2  

atm 

Protein 

filtration 

Madaeni et 

al., 2011 

Cellulose 

membrane 

UF 

(MWCO: 

10,000 

Da) 

TiO2 (P25) Self-

assembly 

followed by 

UV light 

irradiation 

48° 12° 4  

L/m2 h 

6  

L/m2 h 

- - 3  

bar 

Protein 

filtration 

Madaeni et 

al., 2011 

PES/PVA/ 

TiO2 

composite 

membranes 

NF PVA, TiO2 Chemical 

cross-linking 

followed by 

dip-coating 

(self-

assembly) 

55.3° 39° 7  

L/m2 h 

24  

L/m2 h 

28% 41% 5  

bar  

NaCl 

rejection 

Pourjafar et 

al., 2012 

PVDF-g-

PAA- TiO2 

membrane 

MF  

(pore 

size:  

0.45 um) 

PAA,  

TiO2 (P25) 

Plasma-

induced 

polymeriza- 

tion followed 

by self-

assembly 

116.4° 23° 20  

L/m2 h 

30  

L/m2 h 

- - 98  

kPa 

BSA 

filtration 

You et al., 

2012 

PVDF 

membrane  

MF  

(pore 

size:  

2 um) 

Cetyltrimethyl 

ammonium 

bromide 

(CTAB), TiO2 

Self-

assembly  

104.3° 56.6° 630  

L/m2 h 

1,485 

L/m2 h 

53.8% 68.8% 150 

kPa 

Adsorption 

of Cu2+ 

Zhang et al., 

2012 

TFC 

membrane 

- Polydopamine 

(PDA) 

Self-

polymerized 

PDA 

followed by 

TiO2 self-

assembly 

32° 27.7° 1.41  

L/m2 h 

bar  

1.18  

L/m2 h 

bar  

80.3% 87.8%  Salt 

rejection 

(MgSO4) 

Zhang et al., 

2013 

PVDF 

membrane 

MF  

(pore 

size:  

0.4 um) 

PVA, TiO2, 

glutaraldehyde 

(GA), H2SO4 

PVA/TiO2 

co-

polymeriza- 

tion 

87° 55° 89.20 ± 

13.60 

L/m2 h 

5.10 ± 

2.00  

L/m2 h 

54.5 ± 

6.1% 

92.2 ± 

2.2% 

0.3 

MPa 

CR 

rejection 

Li et al., 

2014 

PES 

membrane 

UF  

(pore 

size:  

14 nm) 

TiO2 Corona air 

plasma 

treatment 

followed by 

dip coating 

65° 5° 2.54 

kg/m2 h 

16.45 

kg/m2 h 

94% 99% 1.5  

bar  

Oil 

rejection 

Moghimifar 

et al., 2014 

PP 

membrane 

MF PAA, TiO2 Self-

assembly  

90° 40° - - - - - - Saffar et al., 

2014 

PVDF 

membrane 

MF  

(pore 

size:  

0.22 um) 

Titanium 

isopropoxide 

Hydrolysis 

crystalliza- 

tion 

73° 76° - Increase 

25% 

- - 2  

bar 

BSA 

filtration 

Fischer et 

al., 2015 
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Continued 

Membrane 
Filtration 

Category 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

PVDF/TiO2/ 

PVA 

membrane 

UF TBAF, 

NaHSO3, 

trimesoyl 

chloride, PVA, 

TiO2 

Chemically 

binding TiO2 

followed by 

PVA cross-

linking  

84° 24°  390  

L/m2 h 

430  

L/m2 h 

44.7% 86.5% 0.1 

MPa 

BSA 

filtration 

Qin et al., 

2015 

TiO2 coated 

TFC-PA 

membrane 

NF TiO2 UV-

irradiated 

TiO2-coating 

50° 7° - Increase 

60% 

92% 99% 15  

bar 

Dye 

removal 

Ngo et al., 

2016 

TiO2 NPs  

on the 

PDA/PEI-

deposited PP 

membrane 

MF DA, PEI,  

Ti-BALDH,  

NH3 H2O  

PDA/PEI co-

deposition 

method 

followed by 

sol-gel 

process 

135° 20° 605  

± 26 

L/m2 h 

5,720  

± 207  

L/m2 h 

- - 0.10 

MPa 

BSA 

filtration 

Pi et al., 

2016 

TiO2 

decorated 

PVDF 

membrane 

MF  

(pore 

size:  

0.22 um) 

DA, TiO2, (3-

aminopropyl) 

triethoxy-silan 

(KH550) 

PDA/TiO2 

co- 

polymeriza- 

tion  

123.8° 26.9° 50  

L/m2 h 

785  

L/m2 h 

- 99% 0.09 

MPa 

Surfactant 

stabilized 

oil-in-water 

emulsion 

Shi et al., 

2016 

PES 

membrane 

MF  

(pore 

size:  

0.22 um) 

Titanium (IV) 

isopropoxide 

(TTIP), 

hydrochloric 

acid 

In-situ 

formation 

55° 15° 28 

mL/min 

cm2 bar 

30 

mL/min 

cm2 bar 

21% 39% 1  

bar  

MB 

photocata- 

lytic 

degradation  

Fischer et 

al., 2017 

PVA/PAA/ 

GO-COOH-

TiO2 

nanofiber 

membrane 

- PVA, PAA, 

GO, TiO2  

Heat-induced 

crosslinking 

followed by 

self-

assembly  

- - - - - 30.45 

mg/g  

 MB 

photocata- 

lytic 

degradation  

Hou et al., 

2017 

PVDF-PAA-

TiO2 

membrane 

MF  

(pore 

size:  

0.1 um) 

PAA, TiO2 

(P25) 

Plasma 

induced 

PAA 

grafting 

followed by 

self-

assembly 

83° 9° 15  

L/m2 min 

64  

L/m2 min 

91.8% 92.1% 0.3  

MPa 

COD 

removal in 

oil/water 

emulsion 

Chen et al., 

2019 

 

NPs at the surfaces of PVDF and PES membranes through hy- 

drolysis crystallization, and investigated their photocatalytic 

activities for removal of dyes and drugs. For instance, after 120 

min of UV irradiation, TiO2/PVDF and TiO2/PES membranes 

could degrade 100 and 70% of methylene blue (3.2 mg/L), 68 

and 55% of diclofenac (25 mg/L), respectively (Fischer et al., 

2015). Hou et al. (2017) prepared a photoactive PVA/PAA/ 

GO-COOH-TiO2 electrospun membrane for dye degradation. 

The as-prepared membrane demonstrated 30.45 mg dye/g 

membrane of degradation capacity at equilibrium state under 

mercury lamp illumination (20 W, 365 nm), which was attri- 

buted to the large specific surface area of the electrospun mem- 

brane and the photoactivity of TiO2 NPs.  

In addition to the mentioned properties above, the disin- 

fection performance and antibacterial activity of nano-TiO2 

functionalized membranes have also been investigated due to 

their high efficiency in generating active reactive oxygen spe- 

cies (ROS) under UV irradiation (Leong et al., 2014; Laxma 

Reddy et al., 2017). When subjected to light irradiation, the 

generation of energy occurs due to the excitation of electrons 

in TiO2 NPs as photocatalyst, especially under UV irradiation 

(Leong et al., 2014; Xu et al., 2020). This results in the creation 

of positively charged electron holes and negatively charged 

free electrons, which react with atmospheric oxygen and water, 

forming ROS (e.g., hydroxyl radicals, superoxide radicals, hy- 

drogen peroxide, etc.) (Laxma Reddy et al., 2017; Sri Abirami 

Saraswathi et al., 2019). Hydroxyl radicals are primarily re- 

sponsible for the disinfection activity, especially against bac- 

teria; other ROS (such as hydrogen peroxide) play pivotal roles 

in cell damage, such as oxidation of cellular components and 

membrane leakage of the microbial cell (Laxma Reddy et al., 

2017). Thus, the polymeric membranes functionalized with 

TiO2 NPs exhibit anti-biofouling properties. Immobilization of 

TiO2 NPs on TFC-PA membrane surfaces were carried out to 

solve biofouling problem as an approach (Kwak et al., 2001; 

Kim et al., 2003). The modified TFC-PA membranes were 

showed to possess dramatic photo bactericidal effects on E. coli 

under UV light illumination, and displayed less loss of RO per- 

meability. Rahimpour et al. (2012) modified a PVDF/sulfo- 

nated polyethersulfone (SPES) blend membrane through TiO2 

NPs deposition followed by UV irradiation. After modification, 

the resultant membrane showed lower tendency to BSA fouling  
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Table 2. Summary of the Performance of Polymeric Membranes before and after Surface Modification with TiO2 NPs (Part 2: 

Antibacterial Activity) 

