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The grafting of pH-responsive poly(acrylic acid) (PAA) brushes was carried out on the surface of a commercial TFC-PAmembrane
using surface-initiated atom transfer radical polymerization (SI-ATRP). Poly(t-butyl acrylate) was polymerized through the SI-
ATRP method followed by its acid hydrolysis to form PAA hydrophilic polymer brushes. Surface morphology, permeation flux,
salt rejection, and pore sizes were investigated. The contact angle for water was reduced from 50° for a pristine membrane to 27°

for the modified membrane due to a modification with the hydrophilic functional group and its brush on membrane surfaces.
The flux rate also increased noticeably at lower pH values relative to higher pH for the modified membranes, while the flux
remains stable in the case of pristine TFC-PA membranes. There is slight transition in the water flux rate that was also observed
when going from pH values of 3 to 5. This was attributed to the pH-responsive conformational changes for the grafted PAA
brushes. At these pH values, ionization of the COOH group takes place below and above pKa to influence the effective pore
dimension of the modified membranes. At a lower pH value, the PAA brushes seem to permit tight structure conformation
resulting in larger pore sizes and hence more flux. On the other hand, at higher pH values, PAA brushes appeared to be in
extended conformation to induce smaller pore sizes and result in less flux. Further, pH values were observed to not significantly
affect the NaCl salt rejection with values observed in between 98.8% and 95% and close to that of the pristine TFC-PA
membranes. These experimental results are significant and have immediate implication for advances in polymer technology to
design and modify the “switchable membrane surfaces” with controllable charge distribution and surface wettability, as well as
regulation of water flux and salt.

1. Introduction

The commercially available reverse osmosis membrane (RO)
technologies are widely used to produce clean and safe drink-
able water [1]. One of the major concerns for the RO mem-
brane technology is to control its flux rate and salt

rejection. In addition, it would be of significant interest to
develop a membrane based on polymer technology with
simultaneous switchable flux and salt rejection as water com-
positions vary considerably [2]. In this direction, membrane
surface morphology such as surface roughness, charge, and
pore size can affect the performance of the membranes [3].
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The switching in the wetting character of the membrane is
due to the charge on the membrane surface that affects the
permeability of the membrane [4, 5]. For example, surface
morphology and wettability are known to control the adsorp-
tion behaviour of molecules including protein [6]. Thus, the
tunability of the membrane flux rate as well as salt rejection
still remains a significant challenge and considerable efforts
are underway both academically and industrially [7]. Various
physical and chemical techniques have been proposed to
modify the membrane surface to switch the flux rate and salt
rejection to enhance membrane performance [8]. For this
purpose, the control of the membrane structure is needed,
which may not always be feasible. Several factors such as
the nature of the polymer, solvents and concentration, tem-
perature, and composition of the coagulation bath govern
the performance and the structure of the prepared mem-
brane [9]. Another way to switch the membrane performance
is to functionalize the membrane surface which can be
achieved by coating, self-assembly, plasma treatment, and
chemical grafting [10]. These techniques are being applied
to varying extents to advance the process and system of water
treatment through membrane development. For example,
thin-film composite polyamide (TFC-PA) membranes are
widely used because of their superior performance in terms
of their wide operating pH range, water flux, and good resis-
tance in microbiological species attack [11]. In most of the
recent work, the polymeric polyamide (PA) layer of the RO
membrane was modified without much switchable character-
istics. Typical examples include surface coating by sulfonated
polyvinyl alcohol (SPVA), modification with MWCNTs, and
grafting of poly(sulfobetaine methacrylate) [12]. Among the
different methods employed are chemical methods including
photoinduced grafting [13], gamma ray [14], electron beam-
induced grafting [15], plasma treatment and plasma-induced
grafting [16], thermal-induced grafting, immobilization [17],
and surface-initiated polymerizations [18]. These methods
have their distinct advantages; however, surface-initiated
atom transfer radical polymerization (SI-ATRP) has recently
emerged as one of the most versatile techniques to functiona-
lize the surface of the RO membranes through grafting of
polymer brushes [18]. Moreover, SI-ATRP enables carrying
out the polymerization at mild conditions and a variety of
vinyl monomers have been polymerized in a controlled way
and well-defined structures can be achieved to develop tai-
lored membranes with optimized performance [19]. For
example, grafting of switchable polymer brushes provides
potential for tailoring membrane surfaces with tunable prop-
erties in response to various stimuli such as pH, temperature,
and light [20]. In this context, pH-responsive polymer
brushes are widely investigated to develop membranes with
regulation of flux and salt rejection [21]. In one of the inter-
esting studies, different types of grafted membranes were pre-
pared based on poly(acrylic acid), poly(methacrylic acid),
poly(ethacrylic acid), polypeptide, and poly-(L-glutamic
acid) [22]. Changes in water permeation were reported at
various pH values of 3.0, 4.0, and 6.8. Furthermore, confor-
mation transformation in the helix coil was observed with
expansion at high pH to reduce pore diameter in porous
membranes [23]. Dual responsive membranes with pH and

