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of a modified PVDF hollow fiber
membrane by coating with multiwalled carbon
nanotubes for high antifouling performance†

MengJing Cao, a Yan Zhang,*a BoKang Zhang,c ZiQi Liu,b XiangShan Mab

and ChangMing Chena

In this study, an outer surface modified polyvinylidene fluoride (PVDF) hollow fiber membrane (HF-PVDF-

CNT) was prepared by coating with dopamine (PD) and multiwalled carbon nanotubes (CNTs), to solve the

problems of the instability of pure CNT mats fabricated by filter coating methods and membrane fouling in

wastewater treatment. The modified membrane was assessed and characterized by various methods,

including studies of its top surface and cross-sectional morphology, wettability, functional groups and

electrical conductivity. The CNT material stability was evaluated during backwashing. The antifouling and

filtering abilities of the unmodified and modified membranes were tested by monitoring the change in

TMP and the rejection performance for different contaminants during filtration in bovine serum albumin

solution (BSA), sodium alginate solution (SA) and humic acid solution (HA). Furthermore, HF-PVDF-CNT

and electro-assisted HF-PVDF-CNT membranes were employed as the basic separation units in an

anaerobic membrane bioreactor (AnMBR) system and an anaerobic electrochemical membrane

bioreactor (AnEMBR) system, respectively. Characterization of the HF-PVDF-CNT membrane indicated

that the CNT mats exhibited good stability, electrical conductivity and wettability. In filtration

experiments using BSA, SA and HA solutions, the HF-PVDF-CNT membrane showed an obvious

improvement compared with the HF-PVDF membrane in antifouling performance. During its application

in the AnMBR and AnEMBR systems, the electro-assisted HF-PVDF-CNT membrane had greater effects

than the HF-PVDF-CNT membrane on reducing fouling.
1. Introduction

An anaerobic membrane bioreactor (AnMBR) is a technology
which successfully combines anaerobic biological processes
and membrane technology to achieve the separation of
hydraulic retention time and sludge age. Compared with other
sewage treatment processes, AnMBR technology offers advan-
tages, such as higher effluent quality, less excess sludge
formation, reduced space requirements and the generation of
value-added products. However, the important issue of
membrane fouling limits the practical application and devel-
opment of AnMBR systems in wastewater treatment, while also
being a key current problem in environmental science and
engineering.1
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The main factors causing membrane fouling are the
adsorption and accumulation of extracellular polymeric
substances (EPS)2 and soluble microbial products (SMP)3 on the
membrane surfaces, resulting in an increase in sludge viscosity
and membrane ltration resistance. The major components of
EPS and SMP are proteins, polysaccharides and humic acid. The
properties of the membrane materials are a main factor
affecting the fouling of membranes. There are many distinct
differences in membrane fouling resistance capabilities
because of differences in physical and chemical membrane
properties, such as membrane materials, porosity, hydrophi-
licity and surface roughness. This suggests that changes in
membrane properties are an effective way to mitigate the
fouling of membranes.

By far, polyvinylidene uoride hollow ber membranes (HF-
PVDF) have been the most widely used due to their stable
chemical properties, low cost and outstanding antifouling
ability.4,6 However, the hydrophobic surfaces of the HF-PVDF
membrane tend to be susceptible to membrane fouling.7

Therefore, hydrophilic groups are used to enhance the wetta-
bility of HF-PVDF membranes to reduce the tendency for irre-
versible pollution and increase the membrane service life.8
This journal is © The Royal Society of Chemistry 2020
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Hydrophilic modication of the HF-PVDF membrane is
a feasible method to reduce membrane fouling.

