
*Corresponding author.

Presented at the EDS conference on Desalination for the Environment: Clean Water and Energy, Rome, Italy, 22–26 May 2016.

Desalination and Water Treatment
www.deswater.com

doi:10.5004/dwt.2017.0623

1944-3994 / 1944-3986 © 2017 Desalination Publications.  All rights reserved.

69 (2017) 56–64
March

Modified titanate nanotubes incorporated polyamide layer for the fabrication 
of fouling control thin-film nanocomposite forward osmosis membranes

Rajesha Kumar*, Huda Al-Jabli, Saleh Al-Haddad, Mansour Al-Rughaib, Jasmine Samuel
Water Research Center, Kuwait Institute for Scientific Research, P.O. Box 24885, 13109 Safat, Kuwait, Tel. +965 97920482;  
emails: ralambi@kisr.edu.kw (R. Kumar), hjabli@kisr.edu.kw (H. Al-Jabli), shaddad@kisr.edu.kw (S. Al-Haddad),  
mrughaib@kisr.edu.kw (M. Al-Rughaib), jsamuvel@kisr.edu.kw (J. Samuel)

Received 3 June 2016; Accepted 23 August 2016

a b s t r a c t

Titanium dioxide nanotubes (TNTs) were prepared from titanium oxide anatase powder by hydro-
thermal method. The hydrophilicity of TNTs was further increased by reacting with sulphuric acid 
to attain sulphated TNTs (STNTs) and by reacting with [(2-amino-ethyl)-3-aminopropyl] trimethox-
ysilane to attain amine groups (ATNTs) on TNTs surface. The additional sintering of STNTs resulted 
in porous crystalline structures. The thin-film nanocomposite (TFN) membranes were synthesized 
by incorporation of different concentrations of modified TNTs in aqueous solution of 1,3-Phenylene-
diamine (MPD) during the interfacial polymerization (IP) reaction with trimesoyl chloride (TMC) 
on polysulfone substrate. The chemical modification of TNTs was confirmed by Fourier transform 
infrared (FTIR) spectroscopy, and the difference in morphology of ATNTs and STNTs was deter-
mined using transmission electron microscope (TEM). The membranes morphology and their other 
features were studied by Field Emission Scanning Electron Microscope (FESEM), contact angle, and 
Atomic Force Microscope (AFM) instruments. For the fouling study, a mixture of sodium alginate 
and gypsum was selected as feed solution. All of the TFN membranes produced high flux and fouling 
resistance ratio (FRR) values than the TFC membrane. TFN-STNT membranes exhibited moderately 
high flux than TFN-ATNT membranes due to additional pathways for the water transport created 
by the porous STNTs. However, the high FRR of TFN-ATNT membranes over STNT membranes was 
attributed to the interaction of –NH2 groups with acyl chloride groups of TMC at the outer interface 
during IP, results in smooth top surfaces.
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1. Introduction

Forward osmosis (FO) is an osmotically driven  membrane 
process and utilizes the osmotic pressure difference across 
permeable membranes as driving force. Thus, to achieve high 
flux during the FO process, the membrane surface should be 
more hydrophilic; and such membranes have high tendency 
toward fouling during the FO-based water treatment pro-
cesses [1]. Fabrication of the fouling control FO membranes 

is a major challenge in the  large-scale  optimization of the 
FO process in various applications. Among FO membranes, 
thin-film composite (TFC) membranes are potential candi-
dates due to their high flux and easy fabrication techniques. 
The active layer of the TFC membrane can be tailored for 
hydrophilicity and smoothness for improved permeation 
and antifouling properties [2]. Advances in nanotechnology 
have led to the development of nano-structured materials, 
which may form the basis for novel FO  membranes [3]. Many 
studies have demonstrated that thin-film nanocomposite 
(TFN) membranes can be the solution to improve not only 
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 membrane water  permeability but also antifouling resistance 
[4,5].  Incorporating a small quantity of hydrophilic nano-
materials into a polyamide (PA) layer is apparently able to 
improve characteristics of PA selective layer without com-
promising salt separation efficiency. Inorganic nano addi-
tives like titanium dioxide (TiO2),  carbon nanotubes (CNTs), 
silica, silver, halloysites, and zeolite nanoparticles have con-
tributed to improved flux and antifouling characteristics. A 
nano additive can improve PA film formation by offering 
the increased diffusion rate of monomers to the interface, 
increasing the hydrophilicity of the top PA surface and by 
reducing the roughness of the top PA surface formed [6]. 

