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a b s t r a c t

Amine functionalized TiO2 nanoparticles were synthesized via surface reaction with 3-Aminopropyl 
triethoxysilane. These nanoparticles were added to polysulfone and cellulose acetate blend casting 
solutions in 1-Methyl-2-pyrrolidone to form hybrid membranes by phase inversion. The amine groups 
on the surface of the membranes were used as absorption sites for silver nanoparticles. The obtained 
membranes were characterized using Fourier Transform Infra Red spectroscopy, Scanning electron 
microscope and X-ray diffraction. Water uptake studies and contact angle measurements were done 
to evaluate hydrophilicity of the membranes. Pure water flux studies of the membrane were carried 
out in a dead end filtration unit. Rejection and antifouling studies were carried out using bovine 
serum albumin as a model protein. The hybrid membranes exhibited better permeability and fouling 
resistance. The hybrid membranes with silver decoration on the surface showed microbial resistance. 
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1. Introduction

The development of membranes with better per-
meate flux and improved antifouling properties are an 
intriguing field of research in membrane technology. 
Polysulfone (PSF) is common polymer material in the 
manufacture of asymmetric organic ultrafiltration mem-
branes due to its good thermal, mechanical and chemical 
properties. Its use in water filtration is restricted due to 
its hydrophobicity, which results in greater fouling and 
subsequent water flux drop [1]. One could find in the lit-
erature several attempts to overcome the hydrophobicity 
of polysulfone. These include blending with hydrophilic 
polymers, addition of hydrophilic modifiers, surface 
treatment etc [2,3]. 

Cellulose acetate (CA) is a well known hydrophilic 
polymer used for synthesizing aqueous based membranes 
for ultrafiltration and reverse osmosis [4]. Being hydro-
philic, CA is less susceptible to fouling. But it has less chem-

ical resistance and poor mechanical properties. Blending 
polymers is an effective tool to combine diverse properties 
and to extract the best out of the both [5]. Hydrophilic and 
hydrophobic balance is essential for a membrane, the com-
bination of PSF and CA should thus result in a synergistic 
effect in the resulting membrane. Researchers have reported 
blending these polymers and the composite membranes 
had enhanced performance [6,7]. 

Nanocomposite membranes have attracted much 
attention over the last decade; addition of small amounts 
of nanoscale additive could result in greater property 
enhancement. There have been several reports of polysul-
fone based nanocomposite membranes. Nanoadditives 
like carbon nanotubes, graphene oxide, nanoclay etc., have 
shown very good property enhancement [8–11]. Addition 
of inorganic nanoparticles like Al2O3, Fe2O3, SiO2, TiO2 etc., 
have also resulted in better hydrophilicity and antifouling 
properties. These inorganic nanoparticles are highly hydro-
philic and thus impart hydrophilicity to the membrane 
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surface. Improved hydrophilicity enables better interaction 
with water than the foulant, thus the membrane gains anti-
fouling property [12–18].

Typically any additive in an ultrafiltration membrane 
should help in countering two types of fouling, membrane 
fouling caused by organic matter and bio-fouling. Among 
the various inorganic additives, TiO2 nanomaterials have 
been proven to effectively enhance hydrophilicity and retard 
fouling due to organic pollutants in case of PSF [19,20]. But 
TiO2 has bactericidal properties only under UV irradiation. 
Meanwhile, the incorporation of noble metal nanoparticles, 
particularly silver has interesting antimicrobial capabilities; 
it can inhibit biofouling and film formation [21]. In the pres-
ent work we have attempted to extract the synergy of most 
methods reported to enhance the properties of PSF. Firstly 
PSF is blended with a hydrophilic polymer, CA. Secondly a 
nanohybrid membrane is developed using amine fuction-
alised TiO2 nanoparticles (ATNP). Lastly the amine groups 
on the surface of the TiO2 nanoparticles are used as adsorp-
tion sites for Ag nanoparticles, decorating the membrane 
surface with Ag nanoparticles.

2. Experimental

2.1. Materials

3-Aminopropyl triethoxysilane (APTES), succinic anhy-
dride, ethanol, isopropanol, polysulfone (average molec-
ular number (Mn) ~16000), cellulose acetate (Mn ~30000), 
1-Methyl-2-pyrrolidone (NMP), silver nitrate (AgNO3), eth-
ylene glycol and poly-vinyl-pyrrolidone (PVP) were pur-
chased from Sigma-Aldrich Co, Bangalore, India. Dimethyl 
formamide (DMF), ammonium hydroxide (NH4OH) and 
sodium hydroxide (NaOH) were purchased from Merck, 
India Ltd. Bovine serum albumin (BSA) was purchased 
from Himedia laboratories Pvt Ltd, India.