Carbon nanotubes (CNTs) have also been considered for
removing chemicals and microbes from water owing to their
high mechanical strength, high hydrophilic characteristics,
large specic surface area and encouraging electrical conduc-
tivity.9–11 If CNTs and HF-PVDF membrane could be combined,
the original hydrophobic HF-PVDF membrane could be turned
into a hydrophilic and conductive membrane. Both character-
istics are helpful for reducing the adhesion of pollutants on the
membrane surfaces. On the one hand, due to the inter-
connected CNTs, as-constructed porous and hydrophilic
membranes with a mesh-like structure are usually benecial for
water-transport.1 A high ux may be obtained even at a low
operating pressure because of these properties. On the other
hand, anaerobic electrochemical membrane bioreactor systems
(AnEMBR) are the best certied way to mitigate fouling resis-
tance due to the conductivity of the membranes. A negative
voltage is applied to enhance membrane separation perfor-
mance in AnEMBR systems. Higher energy gas yields and larger
electrostatic repulsion at the membrane surface protect against
colloids scaling on the membrane surface in AnEMBR
systems.9,12–14 Thus, a combination of CNTs and HF-PVDF
membranes to fabricate polymer composite membranes offers
promising opportunities to relieve membrane fouling.

Recently, ltration coating as a form of direct loading to
fabricate CNT polymer composite membranes has attracted
a lot of research attention.15,16 Apart from the lter coating
method, in situ polymerization17 and self-assembly18 are other
preparation methods for CNT polymer composite membranes.
Compared with the above methods, CNT mats prepared by the
lter coating method take full advantage of CNTs at the
membrane/water surface because the CNTs are not impreg-
nated in the membrane polymer matrix.16 Therefore, the lter
coating method was employed to modify the HF-PVDF
membrane in the study. Unfortunately, CNT mats exhibit poor
stability and easily detach from surfaces in real-world
membrane systems, as shown for the outer surface of HF-
PVDF and lamellar membranes.19 Therefore, how to effectively
improve adhesion between the support layer and CNT mats in
order to avoid CNTs shedding due to ow shear force, is an
important issue in surface modication.

Dopamine (PD) can be easily integrated onto the surface of
organic materials. Organic membrane surfaces modied by PD
retain their original structures and exhibit good hydrophilicity.20,21

Beyond that, PD can be adhered rmly onto CNTs surfaces
without ruining the sidewalls and generating harmful waste in
mild environments22 and the introduction of a PD coating can
greatly enhance the bioactivity and promote the dispersibility of
CNTs.23 Based on this information, PD coated CNTs provide
potential applications in organic membrane modication. Zhu
et al. found that dispersions of PD and single-walled CNTs can be
used to produce strongly hydrophilic and independent at ultra-
thin membranes by vacuum-ltration for rejection desalination.24

However, it is very difficult to prepare a HF-PVDF membrane
coated with CNTs by vacuum-ltration. Interestingly, functional-
ized CNTs can directly decorate onto the PVDF membrane
This journal is © The Royal Society of Chemistry 2020
surfaces by dopamine copolymerization, and the modied
membrane shows great promise for applications in oil/water
emulsion separation, as reported by Yang et al.5 But few applica-
tions to membrane fouling in wastewater have been reported.

In this study, a new and simple method to generate back-
washable CNTmats on the outer surface of HF-PVDF membranes
(HF-PVDF-CNT) is described. The aim is to overcome the short-
comings of the detachment of CNTs from the outer surface of the
HF-PVDF membrane by ltration coating and the membrane
fouling problem in wastewater treatment. The characteristics of
the HF-PVDF-CNT membrane were studied by scanning electron
microscopy (SEM), infrared spectroscopy (FTIR), and static
contact angle and conductivity tests. The stability of the CNTmats
was conrmed by UV-vis analysis during backwashing. The anti-
fouling performance of unmodied and modied membranes
was assessed via ltration in a bovine serum albumin solution
(BSA), sodium alginate solution (SA), and humic acid solution
(HA). The HF-PVDF-CNT and electro-assisted HF-PVDF-CNT
membranes were then applied in AnMBR and AnEMBR systems
to analyze water quality and antifouling properties.
2. Materials and methods
2.1 Base materials

2.1.1 Water quality experiments. All chemicals used in this
study were analytical grade and they were all supplied by
GuangFu Technology Development Co. Ltd. (Tianjin, China).
The protein solution and polysaccharide solution were prepared
by using 100 mg of BSA25 and 80 mg of SA,26 respectively, in 1 L
of tap water. The preparation of HA solution is relatively
complex. Firstly, 160 mg of HA27 was added to 2.5 L of tap
water. Then the pH of the mixture was adjusted to 12.0 with
NaOH solution and stirred magnetically for 8 h. Then the
solution was stood still for 2 h and the supernatant was
obtained. The pH of the supernatant was adjusted to 7.0 �
0.1 with HCl solution. The HA solution was nally obtained.
The TOC concentration of the HA solution was 45.90 mg L�1.
The UV254 value of the HA solution was 0.21. The composition
and water quality of synthetic municipal wastewater fed into
the AnMBR and AnEMBR systems are shown in Table S1.†