Among the nanomaterials, TiO2 nanoparticles have been 
used widely to improve the characteristics of membranes 
owing to their hydrophilicity, easy chemical modification 
due to available –OH groups, high chemical stability, pho-
tochemical reactivity, and potential of exhibiting antifouling 
nature [7,8]. Titanium dioxide nanotubes (TNTs) are another 
morphological form of TiO2 nanoparticles, which can be 
obtained by hydrothermal method by reacting with NaOH 
followed by annealing. The large hydroxyl groups with spe-
cific surface area and pore volumes of TNTs, will provide 
abundant adsorption sites and diffusion channels for water, 
resulting in remarkable improvement in water productivity. 
The coating of nanoparticles often results in pore plugging 
during fabrication process causing undesirable permeabil-
ity characteristics. Recently, different approaches have been 
developed to incorporate nanomaterials into the PA layer of 
TFC membrane. The entrapment of nanomaterials into the 
PA skin layer during interfacial polymerization (IP) is simpler 
and more effective when compared with the coating tech-
nique [9–11]. The other approaches include the direct bind-
ing of the nanomaterials to the membrane surface by means 
of covalent bonding with the amine monomer involved in 
IP process [12]. This approach may be advantageous as all 
the nanomaterials will be exposed on the surface as opposed 
being buried in the PA layer. The superhydrohpilic modifica-
tion of the nanomaterial to attain superhydrophilic surfaces 
is the other method to enhance the antifouling characteristics 
of the TFN FO membranes [13]. 

The high surface energy associated with commercially 
available TiO2 will result in significant particle aggregation 
during PA layer formation. Such agglomeration can further 
negatively affect the potential antifouling abilities of TiO2 
and result in surface defects in the PA layer [14]. The chemi-
cal modification of TNTs is the best strategy to minimize the 
chances of particle agglomeration. The presence of abun-
dant hydroxyl groups at the TNTs surface made them read-
ily grafted with chemical functional groups [15]. Treatment 
by silane coupling agents, such as 3-aminopropyltriethox-
ysilane (APTES), is a common approach to introduce 
amine functional groups on TNTs [16]. The sulphation of 
TiO2 using sulphuric acid is another method to enhance its 
hydrophilicity [17]. The post-treatment of such sulphated 
TNTs (STNTs) using well-controlled sintering will exhibit 
different morphology compared with non-calcinated TNTs. 
Hou et al. reported that STNTs calcinated at 500°C are likely 
to possess higher surface area and crystalline porous sur-
faces with abundant surface hydroxyl groups and active 
sulphate species [18].

In the current work, TNTs were prepared by hydro-
thermal method from commercially available TiO2 anatase 

 powder. TNTs were hydrophilically modified by two  different 
chemical reactions to attain amino groups (ATNTs) and sul-
phate (STNTs) groups on its surface. Further, the morphology 
of STNTs was altered by sintering at high temperature. The 
different concentrations of ATNTs and STNTs as novel fillers 
were incorporated into the PA layer of TFN membranes on 
polysulfone (PSf) substrate layer. The morphologies of two 
different types of membranes, and their permeability prop-
erties were determined and compared. Most of the previous 
studies on FO membrane fouling have focused on a single 
foulant. Generally, different types of organic and inorganic 
foulants almost always coexist in natural waters. Therefore, 
membranes are most likely fouled by different foulants simul-
taneously [19]. For example, the presence of inorganic calcium 
ions may accelerate organic fouling by bridging organic mol-
ecules to form a network structure in pressure-driven mem-
brane processes [20,21]. Although FO is a non-pressure driven 
process, the nature of foulants present in water to be treated 
are the same. Thus, in the current work, the antifouling prop-
erties of the FO membranes were determined by adding a 
mixture of sodium alginate as organic foulant and gypsum as 
inorganic foulant into the feed solutions.

