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Heavy metal pollution is one of the most serious environmental problems. Nanofiltration is an effective and potential membrane

separation technology for removal of heavy metal ions from water. However, the separation performance and chlorine resistance

of the nanofiltration membrane should be further improved in industry. In this study, positively charged polyamide (PA-PDMC)

nanofiltration membranes were fabricated to remove heavy metal ions from water. The obtained membrane had high flux and

chlorine resistance by grafting methacryloxyethyltrimethyl ammonium chloride (DMC) on the surface of 2-bromoisobutyryl

bromide (BIBB) immobilized polyamide (PA-Br1) membranes via surface-initiated atom transfer radical polymerization (SI-

ATRP). The retentions to divalent cations of the as-prepared PA-PDMC membrane was above 90% with the flux of 82.5 L m-2

h-1. Furthermore, the PA-PDMC membrane showed a stable separation performance during a long-time filtration process of

168 h, which exhibited an exceptional chlorine resistance.
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ABSTRACT: Heavy metal pollution is one of the most serious environmental problems. Nanofiltration
is an effective and potential membrane separation technology for removal of heavy metal ions from wa-
ter. However, the separation performance and chlorine resistance of the nanofiltration membrane should
be further improved in industry. In this study, positively charged polyamide (PA-PDMC) nanofiltration
membranes were fabricated to remove heavy metal ions from water. The obtained membrane had high flux
and chlorine resistance by grafting methacryloxyethyltrimethyl ammonium chloride (DMC) on the surface of
2-bromoisobutyryl bromide (BIBB) immobilized polyamide (PA-Br1) membranes via surface-initiated atom
transfer radical polymerization (SI-ATRP). The retentions to divalent cations of the as-prepared PA-PDMC
membrane was above 90% with the flux of 82.5 L m-2h-1. Furthermore, the PA-PDMC membrane showed a
stable separation performance during a long-time filtration process of 168 h, which exhibited an exceptional
chlorine resistance.
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. 1. INTRODUCTION

Heavy metal ions separation is a crucial procedure for industrial wastewater treatment.1,2 Among various
separation methods, membrane technology is emerging as a promising resolution to address this challenge
because of their energy efficiency and environmental-friendly.3 Given the size and charge property of heavy
metal ions, nanofiltration membranes are suitable due to its synergetic separation mechanisms involving steric
hindrance effect and electrostatic repulsive effect.4-6Nowadays, polyamide thin film composite membranes
fabricated by interfacial polymerization have experienced significant progress, which was regarded as the
state-of-the-art technology to prepare nanofiltration membrane.7,8However, most commercially polyamide
nanofiltration membranes are negatively charged and unsuitable for water softening and heavy metal ions
removal.9,10 On the other hand, membrane fouling especially biofouling is an inevitable problem during
the practical application process.11To minimize the influence of fouling on a membrane, chlorine or other
oxidants were added to the feed, which may also result in degradation of polyamide membranes associated
with performance deterioration.12,13 For prolong the life of polyamide thin film composite membranes, two
novel zwitterionic amide monomers were synthesized to prepare antifouling polyamide nanofiltration mem-
branes in which the hydration layer built by zwitterionic group resulted in outstanding anti-adhesion perfor-
mance toward bacteria and protein.14,15 Meanwhile, constructing zwitterionic top layer by surface grafting
to polyamide active layer can also effectively improve the anti-fouling property of membranes.16-18Moreover,
tetrakis(hydroxymethyl) phosphonium chloride (THPC) was exploited in surface modification of polyamide
nanofiltration membranes which were endowed with powerful capacity to destroy a series of microorgan-
isms and extremely high water permeability.19 Besides, improving the stability of polyamide membranes in
the presence of active chlorine is another efficient method. Hence, there is an intense need for fabricating
positively charged polyamide membranes with high separation performance and strong chlorine resistance.20