temperature response were also prepared through SI-ATRP
of block copolymers of poly(NIPAAm-block-DMAEM)
[24]. The reversible change in water permeation was
observed at pHs between 6 and 8 and at temperatures
between 30 and 35°C [25].

The above-mentioned and other relevant studies indicate
the novel potential of the pH switchable functional polymer
membrane technology for water treatment [26]. One of the
main research challenges that remain is to develop pH
switchable functional membrane technology with optimized
performance in terms of relatively higher flux as well as salt
rejection for RO membranes [27]. It is in this context that
the current work envisages to functionalize the surface of
commercially available membranes of TFC-PA with the sim-
ple pH-sensitive carboxyl group -COOH of poly(acrylic acid)
(PAA). The growth of pH-responsive PAA brushes by SI-
ATRP was achieved through various steps such as the func-
tionalization of TFC-PA membranes by APTMS and
followed by bromination through the attachment of the initi-
ator molecules, polymerization of poly(t-butyl acrylate) P(t-
BA) at radical sites, and finally hydrolysis. The contact angle
for surface wettability, optical profilometry for surface
roughness and SEM for surface morphology, and FTIR for
functional group analysis were performed at each step of
modification. Water flux at various pH and salt rejection
studies were carried out for both the pristine and modified
membranes. The characteristics of the pH-responsive
-COOH groups of the functionalized polymer brush mem-
branes are studied due to pH-responsive protonation/depro-
tonation and subsequent volume shrinkage/expansion of the
polymer chains as well as their conformation [28]. This effect
correlates to the regulation of the aqueous solution perme-
ability and solute rejection through a variation in the pore
sizes of the membrane as a function of pH value [29]. These
experimental results are significant and have immediate
implication for advances in polymer technology to design
and modify the “switchable membrane surfaces” with con-
trollable charge distribution and surface wettability, as well
as regulation of water flux and salt.

2. Material and Methods

2.1. Materials. All the chemicals and reagents were acquired
from Sigma-Aldrich of analytical grade. The chemicals used
were 3-aminopropyl trimethoxysilane (97%), α-bromoisobu-
tyl bromide (98%), triethylamine (99.5%), copper (I) bro-
mide (CuBr, 98%), PMDETA (N,N,N′,N″,N″-penta-
methyl diethylene triamine) (99%), t-butyl acrylate (t-BA,
98%), tetrahydrofuran (99.9%), glacial acetic acid, dichloro-
methane, and trifluoroacetic acid. Nitrogen gas of analytical
grade was obtained from Linde Pakistan Limited.

