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ABSTRACT 

Membrane separation processes have been widely applied in the treatment of wastewater. Polysulphone (PSF) mem-
branes are the most common membranes used in ultrafiltration of wastewater due to its mechanical robustness and 
structural and chemical stability. Unfortunately these membranes are mostly hydrophobic by nature and therefore highly 
susceptible to fouling. Many studies have been conducted to increase the hydrophilic properties of the polysulphone/ 
polyethersulfone membrane surface, more recently metal nanoparticles have been added to the polymer matrix in order 
to reduce fouling potential and increase membrane performance. TiO2 nanoparticles have proven successful in mitigat-
ing fouling of organic matter onto PES. Embedded Ag nanoparticles have improved virus removal from wastewater due 
to the bactericidal properties of silver. Al2O3 and most recently ZrO2 nanoparticles reduced the fouling rate of polyeth-
ersulfone membranes in wastewater, while the latter also showed lower flux decline of the composite membrane. These 
metal nanoparticles all impart specific properties onto the membrane surface. Scanning electron microscopy, steady 
state fouling rate and contact angle measurements are membrane characterisation techniques discussed in this review 
that reveal specific changes to membrane properties brought about by metal nanoparticles. This paper reviews the most 
recent developments and shortcomings of metal nanocomposite polysulfone and polyethersulfone (PES) membranes 
and strives to identify specific focus areas to consider in future research. 
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1. Introduction 

The demand for new water resources has become in- 
creasingly urgent worldwide, due to a fast growing global 
population and increasing water demand. The re-use of 
treated wastewater effluent has become a reality and 
many industries use this water in their production proc-
esses. 

Membrane bioreactor (MBR) technology is widely 
used for wastewater purification, but still suffers from 
major disadvantages, including irreversible membrane 
fouling and subsequent plant down-time. Membrane foul-
ing is still regarded as the major drawback of the MBR 
process and without improved anti-fouling membranes 
this highly efficient technology will remain handicapped 
[1-6]. 

Polysulphone (PSF) membranes are the most common 
membranes used in ultrafiltration of wastewater due to its 
mechanical robustness and structural and chemical stabil-
ity. Unfortunately PSF is a hydrophobic material, making 
its surface prone to fouling due to adsorptive mechanisms.  

Fouling can either be caused by cake formation on the 
surface of the membrane, or by adsorption of the foulants 
both on the surface and in the membrane pores [7,8]. Lee 
et al. [9] did filtration resistance studies that indicated the 
formation of the cake layer is the main cause leading to 
membrane fouling. Cake fouling occurs when foulants 
that are larger than the membrane pores, such as sludge 
flocs and colloids, form a cake layer on the membrane 
surface. Cake fouling is generally reversible and can be 
removed by backwashing or water flushing. Foulants that 
are comparable in size with the membrane pores, will 
cause adsorption on the pore walls and pore blocking. 
Foulant adsorption however is irreversible and can only 
be remedied by very harsh chemical cleaning [10]. 

Another drawback limiting the use of membrane tech- 
nologies in wastewater treatment is the accumulation of 
microorganisms on the membrane surface and the subse-
quent adhesion of different types of organic and inor-
ganic foulants. The membrane surface provides a selec-
tive, porous substrate which allows the transfer of certain 
molecules and the exclusion of some other molecules *Corresponding author. 

Copyright © 2012 SciRes.                                                                              JSEMAT 



Metal Nanoparticle Modified Polysulfone Membranes for Use in Wastewater Treatment: A Critical Review 184 

based on size. Biofouling occurs when live biofilm-form-
ing bacteria and organics adhere to the membrane surface 
and multiplies, leading to clogging of the membrane pores 
and impaired function of the filtration system [11]. This 
biofilm formation has been shown to cause a greater flux 
decline than dead cells, with the major contributing fac-
tor to the increased hydraulic resistance of the membrane 
being the extracellular polymeric substances (EPS) sur-
rounding the bacterial cells [12]. The predominant bacte-
rial groups involved in the fouling of membranes, have 
been found to be Proteobacteria and Bacteroidetes. 