Membrane 
Filtration 

type 
Material 

Modifica- 

tion method 

Contact 

angle 

Permeate  

flux 

Surface 

charge  

Rejection 

rate TMP 

Antibacte- 

rial perfor- 

mance 

Applica- 

tion 

Refer- 

ence 
Before After Before After Before After Before After 

TFC RO Na2CO3, 

TiO2 

Self-

assembly  

- - 55.4 

gfd 

66.1 

gfd 

- - 94.7% 96% 225 

psi 

100% after  

4 h UV  

NaCl 

rejection 

Kim et 

al., 

2008 

TiO2 

deposited 

PVDF/ 

SPES 

membrane 

MF Sulfonated 

polyether- 

sulfone 

(SPES), 

TiO2 

Self-

assembly 

TiO2 

followed by 

UV light 

irradiation 

74.4  

±  

1.7° 

25.2 

± 

1.0° 

130 

L/m2 h 

140 

L/m2 h 

- - 70% 93% 1  

bar 

Clear 

inhibition 

zone 

BSA 

rejection 

Rahim- 

pour et 

al., 

2012 

Ag/TiO2-

coated 

cellulose 

triacetate 

(CTA) 

membrane 

FO AgNO3, 

TiO2  

UV photo-

induced Ag 

NPs growth 

followed by 

charge-

driven self-

assembly of 

TiO2 NPs 

48° 44° 6  

L/m2 h 

8  

L/m2 h 

-40 

mV 

-25 

mV 

- - - The ATP 

concentra- 

tion 

decreased 

from 23.5 

to 2.0 µg/L 

- Nguye

n et al., 

2014 

TiO2-

modified 

PVDF 

membrane 

UF 

(MWCO: 

100 kDa) 

Dopamine, 

TiO2 (P25) 

Polydopa- 

mine 

(PDA)-

deposition 

followed by 

self-

assembly  

80° 60° 1225 

L/m2 h 

1925 

L/m2 h 

- - 98.9% 99.9% 1.4 

bar 

- Retention 

of total 

bacteria 

Ren et 

al., 

2018 

PEI-

TiO2/Ag 

modified 

PAN 

membrane 

UF 

(MWCO: 

200 kDa) 

PEI-TiO2, 

AgNO3, 

PDA 

Vacuum 

filtration 

followed by 

Ag in site 

reduction 

49° 20° 1211 

L/m2 h 

bar 

588 

L/m2 h 

bar 

-20.4 

mV 

10.4 

mV 

5% 48% 2  

bar 

High 

bacterio- 

static rate of 

99.7% 

Na2SO4 Li et 

al., 

2019 

 

and higher antibacterial property, with moderate increase in 

BSA retention efficiency. A clear inhibition ring on the mod- 

ified membrane was the evidence of the antibacterial effect 

against E coli. Ren et al. (2018) loaded TiO2 NPs on a PVDF 

UF membrane surface to improve the removal efficiencies of 

antibiotic resistant bacteria (ARB) and antibiotic resistance 

genes (ARGs) from secondary wastewater effluent. Compared 

to the unmodified PVDF membrane, the TiO2-modified mem- 

brane provided complete retention of ARB with a much higher 

permeate flux, and it could effectively degraded of ARGs and 

integrons which accumulated on membrane surface under UV 

irradiation.  

It is a well-established fact that silver (Ag) has strong anti- 

microbial property to a variety of bacteria through the release 

of Ag+ ions. Hence, more intense disinfection/antibacterial ac- 

tivity can be acquired through the combination of Ag and TiO2 

NPs (Laxma Reddy et al., 2017). Nguyen et al. (2014) depos- 

ited Ag NPs on the surface of a cellulose triacetate (CTA) for- 

ward osmosis (FO) membrane by using UV-induced growth 

approach, followed by nano-TiO2 self-assembly on the layer of 

Ag NPs. The bacterial growth on the Ag/TiO2-coated CTA 

membrane surface was almost 11 times less than that on the 

virgin membrane. They reported that this was primarily due to 

the antibacterial activities of the Ag NPs, while the TiO2 NPs 

played an effective role in regenerating the Ag NPs through 

decomposing organic matters which covered the Ag NPs. The 

coated membrane thus achieved much higher recovery of initial 

water flux (67 ~ 72%) compared to the virgin membrane (33%) 

after cleaning. In turn, Li et al. (2019) loaded Ag NPs onto a 

TiO2-coated PAN UF membrane surface through in-situ for- 

mation. The nano-TiO2 coating notably enhanced the water 

permeability during the process of dye removal, and the Ag 

NPs loading enabled the membrane with a high antibacterial 

activity. The optimal membrane had a water permeability of 

40.6 L/m2 h bar and CR removal rate of > 98%, with 99.7% of 

bacteriostatic rate on membrane surface. 

 

3.2. Zinc Oxide-Based NPs 

Zinc oxide nanoparticles (ZnO NPs) have emerged as an 

efficient and promising candidate in environmental research 

field because of their outstanding characteristics, such as wide 

band gap in the near-UV spectral region, strong thermal sta- 

bility, excellent photocatalytic property, and large free-exciton 

binding energy (Lee et al., 2016). Besides as a semiconductor 

oxide, ZnO NPs also have great hydrophilicity and antibacterial 

property. ZnO NPs thus have been used as a replacement for 

TiO2 NPs since they have similar characteristics. In addition, 

compared with TiO2 NPs, the crystal form of ZnO NPs is easier 
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to be controlled and the production cost is lower up to 75% 

(Liang et al., 2012; Ong et al., 2018). Hence, ZnO and ZnO-

based NPs have attracted an increasing amount of interest in 

surface modification for polymeric membranes. Table 3 pres- 

ents the performances of polymeric membranes before and af- 

ter surface modification with ZnO-based NPs. 

It has been reported that nano-ZnO coating has a great in- 

fluence on improving the water permeation of base membranes 

through enhancing their surface hydrophilicity. This is because 

ZnO NPs can easily become hydrophilic through the quick ab- 

sorption of hydrophilic –OH groups (Javdaneh et al., 2016). 

The influence of ZnO NPs in enhancing the surface hydro- 

philicity of a PVDF membrane for produced water treatment 

was studied by Chen et al. (2019a) A PAA-ZnO coating was 

formed on membrane surface via cold plasma-induced PAA 

polymerization followed by nano-ZnO self-assembly. This 

decreased the water contact angle from 101.1° to 18.7°, thus 

bringing about significantly improvement of membrane per- 

formances in both water permeation flux and oil rejection rate. 

Due to its photocatalytic property, ZnO NPs were employed for 

membrane self-cleaning through photocatalysis. Laohaprapa- 

non et al. (2017) loaded ZnO NPs on a PVDF MF membrane 

surface and studied the self-cleaning property of the resulted 

membrane. After severely fouled on the filtration of alginate (1 

wt%), the ZnO-coated membrane could fully recover the orig- 

inal flux through UV irradiation for 30 min. The modified 

membrane also exhibited excellent photocatalytic activity, 

achieving 86% of remazol black B decolourization under UV 

irradiation for 5 h.  

Nano-ZnO was also employed to protect polymeric mem- 

branes from biofouling since it exhibits a higher level of tox- 

icity compared to nano-TiO2 (Huang et al., 2020). The antibac- 

terial activity of ZnO NPs can be attributed to the generation of 

hydrogen peroxide at its surface (Sirelkhatim et al., 2015). 

Isawi et al. (2016) developed a nano-ZnO modified PMAA-g-

PA (TFC) membrane for groundwater desalination through in- 

corporating ZnO NPs into MAA grafting solution. After ex- 

posure to UV light for 90 min, almost no survival E. coli cells 

was observed on the modified membrane surface, while 12% 

of survival E. coli cells was found on the pure PA(TFC) mem- 

brane surface. The nano-ZnO modified membrane also showed 

99 and 98% of rejection rates for dissolved bivalent ions (Ca2+, 

SO4
2− and Mg2+) and mono valent ions constituents (Cl− and 

Na+), respectively. Jo et al. (2016) studied the functionalization 

of PES UF membrane surface with ZnO NPs by reaction of 

amine groups in PES-NH2 with thionyl chloride-terminated 

ZnO NPs. The antibacterial rates for E. coli and S. aureus were 

increased from 38.0 and 35.2% on the pristine membrane sur- 

face to both over 99% on the functionalized membrane surface. 

Due to the high specific surface area, nano-ZnO coating on 

membrane surface was used to remove copper ions through ad- 

sorption during filtration process, while the membrane perfor- 

mances were also improved (Zhang et al., 2014). Chen et al. 

(2018) fabricated an omniphobic membrane for membrane dis- 

tillation (MD) by depositing ZnO NPs on a glass fiber (GF) 

membrane to form hierarchical re-entrant structures through 

chemical bath deposition, followed by surface fluorination and 

polymer coating to lower the membrane surface energy. Com- 

pared to the hydrophobic GF membrane without ZnO NP de- 

position, the omniphobic membrane showed a much higher 

wetting resistance to feed solution with low surface tension 

(SDS solution) in direct MD with more than 99.99% of salt  

rejection rate (1 M NaCl). 

