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A B S T R A C T   

In this study, polysulfone-graft-poly(2-dimethylaminoethyl methacrylate) (PSf-g-PDMA) as a pH-responsive graft co
polymer was synthesized for the first time via a combination of click chemistry and atom transfer radical poly
merization (ATRP). This graft copolymer was blended with polysulfone during the phase inversion. The so formed 
substrate was used for the fabrication of a forward osmosis (FO) membrane via interfacial polymerization. The in
fluence of the copolymer concentration on hydrophilicity, morphology, porosity, FO performance, and TFC layer 
characteristics were thoroughly investigated using diverse analysis. To prove pH-sensitivity of the PSF-g-PDMA blended 
substrate, the pure water permeability (PWP) of substrate containing 10.0 wt% of PSf-g-PDMA copolymer (G10) was 
measured at different pH values (3.0–12.0). As the pH of the feed solution was changed from 3.0 to 12.0, the PWP 
increased from 221.3 to 299.4 LMH/bar. In addition, the performance of PSF-g-PDMA based TFC membrane in FO 
process was studied. Compared to the pure PSf based TFC membrane, the PSf-g-PDMA modified TFC-FO membranes 
demonstrated increased water flux without adversely affecting their selectivity. In addition, the TFC-G10 membrane 
exhibited a reversible pH-dependence water flux. The pH-reversibility was investigated using draw solution with dif
ferent pH values (3.0 and 10.0) where acidic draw solutions show higher water fluxes than basic draw solutions.   
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1. Introduction 

Nowadays, global scarcity of freshwater and increasing demand for 
clean water has inevitably become a debating issue in numerous parts 
of the world [1–3]. Wastewater reuse and seawater desalination play a 
significant role in solving present and future global water problems [4]. 
Separations of freshwater from other impurities using today's tech
nology is expensive and energy-intensive; so there is a critical need for 
design, development, and implementation novel technologies to purify 
water at lower energy, lower cost and prominently minimum impact on 
the environment [5]. Recently, forward osmosis (FO) has attracted in
tensive interests as a new class of membrane-based separation tech
nologies due to their outstanding advantages such as high water flux, 
efficient contaminant rejection, low energy consumption and low 
fouling tendency [6–9]. Despite that, the deficiency of membrane is one 
of the serious challenges which hamper the progress of FO technology 
[10–12]. The dominant FO membrane concerns a thin film composite 
(TFC) membrane which consists of an asymmetric structure with a 
porous support layer prepared via phase inversion method and a thin 
selective film prepared by interfacial polymerization (IP) [13–15]. The 
efficiencies of FO processes (water flux) are mainly controlled by the 
membrane substrate characteristics, particularly by tortuosity, porosity, 
morphology and hydrophilicity [16–18]. Internal concentration polar
ization (ICP) has been one of the most general and unavoidable phe
nomena in FO processes [19,20]. The ICP degree is mainly determined 
by the chemical and structural properties of the membrane substrate, 
which can be determined quantitatively by the S value (S = tortuosi
ty×thickness/porosity) [21,22]. For a successful FO process, a small S 
value is needed to guarantee a low transport resistance and minimize 
the ICP effect in the membrane substrate [23–25]. Thus, a thin, hy
drophilic and porous substrate with adequate chemical, mechanical, 
and thermal stability are preferred for high water flux TFC-FO mem
branes [19,26,27]. Since the membrane substrate also has an important 
role in the growth of the PA layer via IP reaction, the modification of 
the membrane substrate is, therefore, greatly beneficial to FO process 
efficiency [28]. 

In recent decades, developments have been reported on the sub
strate modification to alleviate ICP effect of TFC-FO membranes, 
through the blending of hydrophilic components [29], surface mod
ification [30], nanomaterial incorporation [31], or template-assisted 
techniques [32]. Among them, membrane formation from a mixture of 
base membrane polymer and hydrophilic species is the common mod
ification strategy of TFC-FO membranes [33–35]. Unfortunately, most 
of the membrane prepared by these traditional hydrophilic additives 
usually has nonadjustable water permeability that can hinder their 
applications in water treatment fields. In contrast, environmental sti
muli-responsive membranes allow some control over the pore sizes 
according to an external stimulus [36]. Fabrication of these stimuli- 
responsive membranes is of both technological and scientific interest. 
These membranes are mostly fabricated by introduces of stimuli re
sponsive species during membrane formation using a blend containing 
of a membrane-forming polymer along with stimuli responsive species 
[37]. This approach shows great potential for scale-up in practical ap
plications by using conventional membrane preparation techniques 
[38,39]. 