2. Experimental

2.1. Materials

PSf (molecular weight = 35,000 Da), polyethylene 
glycol (Mw = 600) as additive, [1-(2-amino-ethyl)-3- 
aminopropyl] trimethoxysilane (AAPTS) as silane coupling 
agent, and sodium alginate as foulant were purchased 
from Sigma- Aldrich Co. 1,3-phenylenediamine (MPD) 
and 1,3,5- benzenetricarbonyl trimesoyl trichloride (TMC) 
were the active monomers used for the synthesis of the PA 
 selective layer and purchased from Alfa-Aesar Co. TiO2 
nanoparticles were purchased from Sigma-Aldrich Co. 
and used for the synthesis of titanate nanotubes (TNTs). 
Sodium hydroxide, hydrochloric acid, N-methyl pyrroli-
done, N,N-dimethyl formamide, sodium chloride, gypsum 
(CaSO4. 2H2O), and ethanol were purchased from Merck 
Co. For all FO and fouling experiments, deionized (DI) 
water was used.

2.2. Preparation of titania nanotubes (TNT)

50 ml of 10 M NaOH was heated to 120°C and 2 g of TiO2 
anatase powder was added in one portion, and the solution 
was refluxed at 120°C with continuous stirring. After 48 h of 
refluxing, the mixture was cooled to 30°C and poured into 
500 ml of DI water. After some time, the white nanotubes 
settled down at the bottom of the beaker. The water layer 
was decanted and washing was repeated for two more 
times. Now 0.1 M HCl solution (150 ml) was added and 
the solution was stirred for 12 h at 60°C and after that, was 
washed again with DI water until neutral pH. Then nano-
tubes were centrifuged and calcinated at 450°C for 4 h. 

2.3. Amination of TNT

The surface modification of TNTs was performed using 
silane coupling agent – AAPTS. This silane coupling agent 
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could be easily hydrolyzed to silanol group, and further 
dehydrated with surface hydroxyl groups of TNTs to pro-
duce aminated TNTs (ATNTs) [22]. In a typical experimen-
tal procedure, 2.5 g of TNTs was added to the pure ethanol 
(25 ml) followed by 30 min sonication in bath. A quantity 
of 0.5 g of AAPTS was added to the solution and stirred at 
90°C for 4 h followed by filtration and subsequent washing 
using ethanol, ethanol/water (1:1 v/v), and water. The final 
products ATNTs were then dried at 100°C in a vacuum oven 
for 12 h.

2.4. Preparation of sulphated TNT

Sulfated-TiO2 was synthesized as per reported litera-
ture [23]. Previously dried TNT sample was dispersed in 
50 mL of isopropanol, and 2 mL of 1 M H2SO4 was added 
to the solution drop wise under stirring at 25–26°C. The 
solution was kept under stirring for about 4 h at the same 
temperature. The resulting suspension was centrifuged, 
washed with water, and dried in an oven at 100°C for 12 h. 
Further, the dry sample of STNTs was calcinated at 500°C 
for 5 h. 

2.5. Preparation of PSf substrate layer

PSf (15.0 wt%) was taken in mixture of solvents 
DMF:NMP (62.25:20.75 wt%) at 26°C, and PEG (Mw = 600 Da, 
2.0 wt%) was added at the same temperature. The mixture 
was stirred at 60°C for 4 h to obtain the homogeneous solu-
tion. The solution was degassed at 40°C for 2 h to remove 
the trapped air bubbles. The dope solution was poured onto 
a glass plate and casted by using a casting knife adjusted for 
the thickness of 150 μm. The glass plate was immediately 
immersed into a coagulation bath containing DI water at 
25–26°C. After 20 min of coagulation process, the DI water 
was replaced with fresh water in the coagulation bath, and 
the membrane was allowed to stand for 24 h. Finally, the 
membrane was dried at 25–26°C. 

2.6. Preparation of PA layer

The top active PA layer of TFN membrane was pre-
pared by IP on the surface of a PSf substrate layer. ATNTs 
or STNTs in various concentrations (0.01, 0.05, and 
0.1 w/v%) were dispersed in 2% (w/v) MPD  aqueous 
solution and sonicated for 2 h at 25–26°C followed by 
 stirring for 30 min at the same temperature to avoid nano-
tubes agglomeration. MPD aqueous solution was poured 
onto the top surface of the PSf substrate, which was held 
horizontally for 2 min to ensure the penetration of MPD 
solution into the pores of the substrate. The excess MPD 
solution was then drained off from the substrate surface, 
and a rubber roller was employed to remove the residual 
droplets of MPD solution. Now, 100 mL of 0.1% (w/v) TMC 
solution in n-hexane was poured onto the substrate sur-
face. The TMC solution was drained off from the surface 
after 1 min contact time. After that, the TFN-FO membrane 
was cured at 80°C in an oven for 5 min. The unreacted 
MPD and TMC from the TFN membrane surface were 
removed by rinsing with pure n-hexane, and the mem-
branes were dried at 25°C–26°C. A neat TFC  membrane 

