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Nanofiltration (NF) membranes with simultaneous high rejection of divalent cations and anions and high
water permeation were designed and fabricated via interfacial polymerization (IP) on three-channel
capillary ultrafiltration (UF) membranes. MWCNTs-COOH were modified with poly(amidoamine)
(PAMAM) and the as-synthesized MWCNTs-PAMAM were embedded into the inner polyamide skin-layer
of the NF membranes by incorporating them into a piperazine (PIP) aqueous solution, followed by IP
with trimesoyl chloride (TMC). The rigid MWCNTs and the dendrimer PAMAM molecules endow the as-
fabricated NF membranes with high porosity and good hydrophilicity. Additionally, the —NH, groups of
PAMAM introduce some positive sites into the polyamide layer. The as-prepared NF membranes with
incorporated MWCNTs-PAMAM exhibit a pure water flux of 487 L m™2 h™! and 92.6% and 88.5%
rejection for Na,SO4 and MgCl,, respectively, at 4 bar. Moreover, the NF membranes display high
rejection for sulfates and metal cations, including heavy metal ions. The practicability of the membranes
for mine-wastewater treatment was tested, and the membranes showed above 80% rejection of heavy
metals and solution flux of about 30 L m~2 h™% In addition, their separation performance and stability

were satisfactory during the long-term run. The high rejection of the membranes for metal cations is
Received 27th June 2018 ibed to the positive sites offered by MWCNTs-PAMAM and th b ince both
Accepted 4th August 2018 ascribed to the positive sites offered by S and the narrow membrane pores since bo

electrostatic repulsion and size exclusion play a role during membrane filtration. The good separation
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1 Introduction

The demand for clean water is a global issue due to water
pollution and population growth, and the production of fresh
water is currently a great challenge to society."* A sustainable
way to alleviate this issue is wastewater reclamation and reuse.
However, there are various contaminants in the wastewater
discharged by industries including textile, electroplating,
mining and coal-fired power plants. In particular, heavy metals
are a serious threat to human health and the ecosystem.**
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T Electronic supplementary information (ESI) available: The dispersion of original
and modified MWCNTs in PIP aqueous solution (Fig. S1), FTIR spectra of the
modified MWCNTs (Fig. S2), XPS spectra of the products of the original and
MWCNTs modified with TMC (Fig. S3), effects of MWCNTs-PAMAM content on
the performance of the NF membranes (Fig. S4), ATR-FTIR spectra of the
membranes (Fig. S5), the performance of MPCP versus operation pressure
(Fig. S6), membrane pure water flux vs. time (Fig. S7), adsorption capacity of the
NF membranes (Fig. S8), and element contents of the reaction products of the
original and MWCNTs modified with TMC (Table S1). See DOI
10.1039/c8ra05507f

This journal is © The Royal Society of Chemistry 2018

performance of the membranes for multivalent anions and heavy metal cations illustrates their potential
for applications in heavy metal wastewater treatment.

Soluble heavy metal ions are toxic and non-biodegradable and
they can accumulate in living organisms, causing diseases and
disorders.” The current regulatory limit of the U.S. Environ-
mental Protection Agency (EPA) for lead (Pb) is 15 ng mL ™" in
drinking water, whereas the WHO has set a lower limit of 10 ng
mL~" for Pb*".* Moreover, the Chinese government has estab-
lished stringent regulations for industrial wastewater discharge.
Thus, the removal of heavy metals from wastewater is
significant.

To remove heavy metals and recycle wastewater, diverse
processing methods, which have both advantages and disad-
vantages, have been exploited, such as chemical precipitation,
adsorption, ion exchange and membrane separation.”® Among
these methods, membrane filtration is an alternative tech-
nology that can work in continuous operation and cause no
secondary pollution; also, it can be used on both large and small
scales. These advantages demonstrate that the membrane
filtration technique has potential applications in the treatment
of wastewater containing heavy metal ions. Nanofiltration (NF)
membranes can effectively remove ions and small molecular
organics from water due to the separation mechanisms of the
Donnan effect and size exclusion. Heavy metals in wastewater
are mainly in the form of cations (e.g. Cd**, Pb**, and Cu**) and
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anions (e.g. Cr,0,° and AsHO,>”). Positively charged NF
membranes can effectively remove cations, but they exhibit low
rejection to anions due to the Donnan effect. Moreover, coun-
terions and suspended colloids can foul these membranes
during the filtration process because of the high surface charge
density of the membranes.”** Generally, negatively charged NF
membranes are not suitable for removing heavy metal cations
due to Donnan repulsion. Therefore, it is necessary to fabricate
novel NF membranes for the removal of heavy metals from
wastewater.