Currently, great efforts have been taken to fabricate positively charged polyamide nanofiltration membranes.
For example, Ruaan et al.21 selected hyperbranched polyethyleneimine (PEI) as polyamine monomers to
prepare positively charged polyamide nanofiltration membranes by interfacial polymerization. The water
permeability and retention to MgCl2 of the membranes were 9.5 L m-2h-1 bar-1 and 80%, respectively. For
the further enhancement of membrane performance, poly(dopamine) modified multiwall carbon nanotubes
were embedded in PEI.22 The water permeability and retention to MgCl2 were both improved, which reached
to 15.3 L m-2h-1 bar-1 and 91.5%, respectively. Positively charged nanofiltration polyamide nanofiltration
membranes were also fabricated by changing the organic solvent in the process of interfacial polymerization.
The resulting rejection to CaCl2 achieved 95.1% with the flux of 12.7 L m-2 h-1 bar-1, which resulted from the
enhancement of diffusion rate and solubility for piperazine (PIP).23 Besides, surface modification has proved
to be another effective method for building positively charged nanofiltration membrane. For instance, PEI
was used to modify polyamide membranes through grafting techniques.24 Chung et al.25 fabricated surface-
modified positively charged polyamide nanofiltration membranes by grafting poly(amidoamine) dendrimer on
the surface of m-phenylenediamine/trimesoyl chloride hollow fiber membranes for heavy metal ions removal.
The retentions to most divalent cations of the membranes were as high as 99% with the water permeability
of 3.6 L m-2 h-1bar-1. These membranes exhibited excellent separation performance for divalent cations.
However, all of these positively charged polyamide nanofiltration membranes contained amide groups, which
would be oxidized when active chlorine was present. It resulted in significant performance degradation of
polyamide membranes and therefore decreased the lifetime of the membranes.13 Up to now, tertiary amide
bonds has been demonstrated to possess obvious stability in the presence of oxidants.26,27 Therefore, the
substitution of tertiary amide for secondary amide in terms of polyamide membrane is one of the effective
methods to optimize chlorine resistance. On the other hand, protective or sacrificial layers were constructed
by surface modification of polyamide membrane to resist the attack of active chlorine effectively.28-30 How-
ever, because of chemical cross-linking and chain transfer in free radical polymerization, the thickness of
the surface modification layers was increased to reduce the water flux.31 Therefore, another challenge in
surface modification of polyamide nanofiltration membranes is to introduce positively charged groups in the
separation layer without sacrificing water flux.32

Surface-initiated atom transfer radical polymerization (SI-ATRP) is a “living” radical polymerization pro-
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. cess, which can precisely control the graft length and density of polymers on the membrane surface.33

Compared with other surface modifications, the SI-ATRP process reduces chain transfer and inhibits cross-
linking of surface modification layers, which is a benefit for maintaining high water flux. In this study,
2-bromoisobutyryl bromide (BIBB)-immobilized polyamide (PA-Br1) membranes were prepared with PIP,
TMC, and BIBB through interfacial polymerization. Subsequently, positively charged polyamide (PA-
PDMC) thin film composite nanofiltration membranes with high flux and chlorine resistance were prepared
through SI-ATRP. The structure, chemical property and separation performance of the membranes can be
adjusted by varying the ATRP time. This work will be helpful to explore membranes with high flux and
chlorine resistance for heavy metal ions removal.

2. EXPERIMENTAL SECTION

2.1. Materials.

Piperazine (PIP, 99%), trimesoyl chloride (TMC, 98%) and methacryloxyethyltrimethyl ammonium chlo-
ride (DMC, 80% aqueous solution) were purchased from TCI (Shanghai) Development Co., Ltd. Sodium
hydroxide (NaOH, 96%), sodium hypochlorite (NaClO, active chlorine concentration 5.2%), sodium sul-
fate (Na2SO4, 99%), sodium chloride (NaCl, 99.5%), magnesium sulfate (MgSO4, 98%), magnesium chlo-
ride (MgCl2, 98%), calcium chloride (CaCl2, 96%), copper chloride (CuCl2, 99%), zinc chloride (ZnCl2,
98%), polyethylene glycol (PEG, molecular weight 200, 300, 400, 600, 800 and 1000 Da), hexane (97%)
and methanol (99.7%) were obtained from Sinopharm Chemical Reagent Co., Ltd., Shanghai, China. 2-
Bromoisobutyryl bromide (BIBB, 98%), 2, 2’-bipyridyl (BPY, 99%), copper (II) bromide (CuBr2, 99%),
copper (I) bromide (CuBr, 99.999%), and poly(ethyleneimine) (PEI, 50% aqueous solution, molecular weight
10 kDa), were obtained from Sigma-Aldrich Co., Ltd. All the materials were used as received without any
further purification. Deionized water (18 MΩ cm) was used in all experiments. Polysulfone ultrafiltration
supporting membranes (PSF-UF, molecular weight cut-off 20 kDa) were kindly provided by the Development
Centre of Water Treatment Technology, Hangzhou, China.