was prepared on the PSf substrate using the same concen-
trations of MPD and TMC, but without adding any TNT 
particles. All the prepared membranes were stored in a DI 
water container until they were tested. These membranes 
are denoted based on the wt % loading of modified TNT 
content in PA layer: TFN-ATNT0.01, TFN-ATNT0.05, TFN-
ATNT0.1, TFN-STNT0.01, TFN-STNT0.05, TFN-STNT0.1 
and TFC (control without TNTs).

2.7. Membrane characterization

The IR spectra of the modified TNTs were recorded 
using Cary 630 Fourier transform infrared (FTIR) instru-
ment from Agilent technologies, USA. The spectrum was 
recorded in the range of 600–4000 cm–1 by directly placing 
the samples on the diamond prism followed by 32 scans. 
The transmission electron microscope (TEM) images of the 
modified TNTs were recorded using LVEM5 instrument 
(Delong America). The surface morphology of the mem-
branes were recorded using Keysight 8500 Field Emission 
Scanning Electron Microscope (FESEM), and the imaging 
was conducted with back scattering electrons (BSE) mode to 
overcome charging effect. The surface contact angles of the 
membranes were recorded using optical contact angle and 
interface tension meter from USA KINO, model-SL200KB. 
The surface Atomic Force Microscope (AFM) images of the 
membranes were recorded using Concept Scientific Instru-
ment (Nano-Observer), France, by scanning the membrane 
surface over 5 × 5 μm dimensions. 

2.8. Determination of FO performance

FO experiments were conducted through a  laboratory 
scale fabricated FO setup. It consisted of PTFE  cross-flow 
FO cell with outer dimensions of 12.7 × 10 × 8.3 cm 
(Sterlitech, USA), two pumps to maintain feed and DS 
flow (KNF, USA), and two flow meters (Blue-White Indus-
tries). The cross-flow rates of both solutions were fixed at 
8.0 cm/s, and the temperature was maintained at 25°C ± 
0.5°C. The membrane coupons were inserted in the mem-
brane cell in two different orientations: active layer facing 
the feed solution (AL-FS) mode and active layer facing the 
draw solution (AL-DS) mode. In this study, the  aqueous 
solutions with concentrations of 2 M NaCl and 10 mM 
NaCl were used as draw and feed solutions, respectively. 
To study the impact of DS concentration on the FO perfor-
mance, the high performance membrane from each series of 
TFN-ATNT and TFN-STNT were further subjected to flux 
and RSF study at two other concentrations of DS (0.5 M and 
1.0 M) by maintaining the FS concentration at 10 mM NaCl. 
The water flux of the FO process, J (L/m2h), was calculated 
from the volume changes of the IBMA-Na solutions and DI 
water using Eq. (1).

J
V

=
∆
Α∆t

 (1)

where ΔV (L) is the volume change over a predetermined 
time Δt (h), and A is the effective membrane surface 
area (m2).

The reverse solute flux (RSF) is a measure of the dif-
fusion of draw solute to the feed solution during the FO 
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 process. To determine the RSF value, the concentration of 
back diffused DS was measured in terms of conductivity 
using a calibrated conductivity meter (ORION STAR A-221 
model, Thermo Scientific). The RSF, Js (gMH), was deter-
mined using Eq. (2).

J
V

s
t t=

∆
Α∆
C

t
 (2)

where Ct (g/L) and Vt (L) are the reverse solute concentra-
tion and the volume of the feed solution, respectively, at an 
arbitrary time t.