For the first time, in this study, we synthesize a new PSf based graft 
copolymer, polysulfone-graft-poly(2-dimethylaminoethyl methacrylate) 
(PSf-g-PDMA), as a potential additive for fabricating hydrophilic and 
pH-sensitive TFC-FO membrane. PSf was chosen as the main polymer 
chain to increase the miscibility of copolymer with the membrane 
matrix while PDMA was used as graft because of its various char
acteristics such as: (1) fast response to external stimuli such as the pH, 
(2) versatile synthesis strategies, (3) high hydrophilicity and (4) high 
flexibility. While various additive and fillers such as hydrophilic poly
mers and nanoparticles have been used to modify porous substrates of 
TFC-FO membranes, the use of pH-responsive and amphiphilic graft 

copolymer to prepare hydrophilic and smart TFC membranes is a novel 
strategy. It is expected that the water permeability of membranes 
modified by this additive graft copolymer displays a response to the pH 
of the feed solution. 

2. Experimental methods 

2.1. Materials 

Polysulfone (PSf, Ultrason S6010) was provided by BASF and used 
as membrane substrate polymer. Meanwhile, paraformaldehyde (96%), 
tin (IV) chloride (SnCl4, 99%), sodium azide (NaN3), chloro
trimethylsilane ((CH3)3SiCl, 99%), and chloroform (CHCl3) were pur
chased from Merck company and used for synthesis of chlor
omethylated and azide functionalized polysulfone. α-bromoisobutyryl 
bromide (BIBB), dichloromethane (CH2Cl2, DCM) and propargyl al
cohol for synthesis of ATRP initiator, 2-(Dimethylamino)ethyl metha
crylate (DEMA, 98%) as monomer, copper (I) chloride (CuCl, 99%) as 
catalyst, N,N,N′,N′,N′′-pentamethyl diethylene triamine (PMDETA, 
98%) as ligand, N-methyl-2-pyrrolidone (NMP, 98%) and N,N-di
methylformamide (DMF, 98%) as solvents in ATRP reaction were ob
tained from Merck Chemical Co. Trimesoyl chloride (TMC, 98%, Merck) 
and m-phenylenediamine (MPD, > 99%) were used as the active 
monomers to form PA active layers. n-hexane (99%, Merck) and dis
tilled water were used as TMC and MPD solvent, respectively. In FO 
performance tests, NaCl (Iran Mineral Salt Company) was used to 
prepare draw solution. 

2.2. Synthesis of chloromethylated PSf 

The chloromethylated PSf was synthesized following the literature 
procedure [40]. Briefly, 15.0 g of PSf was dissolved in 500 ml of 
chloroform under stirring at 45 °C, when PSf was completely dissolved, 
0.25 ml of SnCl4, 10.0 of paraformaldehyde and 35 ml of (CH3)3SiCl 
were slowly added to the above solution. After the mixture was stirred 
for 3 days at 50 °C, it was precipitated in ethanol to remove the solvent 
and unreacted reagents. The precipitate was collected by filtration and 
purified by repeated the dissolution–precipitation process for several 
times. The final product was collected by filtration and dried at 50 °C 
for 24 h. Chloromethylated PSf in white powder was obtained and 
designated with CPSf. Degree of substitution (DS), which represents the 
average number of chloromethyl groups attached per repeat unit of 
polymer was calculated by 1H NMR characterization and obtained 0.55. 

2.3. Synthesis of PSf-N3 

PSf-N3 was synthesized by nucleophilic reaction of NaN3 with 
chloromethyl groups of CPSf, following the literature procedure along 
with minor modifications [41]. Firstly, 5 g of CPSf was dissolved in 
DMF (120 ml) with stirring. Next, 1.60 g of sodium azide was added to 
the reaction mixture. After stirring for 24 h at 60 °C the mixture was 
precipitated out using methanol–water (4/1) non-solvent. The pre
cipitate was dried under vacuum at 25 °C for two days. 

2.4. Synthesis of initiator 

The propargyl-2-bromoisobutyrate (PBiB) was synthesized by the 
esterification reaction following the literature procedure [42,43]. In 
summary, propargyl alcohol (11.2 g, 0.20 mol) and triethylamine 
(33.4 ml, 0.24 mol) were added in 80 ml pre-cooled DCM. Then, BIBB 
(29.6 ml, 0.24 mol) in DCM solution (40 ml) was added to the mixture 
dropwisely under stirring for 1 h. After stirring in room temperature for 
24 h vacuum filtration was used to remove the insoluble ammonium 
salts. Finally, the solvent was removed by a rotary evaporator to obtain 
a colorless liquid. 1H NMR (500 MHz, CDCl3, d, ppm): 1.9 (6H, 
-C(CH3)2Br). 2.5 (1H, HC-), and 4.7 (2H, - O CH2) (Fig. 1). 
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Synthesis of alkynyl poly(2-dimethylamino)ethyl methacrylate (al
kynyl-PDMA). 