Ideal NF membranes for heavy metal removal should have
a separation layer that contains a dual-layer with a positively
charged underlayer and negatively charged upper layer. This is
beneficial for both removing heavy metal ions and alleviating
membrane fouling. A few researchers have focused on fabri-
cating these dual- or mixed-charged NF membranes for heavy
metal removal. Wu et al. prepared dual-charged NF membranes
with a polyvinyl chloride (PVC) UF membrane as the substrate
and piperazine (PIP) and trimesoyl chloride (TMC) as mono-
mers. The resultant membranes exhibited high rejection for
multivalent cations and anions; their rejection for 500 mg L™"
Pb>" was 95.7%." Fang et al. fabricated polyamide-based NF
membranes using PIP and polyethyleneimine (PEI) as mono-
mers for water softening. The rejection of their NF membranes
for MgCl,, MgSO, and Na,SO, was 96.3%, 93.8% and 77.4%,
respectively.” Furthermore, there are some reports on the
fabrication of NF membranes for cation and anion separation
through two cycles of interfacial polymerization (IP),** coating™*
and surface grafting." However, these NF membranes display
a low permeation flux. Furthermore, the sustainable separation
performance of NF membranes has rarely been reported.

Three channel-capillary membranes have unique advantages
as substrates, such as superb strength and larger lumen surface
areas compared with the traditional hollow fibers and flat
membranes, which have been reported in our previous study.'®
PIP is usually used to fabricate negatively-charged NF
membranes.””*®*  Poly(amidoamine) (PAMAM) dendrimer
consists of one central core, a branching structure and plentiful
peripheral amine groups. Due to its unique three-dimensional
structure and rich terminal amine groups, PAMAM can be
easily modified and designed for various functions.” It has
been proven that PAMAM can increase the positive charge
density and hydrophilicity of NF membranes.>® Permeability is
important to NF membranes, and there are two main ways to
achieve permeability: increasing the free volume and reducing
the thickness of the separation layer.”® Multi-walled carbon
nanotubes (MWCNTs) are confirmed to be effective in
improving membrane permeability by improving the micropo-
rosity of the selective layers.”>*® To the best of our knowledge,
there is no report on the use of composited MWCNTs-PAMAM
for the fabrication of NF membranes. In this study, MWCNTs-
PAMAM were synthesized and characterized. In addition,
a pathway for preparing NF membranes with a negatively
charged selective layer containing positive sites is presented.
PIP and MWCNTs-PAMAM were utilized as the monomer and
additive in aqueous solution, respectively. The rigid MWCNTSs
and hydrophilic PAMAM endow the NF membranes with good

29456 | RSC Adv., 2018, 8, 29455-29463

View Article Online

Paper

permeability. In addition, the abundant -NH, groups from
PAMAM introduce positive sites into the selective layer of the as-
prepared NF membranes. Furthermore, the effects of MWCNTSs-
PAMAM on the performance of the NF membranes were
investigated. The as-fabricated NF membranes with an inner
skin layer were used to separate heavy metals, and their long-
term stability for the treatment of mine-wastewater was tested.

