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pH-Responsive nanofiltration membranes based on
porphyrin supramolecular self-assembly by layer-

by-layer techniquef

Chenglin Wu, ©*2 Lizhi Zhao*® and Yuzhong Zhang®

A novel pH-responsive nanofiltration membrane was fabricated by means of layer-by-layer (LbL) technique

based on porphyrin supramolecular self-assembly. The multilayer membrane was prepared on a hydrolyzed
poly(acrylonitrile) (PAN) support membrane, and was composed of poly(allylamine hydrochloride) (PAH) as
a polycation and poly(styrene sulfonate) (PSS) as a polyanion and 5,10,15,20-tetrakis- (4-sulfonatophenyl)-
porphyrin (TPPS) as the pH-responsive functional supramolecular. Aggregation of TPPS and the shielding

effect of salt in solution affected the adsorption of TPPS onto the membrane, while the higher ionization
degree of the oppositely charged membrane with PAH favored the adsorption of TPPS. A coil structure
of polyelectrolytes caused by the lower ionization degree of PAH or by the shielding effect of salt led to
higher adsorption of polyelectrolytes on the membrane. The LbL assembly membrane showed higher
and pH-responsive water flux and salt rejection compared with that without TPPS. At pH 1.0, TPPS
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assembled into J-aggregates on the membrane surface, and the membrane showed relatively lower

water flux and higher rejection. When the pH value was increased above 2.0, TPPS transformed into

DOI: 10.1039/c7ra08568k

rsc.li/rsc-advances rejection.

1. Introduction

Nanofiltration (NF) membranes with separation characteristics
falling in the range between reverse osmosis (RO) and ultrafil-
tration (UF) membranes have gained lots of attention due to
their utility in various industrial fields for selective separation
processes at low applied pressures.”® Currently, most
commercial NF membranes are prepared by phase inversion,**
interfacial polymerization,®® and post-treatment of a more
porous support (surface coatings, grafting, etc.).'>'* However,
these technical controls are often more complicated, and there
are many factors that can effect the structures and properties of
the membranes.

The layer-by-layer (LbL) approach based on self-assembly of
charged polyelectrolytes on an oppositely charged porous
support to fabricate NF membranes has attracted great atten-
tion recently.”*™® Polyelectrolytes assembly is driven by elec-
trostatic interactions and by entropic considerations related to
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H-aggregates and monomers, and the membrane showed relatively higher water flux and lower salt

the liberation of counterions during assembly. LbL approach to
fabricating NF membranes can provide number of advantages.
It can provide the potential to accurately control membrane
thickness on the nanometer-scale, and there is a degree of self-
healing from the fabrication process, and the separation prop-
erties of membrane can be readily controlled via the types of the
polyelectrolyte used, numbers of applied layers, polymer
compositions, concentration, pH and ionic strength during
coating." In particular, the materials can be low-cost, water
soluble and commercially available polymers.

Stimuli responsive membranes can alter their physi-
ochemical properties when subjected to specific external envi-
ronmental conditions such as pH, temperature, ionic strength,
and so forth.>*>** These physicochemical changes can lead to
changes in their permeability and selectivity. Since pH is
a crucial parameter and easy to be adjusted in membrane
separations, pH-responsive membranes have attracted great
attention. Most of pH-responsive membranes composed of
porous membrane substrates and surface-tethered pH-
responsive polymer chains are fabricated by surface graft or
phase inversion method.***” Qian et al. proposed pH-responsive
membranes for sugar separations based on surface modified by
grafting poly(acrylic acid) (PAA) nano-chains using a UV initi-
ated free radical polymerization method, and pH dramatically
affected the membrane performance and selectivity that be
used to separate monosaccharides, disaccharides, and their
mixtures.”® Chu et al. prepared pH-responsive membranes by
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grafting diblock polymers of poly(N-isopropylacrylamide)-b-
poly(methacrylic acid) (PNIPAM-b-PMAA) onto nylon-6
membrane substance pore surfaces using atom transfer
radical polymerization.* In our earlier studies, we developed
pH-responsive membranes by grafting poly(4-vinylpyridine)
(P4VP) chains from the surface of commercial PSF
membranes*® and grafting poly(2-(dimethylamino)ethyl-
methylacrylate) (PDMAEMA) chains from the surface of
ethylene vinyl alcohol (EVAL) membranes.*® The pH-responsive
functions are achieved through the shrinking/swelling confor-
mational transitions of the pH-responsive polymer chains. The
membrane pores could be changed to open/close with pH value
and hence the permeability and selectivity of the membrane was
manipulated. However, the study on pH-responsive membranes
mainly focused on introducing pH-responsive polymers into
membranes, which required complicated synthesis process.
The size of membrane pore changed by pH-responsive polymer
chains was too large to be applied in NF for charge-based
separations.