2.2. Preparation of amine functionalized titanium dioxide 
nanoparticles (ATNP)

ATNPs were synthesized using similar procedure 
reported in literature [22]. In brief, 0.4 g TiO2 nanoparticles 
(TNP) were dispersed in 20 ml isopropanol, then 0.2 g of 
3-aminopropyl triethoxysilane (APTES) and 10 ml of dis-
tilled water were added to the solution obtained. The result-
ing solution was stirred at room temperature for 48 h and 
the solution was dried at a temperature of 60ºC to remove 
the solvent.

2.3. Preparation of hybrid membranes

To obtain a homogeneous polymer solution, PSF (15 
wt.%) and CA (5 wt.%) were dissolved in NMP (80 wt.%) 
and stirred for 4 h at a temperature of 100°C. Required 
amounts of ATNP as per Table 1, was added to the obtained 
solution, stirred for 30 min and sonicated for a time period 
of 30 min. After this, the resulting dispersion was again 
stirred for 30 min. This casting solution was casted on a 
glass plate using a polished glass rod. The glass plate was 
then immersed in distilled water at 20°C for 24 h before 
testing [5].

2.4. Preparation of silver decorated membranes

Silver decoration of the membrane surfaces was 
achieved via aminosilane coupling as a connecting bridge 
as reported by Lv et al. [23]. Firstly, silver nanoparticle sus-
pension is synthesized. Two solutions of AgNO3 and PVP 
were prepared by adding 0.017 g of AgNO3 and 0.022 g of 
PVP to 10 ml ethylene glycol with subsequent stirring for 
10 min. To the prepared PVP solution, AgNO3 solution was 
added drop-wise and vigorously stirred at room tempera-
ture for 4 h. A reddish brown suspension was obtained. The 
prepared hybrid membranes were washed with ethanol 
and vacuum dried at 60°C for 2 h. Finally, these membranes 
were dipped in the above obtained silver nanoparticle sus-
pension for a day. Bonding between membrane surface 
and Ag nanoparticles takes place via aminosilane groups 
of ATNP as shown in Fig. 1. Silver nanoparticle decorated 
membranes are thus obtained (Fig. 2). These membranes 
were washed with ethanol to remove all boundless particles 
from the surface and dried at 60°C.

3. Characterization

3.1. Transmission electron microscopy (TEM)

TEM (JEOL, JEM-2100) was used for analyzing the 
nanoparticles. Samples were prepared by depositing a drop 
of a well dispersed dilute nanoparticle suspension on to a 
carbon coated copper grid. 

3.2. Fourier transform infra red (FT-IR) spectroscopy

 The FT-IR spectra of membranes were obtained using 
Shimadzu FTIR- 8400S spectrometer in the range of 4000–
400 cm–1. Hybrid membranes and nanoparticles spectra 
were analyzed. 

3.3. X-ray diffraction(XRD) analysis

X-ray diffraction was done using Goniometer (JEOL 
Dx-GE-2P, Japan), X-ray Diffractometer equipped with 
monochromatised high intensity Cu Kα radiation (λ = 
1.54058 Å). The diffractograms were obtained at 0.16°/s in 
the 2θ range 10–60°.

Table 1
Blending compositions of membranes

Membranes Polymer solution(PS) Additive Additive : PS 
(wt./wt.) %PSf 

(wt.%)
CA 
(wt.%)

NMP 
(wt.%)

ATNP 
(wt.%)

M-0 15.00 5.00 80.00 0.00 0
M-1 14.85 4.95 79.21 0.99 1
M-3 14.56 4.85 77.67 2.91 3
M-5 14.29 4.76 76.19 4.76 5
M-7 14.02 4.67 74.77 6.54 7
M-10 13.64 4.55 72.73 9.09 10
M-12 13.39 4.46 71.43 10.71 12
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3.4. Ultra violet-visible (UV-Vis) Spectroscopy 

Hitachi U-2900 Spectrophotometer with a wavelength 
range of 300–900 nm was used for the spectral study of the 
synthesized silver nanoparticles and also for the estimation 
of BSA concentrations.

3.5.Scanning electron microscopy(SEM)

Jeol JSM-6380LA analytical SEM was used to get SEM 
images of the nanoparticles and hybrid membranes. To get 
the cross sectional images of the hybrid membranes, they 
were cryogenically fractured using liquid nitrogen,before 
scanning each sample was gold sputtered. Elemental map-
ping of Ag on the Ag decorated membrane surface was also 
carried out. 