2 Experimental
2.1 Materials

Polyethersulfone (PES) capillary ultrafiltration (UF) membranes
with three channels (pure water permeability 161 L m > h™*
bar!) were self-made and used as the substrate. Piperazine
(PIP, GR) was obtained from Sigma-Aldrich. Trimesoyl chloride
(TMC, =98%) was purchased from Qingdao Benzo Chemical
Co., China. Carboxyl-functionalized MWCNTs (purity > 95 wt%,
-COOH content 3.86%, and outer diameter < 8 nm) were
purchased from Shenzhen Nanotech Port Co. Ltd. Poly(amido-
amine) (PAMAM, G4, M,, = 14 215 g mol ', diameter = 4.4 nm)
were provided by Weihai CY Dendrimer Technology Co., Ltd,
China. N-Hydroxysuccinimide (NHS) and N-(3-dimethylamino-
propyl)-N'-ethylcarbodiimide hydrochloride (EDC HCI) were
purchased from Aladdin Reagent Company (Shanghai, China)
and used directly. Hexane, ethylene glycol, diethylene glycol,
sucrose, PEG 400, PEG 600, HCI (33.6-38.6%), HNO; (65%), and
salts including Na,SO,, MgSO,, MgCl,, NaCl, Fe,(SO,)s, FeCls,
CuCl,, CuSO,4, Cu(NO;), and Pb(NO3), were of analytical grade
and provided from Sinopharm Chemical Reagent Co. Ltd.
(China).

2.2 Modification of MWCNTSs

MWCNTSs-PAMAM were prepared (shown in Scheme 1) accord-
ing to the study reported by Gu et al.*® Briefly, 600 mg EDC HCI
and 400 mg NHS were added to 100 mL aqueous solution
containing 0.2 g MWCNTs-COOH in an ice bath with ultrasonic
treatment for 5 min. Then, 10 mL PAMAM aqueous solution
(20 mg mL™") was added. The pH of the mixture was adjusted to
6-7 using HCI. After the reaction at 25 °C for 24 h, MWCNTs-
PAMAM was purified using a 0.8 pum filter. The residue was
washed with plenty of deionized (DI) water and then freeze
dried.

2.3 Membrane fabrication

The NF membranes were fabricated via IP, as schematically
shown in Scheme 2. The detailed fabrication process was
described in our previous study.'® All the NF membranes with

PAMAM 4.0G
e
EDC-HCI +NHS

& H
Foie: N
F\CO/ Nl-l\ggigtg \CO %

Scheme 1 Schematic showing the synthesis of MWCNTs-PAMAM.

This journal is © The Royal Society of Chemistry 2018
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an inner skin layer were prepared with PIP 1.0% (w/v), TMC
0.15% (w/v), aqueous solution immersion time of 3 min, reac-
tion time of 15 s and heat treatment at 80 °C for 8 min. The as-
fabricated NF membranes with an effective length of 50.3 cm
were stored in DI water. The substrate and NF membranes
prepared with PIP (1.0% (w/v)), PIP/MWCNTs-COOH (1.0% (w/
v)/0.05% (w/v)), PIP/PAMAM (1.0 (W/v)%/0.05% (w/v)), and PIP/
MWCNTSs-PAMAM (1.0% (w/v)/0.05% (w/v)) in aqueous solu-
tion were labeled as M, MP, MPC, MPP and MPCP, respectively.

2.4 Characterization

The chemical composition and thermal stability of MWCNTs-
PAMAM were analyzed via X-ray photoelectron spectroscopy
(XPS, VG Microlab II, UK), Fourier transform infrared spec-
troscopy (FTIR, Thermo Nicolet 6700) and thermogravimetric
analysis (TGA, NETZSCH, STA409PC) over a temperature range
of 30-800 °C (10 °C min ', N, atmosphere).

The membrane samples were dried thoroughly prior to
characterization. Attenuated total reflectance-Fourier transform
infrared (ATR-FTIR) spectra were collected using a Nicolet 6700
spectrometer. The morphology and topology of the membranes
were observed via FE-SEM (NOVA NanoSEM450, America) and
AFM (Illa MultiMode, America), respectively. Furthermore, the
surface roughness of the membranes was evaluated via AFM.
Water contact angle measurements were performed to analyze
the hydrophilicity of the membranes at ambient temperature
(25 £ 2 °C). The surface charge of the NF membranes was
determined via the streaming potential method using an elec-
trokinetic analyser (SurPASS, Anton Paar, Austria).

2.5 Separation performance test

The permeation and separation performances of the NF
membranes were determined on a cross-flow apparatus at 4 bar.
All the membranes were pre-filtrated with pure water at 4 bar for
30 min before the tests. The pure water flux of the membranes
was calculated as follows:

PWF = Q

1)

AXxt

PIP/MWCNTs-

PAMAM-TMC

PES substrate

Scheme 2 Preparation process of NF membranes via IP on the inner
surface of the substrate.
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Fig. 1 Characterization of MWCNTs-PAMAM. (a) XPS wide-scan
spectra, (b) Cls spectra of MWCNTs-COOH, (c) Cls spectra of
MWCNTs-PAMAM and (d) TGA curves of MWCNTs-COOH and
MWCNTs-PAMAM.

where Q, A and t denote the volume of permeate pure water (L),
the effective area of the membrane (m*) and the permeation
time (h), respectively.