2.2. Preparation of PA-Br membranes.

As shown in Figure 1, the PA-Br membranes were prepared by interfacial polymerization of bromopolyamide
onto the PSF-UF membrane. The PSF-UF membrane was immersed in an aqueous phase containing 0.35
wt% PIP and 0.01 mol L-1 NaOH for 5 min. Then, the excess solution was removed from the membrane
surface. Subsequently, the PIP-saturated support membrane was immersed in the hexane phase containing
0.20 wt% TMC and BIBB for 2 min to form the ultrathin bromopolyamide selective layer. After removing
the excess organic solution, the resulting membrane was cured at 60 oC for 10 min. Finally, the prepared
PA-Br membranes were washed thoroughly with methanol and water. The PA-Br membranes were stored in
a cool, dark place in 50 vol% methanol-water which was replaced weekly to prevent bacteria breeding. As the
chemical structure of PA-Br shown in Figure 1, the cross-linking, linear, and end extent of PA-Br membrane
was denoted by x, y, and z, respectively. Herein, BIBB concentration in hexane was selected as 1.00 wt%
to achieve an optimal separation performance in terms of both flux and retention.17 The corresponding
membrane was named as PA-Br1.

2.3. Preparation of PA-PDMC membranes.

The PA-PDMC membranes were prepared by SI-ATRP of DMC on the surface of PA-Br1 membranes
(Figure 1). Firstly, three pieces of PA-Br1 membranes were placed into a flask under nitrogen protection.
40 mmol DMC, 12 mmol BPY, 1 mmol CuBr2, and 5 mmol CuBr were first dissolved in 125 mL 50 vol%
methanol-water and the solution was then transferred into the flask after being purged with nitrogen for
30 min. Then, the reaction mixture in the flask was stirred at room temperature for a predetermined time
(ATRP time). The reaction was terminated by exposing the mixture to air. Finally, the prepared PA-PDMC
membranes were washed thoroughly with methanol and water. The PA-PDMC membranes were stored in a
cool, dark place in 50 vol% methanol-water which was replaced weekly to prevent bacteria breeding. Herein,
the corresponding membranes were named as PA-PDMCt membranes, where t represents the ATRP time
(0.2, 0.5, 1.0, 3.0, and 8.0 h). To compare with the PA-PDMC membranes, the control membrane denoted
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. by PA was generated with PIP and TMC by the same interfacial polymerization process. The concentration
of PIP and TMC was selected as 0.35 wt% and 0.2 wt% to achieve a good separation performance according
to our previous study.14,34

Figure 1. Synthetic scheme for preparing PA-PDMC membrane via interfacial polymerization (PIP/water
concentration = 0.35 wt%, water solution additives: 0.01 mol L-1 NaOH, TMC/hexane concentration = 0.20
wt%, reaction time = 2 min, cured at 60 oC for 10 min) and subsequently surface-initiated atom transfer
radical polymerization (DMC: 40 mmol, BPY: 12 mmol; CH3OH-Water (V/V = 1): 125 mL, CuBr2: 1
mmol, CuBr: 5 mmol).