In a typical experiment, 15.7 g of DMA (100 mmol) was added in 
10 ml of IPA solvent and degassed. Under an argon atmosphere, CuBr 
(0.07 g, 0.5 mmol) and PBIB (0.21 g, 1 mmol) were successively added. 
Then, 0.17 g of PMDETA (1 mmol) as ligand was added to the mixture 
before sealing the flask with a rubber septum under an argon atmo
sphere. After 12 h reaction at 80 °C, ATRP reaction was finished by 
exposing to air. Then a column of neutral alumina removed the cata
lysts complex, and residual diluted in THF and precipitated out using 
cold n-hexane. The resulting alkynyl-PDMA as a white polymer was 
dried in a vacuum for 24 h at room temperature. The degree of poly
merization (DP) of alkynyl-PDMA was calculated to be 30 by 1H NMR 
analysis in D2O. 

2.5. Synthesis of the PSf-g-PDMA graft copolymer via click reaction 

The PSf-g-DMA graft copolymer was synthesized by azide-alkyne 
click reaction as shown in Fig. 2. About 1 g of PSf-N3 was dissolved in 
30 ml DMF at 80 °C. After cooling down to room temperature, 0.05 g of 
CuCl as catalyst and 1 g of alkynyl-PDMA as graft polymer were added 
into the above solution. Then, 0.08 g of PMDETA as ligand was added to 
the mixture before sealing the flask with a rubber septum under an 
argon atmosphere. The solution was then aged 3 days under continuous 
stirring at room temperature. Then polymer precipitated out using 
methanol as non-solvent. The as-prepared graft copolymer was dried 
under vacuum at 25 °C for two days and represented as PSf-g-PDMA. 

2.6. Preparation of the porous membrane substrates 

To prepare PSf-g-PDMA blend solution, PSf-g-PDMA graft copo
lymer was firstly dissolved in NMP solvent. Then, the predetermined 
amount of PSf polymer was added into the PSf-g-PDMA/NMP solution 
with a continuous stirring for 5 h at 60 °C, and left overnight to release 

air bubbles. A casting knife set at the gate height of 100 μm was em
ployed to prepare membrane substrates via phase inversion. The as- 
prepared membrane substrates were denoted by GX, where X represents 
the weight concentration of PSf-g-PDMA copolymer (Table 1). 

2.7. TFC membranes preparation 

Conventional IP method was used for synthesis of PA layer. First, 
2.0 wt% MPD/aqueous solution was gently poured on the top of sub
strates fixed in a custom-made frame. After 2 min, using a filter paper 
the residual droplets gently wiping out from the substrate surface. In 
the next step, a 0.1 wt% TMC/hexane solution was introduced via 
careful pouring on the top surface of the substrate for 90 s. Finally, the 
resulting membrane was post-cured in an oven at 60 °C for 1 min. 

2.8. Copolymer characterization 

Characterization of chemical composition of synthesized copolymer 
in chloromethylation, azide functionalization reaction, ATRP and click 
reaction was carried out by using an attenuated total reflectance 
Fourier transform infrared spectrometer (ATR-FTIR, Bruker, Equinox 
55). In addition, 1H NMR spectra of polymer samples were obtained 
using a Bruker Co., Germany 500 MHz NMR spectrometer. Thermo- 
gravimetric analysis (TGA) of polymers was carried out under nitrogen 
atmosphere with a heating rate of 10 °C/min using Q5000IR (TA in
struments, USA). 

2.9. Membrane characterization 

Changes in the chemical composition of copolymer blended support 
layer before and after formation of polyamide active layer were in
vestigated over the range of 600–4000 cm−1 using ATR-FTIR, Bruker, 
Equinox 55. In order to observe the top, bottom and cross-section 
morphology of blended membrane substrate also the top and cross- 

Fig. 1. 1H NMR spectra of PBIB.  
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section morphology of PA film in TFC membrane, a scanning electron 
microscope (SEM, Zeiss, DSM 960 A, Germany) was used. For ob
servation the cross-sectional images, prior to gold coating the mem
brane were fractured in liquid nitrogen. The effect of copolymer 
blending on hydrophilicity of membrane substrate was estimated by 
contact angle analysis (Dataphysics, OCA 15 plus) using DI water as 
liquid test at room temperature to get the water contact angle (WCA). 
Finally, using atomic force microscopy (AFM, ENTEGRA AFMNT- 
MDT), the surface topography of the PA layer was examined in tapping- 
mode. 