2. Metal Nanoparticle Modified Membranes 

Many studies have been conducted to increase the hy-
drophilic properties of the polysulphone membrane sur-
face. These studies can be divided into three categories 
i.e. blending PSF with hydrophilic nanoparticles such as 
SiO2, ZrO2 and TiO2, grafting with hydrophilic polymers, 
monomers or functional groups and coating with hydro-
philic polymers [13]. Blending with nanoparticles has at- 
tracted much interest in the past 10 years due to their 
convenient operation and mild conditions. Blending of-
fers the advantage of being able to prepare artificial mem- 
branes with excellent separation performance, good ther- 
mal and chemical resistance and adaptability to the harsh 
wastewater environments [14]. 

2.1. Blending PSF with Nanoparticles 

Blending involves firstly dissolving or dispersing the me- 
tal nanoparticles in a suitable solvent, which in the case 
of polysulfone is either N,N’-dimethylacetamide (DMAc) 
or N-methyl-2-pyrrolidone (NMP). This solution is then 
sonicated for 72 hr at approximately 60˚C to obtain a 
uniform and homogeneous casting suspension. The poly- 
mer solution was then added to the metal nanoparticle 
solution and the mixture was then further sonicated for 1 
week until a homogeneous solution was formed. Mem-
branes were then cast onto a glass plate by phase inver-
sion method [15,16]. 

2.2. Phase-Inversion 

Phase inversion is a process whereby a polymer is trans-
formed in a controlled manner from a liquid to a solid 
state. The process of solidification is often initiated by 
the transition from one liquid state into two liquids (liq-
uid-liquid demixing). At a certain stage during demixing, 
one of the liquid phases (the high polymer concentration 
phase) will solidify so that a solid matrix is formed. By 
controlling the initial stage of phase inversion the mem-
brane morphology can be controlled i.e. porous as well as 
non-porous membranes can be prepared. The concept of 
phase inversion involves a range of different techniques 

such as solvent evaporation, thermal precipitation and 
immersion precipitation [17]. 

Most commercially available membranes are prepared 
using immersion precipitation. A solution of polymer and 
solvent was cast on a suitable support and immersed in a 
coagulation bath containing a nonsolvent. Precipitation 
occurred because of the exchange of solvent and nonsol-
vent and eventually the polymer was observed to preci- 
pitate. Water was most often used as nonsolvent, but or-
ganic solvents such as methanol could be used as well.The 
membrane structure ultimately obtained, resulted from a 
combination of mass transfer and phase separation [18-20]. 

Other preparation parameters that were considered, in-
cluded evaporation time, polymer concentration, humid-
ity, temperature and composition of casting solution. 
These parameters mainly determined the ultimate mem-
brane performance. 

2.3. Metal Nanocomposite Membranes 

In recent years, various metal nanoparticles have been 
used in wastewater treatment membrane technology with 
various degrees of success. Previous studies have inves-
tigated the effectiveness of TiO2, Ag, Al2O3 and most 
recently ZrO2 nanoparticles as membrane filler for the 
treatment of wastewater [21]. 

Metal nanocomposite membranes can remediate two 
types of fouling: membrane fouling due to organic matter 
and biofouling. Titania nanoparticles have mostly been 
used to mitigate the former. Li et al. showed that water 
flux through a polyethersulfone-TiO2 membrane was sig-
nificantly enhanced, but that the flux effect was concen-
tration dependent. This is due to nanoparticle agglomera-
tion [22]. Due to their high diffusivity, nanoparticles ex-
ist as individual particles for only a short time and ag-
glomerate rapidly, forming clusters that have an adverse 
effect on flux measurements. Other studies have however 
contradicted this finding and it must therefore be noted 
that different findings may arise from differences in pro-
cedures and materials [13]. 

Biofouling is counteracted by using the bactericidal 
properties of nanoparticles, of which silver is the most 
commonly used bactericide for fouling reduction. Silver 
impregnated membranes were proven to be effective against 
two strains of bacteria, E. coli K12 and P. mendocina 
KR1 thatwere both found in wastewater [23]. These mem-
branes not only had antimicrobial properties, but they 
also prevented bacterial attachment to the membrane 
surface and thus reduced biofilm formation. Additionally, 
silver nanocomposite PSF membranes showed a significant 
improvement in virus removal from wastewater. 