2.9. Fouling study of FO membranes

A 4-M NaCl solution was used as the DS in both 
fouling and baseline experiments. Sodium alginate and 
gypsum were selected as the model organic and mineral 
scaling agents, respectively. For baseline experiment, FS 
with 10 mM NaCl solution was selected with zero con-
centrations of both alginate and gypsum. During the 
fouling study, the FS consisted of 10 mM NaCl, 200 mM 
alginate, and 35 mM gypsum concentrations. The pro-
cedure to conduct FO membrane fouling and cleaning 
experiments is described as follows. First, a fresh FO 
membrane sample was sealed in the membrane cell with 
the active layer facing the feed solution (FO-mode) chan-
nel. Then, the whole membrane system was stabilized 
with DI water on both sides of the membrane at 25°C ± 
1°C for 30 min. Baseline experiment was performed to 
obtain the initial membrane flux (Jw1) and the normalized 
water flux was calculated based on water flux decline. 
Fouling experiment was started at a cross flow rate of 
0.8 L/min, pH 7.5, and temperature of 25°C ± 1°C. The 
permeate water was collected in the draw solution tank. 
The corresponding changes in the weight of draw solu-
tion were monitored, recorded, and later converted to 
changes in membrane flux. After the fouling experiment, 
the both sides of membrane sample was replaced and 
rinsed with fresh DI water. The cleaning experiment was 
carried out at higher cross flow rate (1.2 L/min) over 30 
min and at temperature of 25°C ± 1°C. After membrane 
cleaning, baseline experiment was conducted again to 
determine the membrane flux (Jw2), and the flux recovery 
ratio (FRR) was calculated using Eq. (3).

FRR (%) =
J
J

w

w

2

1

100×  (3)

3. Results and discussion

3.1. Characterization of ATNTs and STNTs

3.1.1. FTIR analysis 

The FTIR spectra of ATNTs and STNs are presented in 
Fig. 1. For STNT, a broad peak at 3,346 cm–1 and peak at 
1,636 cm–1 are due to the stretching vibrations of surface 
hydroxyl group and adsorbed water [17]. The two peaks at 
1,132 cm–1 and 1,044 cm–1 correspond to the characteristic 
frequencies of SO4

2– [24]. The peak at 1,400 cm–1 is due to 

the stretching frequency of S-O bond. For ATNT, a broad 
peak around 3259 cm–1 is due to –NH2 of ATNT merged 
with the peak of partly unreacted –OH groups of TNT [25]. 
The presence of two absorption peaks at 1,102 cm–1 and 
1,213 cm–1 correspond to stretching frequencies of Si–O 
and C–N, respectively [26]. Meanwhile, the peak at 2,894 
cm–1 is due to the stretching vibration of Ti–O in modified 
TNTs [27].

3.1.2. TEM analysis

The TEM images of ATNTs and STNTs are presented in 
Fig. 2. It can be clearly seen that both ATNTs and STNTs 
possess the shape of cylindrical tubes with a diameter in 
the range of 30–50 nm. However, the additional sintering 
of STNTs reduced the length of the tubes. The crystal size 
of STNTs is obviously smaller than that of ATNTs confirm-
ing that the sulphation can inhibit the growth of anatase 
crystallites during sintering. The sintering temperature 
also played a crucial role on final structures of the STNTs. 
The sintering at 400°C produced amorphous STNTs, while 
controlled sintering was performed at 500°C to obtain small 
crystal structures of STNTs. Such small crystal structures 
will lead to the formation of the pores when they are in 
close proximity [18]. 

3.2. Membrane characterization

3.2.1. Contact angle

The hydrophilicity of a membrane plays a crucial 
role in determining permeation and antifouling prop-
erty [28]. From Fig. 3, the contact angle values of the 
membranes decreased with the increased loading of the 
modified TNTs in the PA layer. TFC membrane showed 
maximum contact angle value of 59°, whereas the least 
contact angle of 46° was observed for the TFN-STNT0.1 

Fig. 1. FTIR spectra of ATNT and STNT.

Fig. 2. TEM images of (a) ATNTs and (b) STNTs.
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 membrane. Thus incorporation of TNTs containing 
amine and sulphate groups enhanced the surface hydro-
philicity of the TFN membranes. However, all TFN-STNT 
membranes showed relatively less contact angle values 
than TFN-ATNT membranes loaded with equal compo-
sition ATNTs. This small decrease in contact angle or 
increase in hydrophilicity may be due to the additional 
sintering effect of the STNTs. The additional sintering 
has enhanced the crystallinity of STNTs, reduced the 
tube length and improved porous structures on STNTs as 

discussed in previous section. The incorporation of such 
porous crystalline STNTs increased the porous structures 
on the PA layer there by contributing to the reduced con-
tact angle values [29].

