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A novel nanofiltration membrane inspired by an
asymmetric porous membrane for selective
fractionation of monovalent anions in
electrodialysisT

Jincheng Ding,? Shanshan Yang,? Jiefeng Pan,*? Yu Zheng,? Arcadio Sotto®
and Jiangnan Shen (2 *2

The present study describes the synthesis of new nanofiltration membranes inspired by asymmetric porous
membranes used as monovalent anion selective membranes for electro-membrane separation. The
membrane surface was firstly modified, by deposition of a mussel-inspired “bio-glue” polydopamine
(PDA) layer, and subsequently a compact polyamide layer was polymerized on the surface of the
membrane’s active layer. The chemical constitution and structure of these modified porous membranes
were explored by Fourier transform infrared spectroscopy (FT-IR) and scanning electron microscopy
(SEM). The surface roughness and hydrophilicity of the membranes were explored by atomic force
microscopy (AFM) and water contact angle measurements, respectively. In addition, the electrochemical
properties of the surface of the modified membranes were analyzed in terms of membrane surface
resistance and zeta potential values. As for the performance of these modified porous membranes, this
was investigated by measuring the permselectivity of a Cl7/SO42~ system. The obtained results show
that the new membranes exhibit an enhanced monovalent anion permselectivity, which is in agreement
with the improved membrane surface properties. Furthermore, membranes modified by the addition of
a PDA layer and a dense polyamide active layer lead to a significant improvement in selectivity
(PSC&Z, = 3.1), compared with a conventional interfacial polymerization modified membrane

(PSC&, = 1.42). The excellent performance can be ascribed to the synergistic effect of the compact PDA

layer and negatively charged interfacial polymerization layer, dependent on the sieving and electrostatic
repulsion, respectively. Thus, this process is promising for the further development of porous
monovalent selective anion exchange membranes.

often in complex and diversified water systems, aiming at e.g.,
removing F~ or NO;~ from groundwater in some poor areas,

Membrane technology, which has a high water recovery rate and
is environmentally friendly, is a key process in water treat-
ment.'” Electrodialysis (ED) is a promising membrane process
to recover high value substances from water streams. ED is
operated with a series of alternating cation-exchange and anion-
exchange membranes arranged between a cathode and anode,*
leading to the recovery of valuable substances from industrial
wastewater and brackish water.’"® However, ED applications are
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and the separation of SO,*" to avoid the undesirable formation
of scale in the concentrating compartment during desalination.
Therefore, highly efficient monovalent anion selective
membranes are required to restrict the transport of multivalent
anions and promote the migration of monovalent ions through
the membrane structure.®*** In order to achieve an enhanced
membrane performance, many research efforts have been
devoted to investigating the mechanism for preparing high
performance monovalent selective anion exchange membranes.
The mechanism of these studies is principally focused on the
difference of hydrated ionic radius and valence, based on the
sieving and electrostatic repulsion, respectively.®'*-¢

The most explored strategy is the modification of the
membrane surface,”*® which is mainly dependent on the
method of depositing a negatively or positively charged layer on
the surface of a commercial anion exchange membrane or a lab-
made anion exchange membrane.***'*" For example, Shahi

This journal is © The Royal Society of Chemistry 2018
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et al.™ found that a thin polypyrrole layer was useful to increase
the permselectivity of a modified membrane (from 0.747 to
0.889). Mulyati et al** proposed a method of using poly-
electrolyte multilayer deposition on an anion exchange
membrane. It was found that the modified membrane had
a selectivity of 0.4 (SO,>~ against Cl”) after deposition of 15
layers. Zhao et al. fabricated a monovalent selective anion
exchange membrane by the method of alternate electro-
deposition polyelectrolyte on the surface of a commercial
anion exchange membrane. The results showed that the
permselectivity and separation efficiency of the modified anion
membranes were all increased.*****

To further reinforce the stability between the matrix and the
modified layer, Zhang et al.® fabricated a monovalent anion
permselective membrane (MASM) with a thin electronegative
layer by the method of interfacial polymerization. The results
indicated the modified membranes had a long-term operational
stability and excellent permselectivity. Ruan et al.** fabricated
a monovalent selective anion change membrane, which was
modified a commercial anion exchange membrane by S-PDA
(sulfonated polydopamine). The results stated the modified
membranes had a permselectivity of 34.02 and stabilized in
a long-term measurement.