The most recent metal nanoparticle composite mem-
branes that have been investigated for wastewater filtra-
tion are Al2O3/polyethersulfone (PES) and ZrO2/PES 
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membranes [24]. Maximous identified polymer concen-
tration as the most important parameter for tailoring 
membrane properties. He found that with an increase in 
polymer concentration from 10% - 18%, the deionised 
water permeation decreased from 1227.4 L/m2bar-h to 
866.5 L/m2bar-h suggesting that increased polymer con-
centration forms a thicker and denser skin layer. The 
steady state fouling rate of Al2O3/polyethersulfone (1.25 
E–11 L/m2bar-h) membranes was also found to be signifi-
cantly lower than the unmodified PES membrane (0.005 
L/m2bar-h). This is ascribed to the reduced hydrophobic 
adsorption between sludge particle and the Al2O3/poly- 
ethersulfone (PES) membrane.  

Maximous et al. extended this research to zirconia 
(ZrO2), as zirconia membranes are known to be chemi-
cally more stable than titania and alumina membranes 
and therefore are more suitable for liquid phase applica-
tions under harsh conditions [24]. The addition of ZrO2 
nanoparticles to the PES casting solution enhanced the 
membrane strength, but slightly affected the membrane 
thickness. The zirconia entrapped membrane also showed 
lower flux decline, improved total and cake resistance and 
fouling resistance compared to the unmodified mem-
brane. The steady state fouling rate decreased from 0.005 
to 1.04E–05 L/m2bar-h. 

Chen et al. prepared embedded nano-iron polysulfone 
membranes for dehydration of ethanol/water mixtures by 
pervaporation [25]. It was found that the embedded nano- 
particle slightly increased the flux and also increased the 
membrane separation factor. The nano-iron composite 
membrane showed improved hydrophylicity in terms of 
the permeation and sorption behaviour of embedded 
membranes, in that the nano iron affected the ordering or 
packing of the polymer chains and the particle oxide. 

3. Methods of Characterization 

Scanning electron microscopy (SEM) and Transmission 
Electron Microscopy (TEM) emerged from literature as 
the key tools used to indicate pore size, membrane thick-
ness and surface morphology. Typically, membrane films 
were freeze-fractured in liquid nitrogen to obtain a tidy 
cross-section. The cross-section was used to determine the  

membrane thickness whereas the membrane surface was 
evaluated in terms of pore size. 

To evaluate the hydrophilic properties of the mem-
brane, contact angle measurements were used. A decrease 
in contact angle of the surface with water was used as an 
indication of improvement in the hydrophilic property of 
the membrane and vice versa. The liquid-membrane con- 
tact angle could range from 0˚ - 90˚ and was primarily 
the function of membrane hydrophilicity. For an ideally 
hydrophilic membrane the contact angle should be 0 de-
grees, although this value is purely theoretical [17]. 

FTIR studies were performed on unmodified and modi-
fied membranes to determine the membrane structure and 
thus confirm the incorporation of metal nanoparticles. 
Physical tests on membrane structure included porosity 
analysis, permeability and rejection tests. In most cases 
membrane pores are not cylindrical holes cut perpen-
dicularly through the membrane. Pores of a variety of 
shapes and sizes were found to be present on a single 
membrane. This internal network of different pore sizes 
was described as membrane porosity. Several methods 
were used to determine morphology of the pores, includ-
ing microscopic measurements such as scanning electron 
microscopy, transmission electron microscopy and atomic 
force microscopy. The permeability of a membrane was 
defined as the ease of molecules to pass through it. Per-
meability was related to the electric charge of the mole-
cule and to a lesser extent the molar mass of the molecule. 
Electrically neutral and small molecules were found to 
pass through the membrane easier than charged, large 
ones. The molecules that were unable to pass through the 
membrane were rejected [17]. Membrane fouling was 
assessed by evaluating changes in trans-membrane pres-
sure (TMP). TMP was defined as the net driving pressure 
on the membrane. A clean membrane would have a rela-
tively low TMP, whereas a fouled membrane will have a 
higher TMP. 

A summary of these parameters for metal nanocompo- 
site polysulfone membrane systems developed during the 
last decade as reported in literatureare given in Table 1. 

The grey areas in the table indicate that the relevant 
information was not reported in literature. From the table 
it is evident that there is a need for a lot more research to  

 
Table 1. Summary of PSF-nanocompositescharacterization. 