Membrane substrate porosity (ε) was measured using gravimetric 
method using following Eq. (1). 

=
+

m m
m m m

( )/
( )/ /

W

W P

1 2

1 2 2 (1) 

where m1 and m2 represent the weight of support layer in wet and dry 

state respectively, also ρp and ρw are the density of polymer and water, 
respectively. 

2.10. Pure water permeability tests 

Water permeability of membrane substrates at different pH values 
was measured by a dead end stirred filtration cell that had an effective 
surface area of 3.14 cm2. All of the membrane filtration test were 
performed at room temperature and a pressure of 2.0 bar. The pure 
water permeability (PWP, LMH/bar) was calculated by the following 
Equation: 

=
×

PWP V
A tm (2) 

where V, A and t represent the volume of the permeate (L), membrane 
surface area (m2), and filtration time (h), respectively. 

The mean pore diameter (rm, nm) of membrane substrates was 
calculated by the Guerout-Elford-Ferry Equation [44]: 

= ×
× ×

r Qµt
A P

(2.9 1.75 ) 8
m

m (3) 

where t is membrane thickness (μm), Q is water flux (m3s−1), μ is water 
viscosity (Pa.s) and ∆P is hydraulic pressure (Pa). 

2.11. Evaluation the interstice separation properties of blended membrane 

In order to evaluation the intrinsic separation properties (i.e. water 
and salt permeability) of TFC membranes a bench-scale RO filtration 

Fig. 2. PSf-g-PDMA copolymer synthesis procedures.  

Table 1 
PSf/PSf-g-PDMA substrates and corresponding TFC membranes.       

Membranes Polymer NMP (%) Corresponding TFC 
membrane 

PSf (%) PSf-g-PDMA 
(%)  

G0  100  0  85 TFC-G0 

G5  95  5  85 TFC-G5 

G10  90  10  85 TFC-G10 

G15  85  15  85 TFC-G15 
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set-up was used. All RO measurements were performed at room tem
perature under 5.0 bar hydraulic pressure. The pure water permeability 
values of membranes were measured by carrying out the experiment 
using DI water and the following Eqs. (4) and (5): 

=
×

J V
A tm (4)  

=A J
P (5) 

where ∆V, Am, ∆t, and ∆p represent the volume change of permeate, the 
effective surface area of flat sheet membrane, the test time, and the 
trans-membrane hydraulic pressure, respectively. 

Knowing the salt concentration in feed side (1000 ppm of NaCl 
solution, Cf) and permeate solution (Cp), the salt rejection of every TFC- 
FO membrane (Rs) was eventually measured as following Eq. (6): 

= ×R
C
C

1 100s
p

f (6)  

By using the solution-diffusion theory salt permeability (B) was 
measured according to the following Eq. (7) [45]: 

=R
R

B
A P

1
( )

s

s (7)  

2.12. FO performance test 

Water flux and reverse salt flux as FO performances factor of 
blended membrane were evaluated in a bench-scale FO set-up. All 
measurements were performed with DI water and 1 M NaCl aqueous 
solution as draw and feed solutions, respectively, and flow rate of both 
feed and draw solution was fixed on 100 ml/min in each side. The 
water flux (Jv, LMH) and reverses salt flux (Js, gMH) for each mem
brane was calculated by the weight and salt concentration change of the 
feed solution according to Eqs. (8) and (9): 

=J V
A tw

m (8)  

=J C V
A t
( )

S
t t

m (9) 

where the weight changes of feed solution over the predetermined 
testing time (Δt), and area of membrane (4.9 cm2) represented as ΔV 
and Am, respectively. In addition, Vt and Ct are change of volume of 
water and NaCl concentration in feed side, respectively. The calibrated 
conductivity meter was conducted to monitor the salt concentration 
change in feed side. 

The S values of membrane substrate as a function of membrane 
tortuosity (τ), porosity (ε), and thickness (l) was measured according to 
the Eq. (10): 

= +
+ +

S D
J

ln A B
A J B

s

V

D

F V (10) 

where Ds is the solute diffusion coefficient, πD and πF are the osmotic 
pressure at the draw and feed side, respectively. 