The pore size and pore distribution in the NF membranes
determined using aqueous solutions containing
200 mg L' organics as the feed,”” and the separation perfor-
mance of the NF membranes was measured using various salt
solutions as the feed. The rejection can be calculated from the
following equation:

were

R= ( - &) x 100% (2)
Cf

where C, and Cr are the concentrations of the permeate and
feed, respectively. The concentration of organics was obtained
using a TOC analyzer (Shimadzu, Model TOCVPN, Japan). The
concentration of the salt solutions (Na,SO,, MgSO,, MgCl, and
NaCl) was measured with an electrical conductivity meter
(DDS-11A, Shanghai Neici Instrument Company, China) and
the concentration of the heavy metals was determined via
atomic absorption spectroscopy (INESA, 4510F, Shanghai
Scientific Instrument Co., LTD) and ion chromatography (ICS-
1100, Thermo Fisher US). Each measurement was performed
three times and the values were averaged. All filtration exper-
iments were conducted at 25 + 2 °C.

Table 1 Chemical composition of MWCNTs before and after
modification

Atom percent (at%)

Sample Cis O1s Nis
MWCNTs-COOH 94.40 5.60 0
MWCNTs-PAMAM 86.32 8.11 5.57

RSC Adv., 2018, 8, 29455-29463 | 29457
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Fig. 2 FE-SEM images of the substrate and NF membranes. (1) Inner surface of membranes. (2) Cross-section of the membranes.

3 Results and discussion
3.1 Characterization of modified MWCNTSs

XPS and TGA were employed to confirm the modification of
MWCNTs-COOH, and the results are shown in Fig. 1. The
element content from XPS is shown in Table 1. MWCNTSs-
COOH contain Cl1s and Ols, and no nitrogen content was
detected. However, a 5.57% increment in N1s content for
MWCNTs-PAMAM was observed, as shown in Fig. 1(a). As
shown in Fig. 1(b), the high-resolution C1s spectra can be
deconvoluted into three components: C-C or C-H (284.35 eV),
C-O or C-N (285.48 eV) and C(O)O (289.85 €V).**3° The
intensity of the peaks for C-O/C-N and C(O)O in MWCNTs-
PAMAM increased, as shown in Fig. 1(c). Thus, the XPS
results confirm the existence of PAMAM on MWCNTs-PAMAM.
In addition, the FTIR spectra (Fig. S21) also verify the chemical
composition of MWCNTs-PAMAM.

The initial weight loss shown in the TGA curves in Fig. 1(d)
is mainly due to the adsorbed moisture on MWCNTSs. After this
stage, the weight loss of MWCNTs-COOH and MWCNTs-
PAMAM is 4.2% and 13.7%, respectively. The weight loss of
4.2% corresponds to the actual -COOH content of MWCNTSs-
COOH, which is 3.86%. Thus, the 13.7% weight loss of
MWCNTSs-PAMAM confirms the existence of PAMAM. From
the combined FTIR and TGA results, it can be concluded that
PAMAM was immobilized on MWCNTs. In addition,
MWCNTs-COOH and MWCNTs-PAMAM were well dispersed in
the PIP aqueous solution (Fig. S11).

3.2 Membrane characterizations

The formation of polyamide layers in the NF membranes was
confirmed via ATR-FTIR (Fig. S51). Compared with the spec-
trum of the substrate, in the spectrum of the NF membranes,
the absorption band at around 3300 cm ™ is contributed by -OH
and unreacted -NH, and the peaks at 1625 cm™ ' and 954 cm ™"
are ascribed to the amide I and C-N absorptions, respectively.
The new band and peaks in the spectra of MP and MPCP
confirm the formation of polyamide. In addition, the charac-
teristic absorption of MP at 2964 cm™ " is attributed to the ~-CH,
provided by PIP.*' The absorption peak at 1439 cm™ " is ascribed
to the stretching vibration of C-N,** and this peak is more
intense in the spectrum of MPCP due to the abundant C-N
groups in PAMAM.