Self-assembly offers an attractive method for the develop-
ment of supramolecular nanostructures. Porphyrins are excel-
lent spare materials to assemble into supramolecular
architectures. Particularly, 5,10,15,20-tetrakis-(4-
sulfonatophenyl)-porphyrin (TPPS) can form two types of
aggregates, which are J-aggregates (edge-to-edge stacking) and
H-aggregates (face-to-face stacking) under different pH condi-
tions.*® A sheet-like architecture of molecules builds
J-aggregates, which are found to be remarkably nano-rods with
a large aggregation number,**> while H-aggregates have
a dimeric structure.*® TPPS self-assemblies have been used to
design biomaterial sensors and opto-electronic devices because
of their excellent spectroscopic properties.**** We have recently
reported a pH-responsive smart UF membrane with the aid of
aggregates transformation of TPPS.*” It was the supramolecular
assembly that constituted the switchable gate of intelligent
membrane based on the contrast between J- and H-aggregates.
The porphyrin was loaded on a PDMAEMA-grafted membrane
which also required a chemical modification. Within this
framework, the porphyrin supramolecular self-assembly was
formed on the membrane via an LbL technique. The hydrolyzed
poly(acrylonitrile) (PAN) was used as the support membrane,
and poly(allylamine hydrochloride) (PAH) as the polycation
while poly(styrene sulfonate) (PSS) as the polyanion. The
supramolecular self-assembly of TPPS was loaded in the poly-
electrolyte layers based on electrostatic interaction with PAH
chains. The delicate pH-dependent transformation between J-
and H-aggregates was employed to fabricate pH-responsive NF
membrane.

2. Experimental section

2.1 Materials

PSS (M,, = 70 000 Da), PAH (M,, = 15 000 Da) and 5,10,15,20-
tetrakis-(4-sulfonatophenyl)-porphyrin (TPPS, >95%) were ob-
tained from J&K Chemicals and used without further purifica-

tion. PAN (M,, = 150 000 Da) was purchased from Tianjin
Kemiou Chemical Reagent Co., Ltd and used as received. All the
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other chemicals were analytical reagents and used as received.
Deionized water purified with a Milli-Q system (Millipore) was
used in this study.

2.2 Preparation of support membrane

The original PAN membrane was prepared by a phase inversion
method. PAN and lithium chloride (LiCl, 99%) were dissolved in
N,N-dimethylformamide (DMF, 97%). The solution was stirred
for 6 h at 60 °C, and then degassed for 1 h under vacuum to
eliminate bubbles. The solution was cast on a glass plate using
a steel knife with a gap height of 200 pm. The cast film was
immersed into a deionized water bath at 25 °C until the
membrane was peeled off from the glass plate. The obtained
original PAN membrane was washed with deionized water to
remove the residual solvent, and then dried at room tempera-
ture for further modification and characterizations.

The charged PAN support was prepared using a procedure
reported earlier with slightly modified.”® PAN membrane was
hydrolyzed by immersing in a NaOH solution (1.5 M) at 40 °C for
1.5 h, and then neutralized by rinsing with deionized water.
After the process, the -CN groups on PAN membrane were
transformed to -COOH groups, which could benefit assembling
the first positively charged PAH layer. The original PAN
membrane and PAN-COOH membrane were characterized by
attenuated total reflectance Fourier transform infrared spec-
troscopy (ATR-FTIR) (Bruker Vector 22).