3. Results and discussion 

3.1. Characterization of the PSf-g-PDMA copolymer blended substrate 

The PSf-g-PDMA blended PSf membranes were prepared by tradi
tional non-solvent induced phase inversion. The obtained membranes 
were left in the coagulation bath for 30 min, quickly rinsed with pure 
water and stored in DI water. To examine the effect of copolymer 
concentration on the membrane properties, we primarily fixed the total 
polymer content in the casting solution to 15 wt% while adjusting the Fi
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weight ratio of PSf-g-PDMA between 0 and 15 wt%. 
The porosity and water contact angles of PSf-g-PDMA blended 

membrane substrates with different concentrations are presented in  
Fig. 3a. In general, membrane substrates with high hydrophilicity and 
porosity are desired to reduce ICP during FO process [46]. Both the 
porosity and hydrophilicity increase with the PSf-g-PDMA weight ratio. 
As can be seen, the WCA of blended substrates gradually decreases from 

87° for G0 to 61° for G15 with the increase of the PSf-g-PDMA weight 
ratio from 0 to 15 wt%. The major reason of the improved membrane 
hydrophilicity can be attributed to the presence of hydrophilic PDMA 
side chains in PSf-g-PDMA. Moreover, the improved porosity of the 
blended membrane substrate may result from the fact that (i) PSf-g- 
PDMA blending decrease the phase inversion rate, or (ii) the modified 
membranes with high hydrophilicity entirely wet in water, rises the 

Fig. 4. Top, cross and bottom morphology of different membrane substrates (scale bars are 1, 10 and 10 μm for top, cross and bottom, respectively and 1 μm for 
magnified images). 
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effective porosity [18,47]. Moreover, Fig. 4 also shows that the finger- 
like pores become larger with increasing mass ratio of PSf-g-PDMA, 
which is consistent to the corresponding overall porosity. 

The pure water permeability (PWP) of membrane substrates are also 
measured using a dead-end filtration set-up (Fig. 3b). The PWP value 
for modified membranes massively increases from 79.9 to 321.1 LMH/ 
bar when the PSf-f-PDMA weight ratio increases from 0 to 15 wt%. 
Commonly, the membrane permeability depends on the hydrophilicity, 
porosity and pore diameter of the membrane [6]. The improvement in 
PWP of the blended membrane substrate results from several factors: (i) 
large pores and high porosity of modified substrate can enhance the 
PWP, (ii) high hydrophilic surface in modified substrate tend to 
drawing water molecules into the substrate and enhancing PWP, (iii) 
finger-like morphology in modified membrane substrates decrease the 
water transport pathway significantly. 

The pore diameter of membrane substrates was also calculated by 
the Guerout–Elford–Ferry equation on the basis of the PWP and por
osity data [48]. As depicted in Fig. 3b, the pore diameter of the sub
strate increase with the increase of PSf-g-PDMA weight ratio. The in
crease in the pore diameter could be ascribed to the decreased phase 
inversion rate with PSf-g-PDMA blending. 

While the G0 substrate exhibited a constant PWP 79.9 LMH/bar 
between pH 2.0 and 12.0, the G10 substrate showed pH-responsiveness. 
As the pH of the feed solution was changed from 2.0 to 12.0, the PWP 
increased from 221.3 to 299.4 LMH/bar. The pH-responsive PWP be
havior of the G10 membrane could be attributed to the transition in the 
conformation of the PDMA polymers on the membrane surface and pore 
walls. The protonation of dimethylamino (DMA) groups of PDMA 
polymers (pKa = 7.5) [49] and repulsion between these positive groups 
in acidic aqueous solution caused the side chain to extend reducing the 
effective pore volume. At high pH value, the DMA groups were de
protonated which caused a collapsed conformation and an increased 
effective pore volume. 

The top surface, bottom surface, and cross-section morphology of all 
pristine and modified membranes were investigated by SEM (Fig. 4). 
According to the SEM images of top surface, all substrates have a re
latively smooth and nanoporous structure. Increasing the PSf-g-PDMA 
content led to a slight increase in porosity and average diameter of 
pores. This change in the surface morphology is consistent with the 
increased PWP of the modified membrane substrates comparative to 
that of the pristine PSf membrane. 

The cross-sectional SEM images of substrates with different con
centrations of PSf-g-PDMA are presented in Fig. 4. For the pristine PSf 
substrate, several finger-like macro voids were divided by a partial 
sponge-like medium in between. For the PSf-g-PDMA blends with PSf, 
these macro voids became larger and considerably more irregular. This 

morphology change of the substrate could be due to the fact that, the 
PSf-g-PDMA graft copolymer is much more hydrophilic than the PSf 
homopolymer. Due to its hydrophilicity, PSf-g-PDMA favors the en
trance of non-solvent into the membrane which enlarges pore size and 
overall porosity of modified substrates [44]. As the weight ratio of the 
graft copolymer increases, the affinity of the casting solution to non- 
solvent increases, causing a slower exchange rate for solvent and non- 
solvent during phase separation before solidification. A slower solvent 
and non-solvent exchange rate favors the formation of larger finger-like 
pores and suppresses the formation of sponge-like morphology [50,51]. 

