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and Yushan Zhang *a

In this paper, an approach to obtain mixed-matrix reverse osmosis (RO) membranes with enhanced

separation and antifouling performance is described. Atom transfer radical polymerization (ATRP) was

first introduced for functionalization of multiwalled carbon nanotubes (MWCNTs) with polyacrylamide

(PAAm) structure. Subsequently, MWCNTs were incorporated into polyamide (PA) thin film composite

(TFC) membranes by interfacial polymerization. The dispersion of MWCNTs in aqueous solution and

compatibility between MWCNTs and polymeric matrix were effectively improved with PAAm. Membrane

surface morphology, hydrophilicity and charge properties were characterized by SEM, AFM, static water

contact angles and zeta potential measurement. Moreover, the effect of above properties on separation

and antifouling performance of membranes was investigated. Results showed that water flux of the

optimal membrane incorporated with MWCNTs grafted at 6 h (MM-6h) was 34% higher than that of

virgin PA membrane. More importantly, NaCl rejection of MM-6h membrane was 98.9%, which is higher

than that of virgin PA membrane and the membrane incorporated with oxidized MWCNTs. In addition,

surface modified membranes showed excellent fouling resistance to BSA. The flux recovery of MM-6h

membrane was about 97.6% after cleaning, while that of virgin PA membrane was only 79.2%. This work

proves that MWCNTs functionalized by ATRP have potential application in simultaneously improving

separation and antifouling performance of TFC RO membranes.
1. Introduction

Aromatic polyamide (PA) thin lm composite (TFC) membranes
prepared by interfacial polymerization have been widely used in
alleviating shortage of water resources by converting brackish
water and seawater into clean water.1,2 Unfortunately, the
development of PA TFC membranes has encountered a bottle-
neck because of the trade-off limit between its permeability and
selectivity.3 In addition, fouling is another remarkable obstacle.
It can lead to a sharp time-dependent decline in permeate ux,
resulting in reduction of membrane life and increase in
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ater contact angles of RO membranes
ces of RO membranes (Table S1) are in
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operation andmaintenance costs.4 Therefore, there is an urgent
requirement for the development of excellent separation RO
membranes with durability against foulants.

Some strategies have been proposed to improve the perfor-
mance of PA TFC membranes, e.g., optimization of interfacial
polymerization conditions,5 tailoring of synthetic monomer,6,7

addition of functional additive8,9 and surface modication of
RO membranes.10–15 Although the above approaches can regu-
late performance of RO membranes by physical and chemical
management, they usually focus on the improvement of a single
property while the other properties of membranes are improved
ineffectively or even weakened in some cases. For example,
membrane coating a hydrophilic material on the surface leads
to signicantly improved antifouling behavior and similar or
improved rejection, but is always accompanied by loss of water
ux, which results from the penetration of coating solution into
open pore structures.16 Therefore, it is still a challenge to
develop RO membranes with improved water ux, salt rejection
and fouling resistant.

Recently, the application of nanomaterials in preparation of
mixed-matrix PA TFC membranes has provided a new
perspective to improve performance of RO membranes.17 Some
RSC Adv., 2017, 7, 46969–46979 | 46969
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studies have demonstrated that PA TFC membranes incorpo-
rated with nanoparticles, e.g., SiO2,18,19 silver nanoparticles,20,21

TiO2,22 zeolite23 and carbon nanotubes (CNTs),24–28 show
increased water ux, salt rejection and/or excellent antifouling
property due to improvement in surface properties of PA sepa-
ration layer. Among these nanomaterials, CNTs have attracted
much attention in fabricating ltration membranes because of
their intrinsic 1-dimensional pore structure for superior trans-
port capability.29 Unfortunately, CNTs always present an
agglomerate state due to their strong p–p interaction,30 leading
to nonselective defects or large gaps that reduce membrane
selectivity.31 Moreover, compatibility of CNTs with polymeric
matrix is another problem that determines membrane perfor-
mance.32 Therefore, it is necessary to apply surface functional-
ization to improve dispersion and compatibility of CNTs in
polymeric matrix.

Extensive ultrasonic treatment in a mixture of concentrated
nitric and sulfuric acid is always used to prevent aggregation of
CNTs. Meanwhile, the introduction of carboxylic groups allows
CNTs to disperse well in aqueous solution,33 which contributes
to stable CNTs within polymeric matrix.34 Although membranes
with carboxylic CNTs show enhanced water permeability, good
antifouling and anti-oxidative properties, weak noncovalent
interactions between CNTs and polymeric matrix also lead to
a decreased salt rejection, which is still a great obstacle in the
application of CNTs to membrane separation. New methods are
demanded to improve both dispersion of CNTs and its inter-
actions with polymeric matrices. Atomic transfer radical poly-
merization (ATRP) has the advantage of a highly controllable
polymerization process, applicability to a wide range of vinyl
monomers and mild polymerization conditions,35 which is an
effective strategy of CNT functionalization to obtain amount of
functional groups, e.g., amide, hydroxyl and epoxy groups.30

Polyacrylamide (PAAm) exhibits the properties of hydrophilicity
and functionality, thus allowing for excellent dispersion and
stronger interactions with PA matrices.