The surface and cross-section of the membranes were
observed via FE-SEM, as shown in Fig. 2. The substrate exhibits
a smooth surface with visible pores, while the NF membranes
display a dense surface. It is interesting to note that MP and
MPP have similar morphologies. There appear to be CNTs on
the MPC surface, while bumps are detected on the MPCP
surface. The polyamide layers of the NF membranes can be
observed from the cross-section images, and the thickness of
these layers increased after the incorporation of additives. The
surface morphology of the NF membranes is determined by the
nature of the monomers and additives, where the polyamide
layers were formed via the reaction between the monomers in
the aqueous and organic solutions. PIP and TMC are active
monomers and a nodular surface morphology is characteristic
for the polyamide layer formed by them.** Although there are

Fig. 3 AFM surface topology of the substrate and NF membranes.
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Fig. 4 Dynamic water contact angles of the substrate and NF
membranes.

abundant active -NH, groups in PAMAM, the larger molecular
weight of PAMAM makes it difficult for it to migrate to the
reaction interface during the IP process (15 s). Thus, MPP shows
a similar surface morphology to MP. The additives MWCNTs-
COOH and MWCNTs-PAMAM changed the membrane surface
morphology because they could hinder the mass transfer of the
monomers.*! The larger size of MWCNTs also contributed to the
membrane morphology. There appear to be MWCNTs on MPC,
while there are none on MPCP, illustrating that MWCNTs-
PAMAM were embedded into the polyamide layer of MPCP.
The increase in thickness of the polyamide layer was due to the
gaps between the polyamide and the adjacent additives,* which
is also proven by the pore size of the membranes (Fig. 5).

The surface topology of the membranes was observed via
AFM, as shown in Fig. 3. The substrate has a smooth surface,
while rough ridge-and-valley-like polyamide layers were
observed after IP. The surface roughness (Table 2) of the NF
membranes follows the order MP > MPCP > MPC > MPP. As
mentioned above, the drastic reaction between PIP and TMC
resulted in the rough surface of MP. MWCNTSs in aqueous
solution can retard this reaction, thus lowering the membrane
roughness. It cannot be ignored that the larger size of MWCNTSs
is helpful in improving the surface roughness of the
membranes. The PAMAM on MWCNTSs-PAMAM can react with
TMC (Fig. S3 and Table S1t). Moreover, the size of MWCNTs-
PAMAM is larger than that of MWCNTs-COOH; thus, the
roughness of MPCP is higher than that of MPC. PAMAM can
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Fig. 5 Pore size distribution of the NF membranes.
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Table 2 The mean pore size and MWCO of the NF membranes

Membrane MP MPC MPP MPCP
Mean pore size (nm) 0.589 0.755 0.687 0.727
MWCO (Da) 493 522 502 493

increase the viscosity of the aqueous solution, thus slowing
down the IP reaction. Moreover, the large size of PAMAM makes
it inferior to PIP in the competitive reaction with TMC. In
addition, no MWCNTs contributed to the roughness of MPP.
Therefore, MPP shows lower roughness compared with the
other NF membranes.

Hydrophilicity of the NF membranes (Fig. 4) increased
compared with that of the substrate because of the hydrophilic
groups introduced via IP.** NF membrane hydrophilicity follows
the order MPCP > MP > MPC > MPP, where MPC and MPP
possess similar hydrophilicity. It is well known that membrane
hydrophilicity is related to the groups on the membrane surface
and its surface topology. Since the major groups on the NF
membrane surface are amide groups, the hydrophilicity of the
NF membranes is determined by their surface morphology. As
mentioned above, the surface roughness of the membranes
follows the order, MP > MPCP > MPC > MPP. Although MP has
a relatively rough surface, the hydrophilicity of MP is poorer
than that of MPCP, which may be attributed to the incorpora-
tion of hydrophilic MWCNTs-PAMAM in the polyamide layer
and the relatively loose separation layer of MPCP caused by
MWCNTSs-PAMAM.*