 

3.3. Silver and Silver-Based NPs 

In recent decades, silver nanoparticles (Ag NPs) have re- 

ceived high attention because of their broad spectrum antibac- 

terial activity (Liu et al., 2017). It is generally recognized that 

the toxicity of Ag NPs is mainly driven by the release of Ag+ 

ions (Cao et al., 2010; de Lima et al., 2012; Zhang et al., 

2016a). The released Ag+ ions inactivate the membrane protein 

of bacterial cell, and then bind with bacterial DNA to disrupt 

DNA replication, thus leading to inactivation of the cyto- 

chrome b and bacterial cell (Chudobova et al., 2013; Ong et al., 

2016). Owing to the antimicrobial features of Ag-based com- 

pounds, Ag and Ag-based NPs have been widely employed to 

improve the biofouling resistance of polymeric membrane 

surfaces. Table S3 summarizes the performances of polymeric 

membranes before and after surface modification with silver 

and silver-based NPs. 

Efforts have been devoted to directly immobilize Ag NPs 

on membrane surfaces to prevent membrane biofouling caused 

by Gram-negative and Gram-positive bacteria such as E. coli 

and B. subtilis, respectively. Yang et al. (2009) reported better 

performances of Ag-coated TFC RO membrane in terms of 

much better stability in permeate flux and total dissolved solids 

TDS) removal rate compared to the unmodified membrane, 

since much less viable bacteria could adhere to the modified 

membrane surface during cross-flow filtration test. Ben-Sasson 

et al. (2014a) loaded Ag NPs on a TFC RO membrane surface 

through in site reduction of silver salt. This method resulted in 

uniform coverage and irreversible bond of Ag NPs on the mem- 

brane surface, thus Ag NPs did not impact the original mem- 

brane properties but endowed strong antibacterial activity to 

the membrane. The amount of live bacteria attached to the 

membrane surface was reduced more than 75%, and biofilm 

formation was significantly suppressed with 41% reduction in 

total biovolume, though water permeability was slight declined 

(up to 17%). Mecha and Pillay (2014) explored combining a 

woven fabric MF membrane with Ag NPs which were directly 

deposited on membrane surface by chemical reduction of 

AgNO3. With controlled amount of Ag NPs, the membrane 

morphology was not significant changed, while higher water 

permeability and bacteria removal efficiency were obtained for 

potable water treatment.  

Since the toxicity of Ag-modified membranes largely de- 

pends on the durability of Ag NPs, researchers made many ef- 

forts to improve the particle durability and reactivity of Ag NPs 

on membrane surfaces (Sharma, 2013; Prince et al., 2014; Liu 

et al., 2015a). To reduce Ag leaching from membrane surface 

during filtration process, Yin et al. (2013) applied cysteamin 

as a bridging agent to attach Ag NPs on TFC-PA membrane 

surface via covalent bonding. Similar approach for attaching 
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Table 3. Summary of the Performance of Polymeric Membranes before and after Surface Modification with ZnO NPs 

Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate Antibacte- 

rial perfor- 

mance 

TMP Application Reference Before After Before After Before After 

PVDF/ZnO 

hybrid 

membrane 

MF  

(pore 

size:  

1.1 um) 

KMnO₄, 

NaHSO3, 

CTAB, 

ZnO NPs 

Chemical 

treatment 

followed by 

self-assembly  

62° 52° 285 

L/m2 h 

465 

L/m2 h 

9.83 

ug/cm2 

87.4 

ug/cm2 

- 150 

kPa 

Cu2+ 

adsorption 

Zhang et 

al., 2014 

ZnO NPs 

modified 

PMAA-g-

PA(TFC) 

membrane 

RO K2S2O8, 

Na2S2O5, 

MAA, 

ZnO NPs 

Redox 

grafting 

PMAA 

polymerizatio

n followed by 

self-assembly 

71  

± 2.8° 

50  

± 3° 

31 

L/m2 h 

35 

L/m2 h 

96.6% 98% No live cell 

on surface 

after 90 

min of UV 

light 

exposure 

15  

bar 

NaCl 

rejection 

Isawi et 

al., 2016 

PES/PES-

NH2/ZnO 

membrane 

UF Na2S2O4, 

APTES, 

SOCl2  

Chemical 

treatment 

followed by 

self-assembly  

- - 2  

L/m2 h 

12 

L/m2 h 

95% 90% > 99% on 

membrane 

surface 

- C16E8 

nonionic 

surfactant 

removal 

Jo et al., 

2016 

PVDF-g-

PAA/ZnO-

3% 

membrane 

MF  

(pore 

size:  

0.45 um) 

AA, ZnO 

NPs 

Plasma 

induced PAA 

grafting 

followed by 

self-assembly 

126.3° 11.7° 283 

L/m2 h 

295 

L/m2 h 

24% 86% 

under 

UV of 

5 h 

 
- Remazol  

black B 

decolorization 

Laohapra- 

panon et 

al., 2017 

Glass fiber 

(GF) 

membrane 

MF  

(pore 

size:  

0.4 um) 

KMnO4, 

Zn(NO3)2, 

FAS17, 

PVDF 

Chemical 

bath 

deposition 

followed by 

polymer 

coating 

0° 150° - 11.4 ± 

0.9 

kg/m2 

h 

- 99.99

% 

- - Removal of 

sodium 

dodecyl 

sulfate (SDS) 

solution with 

1 M NaCl 

Chen et 

al., 2018 

PVDF-

PAA-ZnO 

membrane. 

MF  

(pore 

size:  

0.1 um) 

PAA, 

ZnO NPs 

Plasma 

induced PAA 

grafting 

followed by 

self-assembly 

101.1° 18.7° 68.5 

L/m2·m

in 

1400 

L/m2· 

min 

89% 93% - 3  

bar 

COD removal 

from oily 

wastewater 

Chen et 

al., 2019 

 

Ag NPs was used by Reis et al. (2015) who selected 1-vinyl 

imidazole (VIm) as a binding agent for nano-Ag immobiliza- 

tion. Sawada et al. (2012) coated acrylamide on a PES UF 

membrane using UV-induced graft polymerization. This coat- 

ing was applied to adsorb AgNO3 for in site reduction of Ag 

NPs on the membrane surface. Thus, the membrane hydrophil- 

icity was improved by acrylamide grafting (from 90° to 40°), 

and the loaded Ag NPs killed more than 99.999% of E. coli 

attached on membrane surface. Similar improvements were 

also reported on a research about Ag/PVDF-g-PAA composite 

membrane (Li et al., 2013). Zhang et al. (2013b) grafted poly(- 

ethylene glycol) methyl ether acrylate (PEGMEA) on TFC 

membrane surface to adsorb AgNO3 followed by light-induced 

formation of Ag NPs. Significant reduction of E. coli and BSA 

attachments on membrane surface were obtained due to re- 

markable decrease in adhesion forces, which could be attri- 

buted to hydrophilicity improvement (from 68° to 50°) and 

surface charge increase (from −70 to +120 mV). AgNO3 was 

also adsorbed by a PVA coating, which led to the formation of 

Ag NPs with 10 ~ 20 nm in diameter on a TFC NF membrane 

surface through thermal reduction (Zhang et al., 2016b). The 

PVA coating acted as a reducing agent to reduce Ag+ into Ag 

NPs, and played an important role in stabilizing Ag NPs on the 

membrane surface by the interaction between PVA and Ag 

NPs. Liu et al. (2015b) successfully synthesized biogenic Ag  

NPs (BioAg) with 6 nm of averaged diameter and grafted them 

on a TFC PA NF membrane surface with the help of H2N-

(CH2)2-SH ethanol. The modified membrane showed effective 

antibacterial ability to constrain the growth of both P. 

aeruginosa and E. coli. Besides, the grafted BioAg had long-

lasting stability on the membrane, 95% of Ag remained on the 

membrane surface after soaked in pure water for 50 days. Dong 

et al. (2017) deposited an ultrathin precursor layer which con- 

sisted of tannic acid-ferric ion-polyethylenimine (TA-Fe-PEI) 

complex onto a TFC RO membrane surface. Ag NPs were then 

in-situ formed on the membrane surface due to the strong re- 

ducibility of TA. This modification increased the bacteria mor- 

talities on membrane surface by about 85% after contacting 

with E. coli and Bacillus subtilis for 1.5 h, while slightly im- 

proving water flux and salt rejection.  