Nanocomposite Contact Angle (˚) % Rejection 
Pure Water Flux 

(l/m2·h) 
Steady State Fouling 

rate (L/m2bar-h) 
Filtration Resistance

Rc/Rt (%) 

PSF-TiO2 41.4 90 230  92.1 

PES-Al2O3   600 1.25E–11 18 

PSF-Ag 68.6 70.9    

PES-ZrO2   500 1.04E–05  

PSF-Nanosilica 41.7  250   
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be done before conclusions may be reached in terms of 
the most effective metal nanocomposite polysulfone mem-
brane for treatment of wastewater. The most recently 
studied metal nanocomposites, PES-ZrO2 and PES-Al2O3, 
show good promise though as the initial flux of both 
membranes was approximately twice as high as the other 
reported metal nanocomposites. It must be noted that 
these studies were done with varying concentrations of 
the metal oxides and it was shown that with an increase 
of metal oxide, the membrane performance improved. In 
terms of membrane fouling mitigation the 0.05 ZrO2/PES 
ratio (w/w) was deemed optimum [24]. The surface hy-
drophilicity measured as membrane contact angle was 
however not reported in literature. The steady state foul-
ing rate of the PES-Al2O3 membrane was found to be 
much slower than the PES-ZrO2, which could indicate a 
very hydrophilic membrane surface caused by nanoparti-
cle entrapment. The 0.05 Al2O3/PES ratio was also deemed 
to be optimum in terms of membrane fouling [14]. 

Metal oxides particles was found to have a higher af-
finity for water than the neat polymeric membrane, there- 
fore hydrophobic adsorption between sludge particles 
and the nanoparticle entrapped membrane was reduced. 
Although the PSF-TiO2 membrane showed increased hy- 
drophilicity in terms of contact angle measurement, it 
could be compared to the abovementioned nanocompo-
sites in terms of the membrane flux. Bae and Tak found 
that the TiO2 nanoparticles not only adsorbed onto the 
membrane surface, but also into the membrane pores 
causing reduced membrane permeability and increased 
filtration resistance [26]. Nanoparticle concentration was 
therefore a crucial factor in metal nanocomposite synthe-  

sis as nanoparticles tend to form aggregates on the mem-
brane surface that could lead to performance deteriora-
tion [27]. 

3.1. Scanning Electron Microscopy 

Typical SEM results for the metal nanocomposite mem-
branes indicated that membranes were highly porous and 
asymmetric with sponge-like structures. Cross-sectional 
morphology showed tear-shaped elongated macrovoids 
that extended from the compact skin layer towards the 
permeate side. The lower porosity skin layer was found 
to dominate the transport resistance of the composite mem-
brane. 

The morphologies of the membrane surface after metal 
nanoparticle addition showed an increase in the number 
of pores in the skin layer. The thickness of the skin layer 
increased with increased nanoparticle filler concentration; 
in contrast the finger-like macrovoids were suppressed or 
disappeared at high filler concentration. 

PES-Al2O3 Membrane 
Maximous et al. [14] investigated the distribution of 

Al2O3 inside the membrane matrix. 
The asymmetry and porosity for the unmodified PES 

membrane are clearly evident (Figure 1). On the surface 
there is a denser skin layer, followed by finger-like ma- 
crovoids. 

In this particular study, varying concentrations of Al2O3 
nanoparticles were incorporated into the PES membrane 
in order to determine the nanoparticles distribution pat-
tern within the membrane. The optimal distribution pat- 
tern was found with 0.05 Al2O3/PES (Figure 2). 

 

 

Figure 1. SEM of unmodified PES membrane. 
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Figure 2. The Al2O3 distribution pattern in 0.05 Al2O3/PES. 
 

It is clear that 42% of the Al2O3 nanoparticles were 
located at 20 - 30 µm of membrane thickness. This was 
significantly higher than for 0.03 Al2O3/PES where only 
about 25% of the nanoparticles were distributed in each 
10 µm of membrane thickness. Despite these differences, 
no relation between the Al2O3 particles distribution pat-
tern inside the membrane matrix and the membrane per-
formance could be concluded. However increased poros-
ity and lower flux decline was achieved with Al2O3 nano- 
particles incorporation. 

PES-ZrO2 
All prepared membranes were observed to be highly po-

rous and asymmetric with sponge-like structures (Figure 
3). Increased particle density of ZrO2 in the 0.07 and 0.1 
ZrO2/PES were clearly evident [24]. 