2.3 Preparation of LbL assembly membrane

The PAN-[PAH/(PSS-TPPS)], membrane, where n represented
number of layers, was prepared by LbL assembly of PAH and
PSS-TPPS on the PAN-COOH membrane alternately. PAH was
dissolved into a buffer solution at a concentration of 1.0 g L™ .
PSS-TPPS was prepared in the same buffer solution at concen-
trations of 1.0 g L™ " and 65 uM, respectively. The PAN-COOH
substrate membrane was first immersed into PAH solution for
15 min and then rinsed with deionized water for four times.
After dried under nitrogen gas, the substrate was immersed into
PSS-TPPS solution for another 15 min and then rinsed and
dried. This cycle was repeated with oppositely charged species
until the desired architecture was achieved.

The polyelectrolyte layers were cross-linked by glutaralde-
hyde (GA) to improve the stability of LbL assembly membrane.
The PAN-[PAH/(PSS-TPPS)], membrane was added into
0.1 wt% GA solution for different time (0, 60, 100, 120, and
150 min), and then rinsing with deionized water for 30 min to
remove the residual GA.

2.3.1 Influence of solution pH on LbL assembly
membrane. To study the influence of polyelectrolyte solution
pH on LbL assembly membrane, PAH buffer solutions
(1.0 g L") with different pH values (pH 2.0, pH 3.5, pH 4.5,
pH 6.0, pH 8.0 and pH 9.0) and PSS-TPPS buffer solution
(1.0 g L™" and 65 uM) at a fixed pH 6.5 were prepared as the
feeding solutions. Also PSS-TPPS buffer solutions (1.0 g L' and
65 uM) with different pH values (pH 2.0, pH 3.5, pH 4.5, pH 6.5
and pH 8.0) and PAH buffer solution (1.0 g L") at a fixed pH 6.5
were prepared as another set of feeding solutions.

This journal is © The Royal Society of Chemistry 2017
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2.3.2 Influence of ionic strength on LbL assembly
membrane. Different membranes were prepared with similar
method except adding 0 M, 0.3 M, 0.8 M, and 1.2 M of NaCl in
PAH and PSS-TPPS solutions to study the influence of ionic
strength.

2.4 Characterization

The water contact angle of membrane was measured via
a sessile drop method using a contact angle measurement
apparatus (CM3250, KRUSS GmbH, Germany) equipped with
video capture. The membranes were dried under nitrogen gas
and then dried overnight at room temperature prior to the
contact angle measurements. For each membrane, average of 6-
8 measurements was taken to minimize the experimental error.

Ultraviolet-visible (UV-vis) absorption and solid-state diffuse
reflectance UV-vis (DRUV) spectra were measured on a TU-1901
UV-vis spectrophotometer (Purkinje General, China).

The surface and cross-section morphology of membranes
were characterized by field emission electron microscopy
(FESEM, Hitachi S-4800, Japan) under high vacuum conditions.

The surface morphology and roughness of dry membranes
were measured by atomic force microscopy (AFM) recorded
using a Multimode IIIA scanning probes. Imaging was done in
tapping mode at ambient condition using a silicon RTESPA
probe.

The outer surface zeta potential of the membrane was
measured using the Sur Pass Electrophoretic Analyzer (Anton-
Paar GmbH, Austria) in 0.001 M KCl solution. Each data point
represents an average of five measurements for each
membrane. The outer surface zeta potential was estimated

using the Helmholtz-Smoluchowski equation as given
below:*3°
U n
{= E s_soKB

where Uwas the steam potential, APwas the operation pressure,
1 was the viscosity of the electrolyte solution, ¢ was the dielectric
constant of electrolyte, ¢, was the vacuum permittivity and «g
was the electrolyte conductivity.

2.5 Nanofiltration experiments

The separation performance of the membrane was determined
using a home-made stainless steel disc with an effective filtra-
tion area of 22.9 cm”. Before test, the membranes were equili-
brated with buffer solutions at each pH for 10 h, and the system
was first pressurized at 0.2 MPa for 30 min until the flux reach
a steady state. The concentration of MgSO, was 2.0 g L™ *. The
water flux (J) was calculated using the following equation:

_ Vv
T Axt

where J is the water flux (L m 2 h™"); V is the permeate volume
(L); A is the effective membrane area (m?®); ¢ is the filtration
time (h).