The weight ratio of PSf-g-PDMA has some effect on the bottom 
surface morphology of graft copolymer blended membrane substrates. 
As shown in Fig. 4, the increase in weight ratio of PSf-g-PDMA results in 
a highly porous bottom surface with large pores, while the pure PSf 
membrane possesses a relatively dense bottom surface. A more porous 
bottom is estimated to improve the water and solute diffusion across the 
membrane. Generally speaking, the introduce of PSf-g-PDMA in PSf 
substrate tends to form a hydrophilic support layer with more favorable 
finger-like morphology, dense top layer and porous bottom layer. 

3.2. Characterizations of the TFC-FO membranes 

Fig. 5 shows the top surface and cross-section of PA thin film formed 
on the PSf and PSf-g-PDMA blended substrates. The top surfaces of all 
TFC membranes are completely covered by a typical ridge-and-valley 
morphology, which confirms the successful synthesis of PA layer via IP 
reaction. The TFC-G0 membrane has the smoothest surface with a more 
leaf-like morphology, while the TFC-G15 one has the roughest surface 
with a ridge-and-valley morphology. The size of the PA nodules in
creases with raising the weight ratio of copolymer, suggesting that the 
blending of PSf-g-PDMA with PSf affects the formation of PA layer 
during IP process. The thickness and roughness of the PA layer also 
increase with an increase in copolymer content. This observation is 
similar to previously reported works, which found that porous and 
hydrophilic substrates produced thicker and rougher active layers 
[23,52,53]. During the IP process, MPD must migrate from the sub
strate into the organic side and react with TMC to form the active layer. 
Generally, a substrate with small pore and pore size distribution favors 
slow mass transfer and produces a smooth and thin PA layer, while a 
substrate with large pore and pore size distribution has a tendency to 
form a rough and thick PA layer [54]. The TFC-G0 membrane has a 
smoother surface with more leaf-like morphology while the TFC-G15 

membrane substrate with large pores produces a rougher surface and a 
ridge-and-valley morphology. 

The effect of the PSf-g-PDMA loading on the surface roughness of 
TFC membranes in terms of root mean square (Rq) and average 

Fig. 5. Top surface and cross section morphology of TFC membranes (scale bars are 1 μm).  
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roughness (Ra) was investigated and shown in Fig. 6. The roughness is 
found to vary with the incorporation of PSf-g-PDMA graft copolymer 
and follows the order: TFC-G15˃TFC-G10˃TFC-G5˃TFC-G0 (Table 2). 
This increasing order is consistent with the morphology analysis via 
SEM images. 

Evaluation the intrinsic separation properties of PSf-g-PDMA mod
ified membranes. 

The intrinsic separation properties of the PSf-g-PDMA modified 
membranes in terms of water and salt permeability were examined in 
the dead-end RO set-up and results are presented in Table 3. In general, 
all the blended membranes have the higher A value than that of the 
pristine TFC membrane. In addition, there is a strong relation between 
the A value and concentration of PSf-g-PDMA copolymer. As can be 
seen by raising the copolymer concentration in membrane substrate 
from 0 to 10 wt%, the water permeance was increased from 1.21 for 
TFC-G0 to 2.05 LMH/bar for TFC-G10. This enhancement can be ex
plained by the fact that the PA layer became rougher upon PSF-g-PDMA 
blending. The higher roughness of the resultant PA active layer on PSf/ 
PSf-g-PDMA substrates enhances the surface area for water transport 
which improves the water permeance. The slight drop in the water 
permeance value of TFC-G15 membrane can be attributed to the larger 
transport resistance caused by the thicker PA layer. Compared to water 
permeance value, the salt rejection (Rs) shows an opposite trend. It 
decreases very slightly from 94.8% for TFG0 membrane to 93.9% for 
the TFN-G5 membrane and then declines obviously to 85.6% for TFC- 
G15 membrane. 

In most FO studies, the ICP effects of a membrane substrate is ex
pressed by the S value. Lower S value means a lower ICP effect of the 
membrane substrate and higher water flux in FO experiment. As the 
PSf-g-PDMA weight ratio rises from 0.0 to 10.0 wt%, the S value de
creases from 1915 to 546 μm. This significant decrease in S value re
flects a combination of effects including the increase of hydrophilicity 
and porosity, decrease in tortuosity and change in support morphology. 