2.2. Method

2.2.1. Membrane Functionalization. For the functionalization
of the PAmembrane, a TFC-ROmembrane was cut into four
pieces, each having a dimension of 2 in sq. 60ml of distilled
water was poured into a 100ml culture bottle, and 4-5 drops
of APTMS were added into the bottle. The pieces of
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membrane were dipped into the solution, and the bottle was
sealed and left for an hour. After an hour, the membrane
pieces were removed and dried in a vacuum oven at room
temperature for 5 hours. The molar ratios of the initiator,
monomer, and ligand were kept at 0.033 : 0.34 : 0.0034,
respectively. Typically, a solution of 0.37ml α-bromo iso-
butyl bromide and 0.41ml TEA was mixed in 60ml of
dry DCM. It was injected over the APTMS substrate in
the presence of N2 at room temperature over membranes
in a round-bottom flask with continuous stirring for 1
hour. After an hour, the membranes were removed and
washed with DCM and ethanol. Afterwards, the mem-
branes were dried in the vacuum oven at 60°C for 1 hr
to obtain the initiator functionalized samples. 60mg of
PMDETA, 5ml of t-butyl acrylate (acting as a monomer),
and 90mg of CuBr were added in a 10ml glass vial con-
taining membranes. The vial was placed in a preheated
water bath at 60°C and then stirred for 4 hrs at 300 rpm
on a hot plate. The prepared membranes were washed
with THF and dried in a vacuum oven at 40°C for 4 hrs.
After grafting of P(t-BA) on the TFC-RO membrane, it
was then subjected to hydrolysis. 40ml of DCM was
poured into a bottle, and 1.5ml TFA was added to it.
Then, these membranes were placed in the bottle for
10mins. The membranes were washed with DCM and
dried in a vacuum oven at 40°C for 4 hrs. After each step,
the membranes were analyzed with the help of FTIR,
optical profilometry, contact angle analysis, and optical
microscopy.

2.2.2. Characterization of Membrane. Various characteriza-
tion techniques and methods were employed to character-
ize the pristine and modified membrane. The chemical
structure of all the modified membrane samples was inves-
tigated through an FTIR-ATR Bruker ALPHA spectropho-
tometer. All the samples had a size of 1 in sq. and were

dried thoroughly under vacuum at 40°C at best for 4 hrs
before analysis. The contact angle was measured by a
custom-made apparatus. The method employed for mea-
surement was a static sessile drop. A 10μl drop of distilled
water was released onto the membrane surface. Images
were taken with a camera and further processed with Ima-
geJ software. For the removal of experimental errors, at
least five different measurements were recorded, and an
average was calculated. Scanning electron microscopy
(SEM) (JEOL JSM 6490A) was used to investigate the mor-
phology, cross-section, and topography of modified mem-
branes. The membranes were cut into 1 cm2 pieces,
stacked on a steel stud using carbon tape, gold coated,
and analyzed. An optical profilometer (NANOVEA PS-
50) was used for the measurement of the surface roughness
of membrane samples. The membrane samples were cut
into 1 cm2 pieces and then placed on the platform for mea-
surement. A permeation flux test was performed using the
vacuum filtration assembly at a constant pressure of
3309.48 kPa at room temperature. The membrane had an
area of 0.00025m2. Flux and flow measurements were mea-
sured using the following:

Flux = flow rate
area × time, ð1Þ

Flow rate = initial volume − final volume: ð2Þ

To study the effect of pH, water samples of varying pH
values of 3-10 were produced through the addition of
diluted HCl and NaOH solutions. The respective pH solu-
tion was later used to obtain permeation flux as discussed
above. Salt rejection is an important feature to evaluate
membrane performance including its capability to remove
contaminants. Salt rejection was calculated using

3. Results and Discussions

3.1. Functionalization of TFC-PA Membrane through ATRP.
Reactions involving the functionalization of a TFC-PA mem-
brane by APTMS and follow-up surface reaction and modifi-
cation are presented in Scheme 1. The overall scheme for the
growth polymer brushes on a membrane surface is illustrated
in Scheme 1(a), and reactions to modify the surface mem-
brane are presented in Scheme 1(b). The TFC-PA membrane
surface modification with an initiator molecule followed by
ATRP on their initiating sites to grow P(t-BA) brushes is
presented.