In order to further meet the requirement of the industry,
some researchers prepared the monovalent selective ion
exchange membranes by using the method of internal substrate
modification. Xu et al.'” prepared a monovalent selective cation
exchange membrane by using the polyvinyl alcohol (PVA) as
matrix. The permselectivity (H" against Zn>*) was improved by
annealing treatment of the membrane to change its crystal-
linity. Pan et al.* prepared internally cross-linked monovalent
selective anion exchange membranes by the method of one-pot.
The prepared membranes had excellent permselectivity under
different pH conditions, especially the permselectivity could be
24.55 at pH 10.

So above all, it is easy to know no matter surface modifica-
tion or internal substrate modification, the modified
membranes are all dense. So there is no reporting about the
porous membranes using as monovalent anion selective
membranes. In general, most monovalent anion selective
membranes contain two layers: one is a dense anion exchange
membrane as the substrate; the other is the active modified
layer, which plays a core function for selective separation of
monovalent and multivalent anions. When the substrate is
replaced by a porous membrane, the resulting membrane
would become a nanofiltration membrane alike. Moreover,
nanofiltration is a pressure-driven process that can also achieve
a separation between mono/multi-valent ions.**** Nano-
filtration membranes are often prepared via interfacial poly-
merization to form an active dense layer on a porous
substance.”*** Recently, Ge et al.®> proposed to use a lab-made
nanofiltration membrane instead of a cation exchange
membrane in conventional electrodialysis for fractionation of
monovalent cations. The results indicated that the porous
structure of the membrane could decrease the transfer resis-
tance of ions, improving the flux of monovalent cations.
Nevertheless, nanofiltration membranes are usually negatively
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charged,®® which could limit their use as monovalent cation
selective membranes in ED; so, a meaningful strategy could be
to use them as a monovalent anion selective membrane, taking
into account the electrostatic repulsion mechanism advantage.
Therefore, inspired by their structures and surface character-
istics, we prepared the nanofiltration membrane inspired
asymmetric porous membrane for fractionation of monovalent
anions in electrodialysis. Nevertheless, the stability of the
compactness and the charge of membrane surfaces are major
challenges, which require a key material (additive) to be used
during membrane preparation.

Dopamine has been widely used for surface modification of
various materials.”” It can be oxidized, and it self-polymerizes
under alkaline conditions to form a polydopamine (PDA) layer
coatings with great adhesive strength. In addition, the presence of
quinone groups in its chemical structure leads to a reaction with
thiol-bearing compounds and nitrogen derivatives, enabling the
chemical functionalization of the surface of a material.””** Besides,
dopamine can also be used for preparing monovalent selective
anion membranes due to the dense structure or negative charge
properties of the modified membrane surface.>*>** These charac-
teristics make PDA a good candidate material to control the
compactness and the surface charge of these nanofiltration
membranes inspired asymmetric porous membranes. In this
study, a new application possibility is explored: nanofiltration
membrane inspired asymmetric porous membranes were
proposed as monovalent selective anion membranes in ED. These
modified porous membranes with different compactness and
charge properties were prepared by controlling the specific surface
properties with a mussel-inspired “bio-glue” PDA layer and
carboxylic polyamide layer. As illustrated in Fig. 1, it involved
a simple deposition PDA layer on the surface of a PSf ultrafiltration
membrane. Subsequently, the interfacial polymerization between
piperazine (PIP) and trimesoyl chloride (TMC) was conducted to
improve the upper layer density. Then, the carboxylation further
enhances the surface electronegativity. The chemical constitution,
structure and permselectivity of these modified porous
membranes were discussed and investigated in detail.

2 Experimental
2.1 Materials and reagents

Polysulfone (PSf) ultrafiltration (UF) membranes were supplied
by Hangzhou Water Treatment Technology Development Center
(China). Commercial cation exchange membranes (Neosepta
CEMs) were purchased from Fujifilm Corp., Japan. The charac-
teristic properties of commercial cation exchange membranes
are shown in Table 1. Dopaminehydrochloride, tris-(hydrox-
ymethyl) aminomethane (Tris), piperazine (PIP, 99%), 1,3,5-
benzenetricarbonyl trichloride (TMC, 99%), n-hexane, sodium
chloride (NaCl, 99%) and sodium sulfate (Na,SO,, 99%) were all
purchased from Aladdin Reagent Co. Ltd. (Shanghai, China).