3.3. FO performance of PSf-g-PDMA blended membranes 

The FO performance of the PSf-g-PDMA blended membranes was 
investigated in the lab-scale FO set-up for different draw solutions.  
Fig. 7 compares the FO performance using DI water and 1 M NaCl as 
feed and draw solution, respectively. As can be seen the water flux 
shows an up-and-down trend with PSf-g-PDMA copolymer loading in 
the membrane substrate from 0 to 15 wt%. Due to the low hydro
philicity, porosity and dense structure in bare PSf membrane substrate, 
its TFC membrane possesses a high structure parameter (S), which 
caused a lower water flux in the FO process. The enhancement in the 
water flux of copolymer-blended TFC membrane could be attributed to 
the improved membrane morphology with lower structure parameter, 
due to the enhanced porosity and hydrophilicity of the modified sub
strate. Moreover, the PA layer with rougher surface can enhance the 
water flux by providing large surface area for water transport [55]. 
However, the water flux enhancement was limited when the copolymer 

weight ratio was above 10 wt%. This could be ascribed to the formation 
of a thick PA selective layer on G15 membrane substrate. As can be seen 
TFC-G15 had the highest reverse salt flux among the composite mem
branes, which induces ICP, drops the osmotic driving force, and con
sequently results in a decline in water flux. The reverse salt flux shows a 
similar trend with that of the Rs data in the RO tests. The reverse salt 
fluxes increased from 1.77 gMH for TFC-G0 to 2.49 gMH for TFC-G10. 
Then, the reverse salt flux noticeably increased to 6.52 gMH for TFC- 
G15. The selectivity (Js/Jw) of the all TFC membranes was determined 
to better compare the performance of the different membranes and 
assess the osmotic process efficiency. In general, low reverse salt flux 
and high water flux are desired for a high-performance FO membrane 
[22]. As shown in Fig. 7b, the Js/Jw value declined considerably for 
TFC-G10 membrane. Owing to the high reverse salt flux of TFC-G15, the 
Js/Jw dramatically increased when the PSf-g-PDMA weight ratio was 
above 15 wt%. 

Fig. 8 shows the FO performances of TFC-G0 and TFC-G10 in both 
FO and PRO modes as a function of draw and feed solutions pH. In 
general, a reversible dependence on pH was observed for TFC-G10 
membrane. This pH-dependent permeability is attributed to the PDMA 
side chains which cover the membrane substrates pore surfaces. For the 
modified membrane the water flux in FO mode increases by changing 
the pH of the draw solution from 10.0 to 3.0. At acidic pH most of the 
–N(Me)2 groups are in positive form (–HN+(Me)2), which is able to 
increase the osmotic pressure difference across the selective layer as 
shown in Fig. 9a leading to an increase in water flux [56]. To prove this 
hypothesis, we measured the water flux of TFC-G10 in PRO mode using 
feed solutions at two different pH values (3.0 and 10.0). In this case, the 
water flux for the pH 10.0 feed solution is higher than for pH 3.0. In 
PRO mode, the support layer is facing the feed solution, causing pro
tonation of DMA groups in pH 3.0. This leads to a decline in the ef
fective pore size, osmotic pressure difference and consequently the 
water flux. The reversibility of this water flux pH dependency for TFC- 
G10 in FO mode was investigated by consecutively changing the pH of 
the draw solution between 3.0 and 10.0. The results are shown in  
Fig. 8b, where it can be seen that the TFC-G10 could retain its stimuli- 
responsive behavior after several pH 3 → 10 → 3 cycles while the water 
flux was relatively stable during these cycles. 

Table 4 compare the porosity and hydrophilicity of the different 
polymer modified substrates and FO performances of resultant TFC 

Fig. 6. AFM images measured by AFM tapping mode analysis.  

Table 2 
PA layer thickness and roughness for different TFC membranes (Ra and Rq 

values are the average of measurements taken from a total of 3 random spots on 
sample surfaces).      

Membranes Rq (nm) Ra (nm) Thickness (nm)  

TFC-G0  83.5  62.7 285  ±  55 
TFC-G5  101.7  79.2 334  ±  47 
TFC-G10  118.1  91.8 401  ±  38 
TFC-G15  129.7  101.4 530  ±  43 
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membranes in this study and those reported in the literatures. As can be 
seen, modification of membrane substrate with PSf-g-PDMA graft co
polymer could improve the FO water flux of original composite mem
brane up to 178%. Compared to other polymer modified TFC mem
branes, the TFC-G10 with the lowest weight ratio of graft copolymer 
presented an outstanding improvement in water flux of original TFC 
membrane, while the other TFC membranes required higher weight 

ratio of modifiers (even 50%) to obtain the same level increase in water 
flux. Moreover, G10 substrate and its resultant TFC-G10 membrane 
shows a pH-dependence water flux in UF and FO process, while other 
membranes modified by traditional modifiers usually have non
adjustable water permeability. In addition, membrane selectivity was 
improved after introduction PSf-g-PDMA graft copolymer into the 
membrane substrates, which establishing again that the blending of PSf- 

Table 3 
The intrinsic separation properties as well as structure parameters of TFC membranes (results are an average of three different membrane coupons).       