3.6. Contact angle measurement

Contact angle of the membranes was calculated using 
sessile droplet method in FTA-200 Dynamic contact angle 

analyzer. Values of three different locations were consid-
ered to reduce experimental error.

3.7. Permeation properties 

Sterlitech HP4750 stirred cell dead end filtration unit 
with an effective membrane area of 14.6 cm2 was used 
for conducting the permeation studies of the membranes. 
Membranes were kept submerged in distilled water for a 
day prior to flux study. The time dependent variations in 
pure water flux (PWF) of membrane were calculated. The 
permeate collection was initiated following 25 min of pres-
surizing at 0.3 MPa transmembrane pressure (TMP) at 25°C.
Samples were collected at each 5 min intermission. The 
PWF (Jw) was estimated using the following equation:

J
Q
t Aw =

Δ  � (1)

where Jw is expressed in L/m2h and Q is the amount of 
water collected for Δt (h) time duration using a membrane 
of area A (m2).

3.8. Antifouling properties

The antifouling properties of the membrane were deter-
mined as reported in literature [24]. In short, original PWF 
of the membrane Jw1 (L/m2h) was estimated at 0.2 MPa 
TMP. The antifouling property of the membranes was deter-
mined using BSA as standard protein for rejection. 0.4 g of 
BSA was dissolved in 500 mL of distilled water to give an 
aqueous solution which was then filtered through the mem-
brane for a duration of 90 min. Later on the membrane was 
washed with distilled water for 30 min and again the pure 
water flux Jw2 (L/m2h) was obtained. The membranes anti-
fouling properties were evaluated in terms of flux recovery 
ratio (FRR) using the following correlation:

FRR
J
J

w

w

%( ) = ×2

1

100 � (2)

In order to establish the rejection of the membrane, the 
permeate solution samples were collected. 0.1 ml of the col-
lected sample was added to 3 ml of Bradford reagent and 

Fig. 1. Bonding between membrane surface and Ag nanoparticles via aminosilane group on ATNP.

Fig. 2. Silver decorated hybridM-12 membrane.
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left for 10 min, and then it was analyzed using UV-spec-
trometer. The percentage BSA rejection (R%) was calculated 
using the following correlation:

R
C

C
p

f

% = −








 ×1 100 � (3)

where Cp (mg/mL) and Cf (mg/mL) are the BSA concentra-
tions in permeate and feed respectively. The concentrations 
were calculated at a wavelength of 595 nm using UV-Vis 
spectroscopy.

3.9. Antibacterial properties

Zone of inhibition technique was used to verify the anti-
bacterial properties of the hybrid membrane [23]. Nutrient 
agar solution was prepared by adding 9.2 g of nutrient agar 
in 300 ml of distilled water. To determine the zone of inhibi-
tion, nutrient agar was poured onto sterilized petridish and 
left for sometime at room temperature to solidify. Then 100 
µL of bacterial water (1 inoculation loop) containing Esche-
richia coli (E. coli) bacteria was streaked over the petridish 
and spread uniformly throughout. A small circular piece 
of membrane was placed over the solidified agar gel at the 
centre in the petridish and this plate was placed in the incu-
bator for 24 h at 37ºC. After one day of incubation, the zone 
of inhibition was observed.

In order to assess the antibacterial properties of the 
membrane in liquid media the following method was used. 
50 mL Luria-Bertani broth was prepared in three conical 
flasks. After sterilization, the broth was inoculated with an 
overnight grown culture of Escherichia coli. Broth without 
inoculation was used as blank. To the broth M-12 and Ag 
decorated M-12 membrane’s rectangular pieces (5 cm × 5 
cm) were added and incubated in a rotary shaker at 37°C at 
140 rpm for 24 h. Later the membrane pieces were removed 
and broth samples were diluted 5 times and optical den-
sity was analyzed at a wavelength of 600 nm using UV-Vis 
spectroscopy.

4. Results and discussion

4.1. Characterization of amine functionalized TiO2 nanoparticles

As seen from the TEM images in Fig. 3, functionalized 
TiO2 nanoparticles had an average diameter of around 25–30 
nm. By comparing the TEM images of ATNP and TNP it is 
clear that functionalization has not affected the size of the 
nanoparticles. Since functionalization takes place only at 
the surface of the nanoparticle [22].