2.2 Membrane preparation

Before membrane fabrication, the PSf ultrafiltration

membranes used as substrate were firstly immersed in DI water

RSC Adv., 2018, 8, 30502-30511 | 30503
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Fig. 1 Schematic illustration of the procedure for NF inspired asymmetric porous membrane preparation.

Table 1 Properties of the commercial CEMs used in this study

Thickness  Electrical area
Membrane type (nm) resistance (Q cm®)  pH stability
Homogeneous (CEM) 135 2.7 4-12

for 24 h, and then rinsed completely with DI water and air dried.
The dopamine solution for surface coating was conducted by
dissolving 0.2 g dopamine hydrochloride in 100 mL Tris-HCI
buffer solution (pH 8.5). The coating process was conducted at
room temperature by a custom-designed apparatus with three
cells during 24 h to make sure the compacted structure, as
shown in Fig. 2.’>*® The effective membrane surface modified
area was 28.26 cm’. After PDA coating, the membranes were
thoroughly washed with DI water to remove the unreacted
chemicals and dried in the air. The resulting membrane was
denoted as PP. Subsequently, the top surface of PP was
immersed in 0.5% (w/v) TMC n-dodecane solution for 10 min.
Subsequently, the membrane was rinsed twice with n-hexane to
remove the excessive TMC. Then, the as-prepared TMC grafted
membrane was immediately placed in an oven for 10 min to
ensure the reaction between TMC and PDA at a fixed

Distilled Water Distilled Water

PDA Solution

Fig. 2 Schematic drawing of PDA coating process.

30504 | RSC Adv., 2018, 8, 30502-30511

temperature of 60 °C. The resulting TMC crosslinked
membrane was denoted as PPT.

In order to increase the density of the surface layer, the PP
membrane was immersed in a 3 g L™ " piperazine (PIP) solution
for 30 min; then the membrane was dried in an oven at 60 °C for
10 min. After that, the membrane was grafted with TMC, using
the same process as for the PPT membrane formation. The final
membrane was named PPP;T. A conventional nanofiltration
membrane was prepared via interfacial polymerization between
trimesoyl chloride (TMC) and piperazine (PIP), and this
membrane was named PP;T. All TMC grafted composite
membranes were immersed in DI water for around 24 h to
hydrolyze the surface acylchloride groups to carboxyl groups.

2.3 Membrane characterization

2.3.1 FTIR characterization and X-ray photoelectron spec-
troscopy (XPS). To check whether modified materials have been
grafted onto the surface of the PSf membranes, the chemical
structure and elemental analysis of these different modified
porous membranes were characterized by Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelectron spectros-
copy (XPS). FTIR spectrum was recorded by using a FTIR spec-
trometer (Nicolet6700) and XPS was discussed by a XPS
spectrometer (Kratos AXIS Ultra DLD, Japan).

2.3.2 Scanning electron microscopy (SEM) and atomic
force microscopy (AFM) analysis. The morphology of these
modified porous membranes was observed by scanning elec-
tron microscopy (SEM, SU8010, Hitachi, Japan). All samples
were dried before measurement. The surface roughness values
and both topographical and 3D images of these modified
porous membranes were observed by atomic force microscopy
(AFM, Germany). All samples were dried before measurement.

2.3.3 Contact angle measurement. The hydrophilcity of
these modified porous membranes was obtained by measuring the
water contact angle by a contact angle goniometer (OCA-20, Data-
physics, Germany). All samples were dried before measurement.

This journal is © The Royal Society of Chemistry 2018
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2.4 Measurements of electrochemical properties

2.4.1 Membrane surface resistance. The membrane surface
resistance was obtained by using a commercial cell** as shown
in Fig. 3. The electrode liquid was 0.5 M Na,SO, in the electrode
chamber and the middle chamber was filled with 0.5 M NaCl as
measured liquid. The resistance of these modified porous
membranes was calculated according to the following equation:

U-U

R,
1

x S (1)
where R, is stand for the membrane surface resistance (Q cm?),
U is stand for the voltage of the sample (V) and U, is the voltage
value of without sample (V), I is the constant current (0.04 A), S
is stand for the effective measurement area (7.065 cm?).