In this work, we employed ATRP to modify MWCNTs by
graing hydrophilic and functional PAAm. Mixed-matrix RO
membranes were fabricated by interfacial polymerization. The
surface morphology, hydrophilicity and charge properties as
well as separation and antifouling performance of membranes
incorporated with functionalized MWCNTs were investigated
and compared with those containing oxidized MWCNTs and
those without any MWCNTs.

2. Experimental
2.1 Materials and reagents

Multiwalled carbon nanotubes (MWCNTs, purity $95%) were
purchased from Deco Island Gold Technology Co., Ltd, Beijing,
China, and the average diameter and average length of
a MWCNT was 20–30 nm and 10–30 mm, respectively. Ethylene
glycol (EG, Tianjin Jiangtian Chemicals, 98%) was puried by
distillation under vacuum. Acrylamide (AAm, Tianjin Jiangtian
Chemicals, 98%) was recrystallized from acetone before use.
Copper(I) bromide (CuBr, Alfa Aesar, 99%) was puried by
stirring it with acetic acid for 12 h, and then was washed with
46970 | RSC Adv., 2017, 7, 46969–46979
ethanol and diethyl ether. Finally, it was dried under vacuum at
75 �C for 3 days. n-Hexane (Tianjin Jiangtian Chemicals, 98%)
as an organic solvent was rst dried with calcium hydride
overnight and then ltered with lter paper. Sulfuric acid
(H2SO4, 98%, Tianjin Jiangtian Chemicals), nitric acid (HNO3,
60%, Tianjin Jiangtian Chemicals), hydrogen peroxide (H2O2,
30%, Tianjin Jiangtian Chemicals), thionyl chloride (SOCl2,
98%, Tianjin Jiangtian Chemicals), trimethylamine (TEA, 99%,
Tianjin Jiangtian Chemicals), sodium chloride (NaCl, 99%,
Tianjin Jiangtian Chemicals), 2-bromoisobutyryl bromide
(BIBB, Heowns, 98%), N,N,N0,N00,N00-pentamethyldiethylenetri-
amine (PMDETA, Heowns, 99%), 4-dimethylaminopyridine
(DMAP, Heowns, 98%), anhydrous copper(II) bromide (CuBr2,
Heowns, 98%), trimesoyl chloride (TMC, Heowns, 99%), 1,3-
phenylenediamine (MPD, Aladdin Agent, 99%), and cam-
phorsulfonic acid (CSA, Aladdin Agent, 99%) were used as
received. Polysulfone supporting membrane (PS, molecular
weight cut-off 32 000 Da) was supplied by the Pureach Tech-
nology Co., Ltd, Beijing, China. The thickness of PS support
layer was 48 mm and pure water ux was 230 L m�2 h�1 at the
applied pressure of 1 bar and temperature of 25 �C. Bovine
serum albumin (BSA, Beijing Solarbio Science & Technology
Co., Ltd.) was stored at�20 �C prior to use. Deionized (DI) water
was obtained from a water purication system (Synergy, Milli-
pore, USA).
2.2 MWCNT functionalization and characterization

Fig. 1(a) illustrates functionalization procedure of MWCNTs. In
order to introduce ATRP initiator onto the surface of MWCNTs,
1.0 g MWCNTs were rst treated with mixture acid (H2SO4/
HNO3 ¼ 3/1, v/v) at 45 �C for 1 h and reuxed at 65 �C for 3 h,
and then MWCNTs were treated with a mixture of H2SO4 and
H2O2 (4/1, v/v) at 70 �C for 2 h. The MWCNTs were washed
thoroughly to a neutral pH with DI water at every step, and then
were dried in a freeze dryer. The obtained carboxylic MWCNTs
(MWCNT-COOH) were ultrasonicated for 30 min in 50 mL
SOCl2, and then were reuxed with pyridine as acid binding
agents at 70 �C for 24 h. 30 mL EG was added aer removing
SOCl2, and then the mixture was reuxed at 120 �C for 48 h in
anaerobic atmosphere. The hydroxyl modied MWCNTs
(MWCNT-OH) were obtained nally. 0.45 g MWCNT-OH were
ultrasonicated in 10 mL CH2Cl2 with 0.1 g DMAP and 1 mL TEA.
When the solution was cooled down to 0 �C, 1.5 g BIBB was
added dropwise. Then, the reaction solution was stirred for
24 h. Finally, brominated MWCNTs (MWCNT-Br) were
obtained.