The ability to simultaneously improve membrane hydro- 

philicity and reduce Ag+ to Ag NPs has been also found on 

polydopamine (PDA) which is a hydrophilic material due to its 

abundant catechol, quinine, and amine groups. PDA formation 

can be achieved on most of substrates to generate a thin and 

conformal coating under mild, aqueous conditions without re- 

quirement of special reaction (Miller et al., 2017; Qi et al., 

2018). Due to such nonspecific nature of PDA deposition, many 

kinds of polymeric membranes, such as TFC-PA, PSf, CA, and 

PES have been rendered hydrophilic (Miller et al., 2017). The 
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hydrophilic PDA coating could be applied as a platform for the 

secondary conjugation of Ag NPs (Yang et al., 2021). For ex- 

ample, to mitigate membrane biofouling, Tang et al. and Huang 

et al. modified PSf membranes with PDA films followed by in-

situ formation of Ag NPs. The catechol groups in PDA ad- 

sorbed and reduced Ag+ ions, thus the Ag NPs were generated 

and firmly immobilized on the membrane surface via metal co- 

ordination. The PDA film significantly improved membrane 

hydrophilicity, leading to enhanced membrane antiadhesive 

property. Ag NPs imparted strong antimicrobial properties to 

the membrane, resulting in > 99% inactivation of bacteria at- 

tached to the surface. Besides, the release of Ag+ ions was sta- 

ble and slow during the filtrate operation. Tang et al. (2015b) 

reported that the concentration of Ag+ ion released was 2 to 3 

orders of magnitude lower than the established standard level 

for drinking water, and Huang et al. (2016) tested little release 

of silver in water for 12 days. Similarly, in-situ regeneration of 

Ag NPs on the PDA modified TFC FO membrane was achiev- 

ed by Liu and Hu (2016) for NaCl rejection. After modifica- 

tion, the water contact angle was decreased from 68.4 ± 1.9° to 

28.5 ± 4.6°, and the number of live E. coli attached on mem- 

brane surface was reduced by 94.4 ± 2.3%. Sri Abirami Sara- 

swathi et al. (2019b) also reported effective modification of CA 

UF membranes through bioinspired PAD coating followed by 

in-situ deposition of Ag NPs. The water contact angle (55.8°), 

pure water flux (113.1 L/m2 h), and biofouling resistance (clear 

inhibition zones) of the modified CA membrane confirmed sig- 

nificant enhancements in membrane hydrophilicity, perme- 

ability, antifouling and antibiofouling properties, compared to 

the pristine membrane with 76.4° of water contact angle and 

24.7 L/m2 h of pure water flux. 

Recently, significant attention has also been dedicated to 

surface modification using zwitterionic polymers which contain 

negatively and positively charged residues at the same monomer 

unit. They have been applied to delay or prevent microbial at- 

tachment to membrane surfaces due to their hydrophilicity. 

Thus, combining application of highly hydrophilic zwitterionic 

polymers and biocidal Ag NPs on membrane surfaces has been 

investigated to reduce the adhesion of foulants and enhance the 

inactivation of bacteria through optimization of surface chem- 

istry (Liu et al., 2017). For example, poly(sulfobetaine methacry- 

late) (PSBMA) which is regarded as a promising class of zwit- 

terionic polymers for antifouling applications, has been popu- 

larly employed to combine Ag NPs for membrane surface func- 

tionalization. The functionalized membranes with simultaneous 

antiadhesive and bactericidal capabilities have been demonstrated 

in several research (He et al., 2017; Liu et al., 2017; Xie et al., 

2017; Xie et al., 2018; Zhang et al., 2018). Besides, Yi et al. 

(2019) employed two different zwitterions (SO3−-based and 

COO−-based) to modify TFC PA NF membranes followed by 

in-situ formation of Ag NPs. The presence of both zwitterions 

helped increase Ag content, resulting in significant improve- 

ments of antimicrobial and antifouling properties for mem- 

branes. The COO−-based zwitterion polymer was found to be 

more favorable toward Ag NP immobilization compared to the 

SO3−-based zwitterion polymer.  

Besides using unmodified Ag NPs, researchers also func- 

tionalized/modified Ag NPs before immobilization to mem- 

brane surfaces. Mauter et al. (2011) synthesized PEI coated Ag 

NPs and then fixed them on an oxygen plasma modified PSf 

UF membrane surface. The nucleophilic primary amines of the 

PEI could react with the electrophilic carboxyl groups on the 

PSf membrane surface, forming electrostatic and covalent 

bonds. This led to an irreversible modification process that sig- 

nificantly improved the antibacterial activity to the membrane 

surface. The bacterial inactivation rate could be over 94% 

within 1 h of contacting time; however, the permeate flux was 

decreased from 75 to 30 L/m2 h bar. Both organic and bio- 

logical fouling was reduced on a PES MF membrane whose 

surface was functionalized with citrate-stabilized Ag NPs using 

polyelectrolyte multilayer modification method with poly- 

(styrenesulfonate) (PSS) (Diagne et al., 2012). Zirehpour et al. 

(2017) investigated the use of an Ag-based metal-organic frame- 

work (MOF) for mitigating biofouling in TFC FO membranes. 

This immobilization improved the membrane hydrophilicity 

and transport property without adversely affecting the selecti- 

vity. The number of live bacteria attached to the modified 

membrane surface was 90% less than that of control mem- 

branes, and this biocidal activity could last for 6 months. Sprick 

et al. (2018) chemically loaded casein-coated Ag NPs on cel- 

lulose acetate (CA) UF membranes with the help of cysteamine 

via the affinity of Ag to the thiol groups. This immobilization 

chemistry effectively prevented the leaching of Ag NPs during 

cross-flow studies.  

The development and application of Ag-based nanocom- 

posites is also a research trend since nanocomposites perform 

even better than pure Ag NPs. Researchers have proposed many 

Ag-based nanocomposites for membrane surface functional- 

ization to improve membrane performances (Rusen et al., 

2014; Ilyas et al., 2019; Yu et al., 2021). Gunawan et al. (2011) 

coated Ag NPs on PEG-grafted multiwalled carbon nanotubes 

(MWNTs) to obtain Ag/MWNT nanocomposites. The Ag/ 

MWNTs were then covalently coated on the external surface of 

an ethylene diamine (EDA) modified PAN hollow fiber UF 

membrane as a disinfection barrier. The nanoscale diameter and 

one-dimensional morphology of MWNTs allowed an open 

network structure on the membrane surface to minimize the 

water flux reduction and also to facilitate the contact of Ag NPs 

with pathogens. Thus, the presence of the Ag/MWNT disin- 

fection layer effectively inhibited the bacteria growth during 

filtration process and prevented the biofilm formation on the 

membrane surface. Under a continuous filtration mode using 

E. coli (106 cfu/ml) feed water, the flux of Ag/MWNTs modi- 

fied PAN membrane dropped 6% and kept stable at 193 L/m2 

h bar during 20 h of filtration, whereas the flux of the pristine 

membrane dropped 55% and remained at 117 L/m2 h bar. 

Soroush et al. (2015) synthesized GO/Ag nanocomposites and 

then immobilized them onto a TFC-PA FO membrane surface 

through an amide forming condensation reaction using cyste- 

amine. In this research, Ag NPs were formed in-situ on the sur- 

face of GO nanosheets by a wet chemical reduction of AgNO3. 

The resultant membranes exhibited highly hydrophilic prop- 

erties (contact angles < 25°) and strong E. coli inactivation (> 

95% within 1 h) on the surfaces without damaging the mem- 
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brane transport properties. Likewise, the synthesis and charac- 

terization of another TFC-PA FO membrane functionalized 

with GO-Ag nanocomposite was reported by Faria et al. (2017) 

using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro- 

chloride (EDC) and N-hydroxysuccinimide (NHS) as cross- 

links. About 80% of inactivation rate against P. aeruginosa 

cells attached on membrane surface was achieved in this work. 

Also, Ko et al. (2018) coated Ag-GO nanocomposites on a 

PVDF membrane MF membrane via pressurized filtration pro- 

cess. During the compaction study, the number of attached live 

E. coli on membrane surface was decreased by > 94.7% after 

filtration test due to increased hydrophilicity and smoother 

membrane surface. More recently, PEG functionalized GO-Ag 

nanocomposites were developed and used to enhance the hy- 

drophilicity, permeability, and antifouling resistance of PVDF 

membrane (Ilyas et al., 2019; Yu et al., 2021). Besides, the ef- 

fects of inorganic Ag-based nanocomposites on antifouling and 

antibacterial behaviors of membranes were explored. Pan et al. 

(2017) synthesized and immobilized Ag/SiO2 nanocomposites 

onto a PVDF UF membrane surface, and found that the pure 

water flux was notably increased by 4 times. The potential of 

Ag-zeolite nanocomposite coating to provide long-lasting an- 

timicrobial activity was demonstrated by Wu et al. (2017) on a 

TFC membrane which surface inactivation rate could be ~70% 

for P. aeruginosa after 17 days. Feng et al. (2021) modified 

PES membranes through coating AgNPs@ZIF-8 hybrid crys- 

tals which simultaneously improves the membrane water per- 

meability and antifouling property. 

Further membrane modification with grafting of polymer 

brushes was used to modify the membrane/water interface 

through creating a thin and stable coating upon Ag NPs, thus 

limited the adhesion and viability of the biofilm. Rahaman et 

al. (2014) synthesized PEI coated Ag NPs and then immobi- 

lized them on a TFC membrane surface via polyelectrolyte 

LBL self-assembly. The membrane was further modified by 

grafting polymer brushes using hydrophilic poly(sulfobetaine). 