3.2.2 AFM analysis

The top morphological structures of TFC, TFN-
ATNT0.05, and TFN-STNT0.05 membranes were com-
pared using 3D AFM images (Fig. 4). These changes in the 
roughness parameters (Sa, Sq, and Sz) for all TFC and TFN 
membranes are presented in Table 1 for better comparison. 
The top surfaces of all the membranes showed “ridge-and-
valley” structures as typical characteristics of TFC and TFN 
membranes [30]. As a result of modified TNTs loading the 
RMS (Sa) values of TFN membranes increased compared 
with that of the TFC membrane. This indicated that the 
surfaces of TFN membranes are rougher compared with 
that of the control TFC membrane as observed by previ-
ous researchers [4,31,32]. However, the loading of STNTs 
resulted in rougher PA surfaces than ATNTs loading. This 
may be due to the interaction of –NH2 groups of ATNTs 
with acyl chloride (–COCl) groups of TMC at the outer 
interface during IP reaction. Such interactions might result 
in additional amide linkages contributing to the smooth-
ness of the top surface.Fig. 3. Contact angle of the membranes.

 

 

 
 

a b 

c 

Fig. 4. AFM 3D images of the membranes; (a) TFC, (b) TFN-ATNT-0.05, and (c) TFN-STNT-0.05.
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3.2.3 Morphology of the membrane

The surface morphology of both TFC and TFN mem-
branes were analyzed using FESEM, and the results are pre-
sented in Fig. 5. All of the TFC and TFN membranes exhibited 
ridge-valley structures, which are typical characteristics of 
the PA layer formed by IP reaction between TMC and MPD 
monomers [33]. However, higher loading of the modified 
TNTs resulted in increased roughness of TFN membrane sur-
faces. This may be attributed to the promotion of IP by mod-
ified TNTs [34]. Fig. 5 (d) represents the magnified image of 
the TFN-STNT0.05 membrane; it indicates the formation of a 
porous structure on the  surface, which might be contributed 
by the porous nature of the STNTs.

3.2.4. Membrane permeability and antifouling properties

All of the TFN membranes exhibited much higher flux 
compared with the TFC membrane. The higher loading of 
both ATNT and STNT contributed to increased permeation 
property of the membranes. This increased flux is due to 
the formation of new nano pathways created by nanotubes 
for the extra passage of water molecules [35]. The presence 
of the water channel through the hollow nanotubes and 
the void between the nanotubes and PA matrix contributed 
to the improved flux of TFN membranes. As an impact of 
this, the flux of TFN membranes increased with increased 
loading of TNTs. From Fig. 6, the TFN-STNT membranes 
showed moderately higher flux compared with TFN-ATNT 
with equal composition of nanotubes. The extra pores 
formed on the STNTs surfaces by sintering effect might 
create additional channels for the transport of water mole-
cules. For both ATNT-TFN and STNT-TFN membranes, the 
maximum flux was observed when AL-DS mode. This is 
due to the lower internal concentration polarization of the 
membranes in AL-DS mode [36]. From Table 1, though the 
RSF of the TFN membranes is higher than the TFC mem-
brane, the increased RSF is much lower compared with 
improved flux of the TFN membranes at both FO and PRO 
modes. For both ATNT-TFN and STNT-TFN membranes, 
the loading of 0.05 wt% of nanotubes termed as optimized 
condition for the loading of nanotubes. This composition 
resulted in high flux TFN membranes with relatively less 
RSF values. Further, the TFN membranes with 0.05 wt% of 

ATNTs and STNTs exhibited relatively lower RSF values at 
lower concentrations of DS as presented in Table 2. Further 
loading of nanotubes to 0.1 wt% resulted in increased RSF 
values of the TFN membranes. This might be due to the 
lowered cross-linking degree and also enlarged microvoids 

Table 1
The surface roughness parameters (Sa, Sq, Sz) and reverse solute flux (RSF) values of the membranes

Membrane Sa 
(nm)

Sq 
(nm)

Sz 
(nm)

RSF (FO mode) 
(gMH)

RSF (PRO mode) 
(gMH)

TFC 17.2 21.7 172 3.4 5.0
TFN-ATNT 0.01 17.6 22.4 183 3.1 4.8
TFN-ATNT 0.05 18.0 23.8 212 2.3 4.0
TFN-ATNT 0.1 23.4 33.6 402 6.2 11.2
TFN-STNT 0.01 19.6 24.4 254 3.6 5.3
TFN-STNT 0.05 36.3 47.0 466 2.8 4.2
TFN-STNT 0.1 53.2 70.7 845 7.6 13.1

Note: For RSF, test conditions: feed solution: 10 mM NaCl, draw solution: 2.0 M NaCl, cross-flow velocity 0.8 L/min on both sides of the 
FO membrane, temperature: 25°C.