PAAm was graed onto MWCNT surface according to the
following procedure: MWCNT-Br with surface-bound ATRP
initiator (50 mg), AAm (0.36 g, 5 mmol), CuBr2 (0.33 mg, 0.0025
mmol) and H2O (10 mL) were added into a one-neck round-
bottom ask (25 mL) successively. The reaction mixture was
purged with argon for 15 min and then PMDETA (8.68 mg, 0.05
mmol) was added. Aer another 15 min of argon bubbling,
CuBr (4.50 mg, 0.025 mmol) was added into the reaction
mixture. The ask was then sealed, immersed into a water bath
at 25 �C, and stirred for different times, i.e., 3 h, 6 h and 12 h.
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) Chemical scheme for functionalization of MWCNTs and (b) schematic of interfacial polymerization process with functionalized
MWCNTs.
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The resulting solid product was washed with H2O and meth-
anol, and then was dried at 40 �C under vacuum overnight to
a constant weight. Based on graing time, the functionalized
MWCNTs were dened as PAAm-3h, PAAm-6h and PAAm-12h.

The morphologies of MWCNTs were characterized by scan-
ning electron microscopy (SEM, Nova NanoSEM 450, Japan) and
transmission electron microscopy (TEM, Hitachi H7650, Japan).
The high-angle annular dark-eld scanning TEM-energy-
dispersive X-ray spectroscopy (HAADF-STEM-EDS) was per-
formed on a Hitachi H7650 microscope operated at 200 kV. The
chemical structure was characterized by Fourier transform
infrared radiation (FTIR, Bio-rad FTS6000, USA) and thermal
gravimetric analysis (TGA, Netzsch TG209, Germany). The size of
MWCNT nanoclusters in aqueous solution was determined by
dynamic light scattering (DLS, Zetasizer Nano ZSP, Malvern, UK).
2.3 Preparation of RO membrane incorporated with
MWCNTs

Schematic of interfacial polymerization with functionalized
MWCNTs is shown in Fig. 1(b). Interfacial polymerization on
surface of a pre-cast PS substrate was conducted to form the PA
selective layer. PS substrates were immersed into MPD aqueous
solutions (2 wt%) for 60 s. A series of aqueous solutions were
prepared with different amounts of functionalized MWCNTs
graed at 6 h. Another series of aqueous solutions were
prepared with functionalized MWCNTs graed at various times
(3 h, 6 h, 12 h). Then, the residual aqueous solution on substrate
surface was drained off. Subsequently, alkane (n-hexane) solu-
tion containing 0.1 wt% TMC was added to the MPD-rich
substrate and then was drained off aer 40 s. The nascent
membranes were dried at ambient conditions for 1 min, and
then heat-cured at 80 �C for 5 min. The resulting membranes
were stored in NaHSO3 solution (1 wt%) to prohibit microbial
growth. Based on graing time of functionalized MWCNTs, the
prepared mixed-matrix RO membranes were labeled as MM-3h,
MM-6h and MM-12h. Control experiments for virgin PA
This journal is © The Royal Society of Chemistry 2017
membrane and membrane incorporated with MWCNT-COOH
were prepared and dened as PA and MM-COOH, respectively.

The interaction between functionalized MWCNTs and TMC
monomer was investigated by the following: 20 mg MWCNTs
graed at 6 h were dispersed into organic phase (n-hexane with
0.1 wt% TMC) by ultrasonic treatment for 20 min. The resulting
MWCNTs were rinsed with hexane several times and dried
completely. X-ray photoelectron spectroscopy (XPS, K-alpha,
Thermo Fisher, USA) was employed to analyze the interaction
between MWCNTs and TMC.
2.4 Membrane characterization

The membrane samples were rinsed with DI water and dried
under vacuum at 25 �C for 24 h prior to all characterizations.
The surface morphologies were observed by SEM (Nova Nano-
SEM 450). Surface roughness of RO membranes was measured
by a multimode atomic force microscopy (AFM, Nanoscope V
MultiMode controller, Bruker, Germany) in air and quantitative
analysis was in terms of measured root mean square (RMS)
roughness from height prole of three-dimensional AFM
images. Surface hydrophilicity of RO membranes was evaluated
by static water contact angle using the sessile drop method with
a goniometer (OCA20, Data Physics, Germany) at 25 �C.
Membrane samples were attached onto at glass slides and 2 mL
of DI water were formed at the end of an “I”-shaped needle.
Then, the at glass slide was carefully elevated toward the
droplet to deposit the droplet on the membrane surface. For
each sample, at least three measurements were taken at
different locations to obtain the average contact angle value.
Surface zeta potential of RO membranes was measured by
a SurPASS solid surface zeta potential analyzer (Anton Paar,
Austria). Streaming potential measurements were carried out
with a background electrolyte solution containing 1 mM KCl at
pH 7.0 and 25 �C. The zeta potential of RO membranes was
computed from the Helmholtz–Smoluchowski equation.
RSC Adv., 2017, 7, 46969–46979 | 46971
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2.5 Separation performance tests

Separation performance tests of RO membranes were con-
ducted by a customized cross-ow RO cell. An aqueous solution
containing 2000 ppm NaCl was used as the feed water at 25 �C.
The membranes were initially equilibrated with DI water at
1.55 MPa for 1 h and then the volume of the permeate water was
collected to calculate water ux (J, L m�2 h�1) by eqn (1). NaCl
rejection (R, %) was evaluated by quantifying conductivity of the
permeate water and feed water using a conductivity meter with
eqn (2).