2.1.2 Membrane fabrication reagent. All the carboxylated
multi-walled carbon nanotubes (CNTs) used in this study were
supplied by XFNANO (Nanjing, China). The relevant character-
istics of the CNTs materials are shown in Table S3.† Triton X-
100 (>99%), a non-ionic surfactant, was supplied by REBIO
(Shanghai, China). Dopamine (99%) was purchased from Civi
Chemical Technology Co. Ltd. (Shanghai, China).

2.1.3 Hollow ber membranes. Normal HF-PVDF was
supplied by Mitsubishi Rayon Corporation (New District Wad-
sen Water Treatment Equipment Business Department in
Pingshan, Shenzhen, China). The characteristics of HF-PVDF
are shown in Table S2.†
2.2 Experimental methods

2.2.1 Preparation of HF-PVDF-CNT membranes. The
membrane module was applied with an effective area of 17.58
RSC Adv., 2020, 10, 1848–1857 | 1849
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cm2. The HF-PVDF carriers were pretreated by soaking in a 50%
ethanol solution for 12 hours. Following this, tap water was
employed to rinse the carriers and remove all the alcohol, before
the material was dried. The HF-PVDF-CNT membranes were
prepared in a constant-ow and dead-end ltration mode. The
device is shown in Fig. 1(a). The PD/CNTs dispersion was
prepared according to a similar method to that of Zhu et al.24

That is, the CNTs dispersion was rst prepared by adding
750 mg of CNTs and 10 ml of Triton X-100 to 1000 ml of Milli-Q
water (18 MU cm�2). The CNTs mixture was dispersed by
sonicating for 30 min (240 W) and then magnetically stirred at
50 �C for 12 h. Subsequently, 100 mg of dopamine was dissolved
once in the CNTs dispersion mentioned above, with sonication
for 30 min (240 W). 100 ml of fresh HCl–Tris (0.1 mol L�1, pH ¼
8.5) was poured into the above solution and further stirred for
24 h at 50 �C. Then the solution was dispersed by 30 min of
sonication (240 W). A PD/CNTs dispersion was obtained. CNT
mats were created or HF-PVDF-CNT membranes were prepared
by ltering the dispersion through the membrane module in an
out–in mode using a peristaltic pump (Fig. 1(a)). The CNTs
loading was maintained at z2.13 g CNT m�2 in our
experiments.

2.2.2 Stability evaluation of CNT mats towards back-
washing. The stability of the CNT mats on the outer surface of
the membranes was evaluated by hydraulic backwashing for 2 h
at a ow rate of 300 L m�2 h�1 through HF-PVDF-CNT
membranes from inside to outside. 45 ml of backwashing
water was collected into a 50 ml colorimetric tube every ten
minutes (Fig. S2†). The mass of CNTs dislodged from the mats
can be determined by UV-vis analysis in accordance with
previous research by Gallagher et al.19 In detail, 3 mg of CNTs
powder was mixed with 1% (v/vH2O) Triton X-100 in 1000 ml of
Milli-Q water (pH¼ 10), and sonicated for 15min under a power
of 240 W. A CNTs dispersion was obtained. And then the UV
average absorbance of the CNTs dispersion wasmeasured in the
200–900 nm range. At the same time, 1% (v/vH2O) Triton X-100
solution was prepared in the same way and its UV average
absorbance was determined in the 200–900 nm range. The
results showed that the Triton X-100 molecules do not show any
Fig. 1 (a) The device utilized for the preparation of HF-PVDF-CNTmemb
(2) feed; (3) sludge zone; (4) reaction column; (5) HF-PVDF membrane m
outflow; (9) pH electrode; (10) ORP electrode; (11) DO electrode; (12) gas
A schematic representation of reactor R1: (1) peristaltic pump; (2) feed; (3)
permeate; (7) pressure transducer; (8) peristaltic pump for outflow; (9) p
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absorbance but CNTs show obvious absorbance in the 800–
900 nm range (Fig. S1†). A standard curve was derived from the
serial CNTs dispersions with 0.5% (v/vH2O) Triton X-100 at
850 nm in the customary way (Fig. S3†). Based on this infor-
mation, the mass of CNTs released from the CNT mats in the
backwashing water was determined by UV analysis. In addition,
the conductive stability was tested by measuring the conduc-
tivity before and aer water backwashing. The water during
backwashing was prepared by mixing tap water with NaOH
solution. The pH of the backwashing water was 10.