In the Fig. 4, FTIR spectrum of the TNP and ATNP is 
compared. Due to the presence of physisorbed water, the 
O-H bonds in Ti-OH groups vibrate, which is represented 
by the peak around 1627 cm–1 and the broad peak around 
3300–3400 cm–1. The lowering of transmittance beyond 900 
cm–1 corresponds to the longitudinal optical mode of ana-
tase phase and also to Ti-O-Ti bonds [25]. The FTIR spectra 
of ATNP show some striking deviations from that of TNP. 
The presence of amine groups on the surface of TiO2 func-
tionalized nanoparticles are represented by the peak at 1616 
cm–1 which corresponds to N-H bond. XRD Peaks around 
25.4°, 38.5°, 48° and 53.8° in the ATNP confirms the anatase 
phase of TNP (Fig.7) [26].

4.2. Characterization of silver nanoparticle suspension

Silver nanoparticle suspension was reddish brown in 
color and showed a peak at 440 nm in UV-Vis spectra (Fig. 5). 
The presence of peak between 420–450 nm corresponds to 
the characteristic surface plasmon of silver nanoparticles 
and therefore confirms the nanosize of particles [27]. The 
color of silver nanoparticles is dependent on the size. When 
compared with literature the peak at 440 nm corresponds to 
a particle size of 50 nm [28]. 

4.3. Membrane characterization

4.3.1. FT-IR Analysis

Comparison of FTIR spectra of M-0, M-12 and ATNP is 
shown in Fig. 6. M-0 membrane is a blend of PSF and CA. 

Fig. 3. TEM image of a) ATNP b) TNP.
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The peaks at 1293 cm–1, 1240 cm–1 , 1150 cm–1 of the M-0 rep-
resents S=O asymmetric stretch, C-O-C stretch, S=O sym-
metric stretch of PSF [29]. CA peaks at 2939 cm–1 and 2871 
cm–1 corresponding to the asymmetric and symmetric C-H 
stretching, 1744 cm–1 (C=O stretching), 1168 cm–1 (asymmetric 
stretching of the C–O–C bridge) and 1215 cm–1 (carboxylate 
C-O stretch) is also seen [30]. These peaks can also be seen for 
the hybrid membrane M-12 as well. Significant deviation in 
transmittance is seen for the hybrid membrane due to effect 
of ATNP addition. The elevation of transmittance around 
1140 cm–1 and the lowering of transmittance 2360 cm–1 point 
to the merger of ATNP and polymer peaks, indicating good 
additive polymer interaction. 

4.3.2. XRD analysis 

Comparison of the XRD pattern of ATNP, M-0, M-12 is 
done in Fig. 7. XRD of M-0 shows only a single broad peak 

around 18.3° which corresponds to the amorphous peak of 
CA. In M-12 membrane, the characteristic peaks of anatase 
can be clearly seen although at a lower intensity. The amor-
phous peak of CA at 18.3° has become more dominant. The 
emergence of crystalline peak of CA at 14.9° indicates that 
addition of ATNP has result in formation of crystalline CA 
during phase inversion [31]. There is a diminutive shift in 
the peaks which shows effective incorporation and good 
interaction between filler and matrix.

4.3.3. SEM analysis of the membranes

The SEM analysis of the cross-sectional view of the mem-
branes are displayed in Fig. 8, where finger-like structures 
usually found under the skin layer of UF membranes sub 
structure, the medium sized macrovoids extending through 
one-third of the membrane, and the small macro voids are-
situated near the nodular layer. The skin becomes porous 
and sponge structure is observed along the bottom of the 
penetrating cavity. As ATNP concentration is increased, the 
macro pores start to change [32]. The finger like projections 
became shorter [33]. An increased spongy layer formation is 
also observed at higher additive content. 

SEM surface image of M-12 membrane clearly shows 
the presence of numerous silver nanoparticles bonded on to 
the membrane surface (Fig. 8h). SEM elemental maps of Ag 
on the membrane surface also revealed that good number 
of nanoparticles had adsorbed on to the membrane surface 
(Fig. 9). 

4.3.4. Hydrophilicity of membranes 

Hydrophilicity of the membranes active surface plays 
an important role to establish the membrane flux and anti-
fouling properties. The hydrophilicity of the membrane 
can be studied using contact angle measurement. Fig. 10 
shows the contact angle measurements of the membranes. 
There was a gradual decrease in the contact angle of the 
membranes from 89.42° for M-0 to 44.11° for M-12. A con-
siderable decrease in the contact angle occurred when the 
concentration of ATNP was increased; this shows that 
hydrophilicity of the membranes was enhanced with addi-
tion of ATNP [34].

Fig. 4. FT-IR spectrum a) ATNP and b) TNP.

Fig. 5. UV-Vis spectra of silver nanoparticle suspension.