J ¼ V

St
(1)

R ¼ Cf � CP

Cf

� 100 (2)

where t is the test time (h), V is the volume (m3) of permeate
water collected during the test, S is the effective membrane area
(m2), Cf and CP are the salt concentrations in feed and permeate
solution, respectively.
Fig. 2 (a) FTIR spectra of raw MWCNTs and functionalized MWCNTs;
(b) XPS survey spectrum of MWCNT-Br, inset is enlarged image of
Br 3d.
2.6 Antifouling experiments

Membrane antifouling performance was estimated via cross-
ow ltration of an aqueous solution containing 2000 ppm
NaCl and 200 ppm foulant (BSA) at 25 �C and 1.55 MPa. The
antifouling property was evaluated by monitoring permeation
ux as a function of time. The membranes were rst stabilized
with 2000 ppm NaCl aqueous solution for 1 h and the average
water ux was recorded as J0. Aer that, a mixture with desired
concentration of BSA was added to the feed tank. The permeate
ux was monitored continuously during the testing period to
investigate fouling behavior of ROmembranes. Aer fouling for
12 h, the membranes were rinsed with DI water for 1 h, and the
RO membranes were ltrated with 2000 ppm NaCl solution to
determine recovery of water ux.
3. Results and discussion
3.1 Chemical structure and morphology of functionalized
MWCNTs

Generally, high performance of mixed-matrix RO membranes
requires homogeneous distribution of MWCNTs in polymeric
matrix and excellent compatibility between MWCNTs and PA.
However, CNTs are not easily dispersed well in the PA layer,
which may affect membrane performance due to the high
surface energy of raw MWCNTs. To solve this problem, ATRP is
used to functionalize MWCNTs by graing functional polymer,
i.e., polyacrylamide (PAAm), as shown in Fig. 1.

Fig. 2 represents FTIR spectra of raw MWCNTs and func-
tionalized MWCNTs. For raw MWCNTs, there are weak peaks at
2916 cm�1 and 2846 cm�1 corresponding to sp2 C–H and sp3

C–H stretching bands, respectively, which originate from
defects at both sidewalls and open ends of MWCNTs. The
defects provide abundant reaction sites for modication to
MWCNTs. The successful chemical modication of MWCNTs
by acid is conrmed by characteristic peaks of C]O at
46972 | RSC Adv., 2017, 7, 46969–46979
1720 cm�1 and C–O at 1060 cm�1 in the spectrum for MWCNT-
COOH.36 The blue-shi of C]O characteristic peak in FTIR
spectra of MWCNT-OH and MWCNT-Br is ascribed to change in
chemical environment around C]O, which further veries the
formation of ester carbonyl and hydroxyl groups anchored onto
the surface of MWCNTs. The C–Br characteristic peak is not
observed in FT-IR spectra because of the weak vibrations, while
the bromine peak (Br 3d peak at 70.7 eV (ref. 37)) is observed in
the XPS spectra and the atomic ratio of Br 3d is 1.6%, which
demonstrates the introduction of ATRP initiator on MWCNT
surface. The presence of two signicant peaks, amide I band
(around 1653 cm�1, C]O stretching) and amide II bond
(around 1604 cm�1, N–H stretching), in FTIR spectra of
MWCNTs graed with PAAm supports the existence of PAAm in
all MWCNTs graed at different times. Meanwhile, the peak
around 3174 cm�1 in the spectra can be ascribed to asymmetric
N–H stretching bonds.38 Although one of the N–H stretching
bonds from the primary amide partially overlaps with the
feature peak of H2O, the existing characteristic peaks still verify
the successful graing of PAAm onto MWCNTs. In addition, the
This journal is © The Royal Society of Chemistry 2017
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Fig. 4 SEM images of (a1) raw MWCNTs and (a2) MWCNT-COOH;
TEM images of (b1) MWCNT-COOH and (b2) PAAm-6h; HAADF-
STEM-EDSmerged elemental mapping images of (c1) MWCNT-COOH
and (c2) PAAm-6h. (C-red, N-blue and O-yellow).
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intensity of feature peaks from PAAm become stronger with
increase in graing time aer infrared spectrum normalization.

In order to further ascertain successful functionalization of
MWCNTs, thermal degradation behavior of MWCNTs was
estimated by TGA. Fig. 3 displays the TGA curves of MWCNT
samples under nitrogen atmosphere at a heating rate of
10 �C min�1. It is observed that raw MWCNTs undergo practi-
cally negligible mass loss before 400 �C. However, there is
approximately 10% mass loss of MWCNT-COOH caused by
decomposition of carboxylic group, which indicates the
successful oxidation of MWCNTs. The mass loss increases to
15% aer modication of EG, and there is about 19%mass loss
of brominated MWCNTs, which is ascribed to the successful
anchor of hydroxyl group and ATRP initiator sites onto
MWCNTs. The thermal stability of modied MWCNTs is lower
than that of raw MWCNTs, which is due to oxidation and
modication on the surface of MWCNTs. In addition, TGA is
used to estimate the quality of PAAm graed onto MWCNT
surface under different graing times by weight loss values. At
600 �C, it can be calculated that the weight gains of MWCNTs
graed at 3 h, 6 h and 12 h are 5%, 15% and 24%, respectively.
Moreover, the above results correlate with the FTIR analysis and
prove that functionalization degree depends greatly on graing
time.