2.2.3 Membrane antifouling properties during ltration of
BSA, SA and HA. The resistance to fouling of the HF-PVDF and
HF-PVDF-CNT membranes was evaluated by recording TMP
every two minutes during three cycles of ltration in different
solutions, such as BSA, SA or HA, prepared according to the
methods given in Section 2.1.1. The ltration was done in
a continuous ow mode (Fig. S4†). But there were some slight
differences in each ltration experiment. The ltration of BSA
solution was conducted with a nal TMP of 30 kPa each cycle,
while the ltration cycle lasted for 80 and 60 min during
ltration of HA and SA solutions, respectively. Except for TMP,
the effluent of the ltration was collected over a given period to
explore the rejection capacity. The backwash steps were carried
out for 10 min at 300 L m�2 h�1 aer every cycle of ltration.
Before ltration, the modied and unmodied membranes
were soaked in Milli-Q water for 30 min and the ltration water
was collected directly into a measuring cylinder for ten minutes
at 30 kPa, in order to calculate the water ux (J1). To further
study the membrane fouling resistance, the water ux (J2)
through the membrane was measured at 30 kPa aer the rst
backwash step for every pollutant ltration experiment.

2.2.4 AnMBR and AnEMBR systems. Schematic diagrams
of the tubular R1 and R2 systems are shown in Fig. 1(b) and (c).
The actual set-ups are shown in Fig. S5.† AnEMBR reactor R2
was constructed in a similar way to the system described by
Katuri et al.28 The AnEMBR reactor (50 cm length, 9.4 cm
internal diameter) had a working volume of 3.2 L. The sludge
zone as the anode was made up of cylindrical carbon-graphite
felt containing a platinum core, which was positioned
ranes. (b) A schematic representation of reactor R2: (1) peristaltic pump;
odule; (6) permeate; (7) pressure transducer; (8) peristaltic pump for

bag; (13) reference electrode; (14) cathode probe; (15) anode probe. (c)
sludge zone; (4) reaction column; (5) HF-PVDFmembranemodule; (6)
H electrode; (10) ORP electrode; (11) DO electrode; (12) gas bag.

This journal is © The Royal Society of Chemistry 2020
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vertically at the bottom of the reactor. For the carbon-graphite
felt, its bottom radius was 8 cm and its height was 10 cm. The
anaerobic sludge all adhered strongly to the felt. The HF-PVDF-
CNT membrane module as the cathode was positioned verti-
cally at the top of the reactor with the end of the bers posi-
tioned approximately 5 cm from the top of the anode. The
anode and cathode were connected separately with the elec-
trochemical workstation through copper wires. A head space
gas sampling bag and the electrodes of ORP, pH online detec-
tors and reference were provided on the top of the reaction
columns. The systems were inoculated with anaerobic sludge
from a secondary sedimentation tank of Beijing Gaobeidian
sewage treatment plant. The systems were fed with synthetic
municipal wastewater (Table S1†), and operated in a continuous
owmode at room temperature. The average room temperature
was 28 �C during the experiments. The HRT of the reactor was
36 h, and the sludge concentration (MLSS) in every reactor was
3000 mg L�1. The start and operation of the system were under
the condition of an applied voltage of�0.5 V (vs. Ag/AgCl) on the
membrane surface from the electrochemical workstation. In
contrast to R2, the AnMBR system R1 was constructed and
operated as described above, except that the sludge zone was
only pure anaerobic sludge without any additional voltage being
used. R1 was constructed in this way in order to compare the
fouling resistance of the HF-PVDF-CNT membrane in terms of
TMP.
2.3 Measuring methods