The composite coating significantly increased the hydrophil- 

icity and reduce irreversible bacterial cell adhesion to the mem- 

brane surface, while achieved > 95% inactivation of attached 

bacteria. Tang et al. (2015a) assembled polyelectrolyte multi- 

layers which composed of poly(allylamine hydrochloride) and 

PAA on Ag NP deposited PSf MF membrane surface using 

LBL adsorption technique. In comparison to the unmodified 

PSf membrane, the kinetics of bacterial deposition on the mod- 

ified membrane were reduced by ca. 50%, and the bacterial re- 

moval efficiency was increased from about 0% to more than 

90% during all three-cycle filtration and rinsing experiments.  

However, Liu et al. (2017) observed that the improvement 

of antibacterial activity may be limited because the coverage of 

Ag NPs by polymer brush layer could hinder direct contact bet- 

ween bacteria cells and Ag NPs. To deal with the concern of 

long-term efficiency caused by the dissolution property of Ag 

NPs, the regenerative capability of Ag NPs was studied during 

the design of Ag-modified membranes for biofouling mitiga- 

tion. Liu and Hu (2016) investigated the rechargeability of Ag 

NPs on a PDA coated TFC FO membrane surface. In their 

work, the membrane deposited with Ag NPs was dipped in a 

3.5% HNO3 solution for 48 h to deplete the Ag NPs. Then, the 

membrane was placed in a 50 mM AgNO3 solution and incu- 

bated for 24 h at room temperature to regenerate Ag NPs. All 

membranes with regenerated Ag NPs for two cycles and three 

cycles still exhibited outstanding antibacterial properties  

(100% bactericidal efficacy after 2 h of contacting time). Liu et 

al. (2017) resynthesized Ag NPs on a PSBMA coated TFC 

membrane surface through in-situ reduction of AgNO3 by 

NaBH4 after leaching test. The Ag-regenerated membrane 

showed a comparable toxicity to P. aeruginosa without af- 

fecting its antiadhesive property. Qiu and He (2018) used a 

similar approach with Liu et al. to regenerate Ag NPs on a 1,4-

Bis(3-aminopropyl)-piperazine propane carboxylate (DAPPC) 

coated TFC FO membrane surface to maintain the long-term 

anti-biofouling property of the membrane. 

 

3.4. Copper and Copper-Based NPs 

Like Ag NPs, copper nanoparticles (Cu NPs) also exhibit 

a broad-spectrum of biocidal activity and can effectively inhibit 

the growth of microorganisms, such as bacteria, fungi, viruses, 

and algae (Rubilar et al., 2013; Ingle et al., 2014). Compared to 

nano-Ag, nano-Cu is much cheaper and more easily available 

(Ingle et al., 2014), though its biocidal activity is relatively 

weaker (Zain et al., 2014). In addition, copper and copper oxides 

in nano sizes can easily mix with polymers or macromolecules 

and are relatively stable both chemical and physical properties 

(Rubilar et al., 2013). Thus, Cu NPs are considered as a cheap 

substitute for Ag NPs, and have been applied in membrane sur- 

face modification to improve antimicrobial property and miti- 

gate biofouling in recent years. Table 4 shows the performance 

of polymeric membranes before and after surface modification 

with Cu and Cu-based NPs.  

The influence of Cu NPs in enhancing the antibacterial 

properties of TFC-PA membranes for RO desalination was 

studied by Ben-Sasson et al. (2014b; 2016). The resultant mem- 

branes exhibited strong antibacterial activity, leading to 80 ~ 

95% reduction of live bacteria that attached on membrane sur- 

faces, without significant effect on the original membrane 

transport performances. To improve the efficiency of nano-Cu 

coating, Ma et al. (2016) developed a sprayand spin-assisted 

LBL method to functionalize the TFC-PA RO membrane with 

controllable loading of Cu NPs. Static bacterial inactivation 

tests demonstrated that Cu NPs could decrease > 94% of live 

bacteria on membrane surface within 1 h of contact time. Dur- 

ing cross-flow filtration tests, multi-layer coating of Cu NPs 

effectively mitigated the permeate flux reduction caused by 

bacterial deposition on the membrane surface, while did not 

weaken the salt rejection ability, though water permeation flux 

was reduced 13.3%. Zhang et al. (2017) loaded Cu NPs on a 

carboxylated chitosan (CCTS) coated TFC membrane. With 

the help of CCTS, the modified TFC membrane showed ef- 

ficient and long-lasting antibacterial property for 90 days, since 

Cu2+ was released in a slow and sustainable way because of 

chelating effect between CCTS and Cu2+. 

Similar to TFC membranes, improved antibacterial proper- 

ties and decreased permeate fluxes were observed on PVDF 

membranes after surface functionalization with Cu NPs (Li et 
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Table 4. Summary of the Performance of Polymeric Membranes before and after Surface Modification with Cu-based NPs 

Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact 

angle 

Permeate 

flux 

Surface 

charge 

Rejection 

rate 
Antibacte- 

rial perfor- 

mance 

TMP 
Applica- 

tion 

Refer- 

ence 
Before After Before After Before After Before After 

TFC RO Cu NPs Self-

assembly  

52.6  

±  

5.3° 

45.6  

±  

8.4°  

2.41  

±  

0.14 

L/m2 h 

bar  

2.54  

±  

0.19 

L/m2 

h bar  

−8  

mV 

10  

mV 

98.86 

± 

0.26% 

98.6 

± 

0.27% 

Decrease  

87 ± 0.2% 

of viable 

bacteria 

with 1 h 

contact 

400 

psi 

NaCl 

rejection 

Ben-

Sasson 

et al., 

2013 

TFC RO CuSO4, 

NaBH4  

In-situ 

grafting 

50° 60° - - −8  

mV 

−9  

mV 

- - Decreased 

89.6 ± 8.2% 

of live 

bacteria on 

surface  

- Desalina- 

tion 

Ben-

Sasson 

et al., 

2016 

TFC RO PEI-

coated Cu 

NPs, PAA 

Spray- and 

spin-assisted 

LBL coating 

53° 60° 1.54  

±  

0.18 

L/m2  

h bar  

1.38  

±  

0.14 

L/m2 

h bar  

−18 

mV 

−20 

mV 

- - Decreased 

> 94 % of 

live bacteria 

on surface 

in 1 h 

400 

psi 

- Ma et 

al., 

2016 

PAN 

membrane 

NF PDA, PEI-

modified 

Cu NPs.  

Co-

deposition by 

using PDA 

and Cu NPs. 

60° 35.5° 300  

L/m2 h 

bar  

120.3 

L/m2 

h bar  

−45 

mV 

−10 

mV 

52.9% 98.5% Decreased 

> 97% of 

live bacteria 

on surface 

in 1 h 

8  

bar 

Reactive 

blue 2 

rejection 

Zhu et 

al., 

2016 

Cu-

metalized 

PVDF 

membrane 

MF  

(pore 

size:  

0.1 um) 

Copper 

target 

Vacuum 

magnetron 

sputtering  

- - 80  

L/m2 h 

40  

L/m2 h 

- - 55% 80% Decreased 

> 99 % of 

live bacteria 

on surface 

after 18 h 

- BSA 

rejection 

Li et 

al., 

2017 

PA-

CCTS-Cu 

TFC 

membrane 

RO Carboxyl- 

ated 

chitosan 

(CCTS), 

CuCl2 

Thermal 

induced cross 

linking 

followed by 

in-situ 

reduction 

41.6  

±  

2.1° 

27.4  

±  

1.1° 

58  

L/m2 h 

45  

L/m2 h 

- - 99.7% 99.3% > 99% 

antibacterial 

efficiency 

after 90 

days’ in 

water 

1.5 

MPa 

NaCl 

rejection 

Zhang 

et al., 

2017 

 

al., 2017). The decrease in water flux could be mainly due to 

the increase in membrane resistance caused by nano-Cu coating, 

and Cu NPs could not significantly improve the membrane hy- 

drophilicity to offset the resistance increase. Nevertheless, Zhu 

et al. (2016) used PDA to immobilize PEI-modified Cu NPs 

onto a porous PAN membrane surface, bridging the surface 

cavities from UF to loose NF. The surface charge was signif- 

icantly increased, which promoted an excellent salt permeation 

(82% Na2SO4 and 98% NaCl). The functionalized membrane 

also displayed distinct antibacterial activity with a reduction of 

93.7% in the number of live E. coli. 