Fig. 4 shows SEM and TEM images of MWCNTs before and
aer functionalization. RawMWCNTs are highly entangled with
each other as a result of van der Waals forces of attraction,39

whereas short and individual oxidized MWCNTs can be
observed because of ultrasonic and acidication treatment.
More importantly, compared with pristine ones, the sidewalls of
oxidized MWCNTs become rougher and open ends appear. In
addition, an amorphous layer coating on the surface of PAAm-
6h MWCNTs can be investigated clearly using high-resolution
TEM. The thickness of the layer is about 5 nm, which reveals
the successful graing of PAAm onto MWCNT surface by
ATRP.40 More denite composition information of PAAm layer
is provided by HAADF-STEM-EDS merged elemental mapping
Fig. 3 TGA results of raw MWCNTs, modified MWCNTs and MWCNTs
grafted with PAAm.

This journal is © The Royal Society of Chemistry 2017
images (Fig. 4(c)). The detailed images are shown in Fig. S1.† It
can be seen that the intensity of N and O in PAAm-6h is much
higher than that in MWCNT-COOH, indicating that PAAm
nanolayer exists on the surface of PAAm-6h.

3.2 Physical properties of RO membrane surface

Mixed-matrix RO membranes were prepared by typical interfa-
cial polymerization, except that functionalized MWCNTs were
included in the MPD aqueous solution. For investigating the
inuence of MWCNTs on the prepared membranes, physical
properties of membrane surface, i.e., morphology, hydrophi-
licity and zeta potential, were characterized.

Surface morphologies of RO membranes were investigated
by SEM, and the corresponding images are shown in Fig. 5. The
PA membrane exhibits similar hill-and-valley microstructure as
the morphology reported before.28 This hill-and-valley structure
increases surface roughness, and the contact area between
water and PA layer also increases, which is responsible for the
excellent permeation property of the TFC membrane. Aer
incorporation of MWCNTs, the surface morphology of mixed-
matrix membranes undergoes changes compared to that of
virgin PA membrane. This is probably because of the decreased
diffusion rate of MPD for the incorporation of MWCNTs and the
restricted motion behavior of MWCNTs with PAAm macro-
molecule chain. Moreover, dispersion ability of MWCNTs in
RSC Adv., 2017, 7, 46969–46979 | 46973
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Fig. 5 SEM images of membrane surfaces of (a) PA, (b) MM-3h, (c)
MM-6h, (d) MM-12h and (e) MM-COOH.

Fig. 6 AFM images of (a) PA, (b) MM-3h, (c) MM-6h, (d) MM-12h and (e)
MM-COOH membranes.

Table 1 Summary of membrane surface roughness parameter, static
contact angle and charge property data

Membrane RMS (nm)
Static contact
angle (�) Zeta potential (mV)

PA 82.3 � 2.1 64.8 � 3.2 �32.9 � 1.5
MM-3h 70.7 � 1.5 57.8 � 1.1 �38.3 � 2.0
MM-6h 54.1 � 0.9 52.5 � 0.7 �44.4 � 1.2
MM-12h 57.3 � 1.1 48.0 � 2.8 �41.4 � 1.8
MM-COOH 56.4 � 0.5 49.0 � 3.5 �39.7 � 1.0
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aqueous solution impacts surface morphology of mixed-matrix
membranes. The aggregation phenomenon in aqueous solu-
tions occur when MWCNTs are graed for 3 h (Fig. S2†). As
a result, surface morphology of MM-3h membrane changes
greatly, as shown in Fig. 5(b).

AFM was also employed to investigate surface morphology of
ROmembranes. Fig. 6 shows the roughness of PA, MM-3h, MM-
6h, MM-12h and MM-COOH membrane. The virgin PA
membrane exhibits relatively rough surface morphology with
RMS of 82.3 � 2.1 nm. Aer incorporating MWCNTs, the
mixed-matrix RO membranes exhibit relatively smooth and
at surface. Notably, the RMS of MM-6h membrane is just
54.1� 0.9 nm. The smoother membrane surface is attributed to
reduction in interfacial polymerization rate resulting from
conned diffusion of MPD into oil phase.41 These results indi-
cate that introduction of MWCNTs can increase the smoothness
of the membrane surface, which is benecial for antifouling
property of RO membranes.35