2.3.1 Characteristics of HF-PVDF and HF-PVDF-CNT
membranes. The cross-section and surface morphologies
were observed by scanning electron microscopy (SEM,
SU8020, Japan). The chemical structures of the CNT mats
were detected by a Fourier infrared spectrometer (FTIR,
Nicolet iS10, USA). The surface hydrophilicity was character-
ized on the basis of static contact angle measured by the site-
drop method using a DataPhysics Contact Angle Tester
(OCA50, Germany). The porosity of the membranes was
determined by the mass loss of the wet membranes aer
drying.29 The bubble point method was used to estimate the
permeation ux at 0.1 MPa. The adhesion stability of the CNT
mats through hydraulic backwashing was evaluated by UV-
visible analysis (Shimadzu, Japan). The conductivity of the
CNTmats was investigated via the four-probe method30 before
and aer backwashing to better characterize the stability. The
electrical conductivity of the modied membrane sf was
calculated from the conductivity s1, assuming a hypothetical
sample thickness of 1 cm, with the actual thickness df (in cm)
as sf ¼ s1/df.

2.3.2 Analysis of water quality. For the ltration of BSA, HA
and SA as in Section 2.2.3, the rejection rate of the pollutant was
calculated from the equation:31

Rejection rate ð%Þ ¼
�
1� Cp

Cf

�
� 100

where Cp and Cf are the pollutant concentrations in the
permeate and feed, respectively.
This journal is © The Royal Society of Chemistry 2020
The membrane water ux was calculated from the following
equation:31

J1 ¼ M

ADT

where M (kg) is the weight of ltered water, A (m2) is the
membrane area and DT (h) is the ltration time.

The ux recovery ratio was calculated by means of the
following expression:32

Water flux recovery ratio ð%Þ ¼
�
1� J2

J1

�
� 100

Soluble chemical oxygen demand (SCOD) and chemical
oxygen demand (COD) concentrations were determined by
standard methods.33 COD removal efficiency, the contribution
of biological removal rate to the COD value and the contribution
of membrane separation rate to the COD value were calculated
as follows:

COD removal efficiency ð%Þ ¼ CODin � CODef

CODin

� 100

contribution of biological removal rate to the

COD value ð%Þ ¼ CODin � CODsup

CODin � CODef

� 100

contribution of membrane separation rate to the

COD value ð%Þ ¼ CODsup � CODef

CODin � CODef

� 100

where CODin, CODef, CODsup are the COD concentrations of
inuent, effluent and supernatant.

The transmembrane pressure (TMP) of the membrane
modules was monitored with a pressure transducer (JYB-3151,
Beijing, China) to explore the antifouling performance. UV
absorbance measurements at 254 nm (UV254) and total organic
carbon (TOC) were applied to serve as simple and reliable
surrogate parameters to monitor the removal of HA. So UV-vis
analysis was employed to analyze the concentration of HA.
The protein content was estimated by the Coomassie bright
blue method.34 The polysaccharide content in SA solutions was
determined via the sulfuric acid–phenol method.35

3. Results and discussion
3.1 Characteristics of HF-PVDF and HF-PVDF-CNT
membranes

3.1.1 Infrared spectrum analysis. The FITR spectra showed
signicant differences before and aer membrane modication
(Fig. 2). The HF-PVDF materials had strong correlation peaks
for different PVDF crystal types, such as 975, 876 and 763 cm�1

(alpha-PVDF crystal) or at 1402, 1276 and 841 cm�1 (beta-PVDF
crystal). Aer surface modication, the PVDF correlation peaks
were signicantly weakened and new responses appeared at
1546, 1627 and 3178 cm�1. The strong absorbance of the HF-
PVDF-CNT membranes at 1546 cm�1 was attributed to the
framework vibration peak of the benzene ring or the bending
vibration peak of N–H, which may be closely related to the
RSC Adv., 2020, 10, 1848–1857 | 1851



Fig. 2 Infrared spectra of the HF-PVDF and HF-PVDF-CNTmembrane
surfaces.