2.4. Membrane characterization.

All the membrane samples were flushed with water and dried thoroughly at 25 oC under vacuum for 24 h prior
to characterization. Chemical structures of membranes were characterized by attenuated total reflectance
Fourier transform infrared spectroscopy (ATR-FTIR, Nicolet 6700, Thermo Fisher Scientific, USA) with a Ge
crystal as the internal reflection element with an angle of incidence of 45o. Atomic compositions of membrane
surface were determined by X-ray photoelectron spectroscopy (XPS, Escalab 250Xi, Thermo Fisher Scientific,
USA). All binding energies were referred to the C (1s) peak at 284.6 eV.35 The Zeta potential of membranes
was characterized by an electrokinetic analyzer (SurPass, Anton Paar GmbH, Austria). The Zeta potential
test was conducted with 1.0 mmol L-1 KCl aqueous solutions at 25 °C and pH ranging from 3.0 to 10.0. Surface
Zeta potential was determined from streaming current data using the Helmholtz-Smoluchowski equation.
The data presented are the average values of the four tests. The cross-section and surface morphology of
membranes were characterized by field emission scanning electron microscopy (FESEM, S4800, HITACHI,
Japan). Membranes were fractured in liquid nitrogen to examine their cross-section structures. SEM samples
were sputter-coated with gold and analyzed at a voltage of 3 kV. Membrane surface roughness was analyzed
using multimode atomic force microscopy (AFM, SPI3800N, Seiko Instruments Inc., Japan) in tapping
mode at room temperature in the air atmosphere. The surface roughness of each membrane was quantified
in terms of the measured root mean square (RMS) roughness. The surface hydrophilicity of membranes was
evaluated from dynamic water contact angle measurements (OCA 20, Data Physics Instruments GmbH,
Germany) using the sessile drop method at ambient temperature. The highest and the lowest equilibrium
angles tested in five random locations were discarded and the remaining data were averaged.

2.5. Nanofiltration performance.

Water flux and solute retention of PA-PDMC membranes were investigated with a cross-flow nanofiltration
apparatus (Figure 2). The membranes were pre-filtrated with water at 25 oC and 0.6 MPa to reach a steady-
state before testing. Then the solute retention was measured with PEG and inorganic salts aqueous solution
respectively. The permeate was reclaimed to keep the concentration of the feed. Between each different feed
solution test or after completing the tests, the membranes were rinsed thoroughly with water. The water
flux (J) and solute retention (R) were calculated by the following Eqs. (1) and Eqs. (2):

J = V
A•t (1)

4
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. R =
(

1 − CP

CF

)
× 100% (2)

where V (L) is the volume of permeation over a time interval Δt (h), A is the effective area of the membrane
(22.4 cm2), CP and CF (g L-1) are the solute concentrations of the permeate and feed, respectively. The
solute concentrations were determined from conductivity (FE30, Mettler-Toledo, Switzerland) for inorganic
salts or total organic carbon analysis (TOC-L, Shimadzu, Japan) for PEG. Each membrane was examined
at least three times and the average was recorded as the result.

Figure 2. Schematic illustration of a cross-flow nanofiltration apparatus.

3. RESULTS AND DISCUSSION

3.1. Chemical structures of PA-PDMC membranes.

Figure 3(a) presents ATR-FTIR spectra in the wavenumber range of 900-2100 cm-1 of the PA-Br1 membrane
and PA-PDMC membranes grafted via SI-ATRP for a different time. For the spectrum of PA-Br1 membrane,
the characteristic peaks appearing at 1621, 1242, and 1106 cm-1 are assigned to stretching vibrations of
the amide carbonyl (-CON<) of bromopolyamide and sulfone group (O=S=O) on the PSF-UF support
membrane. After grafting PDMC on the surface of the PA-Br1 membrane, new peaks at 1726 and 955 cm-1

appeared in the spectrum of the PA-PDMC membrane, which were characteristic peaks of the ester carbonyl
(-COO-) and quaternary ammonium group (>N+(CH3)2) on DMC, respectively. Moreover, for the spectra
of the PA-PDMC membrane, the intensity of ester carbonyl (1726 cm-1) increases with increasing the ATRP
time from 0.2 to 8.0 h. Since the depth of the reflected IR beam in the ATR-FTIR technique is typically
somewhat below 1 μm, the peaks of the PSF-UF support are visible after interfacial polymerization and
SI-ATRP indicates that the selective layer of PA-PDMC membrane is thinner than 1 μm.36 Furthermore,
the N1s core-level XPS spectra of the PA-Br1 and PA-PDMC membranes were also collected. As shown in
Figure 3(b), for the N1s core-level XPS spectrum of PA-Br1 membrane, the emission peaks appearing at
399.3 eV are assigned as the binding energy of N1s of amide groups. After grafting PDMC on the surface of
the PA-Br1 membrane, the spectra of the PA-PDMC membrane shows the appearance of emission peaks at
402.0 eV, which is the characteristic peak of the binding energy of N+1s of quaternary ammonium groups.
Meanwhile, the intensity of N+1s increases with increasing the ATRP time from 0.2 to 8.0 h. Therefore, all
of these results demonstrate that PDMC was grafted on the surface of the PA-Br1 membrane via SI-ATRP,
and the DMC content on the membrane surface increases with increasing the ATRP time.