2.4.2 ({-potential measurements. The surface electrical
properties of these modified porous membranes were charac-
terized by an instrument (SurPASS3, AntonPaar, Austria) with
1 mM KCl as the electrolyte solution at pH 6.5.

2.5 Monovalent anion permselectivity measurements of
modified porous membranes and electrodialysis

The permselectivity of NF inspired asymmetric porous
membranes was investigated by a commercial ED apparatus
with four cells and the volume of each cell is 100 mL, as shown
in Fig. 4. These prepared NF inspired asymmetric porous
membranes were placed in the middle of the four cells.
Crucially, the modified layer of these porous membranes was
directed towards the cathode. The remaining two locations were
clamped by two commercial cation exchange membranes
towards the electrodes. Later, a solution of 0.05 M NaCl and
0.05 M Na,SO,was added into the two middle cells; the elec-
trode cell was filled with 0.2 M Na,SO,.*® The monovalent anion
permselectivity measurements were carried out for 60 minutes
at a current density of 5.1 mA cm 2. In order to choose the
appropriate current density, the permselectivity measurements
under different current density conditions were conducted out

Porous Membrane

\ /

0.5M NaCl

0.5M Na,SO, 0.5M Na,SO,

Fig. 3 Schematic drawing of a four-electrode mode commercial
measurement module for membrane resistance.

This journal is © The Royal Society of Chemistry 2018
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(the Fig. S1 in the ESIT). After 60 min, the concentration of the
solution in the dilute cell was measured by Anion Chromatog-
raphy (Thermo Fisher ICS-1100).*

To further indicate the change of ion concentrations (Cl~
and SO,>7) with time in the dilute cell by using a PPP;T
membrane as a temple, a two hours electrodialysis measure-
ment was conducted in the same commercial ED apparatus
(Fig. 4). The ED experiment was conducted for 120 minutes at
the current density of 5.1 mA cm ™2, and the concentration of
the solution in the dilute cell was measured by same Anion
Chromatography after 20 min, 40 min, 60 min, 80 min, 100 min,
and 120 min.

The permselectivity of the membranes was calculated by the
following equation:**®

fer / lso2~  Jar €go,-

PCI’ . = — 5
-Cc1-
(o /650427 80,7 ¢Cl

(2)

where ¢; is the transport number of different ions, J; is the flux of
the ions and ¢ is the concentration of the solution in the dilute
cell. The parameter ¢; was calculated using following the
equation:
JiziFF

where z; is the ion charge, F is Faraday's constant and I is the
current.

The flux of ions was obtained from the change in concen-
tration of the ions on the dilute side according to:

pda

dt
Ji=— 4
" (@)
where V is the volume of the electrolyte solution in the dilute

compartment (100 mL), and 4 is the active area (19.625 cm?).

3 Results and discussion

3.1 Chemical structure and composition of modified porous
membranes

NF inspired asymmetric porous membranes were prepared via
a reaction between acylchloride groups and amines from PIP or
PDA sources (Fig. 1) by interfacial polymerization. The chemical
structure and elemental distribution of these modified porous
membranes were investigated by using FTIR and XPS.

The FTIR spectra results of PSf, PP,T, PP, PPT, and PPP;T
membranes are shown in the Fig. 5. The absorption bands at
1627 cm™ " are due to the C=C bond vibration of aromatic rings
(Fig. 5 PP) or vibration band of the amide C=0 groups (Fig. 5
PP,T, PPT and PPP;T).*” The comparison between the obtained
spectra for modified membranes with the pristine PSf indicates
the existence of PDA on the PP membrane surface. In addition,
new peaks at 1727 ecm ' (Fig. 5 PP;T, PPT and PPP;T, not
appearing in PP), are due to the stretching vibration band of the
carboxyl C=0 groups,*® which proves the successful interfacial
polymerization, and also shows that after TMC grafting there
were unreacted acyl chloride groups on the surface of the

RSC Adlv., 2018, 8, 30502-30511 | 30505
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Fig. 4 Schematic drawing of a four-electrode mode for monovalent anion permselectivity measurement.
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Fig. 5 FTIR spectra of the tested membranes.

membranes. Bands at 3386 cm ™, assigned to the vibration of
the O-H bond, suggest the presence of hydrophilic amine
groups, or carboxyl groups due to the hydrolysis of the acyl
chloride groups.