The pore size and pore distribution in the NF membranes
were measured, and the results are shown in Table 2 and Fig. 5.
The mean pore diameter of MP, MPC, MPP and MPCP is
0.589 nm, 0.755 nm, 0.687 nm and 0.727 nm, respectively.
Significantly, the mean pore size of the membranes increased
after the introduction of additives into the selective layers. The
increased pore size of MPC and MPCP is due to the introduced
carbon nanomaterials, which increased the free volume of the
polyamide layers.***® In addition, except for the network pores,
some aggregate pores can be formed during IP with the incor-
poration of hyperbranched polymers.*® Thus, undoubtedly,
MPP with incorporated PAMAM showed larger pores than MP.
The sequence of membrane-pore diameter (MPC > MPCP >
MPP) is attributed to the reaction between PAMAM and TMC
during IP, which is verified in the ESI (Fig. S3 and Table S17).

The top surface zeta potential, as shown in Fig. 6(a),
confirms the negatively charged surface of the as-fabricated NF
membranes. More specifically, the isoelectric point (IEP) of
MPCP (5.9) is higher than that of MP (5.0), which verifies that
positive sites were introduced into the polyamide layer of the NF
membranes through the incorporation of MWCNTs-PAMAM.
These positive sites are attributed to the numerous -NH,
groups provided by PAMAM.

A comparison test for the permeation and rejection perfor-
mance of the NF membranes was conducted. As shown in
Fig. 6(b), MP shows good rejection to Na,SO,, but its pure water
flux is unsatisfactory. After the incorporation of MWCNTs-
COOH, PAMAM or MWCNTs-PAMAM into the selective layer,

RSC Adv., 2018, 8, 29455-29463 | 29459
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Fig. 6 (a) Top surface zeta potential of NF membranes and (b)
permeation and rejection performances of the NF membranes for
2000 mg L™ Na,SO,.

the NF membranes show improved permeability and slightly
declined rejection. The additives improved the hydrophilicity or
enlarged the mean pore size of the NF membranes, as discussed
above; hence, the water flux of the NF membranes increased.
The decrease in Na,SO, rejection is ascribed to the increase in
mean pore size and the positive sites on the membrane surface,
which hinder the retention of Na,SO,. The mean pore size of
MPC is close to the size of SO, (0.379 nm), and there are
positive sites on the surface of both MPP and MPCP. Therefore,
these NF membranes show relatively low rejection toward
Na,SO,. The low Na,SO, rejection of MPP may be caused by the
higher positive charge density on its surface in Na,SO, solution
(pH = 7.0) compared to that on the other membranes. MPCP
and MP almost have the same zeta potential when the solution
pH is 7.0. The lower Na,SO, rejection of MPCP is due to its
larger pore size than that of MP. The Na,SO, separation results
illustrate that both size exclusion and electrostatic repulsion
play a role in the filtration process.

3.3 Separation performance of the MPMC membrane

The separation performance of MPCP for different salts is
shown in Fig. 7(a). The salt rejection of MPCP follows the order
Na,SO, > MgS0, > MgCl, > NaCl, which is consistent with that
of MP. In addition, MPCP shows higher rejection toward
MgSO,4, MgCl, and NaCl, particularly to MgCl, and NaCl,
compared with MP. Notably, the rejection discrepancies
between Na,S0O,, MgSO, and MgCl, are not apparent for MPCP.
The NF membranes prepared in this study are generally nega-
tively charged, which confirms that MPCP has high SO,*~
rejection.*® The positive sites on the MPCP surface are respon-
sible for Mg>" rejection, as shown in Fig. 7(c). The higher NaCl
rejection of MPCP can also be explained by the positive sites on
its surface since positively charged NF membranes usually have
high NaCl rejection.**> The abovementioned phenomenon
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Fig. 7 (a) Separation performance of the MPCP membrane for inor-
ganic salts (2000 mg L™%). The mechanisms of salt permeation through
the (b) MP and (c) MPCP membrane.

illustrates that MPCP, which is a negatively charged NF
membrane, also possesses the properties of positively charged
NF membranes.