The salt rejection (R) was calculated as following:

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

R= (1 — %) x 100%

1‘

where Cr and C, are the salt concentrations in the feed and
permeate, respectively.

3. Results and discussion

3.1 Preparation of LbL membrane

ATR-FTIR was used to confirm the hydrolysis of the PAN support
(Fig. S11). The peaks at 2243 cm ™" and 1451 cm ™" are due to
stretching vibrations of the CN moiety of the PAN membrane.*’
After hydrolysis of PAN membrane, a peak reduction at
2243 cm™ ' and the emergence of new peaks at 1560 cm ™ and
1405 cm™ ' corresponding to the C=O bond in the COOH
groups proved that most of the CN groups on the membrane
surface converted to COOH groups.*!

Multilayer of PAH/(PSS-TPPS) was assembled on PAN-COOH
membrane surfaces by layer-by-layer method due to electro-
static interaction (Scheme 1). The pH and ionic strength of PAH
and PSS-TPPS solutions may influence the structure and
properties of the multilayer. PAH is a weak base, and the pK, is
about 9.0. The charge and extension of PAH chain change with
pH value. The DRUV was used to investigate the adsorption
capacity of TPPS and PSS at different pH values of PAH solution
(Fig. 1). At pH 2.0 of PAH solution, B bands and Q bands of TPPS
were red shifted to 490 nm and 705 nm (Fig. 1a), which indi-
cated that TPPS molecules self-assembled into J-aggregates on
the membrane surface. When pH value of PAH solution was
increased above 3.5, the bands at about 405 nm and 422 nm can
be observed, which suggested that H-aggregates and monomers
of TPPS coexisted on the membrane surface. In addition, the
absorption intensity of TPPS on the membrane was higher at
pH 2.0 than at pH above 3.5, and the absorption intensity at
422 nm was decreased with increased pH value (Fig. 1a). This is
because the charge of PAH was reduced with increased pH value
and the electrostatic interaction between PAH and TPPS was
weakened leading to lower adsorption capacity of TPPS. At pH
9.0, the shoulder at 405 nm presenting H-aggregates of TPPS
disappeared, which means TPPS existed as only monomer on
the membrane because of quite low adsorption capacity. Then
the absorption intensity at 405 nm was used to evaluate the

.~ PAH ¥ H-aggregatesor
G . pss monomers
~ Vv o2 J-aggregates
NANL Y pH<10 N2 Ny
T B
t A A pHL0 SR P
Water
LbL T

PAN-COOH membrane PAN-[PAH/(PSS-TPPS)In membrane

Scheme 1 Schematic model of LbL assembly membrane fabrication
and pH-responsive structure of the TPPS assembly.
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Fig.1 DRUV spectra of PAN—-[PAH/(PSS—-TPPS)l¢ membranes prepared
from PSS—TPPS solution at pH 6.5 and PAH solutions at different pH
values (a, TPPS; b, PSS), and absorbance at 405 and 206 nm at different
pH values of PAH (c). The absorbance at 405 nm at pH 2.0 of PAH was
not displayed because TPPS formed J-aggregates here.

amount of TPPS adsorbed on membrane. The trend of
decreasing adsorption capacity of TPPS can be obviously
observed in Fig. 1c. By contrast, larger adsorption capacity of
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polyelectrolytes on the membrane was obtained at higher pH
value of PAH solution. The band at 226 nm attributing to the
benzene of PSS showed an increased intensity when pH value of
PAH solution was increased to 9.0 (Fig. 1b and c). Because, at pH
above pK, of PAH, the electrostatic repulsion between positively
charged groups on PAH was weakened and the extended chain
changed to a coil structure, which allowed more PAH chains to
attach to the membrane and favored the adsorption of PSS
consequently.