To determine the surface chemical properties, XPS was used
with about 10 nm detection effective depth limit.***® Fig. 6 and
Table 2 show the XPS spectra of PSf, PP;T, PP, PPT and PPP;T
membranes, and their surface elemental composition. For
comparison, the main corresponding elements (C, O, N, S) of
these modified porous membranes were measured under the
same conditions. Compared with PSf, the PP;,T membrane
exhibits a high content of nitrogen (N) (7.88 + 0.24% vs. 2.85 +
0.06%), as well as a high content of oxygen (O) (20.48 + 1.02%
v5.17.23 £ 0.86%). The higher content of O is mainly attributed
to the unreacted acyl chloride groups changing into carboxyl
groups by hydrolysis. In contrast, the sulfur (S) content dropped
from 2.21% to 0.89 as a result of the formation of a polyamide
layer on the surface of the PP;,T membrane. All these results
prove the reaction between PIP and TMC and the successful
interfacial polymerization process. The N content of the PP
membrane increased from 2.85 + 0.06% (PSf membrane) to
7.61 & 0.15%. A higher C/N molar ratio of 0.112 and a lower S
content of 1.06 were obtained. These results show the success-
ful formation of PDA layer over the PSf substrate. Then, after

30506 | RSC Adv., 2018, 8, 30502-30511

TMC grafting and subsequent hydrolysis treatment, the atomic
ratio of O/N increases up to 3.969 for the PPT membrane, as
shown in Table 1. Moreover, the O content increases from 24.86
+ 0.75% for the PP membrane up to 25.88 £+ 1.03% for the PPT
membrane, as a result of the introduction of carboxylic groups
formed from the hydrolysis of unreacted acyl chlorides.
However, the sulfur 2p signal as shown in Fig. 6(d) is still
detected on the PPT membrane surface, but the value decreases
from 1.06 £ 0.03% to 0.6 & 0.01%. This effect can be attributed
to the increment of membrane thickness due to the TMC
grafting.

Therefore, after PIP deposition and TMC grafting, the
nitrogen 1s signal of the PPP,T membrane shown in Fig. 6(e) is
stronger than that of the PPT membrane, while the nitrogen
content as well as the N/C ratio notably increased from 6.52 +
0.32% to 6.89 + 0.22%, and from 0.098 to 0.101 respectively. In
addition, the O content decreases from 25.88 + 1.03% to 23.73
=+ 0.44%, because of the presence of PIP molecules onto the PP
membrane surface deposited via Michael addition.

3.2 SEM and AFM analysis

The surface and cross-section SEM morphologies of these
modified porous membranes are shown in Fig. 7. It can be
indicated the PDA modified membrane exhibited a relatively
smooth surface (Fig. 7c) compared with others modified
membranes. Moreover, small PDA nanoparticles formed during

35000 - Cis

30000 S2p
25000
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15000

10000

Intensity (cps)
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800 600 400 200
Binding Energy (eV)

Fig. 6 XPS spectra of PSf (a), PPT (b), PP (c), PPT (d), PPPT (e)
membrane surfaces.

This journal is © The Royal Society of Chemistry 2018
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Table 2 XPS elemental analyses of PSf, PPT, PP, PPT and PPP,T membranes

Sample C 1s (%) N 1s (%) O 1s (%) S 2p (%) N/C O/N
PSf 77.18 £ 2.3 2.85 £ 0.06 17.23 + 0.86 2.21 £+ 0.04 0.037 6.045
PP, T 70.2 + 3.5 7.88 +£0.24 20.48 + 1.02 0.89 4+ 0.02 0.112 2.599
PP 65.50 £ 1.9 7.61 £ 0.15 24.86 £+ 0.75 1.06 £ 0.03 0.116 3.267
PPT 66.53 + 1.3 6.52 + 0.32 25.88 + 1.03 0.6 + 0.01 0.098 3.969
PPP;T 68.14 £+ 1.0 6.89 £+ 0.22 23.73 £ 0.44 0.77 £ 0.01 0.101 3.444

Fig.7 Surface sectional SEM micrographs of PSf (a), PP;T (b), PP (c), PPT (d) and PPP;T (e); cross sectional SEM micrographs of PSf (aj), PP;T (by), PP