Fig. 4 Surface morphologies of the HF-PVDF (a1, b1 and c1) and HF-
PVDF-CNT (a2, b2 and c2) membranes.
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benzene ring structure and –NH2 of dopamine molecules.36 A
new peak at 1627 cm�1 was due to the stretching vibration peak
of carbonyl and another peak at 3178 cm�1 was due to the
amino groups or carboxyl groups. Two peaks (1627 and
3178 cm�1) suggest that CNT mats were formed on the
membrane outer surface. Furthermore, these ndings prove
that CNTs and dopamine were successfully coated on the
surfaces of the HF-PVDF membrane, and dopamine may even
have certain modication effects on CNTs.37

3.1.2 Static contact angle analysis. Fig. 3 shows that the
water contact angles (WCAs) for HF-PVDF and HF-PVDF-CNT
membranes were 87.5 � 5� and 34.6 � 2�, respectively. The
initial WCA declined by roughly 52.9� when the CNT mats were
introduced. This suggests that the hydrophobicity was changed
into hydrophilicity for the membrane surface. This phenom-
enon can be rationalized by hydrophilic groups, such as –OH,
–COOH and –NH2, and the nano material surfaces greatly
improving the hydrophilicity of the membrane surface.

3.1.3 Morphological characterization of the membrane
surfaces. The outer surface microscopic structure of the HF-
PVDF and HF-PVDF-CNT membranes was observed with
a scanning electron microscope (SEM) and the result is shown
in Fig. 4. It can be seen that micron-size pores were relatively
dense and uniform in the HF-PVDF membranes which were
easily covered by CNTs. And it could also be seen that a network
porous structure was formed from interconnected CNT bundles
with a high porosity on the modied membrane surfaces. The
Fig. 3 Static contact angles of the HF-PVDF (left) and HF-PVDF-CNT
(right) membrane surfaces.

1852 | RSC Adv., 2020, 10, 1848–1857
network structure was made of CNT mats. The CNTmats on the
modied membrane surfaces may be benecial to the inhibi-
tion of adsorption of pollutants. This may be owing to the
increased disturbance caused by water ow.25

3.1.4 Porosity and water ux analysis. The porosity and
pure water permeation ux before and aer modication are
shown in Table 1. It was found that the total porosity of the HF-
PVDF-CNT membrane actually increased by about 13%. This
may be due to the bundle of CNTmats with high porosity on the
HF-PVDF-CNT membrane surfaces. Unfortunately, the water
permeability ux declined from 5670 � 15 L m�2 h�1 to 637 �
20 L m�2 h�1 aer the introduction of CNT mats. The perme-
ability rate reduced by approximately 89% aer modication.
There are two main reasons for this disadvantage. On the one
hand, the adhesion of dopamine-bound CNTs to the membrane
surface or into the membrane pores during ltration in modi-
ed membrane module preparation, resulted in membrane
pore blockage. On the other hand, the PD/CNTs dispersion may
be not mixed thoroughly and the CNTs might not be absolutely
uniformly distributed on the membrane surface. But it cannot
Table 1 Pure water flux and porosity properties of the membranes
before and after modification

Sample J (L m�2 h�1) 3 (%)

HF-PVDF 5670 � 15 34.87 � 5
HF-PVDF-CNT 637 � 20 47.51 � 4

This journal is © The Royal Society of Chemistry 2020



Fig. 5 Cross-sectional morphologies of the HF-PVDF-CNT
membrane.

Paper RSC Advances
be ignored that the modied membrane surface was hydro-
philic. Thus, the good wettability of CNT mats had little effect
on the increase in water ux, which is in accordance with the
results reported in other literature.38 And Gethard et al. found
that the partial penetration of CNTs into HF-PVDF membrane
pores partially reduces the hydraulic resistance of water mole-
cules in the support layer.39 For our experiment, the decreased
water ux suggests that the hydraulic resistance of water
molecules in the membrane may be greatly increased and the
effect of CNTs in the membrane pores was very small.