The reaction scheme for the synthesis of polymer brushes
is shown in Scheme 1(b) that shows the formation of the Si-O-
C and Si-O-Si bond between the APTMS and polyamide layer,

thus forming the coating [30]. The amine group on the
APTMS served as the reactive center. α-Bromo isobutyl bro-
mide reacted with this amine group as shown in
Scheme 1(b) B. Thus, a bromine atom was exposed which
served as an active species for ATRP [31, 32] . Scheme 1(b)
C shows that the bromine functionalized polyamide mem-
brane was subjected to ATRP and resulted in the controlled
polymerization of t-butyl acrylate onto the polyamide mem-
brane in the form of P(t-BA) brushes [33]. Scheme 1(b) D rep-
resents the t-butyl group hydrolyzation to a carboxylic acid
group, thus converting P(t-BA) to PAA poly(acrylic acid) [34].

3.2. FTIR Membrane Functional Group Studies. In Figure 1
for PA-NH2, the peak at 3383.17 cm-1 can be attributed to
N-H bond stretching due to the presence of an amine group.

Salt rejection% = conductivity of feed water − conductivity of permeate water
conductivity of feed × 100: ð3Þ
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The broad peak resulted from the weak N-H bond stretching.
The peak at 1635.83 cm-1 is due to the N-H bond bending.
The sharp peak represents that an extensive bending had
occurred in the bond. The spectra for PA-Br show that the
peak which was formed due to N-H stretching and bending
had disappeared. This can be attributed to the conversion
of PA-NH2 to PA-Br. For PA-g-P(t-BA), the peak at 1782.6
is associated with the C==O group. The peaks from
2977.72 to 2825.4 cm-1 represent the weak alkyl C-H stretch-
ing [35]. The peaks at 1473.54 and 1384.9 correspond to
asymmetric and symmetric C(CH3) stretching, respectively
[36, 37]. The broad peak at 3323.65 cm-1 in Figure 1(b) shows
the attachment of the hydroxyl group.

3.3. Surface Wettability Analyses. Figure 2 represents the con-
tact angle of water liquid on the pristine and modified mem-
branes. The water liquid contact angles on pristine and
modified membranes of TFC-PA, PA-NH2, PA-Br, PA-g-
P(t-BA), and PA-g-PAA were found to be 51°, 57°, 83°, 96°,
and 27° [5, 38, 39]. The minimum contact angle was observed
for the TFC-PA-g-PAA membrane. This can be attributed to
the presence of carboxylic acid in PAA, which means that its

surface became hydrophilic after modification. The contact
angle of the PA-NH2 membrane was found to be 57°. This
was due to the amino group. An increase in contact angle
was observed after grafting α-bromo isobutyl bromide, and it
is due to the presence of the Br group that has a hydrophobic
character [40]. The maximum contact angle of 109° was
shown by the TFC-PA-g-P(t-BA) membrane. This was associ-
ated to the presence of methyl groups that are hydrophobic.
The conversion of PA-g-P(t-BA) to PA-g-PAA seems to have
significantly reduced the contact angle. The contact angles of
water pristine TFC-PA and PA-g-PAA membranes were
observed to be 51° and 27° [41]. The contact angle of the
modified PA-g-PAA-grafted membrane was significantly
reduced as compared to the commercially available TFC-PA
membrane by almost 50%. The above surface wettability
observation of the PA-g-PAA-grafted membrane was carried
out for deionized water at a neutral pH value. The behavior
of variation of water pH is relatively complex [42]. It is
possible that water pH value variation can exhibit transition
in the contact angle values since brushes on such surface
undergo a corresponding transition in response to such
ionization changes.
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Scheme 1: Growth of polymer brushes on the membrane surface (a). Representation of the surface modification of the membrane (b), with
reactions showing (A) functionalization of TFC-PA by APTMS, (B) initiator attachment over APTMS-functionalized TFC-PA, (C) growth of
P(t-BA), and (D) hydrolysis of PA-g-P(t-BA) to PA-g-PAA.
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3.4. SEM Surface Morphology Observation. Surface topogra-
phy and cross-sectional images of the pristine and modified
membranes are represented in Figure 3. SEM images showed
that the polymer brushes grown on the membrane had an
asymmetric and finger-like structure that resulted in better
flow properties. Pores ranging from 40nm to 600nm in size
were observed. An increase in the number of large pores in
the modified membranes compared to the pristine polyamide
membrane was due to the growth of polymer brushes on the
membrane surface. The average pore size of the pristine PA
membrane was found to be 57 nm and that of the PA-g-
PAA membrane was observed to be 255nm. The unique
rough structure of the polyamide RO membrane is clearly
visible in Figures 3(a), 3(b), 3(e), and 3(f). This observation