(ca), PPT (d1) and PPPT (ey).

the oxidation process of dopamine also appeared on the PP
membrane. The membranes modified by interfacial polymeri-
zation (Fig. 7b, d and e) show a typical nodular structure, mainly
resulting from the cross-linking of reactive monomers of PIP,
PDA and TMC. The cross-sectional morphologies of PSf, PP;T,
PP, PPT and PPP;T membranes are shown in Fig. 7a;-e,. The PSf
membrane (Fig. 7a,) displays a type of asymmetric membrane
morphology by the composition of a skin layer on the top and
a finger-like porous layer at the bottom. No large morphological
changes between the PSf membrane (Fig. 7a;) and the modified
membrane were observed, indicating that the PDA coating
procedure did not considerably alter the structure of the PSf
support layer. As shown in Fig. 7b,, d; and e, a dense polyamide
layer was formed on the PP;T, PPT and PPP;T membrane after
TMC coating. It is difficult to distinguish the polyamide layer of
the skin layer and the support layer in these membranes, which
indirectly suggests a good adhesion between the modified
support and the polyamide layer.*”

Fig. 8 shows the three-dimensional (3D) AFM surface images
of PSf, PP;T, PP, PPT and PPP;T membranes. It can be found that
the PP,T membrane has the highest average roughness (R,) in
comparison with other membranes. In addition, the PDA
modified membranes have the lowest value of R,, which is very
consistent with the SEM images (Fig. 7). After PDA addition, the
R, value shows a significant reduction from 59.4 to 9.22 and
11.0 (Fig. 8d and e) compared with the conventional interfacial
polymerization membrane (PP;T). From Fig. 8a, it can be seen
that the PSf membrane surface has a high roughness with
several obvious “peaks” and “valleys”, so after PDA coating, the
particles of PDA can fill the valleys of the PSf membrane

This journal is © The Royal Society of Chemistry 2018

smoothen the surface of the PP membrane.*® Nevertheless, after
PIP and TMC coating, the average roughness (R,) increased to
9.22 nm for PPT and 11.0 nm for the PPP;T membrane. More-
over, the different roughness values estimated for the PP, PPT
and PPP;T membranes are in agreement with the surface
structures of these membranes observed by SEM (Fig. 7(c)-(e)).

3.3 {-potential and contact angle

Surface charge properties are very important for monovalent
anion selective membranes. Nanofiltration inspired porous
membranes with negatively charged surfaces were prepared and
designed to improving the permselectivity. For this reason, the
surface charged properties and hydrophilicity of these porous
membranes were investigated by the {-potential and water
contact angle, as shown in Fig. 9 and 10.

Fig. 9 presents the {-potential of the PSf, PP;T, PP, PPT and
PPP;,T membranes at pH 6.5. All these modified porous
membranes emerge a negative {-potential because of the pres-
ence of negative charged functional (hydroxyl or carboxyl)
groups on the membrane surface. The membranes modified by
TMC show a stronger negative charge than PDA modified
membranes, due to the weaker negative charge of phenolic
hydroxyl groups (PDA) compared with carboxylic groups (TMC).
The PP membrane was successively coated by PIP and TMC, and
the {-potential value significantly increased to —41.29 mV for
the PPP;T membrane. This variation could be attributed to the
increment of the amount of carboxylic groups as a result of the
addition of PIP, which was demonstrated by ATR-IR in Fig. 5.
Moreover, the {-potential of PP;,T membrane is higher than

RSC Adv., 2018, 8, 30502-30511 | 30507
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Fig. 8 AFM micrographs of PSf (a), PPT (b), PP (c), PPT (d) and PPP;T (e).

PPP,T membrane, because of the existence of negative PDA layer
on the PPP,T membrane.