The particle density showed an increase with higher 
concentrations of ZrO2 nanoparticles, highlighting the 
potential for pore clogging as can be seen in Figure 3(f). 
This observation was supported by the increase in parti-
cle size to 400 nm in 0.1 ZrO2/PES membranes (Figure 
3(f)), compared to 200 nm for the other membranes. This 
could be due to particles agglomeration at high concen-
trations. 

PSF-TiO2 
The SEM images in Figure 4 are cross-section mor-

phologies of membranes and illustrate how the macro-
voids grew at low filler concentration and then were sup-
pressed or disappeared at higher filler concentration (≥3 
wt%). It also indicated that the thickness of skinlayer in- 
creased with the increase of TiO2-filler concentration [13]. 

Figure 5 shows SEM images of PSF-TiO2 membrane-
sas obtained by Bae and Tak. The membrane surface 
shown in Figures 5(c) and (d) showed the TiO2 nanopar-
ticles uniformly distributed on the membrane surface and 
pores, however some particles formed aggregates [26]. 

PSF-Ag 
Zodrow et al. 2009 [16] found that the addition of Ag 

nanoparticles did not visibly alter the membrane structure. 
Taurozzi et al. 2008 [28] concurred with this finding 
when concluding that the effects of Ag nanoparticle filler 
incorporation were more pronounced for less porous 
membranes. Figure 6 shows very similar morphologies 
in the cross-section SEM for the PSF and the PSF-Ag 
membrane. A dense skin layer was observed at the sur-
face, followed by very large macrovoids which indicated 

ery porous membrane structure. a v  
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Figure 3. SEM images for the neat and ZrO2/PES membranes synthesized with different concentrations of ZrO2. 
 

3.2. Summary of SEM Results 

Yanan et al. concluded that a higher TiO2 filler concen-
tration induced an apparent aggregate phenomenon and 
produced a considerable number of large surface pores 
mostly formed in the vicinity of TiO2 aggregates [13]. 
These findings indicated that interfacial stresses existed 
between polymer and filler, which increased and were  

finally relaxed by forming interfacial pores due to shrink-
age of the organic phase during the demixing process.  

In all the studies discussed in this review, it was 
proven that the addition of metal nanoparticles increased 
the membrane porosity. However, the optimum concen-
tration of nanoparticles filler was crucial in this process in 
order to avoid nanoparticle clogging of membrane pores. 
The SEM results for all the nanocomposites discussed  
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(a)                               (b)                                (c) 

 
(d)                               (e)                                (f) 

Figure 4. SEM images of the morphology of PSF/TiO2 membranes with (a) 0 wt% TiO2; (b) 1 wt% TiO2; (c) 2 wt% TiO2; (d) 
3 wt% TiO2; (e) 5 wt% TiO2; and (f) E’s local magnifying figure. 

 

 

Figure 5. SEM images of neat and TiO2 entrapped PSf membrane (TiO2/PSf = 0.3): (a) Cross-section of PSf; (b) Cross-section 
of TiO2-PSf; (c) Surface of PSf; and (d) Surface of TiO2-PSf. 
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Figure 6. SEM cross-section of (a) PSF and (b) PSF-Ag membranes. 
 

here were very similar and therefore it was difficult to 
conclude from these results alone which metal nano-
composite was the most effective. 

4. Hydrophobicity and Hydrophilicity 

Hydrophilicity may be characterized in general terms as 
the affinity of the membrane material for water or ability 
of the membrane to become wetted with water. It has 
generally been agreed that the increase of membrane 
hydrophilicity could reduce its fouling [29]. Hydrophobic 
interaction between solutes or microbial cells and mem- 

brane material was regarded as one of the predominant 
fouling mechanisms. Therefore membrane fouling was 
expected to be more severe for hydrophobic than hydro-
philic membranes [30,31].  

There has been much research into the hydrophiliza-
tion of ultrafiltration membrane materials, including blend-
ing of a hydrophilic polymer or metal nanoparticles, with 
the membrane-forming polymer to obtain hydrophilic 
membranes. Hydrophilic polymer additives included-po- 
lyvinylpyrrolidone (PVP) and polyethylene glycol (PEG) 
[32-34]. Despite its importance, only few studies focused 
on the influence of different polymeric membrane materi-  
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als on membrane fouling in MBRs. It has been reported 
that hydrophilic cellulosic membrane, experience less 
fouling than hydrophobic polysulfone membranes [35]. 
However, other researchers have reported that the hy-
drophobic membranes have a relatively low fouling ten-
dency with less adsorption onto the surface compared to 
hydrophilic counterparts [36].  