Hosted file

image3.emf available at https://authorea.com/users/469418/articles/562301-chlorine-resistant-
positively-charged-nanofiltration-membranes-formed-by-si-atrp-method-for-heavy-metal-

ions-removal
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. Figure 3. (a) ATR-FTIR spectra and (b) N1s core-level XPS spectra of PA-Br1 and PA-PDMC membrane
grafted via SI-ATRP for different time.

3.2. Surface and cross-section characterization of PA-PDMC membrane.

Apart from the chemical structures, the membrane morphologies were also changed after performing SI-
ATRP of DMC from the membrane surface. Figure 4 presents the surface morphologies of the PA-Br1 and
PA-PDMC membranes. The SEM and AFM images of PA-Br1 membrane surface (Figure 4(a)) show a
nodular morphology with an RMS value of 27.3 nm. However, the surface morphologies for the PA-PDMC
membrane are different, which exhibit a pancake morphology.37 As the ATRP time increases from 0.2 to 8.0
h, the RMS value of the PA-PDMC membrane increases from 33.1 to 157.6 nm ((Figure 4(b)-(f)).

Furthermore, an increasing variation on the selective layer thickness of the PA-PDMC membrane was also
characterized by SEM (Figure 5). As shown in Figure 5(a), the thickness of bromopolyamide selective layer
on the PA-Br1 membrane is about 190 nm. The thickness of the PA-PDMC membrane increases from 210
to 450 nm with increasing the ATRP time from 0.2 to 8.0 h ((Figure 5(b)-(f)). The differences in surface
morphologies and selective layer thickness between PA-Br1 and PA-PDMC membranes are probably ascribed
to the PDMC layer grafted on the PA-Br1 membrane. As far as we know, SI-ATRP is a “living” process.
The degree of polymerization and graft content of PDMC chains on the PA-Br1 membrane increases with
increasing the ATRP time over the whole SI-ATRP process, resulting in an obvious pancake morphology
and an increase in the selective layer thickness.38,39

Figure 4. SEM (×20.0k)/AFM images of different membranes: (a) PA-Br1 (RMS=27.3), (b) PA-PDMC0.2
(RMS=33.1), (c) PA-PDMC0.5 (RMS=56.1), (d) PA-PDMC1 (RMS=71.8), (e) PA-PDMC3 (RMS=104.7)
and (f) PA-PDMC8 (RMS=157.6).

6
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.

Figure 5. Cross-section (×40.0k) morphologies of different membranes: (a) PA-Br1, (b) PA-PDMC0.2, (c)
PA-PDMC0.5, (d) PA-PDMC1, (e) PA-PDMC3 and (f) PA-PDMC8.

The water contact angle (WCA) was used to investigate the hydrophilicity of PA-Br1 and PA-PDMC mem-
branes. As shown in Figure 6(a), the WCA of the PA-Br1 membrane is 56.8o. After grafting PDMC on
the surface of the PA-Br1 membrane, the WCA of the PA-PDMC membrane decreases from 50.0o to 30.6o

with increasing the ATRP time from 0.2 to 8.0 h. When ATRP time is more than 1.0 h, the WCA of the
PA-PDMC membrane is smaller than that of the PA membrane (39.0o). Moreover, the surface charge of
PA-Br1 and PA-PDMC membranes was evaluated with Zeta potential (Figure 6(b)). The Zeta potential of
the PA-Br1 membrane decreases with increasing the pH. The PA-Br1 membrane is positively charged in acid
aqueous solutions with low pH due to the adsorption of hydrogen ions. Subsequently, as the pH increases,
the carboxylic acid groups of PA-Br1 are deprotonated and hydroxide ions are adsorbed onto the membrane
surface in alkaline aqueous solutions, resulting in a negatively charged membrane.14 After grafting PDMC
on the surface of the PA-Br1 membrane, the Zeta potential of the PA-PDMC membrane keeps positively
charged. The isoelectric point of the PA-PDMC membrane increases with increasing the ATRP time. In a
word, after grafting positively charged PDMC from the surface of the PA-Br1 membrane, the hydrophilicity
and surface charge of the PA-PDMC membrane increases with increasing the DMC graft content on the
membrane surface.
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Figure 6. (a) Initial water contact angle of PA-Br1 membrane and PA-PDMC membranes grafted via SI-
ATRP for different time. (b) Zeta potential varies with pH of PA-Br1 membrane and PA-PDMC membranes
grafted via SI-ATRP for different time tested with 1.0 mmol L-1 KCl aqueous solution at 25 oC.