 

3.5. Iron and Iron Oxides NPs 

Applications of engineered Fe NPs in environmental clean-

up came about after it was found that Fe NPs could rapidly 

transform a group of recalcitrant groundwater pollutants (i.e., 

tricholoroethylene (TCE) and polychlorinated biphenyls  

(PCBs)) (Wang and Zhang, 1997; Yan et al., 2013). In recent 

years, Fe NPs have been involved into the most active sub-field 

of environmental nanotechnology with a series of incredible 

advances, which were seen in the areas of fundamental under- 

standing of nano-Fe reactivity with environmental pollutants, 

surface engineering, as well as pilot and full-scale field imple- 

mentation (Yan et al., 2013). Research work has taken advan- 

tages of Fe NPs to pursue better performances of polymeric 

membranes in separation processes. Immobilizing Fe NPs on 

membrane surfaces can enhance particle dispersion and enable 

applications of Fe NPs in continuous flow systems. Table 5 

shows of the performances of polymeric membranes before and 

after immobilizing Fe/Fe2O3-based NPs on membrane surfaces. 

PVDF membranes have been regarded as the most popular 

support of Fe NPs because of its excellent chemical resistance 

and thermal stability. Ma et al. (2015) deposited Fe NPs onto a 

PVDF UF membrane surface through suction filtration for HA 

fouling reduction. Increased loading amount of Fe NPs on the 

membrane surface increased the fouling resistance while slight- 

ly reducing the water permeability. However, the Fe NP ag- 

glomeration reduces its surface area and reactivity, which ham- 

pers the practical application of Fe NPs. By using stabilizers 

such as thiols, carboxylic acids, surfactants, and polymers, Fe 

NPs could be strongly attached on membrane surfaces without 

serious agglomeration. These stabilizers contain carboxylic, 

hydroxylic, or amine groups which can act as chelating sites 

for Fe NPs or precursors to enhance particle dispersion and im- 
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Table 5. Summary of the Performance of Polymeric Membranes before and after Surface Modification with Fe/Fe2O3-based NPs 

Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

Pd/Fe NPs 

immobilized 

PVDF 

membrane 

MF PAA, EG, 

FeSO4.7H2

ONaBH4, 

palladium 

acetate 

In-situ reduction - - - - - 75% 

within 

30 min 

- Dechlorination 

of 

trichloroacetic 

acid 

Wang et 

al., 2008 

Ni/Fe NPs 

immobilized 

nylon 66 

membrane 

MF FeSO4 

7H2O, PEG, 

NaBH4, 

NiCl2. 

6H2O  

In-situ reduction - - - - - 100% 

within 

25 min 

- Dechlorination 

of tri-

chloroethylene 

Parshetti et 

al., 2009 

PAA-

Fe/Pd–

modified 

PVDF 

membrane 

MF PAA, 

FeCl2, 

NaBH4, 

K2PdCl4 

In-situ reduction - - 4824 × 

10-4 

cm3/cm2 

s bar 

9.9 × 

10-4 

cm3/cm2 

s bar 

- - - Dechlorination 

of 2, 

2′dichloro- 

biphenyl 

Smuleac et 

al., 2010 

Pd/Fe NPs 

immobilized 

PAA/ 

PVDF·Al2O3 

membrane 

UF  

(pore size: 

60 nm) 

PAA, 

ferrous 

solution, 

KBH4, 

palladium 

acetate 

PAA grafting 

followed by in-

situ reduction 

58.4° 39.5° - - 10% 95% 

within 

30 min 

- Dechlorination 

of mono-

chloroacetic 

acid 

Meng et 

al., 2011 

Pd/Fe-based 

PVDF 

composite 

membrane 

MF PAA In-situ reduction 78° 49° - - - 95% - Dechlorination 

of 

trichloroacetic 

acid 

Wang et 

al., 2013 

Fe3O4/ 

polysulfone 

nanocom- 

posite PSf 

membranes 

- PAA,  

Fe3O4 NPs 

UV-induced co-

polymerization 

85° 50° 1700 

L/m2 h 

2300 

L/m2 h 

40% 85% 300 

kPa 

Dye separation Homa- 

yoonfal et 

al., 2014 

PAA/PVDF

–NZVI 

hybrid 

membrane 

MF  

(pore size: 

0.65 um) 

PAA PAA thermal 

grafting 

followed by in-

situ reduction 

- - - - 70% 98% 

within 

120 

min 

- Metronidazole 

removal 

Yang et 

al., 2014 

PVDF UF 

(MWCO: 

100 kDa) 

NZVI NPs Deposition by 

suction filtration 

- - 79% 

flux 

decline 

32% 

flux 

decline 

19.92% 98.52% 0.1 

MPa 

HA removal Ma et al., 

2015 

Pd/Fe NPs 

immobilized 

PVDF/Al2O3 

membrane 

- PAA, 

ferrous 

solutin, 

KBH4, 

palladium 

acetate 

PAA thermal 

grafting 

followed by in-

situ reduction 

58.4° 39.5° - - - 97.71 

% 

within 

90 min 

- Dechlorination 

of 

trichloroacetic 

acid 

Zhang et 

al., 2015 

AM-0.4NP 

polyethylene 

membrane 

- PPO, Fe2O3 Chemical cross 

linking 

100.1  

± 3.2° 

65.8  

± 0.9° 

- - - Im- 

proved 

45% of 

fouling 

resis- 

tance 

- Rejection of 

0.1 mol/L 

NaCl and 

0.0018 mol/L 

SDS 

Fernandez-

Gonzalez 

et al., 2017 

Fe/Pd-PAA-

PVDF 

membrane  

UF  

(pore size: 

49.8 ± 24.1 

nm) 

PAA Thermal 

induced PAA 

grafting 

followed by in-

situ reduction 

81.3  

± 1.9° 

52.5  

± 3.9° 

- - - 96% 

within  

15 s of 

resi- 

dence 

time 

2.76 

bar 

3,3′,4,4′,5-

pentachloro- 

biphenyl (PCB 

126) 

degradation 

Wan et al., 

2017 

FeOCl/ 

PVDF 

membrane 

UF  

(pore size: 

33.5 nm) 

FeCl3·6H2O Dip coating 

followed by 

thermal 

treatment 

86.5° 58.2° 70% 

flux 

decline 

30% 

flux 

decline 

74% 96% 0.7 

bar  

BSA rejection Sun et al., 

2018 
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Continued 

Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

Fe-HP-

PVDF 

membrane 

MF  

(pore size: 

175 nm) 

PDA/PEI, 

FeCl2, 

NaBH4  

Co-deposition 

followed by in-

situ reduction 

103.5° 43.4° ~257 

L/m2 h 

578  

L/m2 h 

~12% ~31% 0.1 

MPa 

BSA rejection He et al., 

2020 

TA-

Fe3+/PAN 

composite 

membrane 

NF Tannic acid 

(TA), 

FeCl3·6H2O 

Layer-by-layer 

self-assembly 

56° 8° 198.5 

L/m2 h 

bar 

40.9 

L/m2 h 

bar 

9.6% 93.9% 2  

bar 

IR dye 

separation 

Xiao et al., 

2020 

PES UF Hydrous 

Fe2O3, PDA 

Dip coating 

followed by  

UV irradiation 

70° 30° - 20% 

flux 

decline 

- > 90% 1  

bar 

Oil/water 

separation 

Abdi et al., 

2021 

 

prove its longevity (Cushing et al., 2004). Yang et al. (2014) 

and Silva et al. (2021) encapsulated Fe NPs on PAA grafted 

PVDF membrane surface for the degradation of organic con- 

taminants. The resultant membranes had high reactivity, excel- 

lent stability, and reusability during the reaction process. He et 

al. (2020) developed a hierarchical active PVDF membrane 

with PDA/PEI co-supported Fe NPs. The developed membrane 

showed advanced oxidation activity with high flux recovery 

rate (~85% with BSA and ~95% with HA solutions). It was 

especially reported that highly exposed active sites with a trace 

amount of H2O2 flowing were observed over the membrane 

surface. Thus, unwanted foulants could be removed from the 

membrane interface, allowing multi-cycle use of the membrane 

after backwashing with H2O2 (0.33 wt %).  

Nevertheless, the reactivity of Fe NPs could reduce over 

time due to the formation of a passivation layer on the particle 

surface. Compared with Fe NPs, bimetallic NPs such as Pd/Fe, 

Ni/Fe, and Cu/Fe NPs were found to have higher efficiencies 

for the dechlorination of organic contaminants (Parshetti and 

Doong, 2009). For example, in Pd/Fe bimetallic system, the 

corrosion of Fe leads to the emerging of hydrogen, and Pd has 

the ability to absorb hydrogen into its lattice and then acts as 

catalyst to accelerate hydro-dechlorination (Korte et al., 2000). 

Wang et al. (2008) prepared and immobilized Pd/Fe NPs on a 

PAA/PVDF blend membrane surface in which a hydrophilic 

layer composed of PVA, glutaraldehyde, and PEG was coated. 

The obtained membrane exhibited high reactivity in trichloro-

acetic acid (TCAA) dechlorination, achieving 75% of dechlo- 

rination rate within 30 min. They also reported that the hy- 

drophilization process facilitated the even dispersion of Pd/Fe 

NPs inside the membrane pores, leading to 6.8 times greater 

catalytic dechlorination rate of TCAA compared with unhy- 

drophilized PVDF membrane (Wang et al., 2013). Smuleac et al. 