The water contact angle is a very important parameter to
describe the surface hydrophilicity of membranes. The water
contact angle values of these different modified porous
membranes are shown in Fig. 10. The bare PSf has the highest
contact angle due to its relatively hydrophobic character.
However, after PDA modification, the contact angle decreased
from 74.1° for the PSf membrane to 61.9° for the PP
membrane, which suggesting an improved membrane hydro-
philicity as a result of PDA coating, because of hydrophilic
groups occurring onto the PDA layer. Moreover, when the PP
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Fig. 9 The {-potential of different membranes at pH round 6.5.
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membrane was successively coated with PIP and TMC, the
water contact angle decreased to 51.4° for the PPPT
membrane. As result of the interfacial polymerization reaction
between PDA layer, PIP layer and TMC, more hydrophilic
groups are formed on the surface of the modified membrane.
As for the traditional interfacial polymerization modified PP;T
membrane that has the lowest water contact angle value of
45.8°, which indicates the most hydrophilic groups are formed
on the surface of it. All the observed changes in the surface
characteristics of the tested membranes ({-potential and
hydrophilicity) confirm the success of the membrane surface
modifications.
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Fig. 10 The water contact angle for different types of membrane.
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3.4 Membrane resistance

The membrane resistance is a parameter of great concern for
ion exchange membranes performance. These materials are
usually made of a polymer backbone carrying ion exchange
groups; the membrane resistance enhances with decreasing ion
exchange groups. As for anion exchange membranes, the ion
exchange groups are usually quaternary ammonium groups.*’
However, the modified membranes used in this work consist of
a porous PSf membrane and a dense top layer, so there are no
ion exchange groups in the chemical structure of these
membranes. Therefore, the membrane resistance values of
those membranes are relatively higher than those of traditional
anion exchange membranes (the membrane resistance could be
decreased by decreasing the thickness of modified layers and
based membranes). Fig. 11 shows the membrane resistance
values obtained for membranes tested in this work. The bare
membrane (PSf membrane) has the lowest membrane resis-
tance of 8.84 Q cm” compared to the other four membranes, but
is still higher than that of a conventional homogeneous AEM
membrane because it is an uncharged porous UF membrane.
Moreover, the membrane resistance distinctly increases from
8.84 Q cm” for the PSf membrane to 11.48 Q cm” for the PP
membrane after PDA coating. The increasement of membrane
resistance is mainly belonged to the existence of a dense and
negatively charged PDA layer on the surface of the membrane
under alkaline and aerobic conditions. The PDA layer favors the
migration of monovalent anions through the membrane but
hinders the multi-valent anions.*** However, after TMC coating,
the membrane resistance decreased from 11.48 Q cm? for the
PP membrane to 10.42 Q cm” for the PPT membrane. It is ex-
pected that as a result of the TMC coating the membrane
surface became denser, leading to an increase of the membrane
resistance. However, the presence of unreacted acyl chloride
groups with negative charged carboxylic acid groups in its
chemical structure promotes the transport of cations, affecting
negatively the membrane resistance. Moreover, the membrane
resistance mildly increases from 10.42 Q cm? for PPT to 11.39 Q
cm? for the PPP,T membrane, which indicates that a much
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Fig. 11 The membrane resistance values of different membranes.
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denser layer of PPP;T is formed after coating with PIP and TMC.
As for the TFC membrane (PP;T), which is prepared by interfa-
cial polymerization, the highest membrane resistance (13.42 Q
cm?) is observed because of the increased thickness and the
amount of the modified layers added (Fig. 7b and b,).

3.5 Mono/multi-anion selectivity

To indicate the differences in anion mobility among these
modified porous membranes in this work, they were tested by
electrodialysis a NaCl/Na,SO, mixed solution. The permse-

lectivity (Psc(l)qz,

) of the surface modified porous membranes is
shown in Fig. 12. Under the same experiment condition, the
permselectivity of commercial monovalent selective anion
exchange membrane (NEOSEPTA® ACS were purchased from
ASTOM Corp., Japan) is 10.86 (although, it is higher than the
optimized membrane (3.1), the work is still meaningful for
experiment research). On the one hand, it is clear that all
modified porous membranes have an excellent permselectivity
ranging from 1.42 for PP;T to 3.1 for PPP;T. This effect
demonstrates the feasibility and validity of modified porous
membranes to be used as monovalent selective anion
membranes. On the other hand, for the modified membrane
based on PDA, the PPP;T membrane showed a higher permse-

lectivity (PC‘

50, = 3.1) in comparison with the PPT membrane

(chl);z, = 2.41) and the PP membrane (PSC');Z, = 1.79). This

can mainly be ascribed to surface charge properties (zeta
potential), displayed in Fig. 9, which determine the permse-
lectivity of the membranes illustrated in Fig. 12. The increment
of the active layer density could be an additional reason to
explain the observed permselectivity increase. Compared with
the PP membrane, the modification proposed for PPT and
PPP,T membranes yield a much denser structure of the active
layer for improving the permselectivity, as shown in Fig. 7.
Therefore, as result of the synergistic effect of the sieving
mechanism and electrostatic repulsion, the PPP;T membrane