The top surface morphologies and roughness of the PAN-
[PAH/(PSS-TPPS)]s membranes prepared with different pH
value of PAH solutions were investigated by AFM. As shown in
Fig. 2, the surface of PAN support membrane was smooth, and
the root-mean-square (RMS) which was used to evaluate the
surface roughness was about 19.6 nm. The RMS of PAN-[PAH/
(PSS-TPPS)]s membranes prepared with PAH pH values of 2.0,
4.5, and 9.0 were 23.2 nm, 36.3 nm, and 46.0 nm, respectively.
The roughness increased with increased pH value of PAH
solution because of the increasing adsorption capacity of PSS
and PAH.*

PSS is a strong polyelectrolyte, and the charge and the
configuration of PSS are not pH-dependent. Thus adsorption
capacity of PSS on membrane is supposed to be unchanged as
the pH of PSS-TPPS changes. However, the pH value of PSS-
TPPS solution could influence the ionization degree of PAH on
the membrane and the aggregation of TPPS in solution. Fig. 3
shows the DRUV spectra of PAN-[PAH/(PSS-TPPS)]s
membranes prepared at different pH values of PSS-TPPS. The
absorption intensity of TPPS increased first and then decreased
with increased pH value of PSS/TPPS solution (Fig. 3a and c).
The lower adsorption capacity of TPPS at lower pH was due to
the J-aggregation of TPPS formed in solution at pH 2.0 which
affected the adsorption of TPPS on membrane. At pH above 8.0,
the decreased adsorption capacity of TPPS may be caused by the
decreased ionization degree of PAH adsorbed on the
membrane. The increased concentration of OH ™ may also play
a role in shielding the interaction between TPPS and PAH. The
decrease in adsorption capacity of PSS at higher pH was not
significant (Fig. 3b and c), because the multiple-point cooper-
ative binding of polyelectrolytes allowed considerable amounts
of PSS to interact with PAH.

As shown in Fig. 4, the RMS of PAN-[PAH/(PSS-TPPS)]s
membranes prepared with PSS-TPPS solutions at pH values of
2.0, 4.5, and 8.0 were 42.4 nm, 44 nm, and 44.8 nm, respectively.
The nearly unchanged roughness also indicated little changes
in the adsorption capacity of polyelectrolytes when different pH
values of PSS/TPPS solutions were applied.

1.45 pm
1.25 ym

0.98 ym
0.85 ym

Fig.2 AFM images of PAN support membrane (A); and PAN—[PAH/(PSS—TPPS)l¢ membranes prepared from PSS—TPPS solutions at pH 6.5 and

PAH solutions at pH values of 2.0 (B), 4.5 (C), and 9.0 (D).
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Fig. 3 DRUV spectra of PAN-[PAH/(PSS—TPPS)l¢ membranes prepared from PAH solutions at pH 6.5 and PSS—-TPPS solutions at different pH
values (a, TPPS; b, PSS), and absorbance at 405 and 206 nm at different pH values of PSS (c).

1.24 ym
1.27 ym

1.03 pm 1.02 ym

Fig. 4 AFM images of PAN—[PAH/(PSS—TPPS)lg membranes prepared from PAH solutions at pH 6.5 and PSS—TPPS solutions at pH values of 2.0

(A), 4.5 (B), and 8.0 (C).

To investigate the influence of the ionic strength on poly-
electrolyte multilayer forming, LbL assembly experiments were
conducted in buffers with variable salt concentrations. A set of
DRUV spectra of PAN-[PAH/(PSS-TPPS)]s membranes obtained

1.0

—O0oM

Abs

300 400 500 600 700
Anm

at different ionic strengths varied from 0 to 1.2 M is depicted in
Fig. 5. It is clearly seen that the adsorption capacity of TPPS
decreased (Fig. 5a) and that of PSS increased (Fig. 5b) when
ionic strength increased. It is clear that ions of high

05
b — oM
0.44 ——03M
—08M
0.34 ——12M
8 02
<
0.14
0.04

220 240 260 280 300 320
Anm

Fig. 5 DRUV spectra of PAN-[PAH/(PSS—-TPPS)l¢ membranes prepared at different ionic strengths (TPPS (a) and PSS (b)).
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Fig. 6 AFM images of PAN—[PAH/(PSS—TPPS)lg membranes prepared at different ionic strengths (0 (A), 0.3 (B), 0.8 (C), and 1.2 (D)).