Fig. 6. FT-IR spectra of ATNP, M-0, and M-12. Fig. 7. XRD patterns of M-0, M-12, and ATNP.
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Fig. 8. Cross-sectional SEM images of membranes. (a) M-0; (b) M-1; (c) M-3; (d) M-5; (e) M-7; (f) M-10; (g) M-12; (h) Surface 
image of M-12.
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4.3.5. Membrane permeability and antifouling properties

Permeation characteristics of the membrane were 
accessed in terms of pure water flux at 0.2 MPa and 25°C. 
Initially the membranes showed steep flux drop due to 
mechanical compaction [35]. After a while of pressur-
ization the flux decline gradually decreased. The flux 
values are given in Fig. 11. It was evident that the mem-
branes showed a drastic increase in flux when compared 
to the nascent membrane with increasing ATNP content. 
The  maximum flux was seen in case of 12% addition of 
ATNP.

Rejections of the membranes were estimated using 
BSA as a standard protein. The trends of flux during rejec-
tion studies are given in Fig. 12. The BSA rejection values 
of M-0, M-1, M-3, M-5, M-7, M-10, M-12 membranes were 
94.44%, 93.81%, 92.44%, 91.74%, 91.98%, 94.54%, 92.61%, 
respectively. All membranes showed drastic flux drop 
from the PWF values during rejection study. As seen in 
case of PWF studies the hybrid membranes showed better 
flux during BSA rejection. Maximum flux was obtained for 
M-12 membrane. 

The antifouling properties of the membranes were eval-
uated in terms of flux recovery ratio (FRR). As shown in 
Fig. 13, all hybrid membranes showed better flux recovery 
than the nascent M-0 membrane. The best recovery was 
seen in case of M-12 membrane, 78.36%. 

4.3.6. Antibacterial properties

After one day of incubation, the zone of inhibition 
results of Ag decorated and undecorated M-12 mem-
branes obtained are shown in the Fig. 14. The Ag deco-
rated membrane showed a very clear zone of inhibition 
[36]. No bacterial growth was seen on the membrane 

Fig. 9. SEM elemental maps of Silver (Ag) nanoparticles on M-12 membrane surface.

Fig. 10. Contact angle measurements of the membranes. Fig. 11. The PWF of the membranes.

Fig. 12. The membrane fluxes during BSA rejection.
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surface as well, indicating that the membranes had bac-
terial resistance due to the presence of silver. Whereas 
for undecorated membranes no zone of inhibition is 
observed. The bacteria were able to grow on the mem-
brane surface as well. 

Antibacterial properties of the Ag decorated membrane 
in liquid media were evaluated and the results are shown in 
Fig. 15. The optical density values of 5 time’s diluted culture 
media are given in Table 2. The Ag decorated M-12 mem-
brane showed very less growth in bacteria when compared 
to the high growth seen in case of undecorated membrane. 
Clearly indicate that Ag coating can hinder bacterial growth 
and prevent bio-fouling and film formation on the mem-
brane surface. 

5. Conclusions

Amine functionalized titanium oxide nanoparticles 
were successfully synthesized with diameters of 25–30 
nm as observed from FTIR spectroscopy and TEM images. 
XRD confirmed that these nanoparticles were in anatase 
phase. Hybrid membranes with different compositions 
were synthesized with a maximum additive content of 12 
wt%. Silver decoration of the membrane surfaces could 
be accomplished using the amine groups on nanoparti-
cles, as seen from elemental maps. SEM images revealed 
asymmetric structure for all membranes, the spongy layer 
formation increased with increased additive content. Per-
meation studies showed high pure water flux and better 
flux retention during BSA rejection. The hybrids mem-
branes showed enhanced antifouling properties due to the 
increased hydrophilicity. Antibacterial studies revealed the 
bactericidal effect of the Ag decorated membrane on E. Coli. 
In summary, a hybrid membrane with high water flux, bet-
ter antifouling properties and antibacterial properties has 
been synthesized. 
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Symbols

Jw	 —	 Flux of pure water (L/m2h)
A 	 —	 Cross section area of membrane (m2)
Q	 —	 Amount of permeate collected (L)
Δt	 —	 Time duration (h)
wt	 —	 Weight
FRR% 	 —	 Flux recovery ratio (%)
R%	 —	 % BSA rejection
Cp	 —	 BSA concentrations in permeate (mg/mL)
Cf	 —	 BSA concentrations in feed (mg/mL) 

Table 2
Optical density of culture media

Sample Optical density

Broth 0.038
M-12 0.824
Ag decorated M-12 0.148

Fig. 13. Percentage flux recovery ratio of the membranes.

Fig. 15. Turbidity of broth with a) no microbial addition b) M-12 
membrane c) Ag decorated M-12 membrane.

Fig. 14. Zone of inhibition results a) Ag decorated M-12 mem-
brane b) control.
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