shows the valley and ridges, structural features made from
polyamide chains during interfacial polymerization reactions
[43]. These typical structural characteristics of noddle types
can be originated because of interfacial polymerization
involving the rapid and un-controlled nature of these reac-
tions at the interface. The formed polyamide chains on the
membrane surface are observed to be irregular in their struc-
ture [44]. Figures 3(c), 3(d), 3(g), and 3(h) represent the sur-
face morphology and cross-section of the PA-g-P (t-BA)
membrane. It was observed from the surface morphology
that roughness was increased due to the grafting of P(t-BA)
brushes. From Figures 3(g) and 3(h), it is obvious that the
needle-like structure represents the P(t-BA) brushes. The
upright growth of the P(t-BA) brushes assisted the flow of
the water through the membrane, and also, morphology
analyses support the appropriate grafting density of the poly-
mer brushes on the surface of the modified membranes to
influence critical parameters both in the dry state, such as
surface roughness, and the wet state, like that of surface wet-
tability and water flux rates. Several studies involving poly-
mer brushes and grafting density were investigated on Si
surfaces through ellipsometry analyses and indicated the
influence on surface roughness and surface wettability [45,
46]. There are also complex studies in order to elucidate the
effect of polymer chain density on fluid confinement in gra-
dients of brushes with varying grafting densities using nano-
indentation techniques [47]. The grafting of polymer brushes
was also accompanied by a notable change in the membrane
wettability and flux rates as indicated by the decrease in water
contact angle for the modified membranes with hydrophilic
brushes due to their high degree of hydration [45, 46]. In
the present work, such direct studies are not available due
to the nature of the membranes; however, surface roughness,
wettability, and water flux rates as observed are influenced
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Figure 1: FTIR spectra of the pristine and modified membrane: (a) pristine TFC-PA membrane and its functionalization with P(t-BA)
brushes; (b) functionalized P(t-BA) brushes of the membrane after hydrolysis to give PAA brushes.
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Figure 3: SEM images of membranes: (a and b) pristine TFC; (c and d) PA-g-PAA membrane; (e and f) cross-section of pristine membrane
TFC-PA; (g and h) PA-g-PAA-grafted membrane.
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for the modified membranes with hydrophilic brushes to
support the formation of sufficient density to notably influ-
ence these parameters.

3.5. Optical Profilometry Surface Roughness Determination.
Optical profilometry was used to investigate the surface
roughness of the pristine and modified PA membranes.
Figure 4 represents the surface roughness of the membranes.
The surface roughness was increased due to the growth of
polymer brushes and were found to be in good agreement
with the previous work [48]. It was reported that polyamide
RO membranes are rough due to the ridge and valley pres-
ence in their structure. The surface roughness of the PA
and PA-g-P(t-BA) membranes was found to be 40μm and
46μm, respectively. The increase in surface roughness of
the PA-g-P(t-BA) membrane was due to the growth of poly-
mer brushes of P(t-BA) [49]. After the hydrolysis of PA-g-
P(t-BA), this was converted to PAA. It was observed that
the surface roughness was decreased after the hydrolysis.
The aggregation of molecules due to the hydrogen bonding
interaction may have been caused by –COOH moieties [38].

3.6. pH-Responsive Permeation Flux Evaluation. The water
flux results are represented in Figure 5 as a function of pH
value variation. At pH2, the highest rate of flux was observed.
No significant changes in flux were observed in the pristine
TFC-PA membrane at different pH and thus seems to be
independent of it. In the case of the modified membrane of
TFC-PA with grafted polymer brushes, there is a noticeable
variation in flux observed as a function of acidic pH values.
For the grafted PA-g-PAA membrane, it was observed that
the maximum flux was 81Lm-2·hr-1 at pH3, whereas at
pH11, the flux rate decreased to approximately 70Lm-2·hr-1.
As illustrated in Figure 5, a slight transition in flux was noted
in going from pH3 to pH5.