TFC Membranes Water permeance A (LMH/bar) Salt rejection Rs (%) Salt flux B (LMH) S (μm)  

TFC-G0 1.21  ±  11 94.8  ±  0.31 0.34  ±  0.04 1915.2  ±  137 
TFC-G5 1.73  ±  0.08 93.9  ±  0.45 0.56  ±  0.07 816.7  ±  99 
TFC-G10 2.05  ±  0.09 94.3  ±  0.50 0.61  ±  0.08 546.5  ±  44 
TFC-G15 1.86  ±  0.06 85.6  ±  0.54 1.56  ±  0.23 657  ±  110 

Fig. 7. FO performances of TFC membranes using DI water as feed solution and 1 M NaCl aas draw solution, (a) water flux and reverse salt flux, and (b) specific 
reverse salt flux in FO mode (results are an average of three different membrane coupons). 

Fig. 8. (a) Water flux of TFC-G0 and TFC-G10 membranes in FO and PRO modes, (b) water flux reversibility test of TFC-G0 and TFC-G10 membranes in FO mode 
(results are an average of three different membrane coupons). 
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g-PDMA copolymer with PSf substrate could be a promising metho
dology to enhance the FO performance of the resultant TFC membranes. 

4. Conclusion 

For the first time, hydrophilic PSf-g-PDMA copolymer was synthe
sized and subsequently blended in PSf support layer for the fabrication 
of pH-responsive TFC-FO membranes. The effects of PSf-g-PDMA 
weight ratio on the physicochemical properties and water permeability 
of the resultant support layers and the TFC membranes were studied. 
The PWP measurements of G10 support layer revealed that the water 
flux in basic feed solution is higher than acidic feed solution due to the 
swollen conformation of PDMA chain and consequently close state of 

pores in acidic solution. Compared with the bare PSf based TFC mem
brane, PSF-g-PDMA blended based TFC membranes show the higher 
water flux (up to 16.4 LMH in the FO mode) without adversely affecting 
on selectivity. This enhancement in water flux might be ascribed to the 
following characteristics of PSf-g-PDMA modified substrate: (1) high 
hydrophilicity, (2) high porosity, (3) minimal tortuosity, which con
tribute to a low structure parameter. More importantly, the TFC-G10 

like its substrate shows a reversible pH-dependent water flux in FO 
process. Modification of the membrane substrate by PSf-g-PDMA co
polymer with pH-responsive switchable behavior may provide valuable 
insight into the fabrication of high performance TFC membranes for FO 
and other commercial applications. 

Fig. 9. Effect of pH of feed and draw solutions on effective osmotic pressure in (a) FO and (b) PRO modes.  

Table 4 
Performances of recent TFC membranes with different polymer modified substrates.         

Membrane subtract PES-co-sPPSU CPSF65 Sub-25 PSf-PEG TFC-G10  

Substrate PES PSf PSf PSf PSf 
Modifier PES-co-sPPSU CPSf BPSH10 PEG-PSf PSf-PDMA 
Weight ratio (%) 50 100 25 100 10 
Porosity (%) Original 80.3 70.1 72.9 73.7 77.3 

Modified 84.9 81.2 80.2 80.4 82.1 
WCA (°) Original 77.3 65.0 82.5 85.1 80.1 

Modified 57.3 51.0 56.6 12.1 64.5 
Jw (LMH) Original 10.5 10.5 20.2 30.1 5.9 

Modified 21.0 17.9 40.9 35.4 16.4 
Incr. (%) 100 70 102 18 178 

Js (gMH) Original 3.1 1.7 3.4 4.0 1.8 
Modified 2.2 2.3 9.3 7.4 2.5 

S (μm) Original 963.0 – 495.0 453.0 1915 
Modified 324.0 – 186.0 412.0 546 

Js/Jw (g/L) Original 0.29 0.16 0.17 0.13 0.30 
Modified 0.11 0.13 0.23 0.21 0.15 

Test condition Feed DI water DI water DI water DI water DI water 
Draw 2 M NaCl 1 M MgC2 2 M NaCl 1 M NaCl 1 M NaCl 
Mode FO FO FO PRO FO 

Adjustable water flux No No No No Yes 
Reference [57] [35] [58] [59] This work 
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