concentration shielded the interaction between TPPS and
polyelectrolytes. As for polyelectrolyte, at low ionic concentra-
tion, polyelectrolyte chains normally present an extended
conformation, while at higher ionic strength, they tend to coil
because salt ions shield the electrostatic repulsion between
charged groups of polyelectrolytes.**** That is the reason why
more PSS were loaded on membrane surface at higher ionic
strength. As shown in Fig. 6, the surface of PAN-[PAH/(PSS-
TPPS)|s membrane became rougher as ionic strength increased.
The RMS were 25.6 nm, 47.4 nm, 53.6 nm, and 71.4 nm for
PAN-[PAH/(PSS-TPPS)]s membranes prepared at ionic concen-
tration of 0 M, 0.3 M, 0.8 M, and 1.2 M because of more poly-
electrolytes adsorbed onto the membrane. All these results
above showed that the adsorption of TPPS onto the membrane
was determined only by electric attraction, while the assembly
of polyelectrolytes depended on chain configuration as well as
electrostatic interaction.

3.2 Surface properties of LbL membrane

The adsorption capacity of TPPS and polyelectrolytes on the
membrane grew as depositing more polymer/TPPS films. Fig. 7
shows the DRUV spectra of PAN-[PAH/(PSS-TPPS)],
membranes with different number of bilayer prepared at pH 6.5
and 0.5 M of ionic strength. It is obviously seen that the
absorption of TPPS (Fig. 7a) and PSS (Fig. 7b) increased with
increasing bilayer number. Further, the surface properties of
the layers were of particular importance to the transport
processes occurring at the interface between the electrolyte
solutions and the multilayer. Herein, we prepared PSS-TPPS-
terminated (T-PSS-TPPS) layers (n = 1.0, 2.0, 3.0...) and PAH-
terminated (T-PAH) layers (n = 0.5, 1.5, 2.5, 3.5...) to

a Bilayer number
0.8+ 1
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0.6-] —3
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—5
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|

0.0 0.5 1.0 1.5 20

Bilayer number

25

3.0

Fig. 8 Surface roughness of PAN-[PAH/(PSS-TPPS)l,, membranes
with different bilayer numbers prepared at 0.5 M ionic strength and pH
6.5. For example, n = 2 means the membrane had 2 PAH/(PSS-TPPS)
bilayers and the outmost layer (terminating layer) is PSS-TPPS; n = 2.5
means the membrane had one more PAH coating (i.e., half of a bilayer)
in addition to the 2 PAH/(PSS-TPPS) bilayers, with PAH being the
terminating layer.

investigate the surface properties of the layers. The experi-
mental results for the PAN-COOH substrate were also displayed
as a reference for comparative study.

Membrane surface roughness increased with the increased
number of polyelectrolyte layers (Fig. 8), which could be
attributed to the random adsorption of the polyelectrolytes.*! As
increasing bilayer number, the roughness had an increasing
tendency for both T-PSS-TPPS and T-PAH layers.

The values of the zeta potential reflected the surface electric
properties because they were the electric potential difference

0.5

Bilayer number
—1
—2
—3

0.4

Abs

T T T
260 280 300

Anm

T T
220 240 320

Fig.7 DRUV spectra of PAN—-[PAH/(PSS—TPPS)],, membranes with different number of bilayer (TPPS (a) and PSS (b)). The concentration of PAH,
PSS, and TPPS were 1.0 g L™, 1.0 g L™}, and 65 uM, respectively. The pH value of solutions was 6.5 and ionic strength was 0.5 M.
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Fig. 9 Water contact angles of PAN—-[PAH/(PSS—TPPS)lg membranes
with different layers prepared at 0.5 M of salt and pH 6.5.

between the mobile diffusion layer on the charged surface and
the bulk solution. The sign of the surface charge was reversed.
For PAN-(PAH/PSS),, membrane without TPPS, and a positive
value of +25 mV was yielded when the first PAH layer was
deposited on the negatively charged PAN-COOH substrate (n =
0.5) (Fig. S21t). After depositing the next negatively charged PSS,
the zeta potential of layer was reversed to —40 mV. As depositing
more layers of the polyelectrolyte film, oscillatory changes of the
surface potential were displayed with amplitudes about 60 mV.
PSS-terminated layers gave rise to a higher potential absolute

10.0kV x40.0k SE(M) 4.0kV x50.0k SE(M)

10.0kV x40.0k SE(M)