(2010) loaded Pd/Fe NPs on PAA grafted PVDF membrane 

surface for degradations of dichlorobiphenyl and TCE, and in- 

vestigated the recovery of reactivity. Using convective flow 

(flux in the range of 2.4 × 10−4 ~ 3.9 × 10−4 cm3/cm2 s) could 

substantially reduce the degradation time, for instance, 43% of 

dichlorobiphenyl was converted to biphenyl in less than 40 s. 

The regeneration and reuse of Fe/Pd modified PVDF mem- 

brane could be realized by washing with NaBH4 solution, and 

the initial reactivity in the membrane domain could be sus- 

tained even after 3 months of multiple use (Smuleac et al., 

2011). This Fe/Pd NPs-PVDF membrane system also showed 

excellent performance in the degradation of 3,3′,4,4′,5-penta- 

chlorobiphenyl (PCB 126), over 96% degradation rate was 

achieved within 15 s of residence time in convective flow mode 

(0.171 L/m2 h) (Wan et al., 2017). In addition, Pd/Fe NPs were 

immobilized in the PAA grafted PVDF/Al2O3 blend membrane 

surfaces by Meng et al. (2011) and Zhang et al. (2015). The ob- 

tained membranes demonstrated high efficiency and stability 

for dechlorinations of monochloroacetic acid (MCAA) and di- 

chloroacetic acid (DCAA).  

Besides pure Fe and bimetallic NPs, other kinds of iron 

compound NPs were applied to improve filtration perfor- 

mances of polymeric membranes. Homayoonfal et al. (2014) 

fixed Fe3O4 NPs on a PSf membrane surface using UV-induced 

PAA co-polymerization. The permeate flux was increased from 

1,700 to 2,300 L/m2 h, and the rejection rate was raised from 

40 to 85% for dye separation after modification. Higher hydro- 

philicity and enhanced fouling resistance were observed on 

polyethylene (PE) anion exchange membranes after immo- 

bilization of sulfonated Fe2O3 NPs on membrane surfaces 

(Fernandez-Gonzalez et al., 2017). Lately, Sun et al. (2018) 

fabricated a reactive, self-cleaning, and antifouling PVDF UF 

membrane with nano-FeOCl coating for the separation and 

degradation of organic contaminants. The functional PVDF 

membrane fouled by BSA could achieve about 100% of water 

flux recovery rate through H2O2 (340 mg/L) cleaning process. 

The reactive membrane had ability to in-situ produce active hy- 

droxyl radicals, and thus could completely degrade bisphenol 

A when H2O2 was added in the feed solution under neutral pH 

condition. Abdi et al. (2021) modified PES membranes through 

both adding hydrous Fe2O3 NPs into membrane matrix and 

coating such NPs on membrane surface with the help of do- 

pamine and UV irradiation. The optimal membrane was syn- 

thesized with 5 and 0.5 wt % of hydrous Fe2O3 NPs in the mem- 

brane matrix and surface, respectively. This membrane ren- 

dered more than 80% of FRR and 95% of oil rejection rate for 

oil/water separation. 

 

3.6. Other Metal and Metal Oxide NPs 

In addition to the metal and metal oxide NPs reviewed 

above, noble metal NPs have also been investigated for func- 

tionalization of water treatment membranes due to their special 

properties (Table 6). For example, Pd NPs are good catalysts 
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for various hydrogenation reactions because of their unique af- 

finity to hydrogen. Several studies loaded Pd NPs onto PAA 

and poly(ionic liquid) grafted PES membrane surfaces through 

in-situ chemical reduction for catalytic reactions (Emin et al., 

2014; Gu et al., 2015; López-Viveros et al., 2021). However, 

the catalytic activity of Pd nanoparticles may be reduced due to 

the coverage of biofoulants like proteins and polysaccharides 

during filtration process (Cheng et al., 2016). Cheng et al. 

(2016) introduced 1,2,3-triazole as an antibacterial agent to 

protect Pd NP coated PSf membrane from antifouling in mem- 

brane bioreactors.  

Like Pd NPs, Au NPs were also immobilized on polymeric 

membrane surfaces to obtain membrane catalytic reactors with 

long-term catalytic stability (Niu et al., 2014). Subair et al. 

(2016) modified poly(ethylene terephthalate) (PET) track-etched 

membrane surfaces by PDA polymerization and further grafted 

PEI for in-situ nano-Au formation. It was reported that Au NPs 

were generated through self-reduction of [AuCl4]
− ions adsorbed 

on DPA coating. The catalytically active membranes were used 

for continuous flow catalysis in membrane reactors to degrade 

p-nitrophenol (PNP) and dyes. About 99% of reduction rate for 

PNP to p-aminophenol (PAP) was obtained at ~40 L/m2 h of 

permeation rate, and the reduction rates for Congo red and MB 

were ~95% and 98% at 947 and 473 L/m2 h, respectively. These 

catalytic activities could maintain 11 cycles of dye degra- dation. 

Wu et al. (2016) reported self-assembly of Au NPs on a PDA 

coated PVDF MF membrane surface. The resultant membrane 

was superhydrophilic and could degraded more than 90% of 

PNP in 5 minutes with a kinetic reaction rate constant of 47.84 

× 10−2 min−1 over 6 cycles. A membrane catalytic re- actor with 

this modified membrane could be designed to con- tinuously 

degrade PNP under a kinetic reaction rate constant of 7 × 10−2 

min−1. 

MnO2 NPs have superior adsorption performance due to 

their large surface areas and polymorphic structures. Li et al. 

(2016) reported an affinity membrane for removal of heavy 

metals under MF operation. The membrane was developed by 

modifying RGO-PVDF blend membrane surface with nano-

MnO2 coating. The developed membrane showed a high re- 

moval rate (87.4%) of Ni2+ in dynamic adsorption, and the 

membrane could be regenerated through dipping in 0.1 M 

HNO3 solution. Besides, the application of nano-MnO2 coating 

on membrane surface was found to be beneficial for fouling 

resistance. Yu et al. (2016) assessed the effectiveness of com- 

bining a PVDF UF membrane and MnO2 NP coating for the 

treatment of river water. With the help of pre-treatment using 

low dose ozone, there was much less fouling on the nano-MnO2 

coated membrane surface (0.5 kPa for 70 days), but the un- 

coated membrane suffered from both reversible and irrevers- 

ible fouling. This could be attributed to the increase in mem- 

brane hydrophilicity because of the nano-MnO2 coating, and 

catalytic reactions between the ozone and MnO2 NPs which en- 

hanced the degradation of organic foulants. 

Al2O3 NPs and ZrO2 NPs have been extensively applied to 

develope and manufacture ceramic membranes due to their ex- 

cellent thermal inertness, surface reactivity, and mechanical 

strength (Goh and Ismail, 2018; Samaei et al., 2018; Chen et 

al., 2022). Several researchers also immobilized them on poly- 

meric membrane surfaces to obtain desirable performances. 

Garcia-Ivars et al. (2014) deposited Al2O3 NPs on a PES UF 

membrane surface via UV-induced co-polymerization with 

PEG. The hydraulic permeability and fouling resistance were 

significantly improved with the optimized PEG/Al2O3 coating. 

Chen et al. (2020) modified a commercial PVDF UF membrane 

with PAA-ZrO2 coating to treat high-concentration TBBPA 

wastewater. Compared to the original membrane, the modified 

PVDF membrane exhibited 4 times of permeate flux (200 

L/m2·min) without reducing TBBPA rejection rate.  

Recently, metal-organic frameworks (MOFs) that contain 

both organic and inorganic moieties have been paid attention 

as novel nanomaterials due to their tunable pore structure, com- 

patibility with polymers, and large surface area (Li et al., 2015; 

Cao et al., 2018; Deng et al., 2021). However, most of MOFs 

are not stable in water environment for a long time, which re- 

stricts their application in water treatment. Researchers have 

tried to develop new MOFs or MOF-based materials with water 

stability and hydrophilicity, and applied them to water treat- 

ment membranes. Gao et al. (2018) synthesized UiO66-NH2-

PAA and loaded the MOFs on mixed cellulose ester (MCE) MF 

membrane surface through vacuum-assisted self-assembly pro- 

cess. The resultant membrane showed high hydrophilicity and 

underwater super-oleophobicity due to the high-water absorp- 

tion ability and surface roughness of MOF coating. Accord- 

ingly, the membrane exhibited high separation efficiency for oil/ 

water emulsion (rejection > 99.9%), and the FRR after 3 cycles 

could maintain over 80%. Zheng et al. (2021) successfully syn- 

thesized a kind of Cu-MOF-74 and coated it on PVDF mem- 

brane surfaces to improve membrane anti-biofouling perfor- 

mance. The antibacterial efficiency of the modified membrane 

could be 97.7% at 4 h due to the generation of Cu2+ from MOF 

coating. 