3.5

R Permselectivity | 3T.1
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Y 204 179 \
I Ne) =
(917}
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R s . \\
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0.5
0.0 \
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PPT PPP,T

Fig. 12 The permselectivity coefficient of chlorine ion against sulfate
ion of different membranes at time of one hour.
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has the highest permselectivity (PSC(I);Z,

>. Thirdly, it is inter-
esting to note that the modified porous membrane (PP;T) based
on TMC and PIP by conventional interfacial polymerization has
a lower permselectivity than the modified membranes based on
PDA, although the former membrane has an even more negative
charge. The upper layer density determines the enhanced
permselectivity of the modified membranes. The conventional
membrane preparation procedure based on the interfacial
polymerization endows the active layer with a loose structure,*
as shown in Fig. 7b and 8b. Furthermore, the modified porous
membranes are chosen as monovalent selective anion
membranes in order to benefit from the synergistic effect of
sieving and electrostatic repulsion mechanism.

To further indicate the permselectivity performance of these
modified porous membranes, the optimized membrane (PPP;T)
was used a sample to conduct a two hours electrodialysis
experiment. The Cl~ and SO,>  concentration of the dilute
compartment along with time by using the mixed anions solu-
tion (Cl/SO,>7) are shown in the Fig. 13. It is easy to find that
the SO4>~ concentration is always higher than the CI~ concen-
tration in the dilute cell at the same time during the electrodi-
alysis process, which indicates that NF membrane inspired
asymmetric porous membranes are potential to use as mono-
valent selective anion exchange membranes in ED process.

Meanwhile, the change of ion concentration in the dilute cell
also indicates the modified porous membranes have the ability
of desalination. The mechanism of the desalination perfor-
mance is described that: as we all know, the ED is conducted by
a series of alternating cation-exchange and anion-exchange
membranes arranged between cathode and anode, with the
help of electricity to realize purpose of desalination. Neverthe-
less, in this work the membranes used in the ED process are
porous and non-ion exchange membranes. From the Fig. 13, it
is easy to find that these porous modified membranes used in
the ED process have the ability of desalination. Because these
modified membranes have porous structure, which is profitable
to transmit the ions and increase the ion flux. Moreover, these
porous membranes were modified by the a mussel-inspired
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0.040

PPP.T membrane

Concentration/mol/L

0.035

0.030

T T T T T
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Time /min

Fig. 13 Time-dependent concentration of Cl™ and SO42~ in the dilute
compartment during ED.
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“bio-glue” PDA layer and carboxylic polyamide layer, so the
presence of unreacted acyl chloride groups with negative
charged carboxylic acid groups in its chemical structure are
used as ion exchange groups to increase the ability of desali-
nation performance, which is proved by the decrement of the
membrane resistance (Fig. 11, PPT).

4 Conclusions

New NF membrane inspired asymmetric porous membranes
were prepared for being used as monovalent selective anion
membranes. Membranes were prepared by controlling the
specific surface properties with a mussel-inspired “bio-glue”
PDA layer and a dense polyamide layer. In order to evaluate the
monovalent anion selectivity of these modified porous
membranes, ED operation for a CI7/SO,>~ mixture was studied.
The results show that these modified porous membranes
exhibit an excellent monovalent anion permselectivity, influ-
enced substantially by the membrane surface properties. The
permselectivity of the asymmetric porous membrane modified
by adding a PDA layer and a dense polyamide layer leads to

a more than two-fold improvement in performance

(PSC(I);Z, = 3.1), compared with the conventional membrane by

interfacial polymerization of piperazine (PIP) and trimesoyl

chloride (TMC) (Pcr = 1.42). This synergistic interaction

S0,2~
between the sieving mechanism and electrostatic repulsion is
a key parameter for the selective transport of monovalent/
multivalent anions. Moreover, this work would give us more
inspiration to fabricate porous monovalent selective anion
exchange membranes in the future.
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