1.00um
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value compared to PAH-terminated layers because of the strong
polyelectrolyte PSS. It is also noted that, as for PAN-[PAH/(PSS-
TPPS)], membrane, TPPS enhanced the amplitudes, especially
increased the potential absolute value of PSS-TPPS-terminated
layers. This made it possible to enhance membrane salt rejec-
tion that was strongly influenced by electrostatic repulsion.
The contact angle measurement is a useful method to
observe changes in the surface hydrophilicity of the
membranes. As shown in Fig. 9, contact angle of PAN-COOH
support membrane is about 52°. The coating of polyelectrolytes
on the membrane support in all cases led to higher contact
angles. As increasing the number of bilayer, little difference in
contact angle value of the same type of terminating layer was
observed. However, contact angle values of T-PSS-TPPS layer
were lower than those of T-PAH layers. That is to say, the PSS-
TPPS-terminated membrane is more hydrophilic as compared
to the PAH-terminated membrane, because sulfonic acid
groups are more easily to form hydrogen bond with water.
The morphology of PAN-COOH substrate membrane and
PAN-[PAH/(PSS-TPPS)], membrane was studied by field emis-
sion scanning electron microscopy (FESEM) as shown in Fig. 10.
It can be seen that the top surface image of the PAN-COOH
membrane (Fig. 10A) was quite smooth and the bottom surface
(Fig. 10B) had an open pore structure. The immobilization of
PAH/(PSS-TPPS) multilayer destroyed the top surface smooth-
ness (Fig. 10D). However, almost no change was observed on the
bottom surface after LbL assembly, indicating that the deposi-
tion of polyelectrolytes and TPPS mainly occurred on the top
surface due to its high functional group density. The cross-
section FESEM images of PAN-COOH membrane (Fig. 10C)

W-F 10.0kV x700 SE(M) 50.0um

W-F 10.0kV x700 SE(M) 50.0um

Fig. 10 Surface FE-SEM images of top surface (A), bottom surface (B), and cross-section (C) of PAN-COOH membrane, top surface (D), and
cross-section (E) of PAN—[PAH/(PSS—TPPS)]lg membrane (the bottom surface image of PAN-[PAH/(PSS—TPPS)lg¢ membrane was not shown

because no distinction compared with the substrate was observed).
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Fig. 11 Rejection properties of the PAN—(PAH/PSS—TPPS),/(PAH/PSS)
membranes prepared with different TPPS initial concentrations. The
concentration of feed MgSQO4 was 2.0 g L%

and PAN-[PAH/(PSS-TPPS)]s membrane (Fig. 10E) showed an
unsymmetrical structure, including a dense separation layer on
the top surface, a finger-like middle layer and a sponge-like
bottom layer. The assembled layers cannot be distinguished
in the cross-section images, which indicated that the layers were
very thin.

3.3 pH-Responsive water flux and salt rejection

In order to increase the stability of the self-assembly film in the
permeability test, the chemical cross-linking of LbL layer with
0.1 wt% GA was performed, and extra layer PAH/PSS was
deposited outside the TPPS-containing layer to immobilize
TPPS stably (the membrane was denoted by PAN-[PAH/(PSS-
TPPS)]s(PAH/PSS)).

The introduction of TPPS increased the charge amount of
the assembly layer, and may also change the compact degree of
the assembly layer,* thus affecting the permeability and rejec-
tion of the membrane. Fig. 11 shows the water flux and MgSO,
rejection of PAN-[PAH/(PSS/TPPS)],(PAH/PSS). Obviously, with
the increase of bilayer number, the water flux was reduced and
the rejection was increased due to the more compact assembly
layers. When the bilayer number reached 6, the rejection rate
was no longer increased. It is important that, at the same bilayer
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number, both water flux and rejection of the membrane
increased with the initial concentration of TPPS. That is prob-
ably because TPPS molecules not only increased the amount of
charge of the assembly layer, which enhance the electrostatic
repulsion to MgSO, leading to higher retention, but also acted
as an interlayer that allowed more water to pass through.