The static water contact angle was employed to evaluate
hydrophilic property of membrane surface. As shown in Table 1
and Fig. S3,† contact angles of mixed-matrix membranes
decrease with introduction of MWCNTs. Most functionalized
MWCNTs show relatively high water dispersion stability
(Table 2 and Fig. S2†), which indicates improved hydrophilicity
of MWCNTs. Consequently, membrane surface hydrophilicity is
enhanced due to incorporation of hydrophilic MWCNTs into
the PA layer.26,42 Futhermore, the descendant of interfacial
polymerization rate caused by decreased diffusion of MPD leads
to more residual acyl chloride groups on themembrane surface,
which will nally hydrolyze into carboxyl groups.41 Moreover,
the inuence of chemical composition on membrane surfaces
46974 | RSC Adv., 2017, 7, 46969–46979
may be greater than that of surface roughness. As a result, the
contact angle decreases in spite of decrement in surface
roughness. This similar phenomenon is also presented in
previous reports.11,43 It is generally accepted that lower values
of static water contact angles are indicative of higher hydro-
philicity, which is benecial to the formation of water layer on
This journal is © The Royal Society of Chemistry 2017
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Table 2 Apparent size distribution of MWCNTs in aqueous solution

CNTs
Z-Average
(nm)

MWCNTs 590.7
PAAm-3h 404.0
PAAm-6h 262.2
PAAm-12h 297.7
MWCNT-COOH 175.5

Fig. 7 Separation performance of RO membranes.
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the membrane surface. This water layer provides a barrier to the
membrane surface and effectively inhibits attachment of fou-
lants onto the membrane surface.44 Therefore, the introduction
of MWCNTs may favor the antifouling property of RO
membranes.

Zeta potential of the prepared membranes was also investi-
gated to characterize the effect of introducing MWCNTs on the
surface charge of membranes, as listed in Table 1. The virgin PA
membrane has negative charge with a zeta potential of �32.9 �
1.5 mV, which is due to the presence of carboxyl groups origi-
nating from partial hydrolysis of the acyl chloride unit of TMC
during membrane preparation. Aer introducing MWCNTs, the
mixed-matrix membranes exhibit increased negative charge
density. The reason may be attributed to negative charge of
functionalized MWCNTs at pH 7.0. Additionally, the zeta
potential values of MM-6h membrane is slightly lower than that
of MM-COOH membrane, which is mainly caused by the larger
partial negative charge around oxygen atoms of PAAm between
oxygen and nitrogen atoms of the amide groups, while the
negative charge is equally shared between two oxygen atoms of
the carboxyl groups. The negatively charged surface of mixed-
matrix RO membranes will be responsible for resistance to
foulants.
3.3 Separation performance of mixed-matrix ROmembranes

Water permeability and selectivity of RO membranes were
investigated with a cross-ow cell, and all the membranes were
tested at least three times within the margins of error. It has
been known that the amount of CNTs is a vital factor to sepa-
ration performance of mixed-matrix membranes.26,27 Table S1†
lists water ux and salt rejection values of RO membranes
prepared with various concentrations of PAAm-6h MWCNTs.
When membrane was prepared with an aqueous solution con-
taining 0.0025 wt% PAAm-6h, water ux and NaCl rejection
values were 38.4 L m�2 h�1 and 98.2%, respectively. It is clear
that the very small amount of CNTs did not obviously affect
membrane performance. In contrast, when membranes were
prepared with a larger amount of PAAM-6h, i.e., 0.0075 wt% and
0.01 wt%, the water ux increased largely, while the salt rejec-
tion decreased signicantly. For example, very large water ux
of 105.7 L m�2 h�1 and very small NaCl rejection of 15.8% were
observed from membrane prepared with aqueous solution
containing 0.01 wt% PAAm-6h. This possibly results because
excessive MWCNT aggregations, i.e., bundles, occur as a result
of interactions among CNTs.25,31 Membrane prepared with
This journal is © The Royal Society of Chemistry 2017
aqueous solution containing 0.005 wt% PAAm-6h exhibited an
excellent separation performance and a detailed study will be
conducted in the following sections. Therefore, 0.005 wt% was
selected as the optimum concentration to prepare mixed-matrix
membranes with other functionalized MWCNTs. The separa-
tion performance of these membranes is presented in Fig. 7.

Compared with the PA membrane without MWCNTs, water
ux of mixed-matrix membranes increases from 36.0 to 51.5,
48.4, 54.4 and 66.9 L m�2 h�1. It has well been demonstrated
that MWCNTs can act as extraordinary mass transport channels
in polymeric matrix,45 which contributes to shortening of the
path of water molecules, resulting in enhancement in perme-
ation performance for mixed-matrix RO membranes. As dis-
cussed above, the introduction of MWCNTs can increase
hydrophilicity of RO membranes and the hydrophilic nature
facilitates rapid transport of water molecules, which plays an
important role in water permeability enhancement.45 Moreover,
the relatively smooth surface is responsible for improvement in
water ux.46 Nevertheless, the membrane incorporated with
PAAm functionalized MWCNTs shows a much lower water ux
than the MM-COOHmembrane (Fig. 7), which might be mainly
due to the existing lower content of CNTs. Aer ATRP graing,
PAAm on MWCNTs make the CNT particles heavier than
carboxylic MWCNTs. Therefore, the number of CNT particles
inserted in PA matrix decreases due to application of constant
mass fraction of MWCNTs in aqueous solution, leading to
reduction in water transport channels aer the formation of the
PA layer.