Fig. 5. FESEM images of the surfaces of (a) TFC, (b) TFN-ATNT0.05, 
(c) TFN-STNT0.05, and (d) magnified image of TFN-STNT0.05.

Fig. 6. Flux of the membranes at FO and PRO modes (test 
 conditions: FS: 10 mM NaCl solution, DS: 2.0 M NaCl solution, 
flow rate: 0.8 L/m, temperature: 25°C).
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between the nanotubes and polymer matrix due to exces-
sive loading of the nanotubes. The basic performance of the 
TFN membranes prepared in this study and the previously 
reported TFC FO membranes in the literature is summa-
rized in Table 3. 

The fouling study was conducted using a mixture of 
sodium alginate and gypsum in the feed solution (foulant 
solution). Though Mi et al. reported that FO membrane 
flux decline due to alginate fouling is much faster in the 
presence of 0.5 mM calcium ions [37], in the current study 
35 mM of calcium ion concentration was maintained in the 
foulant solution. The higher concentration of calcium ions 
will result in maximum bridging of alginate molecules, 
which eventually resulting in a dense gel layer of alginate 
on membrane surfaces. Also, the excess gypsum molecules 
present in the bulk of the solution will start adsorption and 
thereby initiate crystal growth on membrane surface [38]. 
After performing baseline experiments in FO mode, FS was 
replaced by the foulant solution and the fouling tests were 
performed in FO mode.

Fig. 7 shows the FO fouling test results for the control 
TFC membrane and TFN membranes with 0.05%  modified 

Fig. 7. Flux change versus time for the control TFC, TFN- 
ATNT0.05 and TFN-STNT0.05 membranes.
Note: Test conditions for the baseline experiments; 4 M NaCl 
draw solution and 10 mM NaCl feed solution, for fouling tests; 4 
M NaCl draw solution and feed solution with mixture of 10 mM 
NaCl, 200 mM sodium alginate and 35 mM gypsum concentra-
tions; the normalized flux ratio was taken with a 10-min interval 
during the tests.

Table 2
Flux of the control TFC membrane and TFN membranes with 0.05 wt% of ATNTs and STNTs respectively at different concentrations of DS

Membranes Flux of membranes at different  
DS concentrations (L/m2h)

RSF of membranes at different  
DS concentrations (gMH)

0.5 M 1.0 M 0.5 M 1.0 M

FO PRO FO PRO FO PRO FO PRO

TFC 3.1 6.2 5.4 10.2 0.63 0.96 1.6 2.5
TFN-ATNT 0.05 4.8 7.9 10.2 15.6 0.45 0.86 0.96 1.92
TFN-STNT 0.05 5.2 8.0 11.1 16.7 0.53 0.92 1.21 2.01

Note: Test conditions: feed solution: 10 mM NaCl, cross-flow velocity 0.8 L/min on both sides of the FO membrane, temperature: 25°C.

Table 3
Comparison between the performance of the TFC FO membranes prepared in this work and TFC FO membranes reported in the literature

TFC FO membranes Water flux 
(L/m2h) 
FO/PRO

Reverse salt 
flx (g/m2h) 
FO/PRO

Feed solution Draw 
solution

Ref.

Polyamide layer Subatrate

MPD-TMC PSf 10.8/20.1 3.4/5.0 10 mM NaCl 2 M NaCl In this work
MPD/0.05%ATNT-TMC PSf 19.4/30.3 2.3/4.0 10 mM NaCl 2 M NaCl In this work
MPD/0.05%STNT-TMC PSf 22.2/32.3 2.8/4.2 10 mM NaCl 2 M NaCl In this work
MPD-TMC PES 32.1/57.1 0.10/0.12 DI water 2 M NaCl [39]
MPD-TMC PAN 9.25/11.5 0.10/0.10 DI water 0.5 M NaCl [40]
MPD-TMC PES/SPSf 26.0/47.5 0.14/0.21 DI water 2 M NaCl [41]
MPD-TMC PES/PPSU 21.0/33.0 0.037/0.048 DI water 2 M NaCl [42]
MPD-TMC PES 14/32.2 0.03/0.06 DI water 0.5 M NaCl [43]
MPD-TMC PSf/TiO2 29.7/56.27 0.14/0.24 10 mM NaCl 2 M NaCl [29]
MPD/0.05%ATNT-TMC PSf 19.0/37.0 8.8/10.2 10 mM NaCl 2 M NaCl [34]
MPD-TMC/0.05%ATNT PSf 20.0/32.0 2.4/4.0 10 mM NaCl 1 M NaCl [33]
MPD/GO-TMC PAN 33.2/55.0 12.0/14.0 DI water 2 M NaCl [44]