As described above, TPPS can form J-aggregates at lower pH
in solution or on assembly layers during assembly layer prepa-
ration. The immobilized TPPS on membrane also exhibited pH
controlled aggregation behavior. Fig. S37 shows the DRUV
spectra of PAN-[PAH/(PSS-TPPS)]s/(PAH/PSS) membranes
prepared at pH 6.5 and followed by equilibration with buffers at
different pH values for 2 h. At pH 2.0-9.0, the B band of TPPS
was 420 nm and had a shoulder at 405 nm, indicating TPPS
existed in the form of deprotonated monomer and H-
aggregates. The stronger absorption at 9.0 may be caused by
the free TPPS molecules released by PAH due to decreased
ionization degree. At pH 1.0, the red shifted B band at 490 nm
and Q bands at 705 nm showed that TPPS formed J-aggregates.
As mentioned in Fig. 1, at pH 2.0 of PAH, the adsorbed TPPS
molecules self-assembled into J-aggregates on the membrane
surface. While here the immobilized TPPS required lower pH of
equilibration buffer to form J-aggregates and the absorption of
H-aggregates was weak, because the adsorption capacity of
TPPS on membrane prepared from PAH and PSS-TPPS solution
at pH 6.5 was lower than that prepared from PSS-TPPS solution
at pH 6.5 and PAH solution at pH 2.0.

It has been proved that J-aggregates attached to grafted
polymer chains has a large size which can block the pore of the
separating membrane layer and then influence the permeability
and rejection properties of membrane.” The supramolecular
aggregates of small amount immobilized in LbL assembly layers
may be used in the fine structure adjustment and separation
property controlling of nanofiltration membranes. As shown in
Fig. 12, both water flux and rejection of the membrane PAN-
[PAH/(PSS-TPPS)]s/(PAH/PSS) with TPPS were higher than those
of PAN-(PAH/PSS), without TPPS. More importantly, the water
flux and rejection of the membrane without TPPS hardly
changed within the pH range; by contrast, a prominent change
in the water flux and rejection of PAN-[PAH/(PSS-TPPS)]s/(PAH/
PSS) occurred within the pH range of 1.0-2.0. It is the assembly
structure of the TPPS aggregates in response to pH on the

154 b —=— PAN-[PAH/(PSS-TPPS)]/(PAH/PSS)
144 *— PAN-(PAH/PSS),

-

©

pH

Fig. 12 Water flux and rejection of PAN—(PAH/PSS); and PAN—-[PAH/(PSS—TPPS)ls/(PAH/PSS) membranes at different pH values.
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membrane surface that caused the pH-dependent change in the
pore size and the resultant permeability and rejection. At flux
pH 1.0, TPPS J-aggregates of larger size blocked the membrane
surface pores. On the contrary, at a feed pH above 2.0,
J-aggregates transformed to small-sized H-aggregates and
monomers and resulted in a larger membrane pore size and
higher water permeation rate and lower salt rejection
(Scheme 1).

4. Conclusions

In this paper, pH-responsive nanofiltration membrane was
fabricated by means of the LbL technique based on TPPS
supramolecular self-assembly with hydrolyzed PAN as support
membrane and PAH and PSS as the polyelectrolytes. The self-
assembly of TPPS and polyelectrolytes onto membrane was
influenced by pH and ionic strength of the feed solution. At
lower pH of PAH solution, TPPS formed J-aggregates on the
membrane and had a higher adsorption capacity, while at
higher pH of PAH solution, higher adsorption capacity of
polyelectrolytes was obtained due to the coil structure of poly-
mers. Lower pH of PSS and TPPS mixed solution affected the
adsorption of TPPS due to J-aggregates of the dye formed in
solution. The shielding effect of increased ionic strength
resulted in a lower TPPS adsorption but higher polyelectrolyte
adsorption. PSS-TPPS-terminated layer showed larger zeta-
potential absolute values and better wettability than PAH-
terminated layer. The LbL assembly membrane with TPPS
showed higher and pH-responsive water flux and MgSO, rejec-
tion compared with that without TPPS. At pH 1.0, TPPS
assembled into J-aggregate on the membrane surface, and the
membrane showed relatively lower water flux and higher
rejection. At a feed pH above 2.0, the membrane showed higher
water permeation rate and lower salt rejection due to small-
sized H-aggregates and monomers of TPPS. The present
systems provide valuable insights into the smart nanofiltration
membrane and expand types of smart membrane.
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