Aer introducing MWCNTs, NaCl rejection of MM-3h and
MM-12h was 93.7% and 95.1%, respectively, which is lower than
that of virgin PAmembrane (97.9%). For theMM-3hmembrane,
limited hydrophilic property of MWCNTs caused by the short
graing time was responsible for the aggregation of MWCNTs
in aqueous solution (Fig. S2†), which results in lower selectivity
performance compared with that of other membranes. For
MWCNTs graed for 12 h, slight agglomeration of MWCNTs in
aqueous solution appeared because of the long graing time
(Fig. S2†), which may have a negative impact on salt rejection.
Therefore, it can be concluded that appropriate graing time is
RSC Adv., 2017, 7, 46969–46979 | 46975
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Fig. 9 XPS survey spectra of element N from MWCNTs of PAAm-6h
after interaction with TMC.
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critical to selectivity performance of mixed-matrix RO
membranes.

In particular, MM-6h membrane exhibits higher NaCl
rejection in comparison with MM-COOH membrane (98.9% vs.
95.3%). This result can be attributed to the excellent dispersion
of MWCNTs in aqueous solution and compatibility of MWCNTs
with polymeric matrix. Aer graing PAAm using ATRP, the
amide groups on MWCNT surface are not only responsible for
improving dispersion of MWCNTs in aqueous solution but also
for enhancing compatibility between MWCNTs and PA matrix
via covalent bonding, as shown in Fig. 8. The apparent particle
size distributions of raw MWCNTs and MWCNTs graed PAAm
at 6 h are 590.7 nm and 262.2 nm, respectively, which verify the
well dispersed state of PAAm-6h in aqueous solution. Given that
amidation will change chemical state of N-element from
–CONH2 to –(CO)2HN–, a quantitative analysis is performed to
estimate reaction extent by resolving characteristic N 1s peak in
the XPS spectra, and the result is shown in Fig. 9. The peak at
399.6 eV is assigned to typical amide group (N–C]O) from
PAAm.47 The O]C–N–C]O group has a higher binding energy
at 400.1 eV due to the higher oxidation state of nitrogen, which
is consistent with the binding energy of nitrogen in succini-
mide.48 Then the ratio of –CONH2 to –(CO)2HN– can be calcu-
lated by integration of corresponding peak areas, which
eventually equals to about 1.88 : 1. That is to say, 35% of amines
from PAAm is consumed to form new amide bonds with TMC
monomers during interfacial polymerization. Therefore,
MWCNTs aer functionalization are promising for chemically
coupling with PA matrix via stable amide bonds, which is
signicant in improving the compatibility and thus the cross-
linking degree of PA matrix. As a result, the interface defects
channels between MWCNTs and PA matrix are partially elimi-
nated. In addition, the MM-6hmembrane exhibits a lower water
ux value than the other MWCNT incorporated membranes,
which may be caused by a relatively higher crosslinking degree
betweenMWCNTs graed at 6 h and PA. In general, the carboxyl
group in MWCNT-COOH can also covalently bond to chloride
groups in TMC,43 which results in improved compatibility of
Fig. 8 Schematic of interaction between functionalized MWCNTs and
TMC. The functional groups in boxes are the reacted products
resulting from PAAm with TMC (red) and residual amine groups of
PAAm (blue).

46976 | RSC Adv., 2017, 7, 46969–46979
carboxyl group in MWCNT-COOH with PA matrix. However, the
number of functional groups (NH2) in PAAm-6h is much larger
than that of carboxyl groups in MWCNT-COOH, which can be
veried by HAADF-STEM-EDS elementmapping images in Fig. 4
and S1.† As a result, the number of covalent bonds of PAAm-6h
between MWCNTs and TMC are more than that of MWCNT-
COOH. The number of covalent bonds are attributed to cross-
linking degree of PA layer, which is benecial for improving
selectivity of RO membranes.49 Therefore, although both PAAm-
6h and MWCNT-COOH have the well dispersion state in
aqueous solution (Fig. S2†), the salt rejection of MM-6h
membrane is higher than that of MM-COOH membrane.
Table 3 compares the results of this study with that of previous
papers.

3.4 Antifouling property of mixed-matrix RO membranes

Fouling resistance behavior of RO membranes was character-
ized by means of cross-ow tests with BSA as representative
organic foulant. In order to evaluate the change in water ux
with respect to operation time, normalized ux J/J0 is plotted in
Fig. 10. It can be seen that the mixed-matrix RO membrane has
better antifouling property than the virgin PA membrane. When
operation time increases to 12 h, the water ux of virgin PA
membrane decreases to 74.6%, while that of MM-3h, MM-6h
and MM-12h membranes decreases to 80.7%, 91.4% and
89.1%, respectively. More importantly, MM-6h membrane
exhibits a similar antifouling behavior as MWCNT-COOH
membrane, which indicates that a small amount of BSA is
deposited on the membrane surface. As presented in Fig. 11,
a compact BSA layer covering the whole surface of virgin PA
membrane, while the MM-6h membrane exhibits a relatively
clean surface and is partially covered with loosely deposited BSA
layer.