4. Conclusions and Discussions 

Over the past few decades, polymeric membrane-based 

separation technologies have been commonly utilized for prac- 

tical water and wastewater treatment. However, polymeric 

membranes are usually hydrophobic and electrically charged, 

which leads to undesirable phenomena such as fouling tendency 

and low water permeability. Many surfaces modification tech- 

niques that aim to endow desirable surface properties have been 

developed. More recently, surface functionalization/modification 

with NPs to boost overall membrane performances for water 

treatment has attracted attention from researchers. In this re- 

gard, various NPs have been synthesized and immobilized onto 

polymeric membrane surfaces using different techniques. In 

general, these efforts try to improve the hydrophilicity, anti- 

fouling properties, and pollutant separation efficiencies of poly- 

meric membranes. Herein, the roles of metal and metal-oxide 

based NPs (TiO2, Ag, ZnO, Cu, Fe/Fe3O4, etc.) are particularly 

investigated in enhancing the performances of polymeric mem- 

branes for water and wastewater treatment. Undoubtedly, these 

NPs have significant effects on the improvements of the desired 

characteristics of membranes due to their unique properties,  
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Table 6. Summary of the Performance of Polymeric Membranes before and after Surface Modification with Other NPs 

NPs Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

Palladi- 

um (Pd) 

NPs 

PES 

membrane 

MF  

(pore 

size:  

0.2 μm) 

PAA, 

Pd(NH3)4Cl2 

H2O, 

NaBH4 

UV photo-

grafting PAA 

polymeriza- 

tion followed 

by in-situ 

reduction 

- - - - 58% 90% 

under 

UV 

- Catalytic 

conversion of 

p-nitrophenol 

Emin et 

al., 2014 

Al2O3 

NPs 

PSf 

membrane 

UF  

(pore 

size:  

14.3 nm) 

PEG,  

Al2O3 NPs 

UV photo-

grafting 

72.9 ± 

1.5° 

51.9 ± 

1.6° 

2.352 

L/m2 h 

kPa 

387.85 

L/m2 h 

kPa 

- - 200 

kPa 

PEG 

rejection 

Garcia-

Ivars et 

al., 2014 

Pd NPs PES 

membrane 

MF  

(pore 

size:  

0.2 μm) 

Poly(Ionic 

liquid) 

(PIL) 

UV photo-

grafting PIL 

polymeriza- 

tion followed 

by in-situ 

reduction 

- - - - - - - Suzuki-

Miyaura 

cross-

coupling 

reaction  

Gu et al., 

2015 

Pd NPs PSf 

membrane 

MF N,N-

dimethyl- 

acetamide 

(DMAc) 

In-situ 

reduction 

69.60  

±  

0.75° 

47.72  

±  

1.34° 

- - 95% 95% 10 

kPa 

COD 

removal 

Cheng et 

al., 2016 

MnO2 

NPs 

PVDF/ 

RGO 

membrane 

- KMnO4 Cicrowave 

induced in-situ 

formation 

78.5 ± 

0.8° 

76.7 ± 

1.9° 

4.5 

L/m2 h 

10 

L/m2 h 

75% 80% 0.1 

MPa 

BSA solution Li et al., 

2016 

Au NPs Poly 

(ethylene 

terephthalat

e) (PET) 

membrane 

MF  

(pore 

size:  

0.4 μm) 

Dopamine, 

PEI, 

HAuCl4, 

NaBH4 

Self-

polymeriza- 

tion of PDA 

and PEI 

followed by 

Au in-situ 

reduction 

- - 789.2 

L/m2 h 

473.5 

L/m2 h 

- 98% 0.2 

bar  

Methylene 

blue 

degradation 

Subair et 

al., 2016 

Au NPs Au-PDA-

PVDF 

membrane 

MF DA, Au 

NPs 

PDA self-

polymeriza- 

tion followed 

by Au self-

assembly 

27.7° 19.1° 7,000 

L/m2 h 

8,000 

L/m2 h 

- 90% 

in 30 

min 

- Degradation 

of p-

nitrophenol 

Wu et al., 

2016 

MnO2 

NPs 

PVDF 

membrane 

UF  

(pore 

size:  

0.03 um) 

- Dip-coating 

(self-

assembly) 

- - - - - Small 

foul- 

ing for 

70 

days 

0.5 

kPa 

MBR, 

drinking 

water 

treatment  

Yu et al., 

2016 

UiO-66 UiO-66-

NH2-PAA 

mixed 

cellulose 

ester 

(MCE) 

membrane 

MF  

(pore 

size:  

0.22 µm) 

PAA Vacuum-

assisted self-

assembly 

60.8° 11.9°   99.9% 99.9% - Oil removal 

from 

oil/water 

emulsion  

Gao et 

al., 2018 

Metal-

Nano 

GO 

frame- 

works  

Metal-

NGO 

frameworks 

modified 

PPS 

membrane 

- GO NPs, 

HCl, 

divalent 

metal 

cations 

Vacuum-

assisted self-

assembly 

50.4° 36° 446.2 

L/m2 h 

MPa 

3109.5 

L/m2 h 

Mpa 

- 99.9% 0.03 

MPa 

RB rejection Gao et 

al., 2019 

ZrO2 

NPs 

PVDF10-

PAA-ZrO2 

membrane 

UF 

(MWCO: 

10 kDa) 

PAA, ZrO2 Plasma 

induced PAA 

grafting 

followed by 

self-assembly 

75.52° 34.5° 41.0 

L/m2 

min 

210 

L/m2 

min 

73.6% 78% 8  

bar 

TBBPA 

removal 

Chen et 

al., 2020 
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Continued 

NPs Membrane 
Filtration 

type 
Material 

Modification 

method 

Contact angle Permeate flux Rejection rate 
TMP Application Reference 

Before After Before After Before After 

Cu-

MOF-74 

Cu-MOF-

74/PDA-

PVDF 

MF  

(pore 

size:  

0.45 µm) 

DA, Cu-

MOF-74 

PDA self-

polymeriza- 

tion followed 

by MOF self-

assembly 

70° 15° - - - 97.7% 

at 4 h 

 Anti-

biofouling 

Zheng et 

al., 2021 

ZrO2 

NPs 

PES-PAA-

ZrO2 

membrane 

NF PAA, ZrO2 Plasma 

induced PAA 

grafting 

followed by 

self-assembly 

49.7° 8.6° 87.4 

L/m2 

min 

436.9 

L/m2 

min 

73.6% 78% 4.5 

MPa 

PAH 

removal 

Chen et 

al., 2022 

 

such as high hydrophilicity, large surface area, or/and excellent 

antibacterial activity. 

So far, surface functionalization/modification of polymeric 

membranes with Ag and TiO2 based NPs have been exploited 

well. TiO2 based NPs are the most commonly choice to im- 

prove membrane hydrophilicity, and Ag NPs are mostly in- 

volved in reducing the biofouling. ZnO and Cu based NPs are 

paid increasing attention to act as alternatives of TiO2 and Ag 

based NPs, respectively, due to their lower cost. Nevertheless, 

the chemical stability of nano-ZnO is not as good as that of 

nano-TiO2, and the bactericidal activity of nano-Cu is not as 

strong as that of nano-Ag. These limit their application in 

membrane surface functionalization to a certain extent, and can 

be considered in future research. For pure Fe and noble metal 

NPs, they have been proved to be useful for degradation of 

organic pollutants in membrane catalytic reactors, whereas 

their high reactivity and cost are not favorite in practical appli- 

cations. They may be more suitable to be applied as doping ma- 

terials to decorate other kinds of nanomaterials, forming nano- 

composites with superior properties. Applications of emerging 

NPs such as nanocomposites and MOFs would be a trend in the 

field of membrane surface functionalization if their syntheses 

can be well addressed with reasonable costs.  

However, the biggest challenge/risk to overcome in using 

these NPs is their releases from membrane surfaces into the en- 

vironment during filtration processes, which may cause serious 

health risks due to their accumulation in the environment. Thus, 

the effective adhesion of NPs on membrane surfaces should be 

achieved in membrane modification processes to ensure the 

high stability of NPs during filtration applications. Currently, 

some methods of NP immobilization are too complicated, lead- 

ing to difficulties in large scale application, even if the resultant 

NP coatings are stable enough. In the future, efforts should be 

continued to realize minimal leaching of the immobilized NPs 

from the concerned membrane surface with facile strategy.  

In addition, in most of the research on membrane fabrica- 

tion and modification, the developed membranes are character- 

ized by traditional techniques mentioned above. In some cases, 

the mechanism of membrane fabrication and modification can- 

not be clearly revealed. With the development of synchrotron ra- 

diation techniques, the application of synchrotron-based tech- 

niques can be promising in this research field. Combined use 

of synchrotron-based and conventional techniques can not only 

comprehensively characterize the modified membranes, but 

also collect more information from different angles for syner- 

gistically analyzing the relevant mechanism of membrane mod- 

ification and filtration. 
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