Choo and Lee investigated the novel approach to bet-
ter understand fouling in terms of surface energy charges 
involved. They tested three different types of membrane 
materials i.e. cellulosics, polysulfone and fluoropolymers 
and found the most hydrophobic fluoropolymer to show 
the lowest fouling tendency [37]. A commonly known 
fluoropolymer is Teflon. It was shown that further changes 
in membrane hydrophobicity occurred with membrane 
modifications such as pore size and morphology. This 
fact makes the correlation between membrane hydropho-
bicity and fouling more difficult to assess [38]. In fact, 
Maximous et al. concluded in 2009 that in the case of 
sludge filtration for hydrophilic and hydrophobic mem-
branes, hydrophilicity does not seem advantageous from 
the fouling propensity. Hydrophilic membranes do how-
ever have higher cake resistance reversibility than hy-
drophobic membranes.  

When comparing polymer membranes with hydrophilic 
properties, cellulose membranes showed remarkable hy-
drophilic properties due to three active hydroxyls in each 
repeating unit of cellulose molecule (Figure 7) [16]. 

The strong hydrogen bonds that occur between cellu-
lose chains prevents dissolution in ordinary solvents and 
it can withstand very high temperatures. Cellulose ace-
tate and regenerated cellulose membranes have been 
widely applied in technologies such as ultrafiltration, 
microfiltration and dialysis. However, cellulose was de-
graded during the regeneration process and this caused 
irreversible damage to its ability of enduring strong acid, 
alkali and organic solvents, as well as serious environ-
mental problems. 

Because of its robustness and its ability to withstand 
strong acids and alkalis, polysulfone and polyethersul-
fone still remain a more practical choice for membrane 
filtration than the more hydrophilic cellulosics. 

 

 

Figure 7. Structure of cellulose. 

In order to develop membrane systems with reduced 
fouling capability, the focus of future research should con-
sider the incorporation of a wider range of metal nano- 
particles, over and above the ones already identified from 
literature. Preferably the selection of metal nanoparticles 
should follow a periodic trend, in order to establish 
trends with respect to chemical properties of the metal 
nanoparticle incorporated. Careful consideration should 
also be given to the concentration levels at which metal 
nanoparticles are introduced, in order to avoid the phe-
nomenon of pore clogging due to agglomeration of metal 
nanoparticles at higher concentration. 

The main categories of suitable membrane matrices 
identified in the review were cellulose and polysulfone 
membranes in terms of processability cost and most im-
portantly fouling resistance. In the absence of novel ma-
trices with superior characteristics in all respects, imme-
diate future research should look at these matrices ap-
propriately modified, as a new generation of membrane 
materials for metal nanoparticle incorporation. However, 
the search for completely novel membrane materials 
should be regarded as a priority research area too, since 
there is still great disparity among authors in terms of the 
ultimate superiority of either cellulose or polysulfone and 
their derivatives studied to date. 

5. Conclusions 

To date TiO2-PSF and Ag-PSF nanocomposite membranes 
are the most researched when it comes to the area of wa-
ter- and wastewater treatment. 

Ag-PSF membranes have been proven to have antim-
icrobial properties and prevent bacterial attachment onto 
the membrane surface, thereby reducing biofilm forma-
tion. 

Membrane characteristics were changed by the addi-
tion of TiO2, Ag, Al2O3 and ZrO2 nanoparticles and na- 
nosilica to the casting solutions. Tensile strength and 
hydrophilic property was enhanced, but other physical 
characteristics such as membrane thickness was nega-
tively affected. The thickness of skinlayer increased with 
increase of filler concentration. 

SEM micrographs for all metal nanocomposite mem-
brane show an asymmetric membrane that consists of a 
compact layer and a porous layer. The addition of metal 
nanoparticle fillers resulted in the increase of pore num-
bers in the porous skin layer compared with the PSF 
membrane. Hydrophilicity was increased due to the anti- 
fouling ability of the membrane, which in turn also en-
hanced the membrane flux. Contact angle was reduced 
by the addition of metal nanoparticle fillers for selected 
nanocomposites from literature, where data was available. 
The cost associated with membrane production and main- 
tenance of membrane operating systems could thus far 
not be significantly reduced. 
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