The variation in the flux at different pH was due to the
protonation and deprotonation of the carboxylic group of
PAA [50]. This observation can be correlated to the dissoci-
ation constant pKa of the acrylic acid -COOH group of the

PAA chains. The relationship between pH and pKa of PAA
[51] can be discussed by Equation (4):

pH = pKa + 4:10f 1/3 − log 1 − f
f

� �
, ð4Þ

where pKa is the dissociation constant extrapolated to
f ⟶ 0, f describes the number of charged monomers
in the chain which can be used to determine the transi-
tion between helical and extended conformation. The
numerical solution of the equation is estimated at vari-
ous pH values and presented in Figure 5.

The fractional charge governs the chain conformation
which has the following effect: at low pH3, the chains are
protonated having less fractional charge and switched into
coiled confirmation which results in the increase of flux
[52]. At high pH11, the chains are deprotonated with the
increase in the fractional charge that results in the extended
conformation due to the repulsion of the carboxylate ion
which results in the lowering of flux [51]. Transition in flux
can be explained from the consideration of the extent of frac-
tional charges: at low pH, PAA brush chains are not charged
and adopt a coiled conformation, and at higher pH, these
PAA chains become charged and adopt an extended confor-
mation [53]. Protonation and deprotonation of the carbox-
ylic group (-COOH) can control the effective pore size of
the PA-g-PAA brush membrane, and the effect of pH on
the flux is shown by the proposed model in Scheme 2. Con-
formation changes originated due to the weak carboxylic acid
group of COOH grafted on the chain of PAA that takes place
due to ionization below and above the pKa to influence the
effective pore dimension of the modified membranes [54].
The pKa of PAA in solution varies approximately between
4.50 and 4.55, depending on several factors [55]. In between
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these pH values, the transition in chain configuration as a
function of pKa can take place with the subsequent regula-
tion of water permeability and salt rejection as observed in
the present work. This transformation is sensitive to water
pH and results in swelling and deswelling of PAA brushes
[56], and the main factors that mainly govern the conforma-
tion of polyelectrolyte chains are electrostatic interactions,
solvation forces, and excluded volume effects [57].

Scheme 3 presents an overview of the effect of pH on flux
variation and on polymer brush transformation changes
involving helical and extended conformation. This transfor-
mation is sensitive to water pH and results in swelling and
deswelling of PAA brushes [58].
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In the present work, the dominant factor seems to be the
electrostatic repulsion between the adjacent chains and the
excluded volume effect of the solvated side chain groups
which result in the stretched conformation of polyelectrolyte
chains, whereas the coiled conformation is due to entropi-
cally favorable minimization of electrostatic repulsion [59].
PAA reversible swelling-shrinking behavior is caused by the
transformation between the deionized form (COOH group)
and the ionized form (COO— group) at pH values near a p
Ka of about 4.7 as shown in the equilibrium given below by
Scheme 4 [60].

Furthermore, the permeability and separation perfor-
mance of the pH-sensitive membranes are highly dependent
on the pore size change with the pH and the electroviscous
effect [61]. Since TFC-PA-g-PAA is a surface-grafting pH-
sensitive membrane, both the pore size change and the elec-
troviscous effect seems to affect the pH-sensitivity, water flux,
and salt rejection [61].