3.4 Applications of the MPCP membrane for heavy metal ion
removal

The separation ability of MPCP toward typical toxic or poten-
tially toxic metal ions was evaluated and shown in Fig. 8. MPCP
shows above 95% rejection to CuSO,, CuCl,, Fe,(SO,); and
FeCl;, and its rejection to sulfates and Cu®" is higher than that
of chloride salts and Fe*", respectively. In addition, its Cu(NOs),
rejection is much higher than Pb(NO;),. As mentioned above,
there are negative groups and positive sites on the MPCP
surface and its mean pore size is smaller than the size of these
heavy metals and SO,>”. Hence, MPCP shows better rejection to
sulfates, Cu®** and Fe*" due to the Donnan effect and size
exclusion. It should be noted that although Fe** (0.428 nm) has
a larger hydrated ionic radius than Cu®" (0.419 nm), the rejec-
tion of Fe** is lower than that of Cu®", which may be caused by
the solution pH. The effect of solution pH on salt rejection will

R (%)
@
e
o

CuSO,

CuCl, Cu(NO3), FexSOy; FeCl; PbNOs),

Fig. 8 Separation performance of MPCP for heavy metal ions (Cu?*,
Fe®* and Pb?"). The concentration of all the heavy metal ions was
300 mg L™, and the solution pH for Pb?*, Cu?* and Fe** was 5.0, 5.0
and 2.0, respectively.
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Fig. 9 Separation performance of the MPCP membrane for heavy
metal ions. (a) pH = 5.0, 25 °C and (b) 300 mg L™, 25 °C; pH was
adjusted using HNOs.

be discussed in detail later. The lower rejection of Pb** may be
caused by its smaller hydrated radius (0.401 nm) than that of
cu**.®»

The separation performance of MPCP for different heavy
metals was further tested, and the effects of ion concentration
and solution pH were investigated. As shown in Fig. 9, the heavy
metal rejection decreased with an increase in ion concentration,
which follows the sequence Zn>*(0.430 nm) > Cd**(0.425 nm) >
Cu”*(0.419 nm) > Ni**(0.404 nm) > Pb>"(0.401 nm) at higher
concentrations (=500 mg L™ '). However, the heavy metal
rejection showed an irregular fluctuation with an increase in
solution pH. The surface of MPCP is positively charged when
solution pH < 5.9 (Fig. 6(a)). Hence, MPCP shows good rejection
for heavy metal cations. The high rejection of heavy metals at
a low ion concentration may be partially ascribed to membrane
adsorption. Although Pb*" adsorption on MPCP is just 2.4 mg
per module (66.0 cm? effective membrane area) (Fig. S81), it
contributes to the rejection of heavy metals when the solution
concentration is below 300 mg L~'. When the solution
concentration is above 500 mg L', the contribution of
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adsorption may be negligible. Thus, the adsorption can be
precluded as the mechanism for membrane retention. In
addition, the rejection of heavy metals mainly depends on size
exclusion and the Donnan effect since MPCP has a positively
charged surface at pH 5 and a pore diameter smaller than the
size of heavy metal ions. The surface charge density of MPCP
would be screened by the counterions at a high concentration,
that is, a high concentration of ions may weaken the Donnan
exclusion and lower the membrane rejection.*** The different
rejection of heavy metals is mainly due to their hydrated ionic
radius.

The higher charge density of MPCP at lower pH (Fig. 6(a)) is
favorable for the membrane to resist heavy metals. It is notable
that a low pH leads to dense packing in the outer shell of
PAMAM, which is driven by the strong intramolecular hydrogen
bonding within the dendrimer-water-counterion systems.* In
addition, the dense shell of PAMAM reduces the positive sites,
which is unfavorable for cation rejection. In addition, the
shrinking of PAMAM at a low pH would decrease the radius of
gyration, thus increasing the porosity of the separation layer,
which is also unfavorable for ion rejection. The increase in
surface positive charge of MPCP and the shrinking of PAMAM
eventually caused a fluctuation in the rejection of heavy metals
versus solution pH value.

A comparison of the MPCP membrane developed in the
current study with some commercially available and lab-made
NF membranes is presented in Table 3. It can be found that
MPCP has higher pure water permeability and better Pb**
rejection than that of some positively charged NF membranes.

Furthermore, the practical separation ability of MPCP for
wastewater was tested. The wastewater was collected from
a mine located in Tongling City, Anhui Province, which had
already been processed. The collected wastewater was first fil-
trated using the three-channel capillary UF membranes, which
were used as the substrate. Then, the permeate was used as the
feed to test the separation performance of the as-prepared NF
membrane.