Note: PES: Polyether sulfone, GO: Graphene Oxide, MPD: meta-Phenylene diamine, TMC: Trimesoyl chloride, STNT: Sulphated 
 Titanium dioxide Nanotube, ATNT: Aminated Titanium dioxide Nanotube, SPSf: Sulphonated PSf, PPSU: Polyphenyl sulphone, PAN: 
 Polyacrylonitrile.
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TNT contents. All the membranes exhibited initial flux 
decline during the fouling test due to severe internal concen-
tration polarization offered by the membrane surfaces in FO 
mode [31]. From Fig. 7, the water flux decline of TFN mem-
branes is much slower than that of the control TFC mem-
brane, suggesting their lower fouling propensity. Although 
the foulant solution selected in the study has high tendency 
to bind to the membrane surface, from Fig. 8, it is worth not-
ing that the TFN membranes showed much higher fouling 
resistance ratio (FRR) values than the TFC membrane. Also, 
it indicated that the loading of modified TNTs resulted in 
the easy washing of the fouled membrane surfaces. The easy 
cleaning of the TFN FO membranes is mainly attributed to 
the following reasons: (i) Most of the carboxylate groups of 
alginate were involved in bridging with calcium ions, the 
remaining functional groups of alginate, i.e., –OH groups 
has less affinity to bind on the membrane surfaces, which 
already contains –NH2 (from ATNT) or –SO4

2– (from STNT) 
groups. Also, the electrostatic  repulsive forces between these 
hydrophilic groups might have resulted in weakly binded 
bridged alginate molecules on the membrane surface. (ii) 
The increased hydrophilicity of the top PA layer of TFN 
membranes resulted in the formation of a hydrated layer and 
reduced the scaling effect by calcium ions. Also, from Fig. 7, 
the STNT incorporated TFN membranes showed moderately 
higher FRR compared with ATNT incorporated TFN mem-
branes. This observation is in good agreement with the AFM 
results, as the loading of ATNT into the PA layer resulted in 
smooth PA surfaces when compared with the STNT loading. 
Such smooth surfaces reduced the sites for the deposition of 
Ca2+ ions or Ca2+ bridged alginate molecules.

4. Conclusions

Titania nanotubes were hydrophilically modified with 
amine and sulphate functional groups and successfully incor-
porated into a PA layer at various concentrations to obtain 
TFN membranes on the PSf support. The chemical modifi-
cation of TNTs was confirmed by ATR-IR spectroscopy. TEM 
images confirmed that the additional sintering of STNTs 

resulted in higher crystallinity, reduced the length of the tubes 
and favored formation of pores on its surface compared with 
the non-sintered ATNTs. The FO permeation study demon-
strated the higher flux of TFN-TNT membranes in both FO 
and PRO mode compared with neat TFC membrane. How-
ever, the TFN-STNT membranes showed moderately higher 
flux compared with TFN-ATNT due to porous nature of 
STNTs might create additional channels for the transport of 
water molecules. The fouling study using the mixture of algi-
nate and gypsum at FO mode revealed that the incorporation 
of chemically modified TNTs into the active PA layer resulted 
in weak binding of calcium ion bridged alginate to the mem-
brane surface and reduced the scaling of gypsum molecules. 
Such poor interaction of foulants with TFN membrane 
surfaces resulted in high FRR values and easy washing of 
membrane surfaces. The increased antifouling properties of 
TFN-TNT membranes compared with neat TFC membranes 
is due to increased hydrophilicity and surface smoothness as 
confirmed from contact angle and AFM studies.  However, 
the high FRR of TFN membranes consisting of ATNTs over 
STNT membranes is mainly attributed to the interaction 
of –NH2 groups of ATNTs with acyl chloride groups of TMC 
at the outer interface during IP, results in smooth active top 
surfaces.
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