3.7. pH-Responsive Salt Rejection Evaluation. For the high-
pressure RO membrane, sodium chloride salt rejection is a
good measure of its performance [62]. Salt rejection is mea-
sured at different pH values and is represented in Figure 6.
pH changes appeared to not significantly affect the salt rejec-
tion for both pristine and modified membranes [31]. In the
present work, 2000 ppm solution of NaCl was used at pH
values of 3, 5, 7, and 11. At pH3, the PAA-grafted PA mem-
brane showed the maximum value of salt rejection at 95%
[64]. This value is approximately similar to that of the com-
mercial RO membranes which are in the range of 95 to
99.4%. It should be kept in consideration that a modified
grafted membrane exhibits a relatively higher flux of over
80 Lm-2·hr-1 as compared to pristine and commercially avail-
able membranes with a flux of 70Lm-2·hr-1. This higher flux
may result in lower salt rejection as membrane operation
needs optimization between flux rate and salt rejection [64].
This observation is elaborated due to the pH effect on the
charge-to-mass ratios of ions. At pH3, under acidic pH, salt
rejection is relatively higher and can be attributed to screen-
ing and the Donnan effect [65]. At a lower pH value, there is a
competition between sodium and hydrogen ions, and hydro-
gen ions have a greater charge-to-mass ratio and are more
mobile compared to sodium ions resulting in more rejection
of salt [66]. At pH11, under basic conditions, there is no such
competition of the different charge-to-mass ratios of ions, so
charge rejection comparatively decreases [29]. There are also
various research work indicating that the incorporation of
polymer brushes influenced flux and salt rejection as pre-

sented in the Table 1. In a related study, the TFC-PA mem-
brane is grafted with PAA acid by RAFT polymerization
that exhibited a water flux of 78 ± 2 Lm−2 · hr−1 and a salt
rejection of 90 ± 1:5% [67]. In another work, the TFC-PA
membrane modified by NIPAM and ZnO using radiation
grafting showed a water flux of 43 Lm-2 hr-1 and 41 Lm-

2 hr-1, while salt rejection shown by the modified membrane
was found to be in the range of 89% and 92% [68]. In another
relevant study, the TFC-PAmembrane was grafted by polyvi-
nyl alcohol (PVA) crosslinked with glutaraldehyde. The
membrane showed a water flux of 40 to 30Lm-2 hr-1, and salt
rejection was found to be in the range of 85 to 87% [69]. The
pH-responsive salt rejection evaluation of the TFC-modified
membranes with PAA brushes in the present work is valuable
and support various studies discussed here and can lead to
the next generation of advances in polymer membranes with
simultaneous control of both flux and salt rejection.

4. Conclusions

pH-responsive polymer brushes of poly(acrylic acid) (PAA)
were grafted through commercial TFC-PA reverse osmosis
(RO). First, poly(t-butyl acrylate) chains were grafted on
the surface of the membrane through surface-initiated atom
transfer radical polymerization (SI-ATRP) followed by its
hydrolysis to form a relatively more hydrophilic PAA brush
surface. Membrane characterization results revealed that
grafting of PAA brushes had noticeable effects on the mem-
brane properties such as higher porosity, higher hydrophilic-
ity with lower contact angle, and notable pH switchable
permeation flux. For the pristine membranes, water flux
remains stable with pH variation in the range of around
70 Lm-2·hr-1. In the case of modified membranes, a relatively
higher water flux of around 81Lm-2·hr-1 was observed with
slight transition in flux with pH values changing in between
2 and 5. This transition is attributed to the conformational
changes in the structure of polymer brush chains that origi-
nated below and above the pKa of the COOH groups in the
ionization of the polymer chain to regulate pore dimension
in the modified membranes. At higher pH, PAA brushes
seem to be in extendable conformation to relatively block
out the pores, while at lower pH values, these brushes exhibit
tighter conformation that may lead to a wider pore with
higher water flux rates. Evaluation of NaCl salt rejection as
function of pH indicated that rejection percentage does not
significantly differ with pH variation and remains close to
pristine TFC-PA membranes. The modified membrane
exhibited the switchable behavior at different pH values and

Table 1: Comparison of present work with the literature.

Monomer used on TFC-PA membrane Feed pressure (kPa) Flux (lm-2·hr-1) Salt rejection (%) References

PAA 3309 82 ± 2 95 ± 1:5% Present work

PAA 3447 78 ± 2 90 ± 1:5% 67

NIPAM/ZnO 6900 43 to 41 89% and 92% 68

PVA crosslinked with glutaraldehyde 500 40 to 30 85 to 87% 69

PSBMA 1500 to 4500 13 to 38 83 to 95.5 31
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provided interesting avenues to develop and explore the next
generation of smart membrane technology for simultaneous
water treatment with optimized flux rate and regulation of
solute present in it.
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