The metal ions in the feed included Cu®" (78.83 mg L"), Ni**
(16.56 mg L"), Zzn*" (18.28 mg L™ ), Pb>* (9.96 mg L"), and Na*
(372.76 mg L™ '). In addition, the anions in the feed were SO,>~
(10.56 mg L™ ") and Cl~ (706.31 mg L™ "). The pH of the feed was
4.77. As shown in Fig. 10, MPCP showed a stable separation
performance during the 25 day test. The solution flux stabilized
in the range of 29-32 L m > h™', and the heavy metal rejection
was maintained above 80%, displaying good separation ability

Table 3 Comparison of the separation performances of MPCP with that of other NF membranes

Pure water permeability

Membrane (LMH bar ") Tons Testing condition Rejection (%) Ref.

Dow NF 270 7.14 Pb>" (Pb(NO3),) 1000 mg L', 4 bar =60 32
Chitosan/PES composite membrane 3.45 Pb*>" (Pb(NO3),) 1000 mg L7, 10 bar 93.0 45

PEI cross-linked P84 membranes 0.98 Pb** (Pb(NO3),) 1000 mg L', 13 bar 91.05 27

GO-5 cycles 4.7 Pb** (Pb(NO3),) 1000 mg L™, 3 bar 95.88 1

G-TFC 5.35 Pb>" (Pb(NO3),) 500 mg L™, 6 bar 89.8 32
HPEI-GO/EDA 5.01 Pb*>" (Pb(NO3),) 1000 mg L', 1 bar 95.7 29

MPCP 12.2 Pb** (Pb(NO3),) 1000 mg L™, 4 bar 88.5 This work

This journal is © The Royal Society of Chemistry 2018
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Fig. 10 Separation stability of MPCP toward mine wastewater (4 bar,
pH = 4.77).

for the mining wastewater. The rejection of heavy metals mainly
followed the order Cu®** > Pb*" = Ni*' > Zn*", which is consis-
tent with the size of the ions in terms of their hydrated radius,
except Zn>". The stable solution flux is attributed to the rigid
MWCNTSs, which can sustain membrane pore structure during
pressure driven filtration,***® and the good hydrophilicity of
MPCP. MPCP is positively charged at pH 4.77 and its mean pore
size is smaller than the size of heavy metal ions; thus, MPCP
shows good rejection to these heavy metal ions. The low rejec-
tion of Zn®" may be ascribed to its tetrahedral coordination
geometry with water molecules,* which would decrease the
electrostatic repulsion between Zn*>' and the charge on the
MPCP surface due to the combination of the water molecules
with Zn**. Moreover, although Cu®*, Pb*" and Ni** favour
a square-planar coordination geometry and they have similar
electrostatic interactions with the MPCP surface, size exclusion
decides the rejection. The divalent cations in the wastewater
would screen the negative charge on the MPCP surface, result-
ing in high Na" rejection. Additionally, the high rejection of Na*
is also ascribed to the positively charged membrane surface at
pH 4.77. This phenomenon further verifies that both size
exclusion and electrostatic repulsion play a role during filtra-
tion. The results mentioned above illustrate that MPCP fabri-
cated in this study with incorporated MWCNTs-PAMAM has
potential in treating heavy metal wastewater.

4 Conclusion

MWCNTs-PAMAM were successfully synthesized and incorpo-
rated into NF membranes via IP, and the hydrophilicity of the
modified NF membranes with an inner skin layer increased.
The water flux of the most optimal MPCP membrane is 12.2 L
m > h™! bar !, which is 1.7-times higher than that of the
unmodified NF membranes, while its Na,SO, rejection exhibi-
ted a slight decline (from 94.9% to 92.6%). The incorporation of
MWCNTs-PAMAM introduced positive sites into the polyamide
layer, which endowed the MPCP membrane with high rejection
for both sulfates and metal cations. Moreover, the as-prepared
MPCP membrane exhibits good removal performance for
heavy metals and stable separation ability during a 25 day test.
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Overall, the results indicate the potential applicability of the
MPCP membrane as a highly efficient and reusable material for
heavy metal removal and water reclamation.
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