3.3. Separation performance of PA-PDMC membranes.

Apart from Zeta potential, the nanofiltration performance of PA-PDMC membranes for water softening and
heavy metal ions removal is associated with the molecular weight cut-off of the membrane. As presented
in Figure 7, the molecular weight cut-off of the PA-Br1 membrane is 370 Da. After grafting PDMC on the
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. surface of the PA-Br1 membrane, the molecular weight cut-off of the PA-PDMC membrane decreases from
350 to 240 Da with increasing the ATRP time from 0.2 to 8.0 h, which is probably ascribed to the increasing
selective layer thickness.

Figure 7. PEG retention curves of PA-Br1 membrane and PA-PDMC membranes grafted via SI-ATRP
for different time tested with 1 g L-1 PEG aqueous solutions (pH[?]7.0) at 25oC under 0.6 MPa (Insert:
molecular weight cut-off of PA-Br1 and PA-PDMCt).

The water flux and solute retentions of PA-PDMC membranes were investigated with water and 1 g L-1

inorganic salt aqueous solutions. As shown in Figure 8(a), the water flux of the PA-Br1 membrane was 33.0
L m-2 h-1. As the ATRP time increases, the water flux of the PA-PDMC membrane first increased and then
decreased (Figure 8(a)). When ATRP time was 0.5 h, the optimum water flux of the PA-PDMC membrane
was 102 L m-2 h-1. As the hydrophilicity increased, the water flux of the PA-PDMC membrane increased
with increasing the ATRP time from 0.2 to 0.5 h. Subsequently, a decrease in water flux was observed with
increasing the ATRP time above 0.5 h. The decrease in water flux was probably attributed to a decrease
in molecular weight cut-off of the membrane and the increase in selective layer thickness resulted from high
DMC graft content on the membrane surface.

As shown in Figure 8(b), the retentions to Na2SO4, MgSO4, MgCl2 and NaCl of PA-Br1 membrane were
98.1%, 89.0%, 54.2% and 35.0%, respectively. The retentions of PA-PDMC membranes changed a lot after
grafting PDMC from the surface of the PA-Br1 membranes. As far as we know, retentions to inorganic
salts of nanofiltration membranes are mainly dominated by the membrane surface charge and molecular
weight cut-off (pore size). As the surface charge increased, the retentions to Na2SO4 and MgSO4 of the PA-
PDMC membrane decreased with increasing the ATRP time from 0.2 to 0.5 h. Subsequently, an increase
in retentions to Na2SO4 and MgSO4 was observed with increasing the ATRP time above 0.5 h, which was
probably attributed to the decreasing molecular weight cut-off. For the retention of MgCl2, these two factors
mentioned above are both beneficial to improve retention to MgCl2. Consequently, the retention to MgCl2
increased from 72.0% to 94.9% with the ATRP time increasing from 0.2 to 8.0 h. Unlike the other testing
inorganic salts, retention to NaCl was primarily influenced by the molecular weight cut-off of the membrane,
and therefore, increased with increasing the ATRP time.
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Figure 8. Separation performance of PA-Br1 and PA-PDMC membranes grafted via SI-ATRP for different
time tested with 1 g L-1 Na2SO4, MgSO4, MgCl2 and NaCl aqueous solutions (pH [?] 7.0) at 25 oC under
0.6 MPa.

In addition, MgCl2, CaCl2, CuCl2, and ZnCl2 were used as model inorganic salts to evaluate the performance
of PA-PDMC membranes dealing with softening and heavy metal ions removal. As shown in Figure 9, the
water flux of the PA-PDMC3 membrane was 82.5 L m-2h-1. Compared with the PA membrane, the water flux
of the PA-PDMC3 membrane was 3.1 times as high as that of the PA membrane. The retentions to MgCl2,
CaCl2, CuCl2, and ZnCl2 of PA-PDMC3 membrane were 92.8%, 90.8%, 93.5% and 96.8%, respectively.
Consequently, the PA-PDMC3 membrane exhibited exceptionally higher water flux and retentions to divalent
cations than some other positively charged nanofiltration membranes published in recent years (Figure 10).