The ux recovery was also investigated by hydraulic cleaning
of membranes with DI water and the results are listed in Table
4. In general, mixed-matrix membranes exhibit much higher
ux recovery than virgin PA membrane. In the best case, that of
This journal is © The Royal Society of Chemistry 2017
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Table 3 Comparison of separation performance of mixed-matrix RO membranes in literature

Virgin membrane Mixed-matrix membrane

Ref.
Water ux (L
m�2 h�1)

Rejection
(%)

Water ux
(L m�2 h�1)

Optimum rejection
(%) MWCNTs

20.3 97.4 25.4 98.1 0.002 wt% raw MWCNTs 24
20.3 97.4 26.3 97.8 0.002 wt% oxidized MWCNTs 24
34.0 96.63 40.84 96.22 0.001 wt% oxidized MWCNTs 25
36.4 97.0 37.9 96.5 0.001 wt% oxidized MWCNTs 26
14.9 95 21.5 93 0.001 wt% carboxylic MWCNTs 27
19.8 98.3 11.1 93.4 0.1% wt% oxidized MWCNTs 28
36.0 97.9 66.9 95.3 0.005 wt% oxidized MWCNTs a

36.0 97.9 48.4 98.9 0.005 wt% functionalized MWCNTs a

a Refers to this work.

Fig. 10 Effects of BSA fouling on water flux of RO membranes.

Fig. 11 SEM images of ROmembranes after BSA fouling. (a and b) MM-
6h membrane; (c and d) PA membrane.

Table 4 Flux recovery data of ROmembranes after fouling and rinsing

Membrane
Aer fouling
(%)

Aer rinsing
(%)

PA 74.6 79.2
MM-3h 80.7 89.3
MM-6h 91.4 97.6
MM-12h 89.1 94.8
MM-COOH 93.7 98.5
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the MM-6h membrane, the ux recovery percentage is 97.6%,
which is essentially in accordance with ux recovery of MM-
COOH membrane.
This journal is © The Royal Society of Chemistry 2017
It has been well demonstrated that surface roughness is
related to antifouling ability of membranes.35,50 Compared with
the mixed-matrix membranes with smooth surface, more
declination in ux recovery is observed in the virgin PA
membrane with high surface roughness. Generally, foulants are
likely to be absorbed in the valleys of membranes with coarser
surfaces, which results in clogging of passage for water mole-
cules.51,52 Therefore, it is important to fabricate membranes
with smooth surfaces for improving fouling resistance. In
addition to roughness of the membrane, improved hydrophi-
licity of mixed-matrix membranes favors antifouling property.
The water layer formed on hydrophilic membrane surface can
decline hydrophobic–hydrophobic affinity between BSA and
membrane surface, which prevents adsorption of proteins on
Fig. 12 Antifouling mechanism of mixed-matrix RO membranes.
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membrane surface.53,54 Furthermore, it has been generally
accepted that membrane surface charge is responsible for
protein adsorption on solid surfaces in aqueous solution.27 The
isoelectric point of BSA is about 4.7, and BSA is negatively
charged at neutral pH in feed solution.55 Meanwhile, RO
membranes are also negatively charged at pH 7.0, as shown in
Table 1. Thus, a strong electrostatic repulsion force between
both negatively charged BSA and membrane surface plays an
important role in improving membrane antifouling perfor-
mance.56 The antifouling mechanism of mixed-matrix RO
membranes is shown in Fig. 12. As discussed above, it should be
noted that PAAm functionalized MWCNTs offer signicant
changes in membrane antifouling capability due to decrement
of surface roughness and enhancement of membrane surface
hydrophilicity as well as increment of negative charge.

4. Conclusions

In this paper, mixed-matrix membranes with ATRP functional-
ized MWCNTs were fabricated by interfacial polymerization.
DLS and XPS analysis showed that dispersion in aqueous
solution and compatibility between MWCNTs and polymeric
matrix were improved by graing hydrophilic and functional
PAAm using ATRP method. PAAm functionalized MWCNTs had
signicant effect on membrane separation and antifouling
capability. Notably, MM-6h membrane exhibited a water ux of
48.4 L m�2 h�1, which was 34% higher than that of virgin PA
membrane. More importantly, selectivity performance of MM-
6h membrane was improved with NaCl rejection of 98.9%
owing to appropriate graing time and functional amine groups
from PAAm. The problem of decreased salt rejection in RO
membrane incorporated with carboxylic MWCNTs was solved.
Moreover, mixed-matrix RO membranes showed excellent
antifouling performance to BSA. Notably, the MM-6h
membrane showed around 97.6% ux recovery, which is
similar to that of MWCNT-COOH membrane with ux recovery
of 98.5%. Therefore, this work will be helpful in guiding the
design and fabrication of TFC RO membrane with excellent
separation and antifouling performance.
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