Figure 9. Separation performance of PA, PA-Br1 and PA-PDMC3 membranes tested with 1 g L-1 MgCl2,
CaCl2, 0.1 g L-1 CuCl2and ZnCl2 aqueous solutions at 25 oC under 0.6 MPa.

Figure 10. Comparative test results of water permeance and MgCl2 rejection for positively charged nanofil-
tration membranes published in recent years.4,21-23,25,40-50

3.4. Stability and chlorine-resistant property of PA-PDMC membranes.
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. The stability of the membrane is important for the application point of view.46,51 Therefore, a long-term test
of the PA-PDMC membrane was performed with 1 g L-1MgCl2 and 0.1 g L-1ZnCl2 aqueous solution at 25
degC and 0.6 MPa (Figure 11). Both the flux and solute retention to MgCl2 and ZnCl2 of the PA-PDMC3
membrane changed little during the long-term run.
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Figure 11. Effect of operation time on water flux and solute retention of PA-PDMC3 membrane tested
with 1 g L-1MgCl2 and 0.1 g L-1ZnCl2 at 25 oC and 0.6 MPa.

In the practical separation process, membranes are always exposed to the disinfectant which generally con-
tained active chlorine in the pretreatment process, the ability of chlorine resistance is directly relevant to
the lifetime of the membranes.52,53 To evaluate the chlorine-resistant property of PA-PDMC membrane, the
immersion testing method was used.54,55 The membranes were first immersed in an active chlorine concentra-
tion of 100 mg/L NaClO solution for a predetermined time and then tested for nanofiltration performance.
As shown in Figure 12, the water flux of the PA-PDMC3 membrane increased by 1.6 times and gradually in-
creased from 82.5 to 136 L m-2 h-1 after immersion in 100 mg/L active chlorine solution for 120 h. Meanwhile,
the retention to MgCl2 of the PA-PDMC3 membrane decreased gradually from 92.8% to 82.2%. However,
for PEI/TMC polyamide nanofiltration membranes (PEI/TMC, 0.7 wt% PEI aqueous solution, 0.2 wt%
TMC hexane solution), the water flux increased by 3.9 times and dramatically increased from 35.3 to 139 L
m-2h-1 after immersion in 100 mg/L active chlorine solution just for 2 h. At the same time, the retention
of MgCl2 for PEI/TMC decreased significantly from 93.2% to 70.6%. The chlorine-resistant property of the
PA-PDMC membrane demonstrated that the PDMC grafted onto the PA-Br1 membranes can act as a bar-
rier layer to prevent the inner PA layer from being attacked by chlorine directly, while not sacrifice water flux
due to the enhancement of hydrophilicity.30 Consequently, PA-PDMC membrane possessed an exceptional
chlorine-resistant property with high permeability and desired rejection of metal ions. In a word, PA-PDMC
membrane exhibited exceptional stability and chlorine-resistant property, which had a great potential to deal
with softening and heavy metal removal in freshwater production and wastewater purification processing.3,7

Figure 12. Chlorine resistance of PA-PDMC3 membrane under 100 mg/L active chlorine treatment, in-
cluding water flux and retention of 1 g L-1 MgCl2 aqueous solution.

4. CONCLUSIONS

The PA-PDMC membranes with high flux and chlorine resistance were fabricated by grafting DMC on
the surface of the PA-Br1 membranes via SI-ATRP. The graft content of PDMC, thickness, and surface
charge of the membranes were adjusted by varying the ATRP time. When ATRP time was 3.0 h, the
retentions to divalent cations of as-prepared PA-PDMC3 membrane was above 90% with the flux of 82.5
L m-2h-1. Furthermore, PA-PDMC membranes showed a stable and good separation performance during
a long-time filtration process of 168 h and exhibited an exceptional chlorine resistance. Therefore, this
work provided a controllable surface modification method to fabricate chlorine-resistant positively charged
polyamide nanofiltration membranes for removing heavy metal ions from water.
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