3.1.5 Conductivity test. The conductivity of the HF-PVDF-
CNT membrane before and aer water backwashing was
tested. It can be seen that the thickness of the CNT mats was 30
� 5 mm according to the SEM image (Fig. 5). The average
resistivity was 176.51 U cm�1 for the HF-PVDF-CNT
membranes, but it increased to 316.63 U cm�1 aer back-
washing. Thus, the conductivities of modied membrane
before and aer backwashing were calculated to be 0.071–
0.214 s mm�1 and 0.040–0.119 s mm�1, respectively. HF-PVDF-
CNT membranes exhibiting relatively stable electrical conduc-
tivity lay the foundation for AnEMBR applications.

3.2 Stability analysis of CNT mats towards backwashing

The stability of CNT mats of the HF-PVDF-CNT membrane
before and aer backwashing was tested by UV-visible analysis.
During the whole backwashing process, there was only 0.20 mg
of CNTs detected in the backwashing water, accounting for
0.54% of the total load of CNTs (see Table S4†). This may be
because the greatest stress experienced by the CNT mats loaded
on the outer surface of membranes was the tensile hoop stress,
when trying to expand the materials during backwashing.40 It
may be speculated that the dopamine induced rm adhesion
Fig. 6 Relationships between TMP and time when BSA (a), SA (b) or HA (c

This journal is © The Royal Society of Chemistry 2020
between the membrane surface and CNTs or among CNTs. The
adhesion stress was more effective than the tensile cyclic stress,
in preventing CNTs from shedding. However, the mechanical
properties of the HF-PVDF-CNT membrane were poor. Slight
stretching or rotation of the membrane resulted in severe
shedding of CNTs from the CNT mats on the membrane
surface.
3.3 Anti-fouling ability of the HF-PVDF-CNT membrane

3.3.1 Effects of BSA solution on membrane fouling. The
anti-fouling properties of BSA solution on the HF-PVDF and
HF-PVDF-CNT membrane are shown in Fig. 6(a). The average
TMP growth rates of the HF-PVDF membrane in the three
ltration cycles were 0.21, 1.67 and 3.00 kPa min�1, respec-
tively. In comparison, the average TMP growth rates of the HF-
PVDF-CNT membrane every cycle were signicantly lower, at
0.17, 1.07 and 1.67 kPa min�1, respectively. The service life of
the HF-PVDF-CNT membranes within three ltration cycles
was extended by 29%. And this was veried by SEM images
(Fig. 7(a1) and (a2)). The surface of the HF-PVDF membrane
was covered by a large area of massive pollutants but the HF-
PVDF-CNT membrane showed lower coverage aer ltration.
There were more pores in the HF-PVDF-CNT membrane than
in the HF-PVDF membrane. Some studies have found that the
interaction between proteins and membranes is the result of
electric charges.41 Under neutral conditions, negatively
charged BSA has an electrostatically repulsive effect on the
carboxyl groups of CNT mats. Membrane fouling was effec-
tively alleviated by preventing chemical adsorption between
the carboxyl groups of the CNT mats and the protein amino
groups.

Meanwhile, the BSA concentration of the ltered water
through the HF-PVDF-CNT membrane was signicantly lower
than the that through the HF-PVDF membrane, as shown in
Fig. 8(a). This may be ascribed to the charges on the modied
membrane surface and the CNT mats. pH 4.7 is the isoelectric
point of BSA. The negatively charged BSA molecules affect
membrane fouling because of the electrostatic interactions
among organic foulants and between organic foulants and the
membrane surface directly.42 In addition, the complex
porosity structure on the surface of HF-PVDF-CNT
membranes helped to trap the BSA molecules and increased
the rejection.
) solution was filtered by the HF-PVDF and HF-PVDF-CNTmembranes.

RSC Adv., 2020, 10, 1848–1857 | 1853



Fig. 7 SEM images of the HF-PVDFmembrane polluted by BSA (a1), SA
(b1) or HA (c1) solution; SEM images of the HF-PVDF-CNT membrane
polluted by BSA (a2), SA (b2) or HA (c2) solution.

Fig. 8 Relationships between the concentration of effluent contam-
inant and timewhen BSA (a), SA (b) or HA (c) solution was filtered by the
membranes.

RSC Advances Paper
3.3.2 Effects of SA solution onmembrane fouling. The anti-
fouling performance of SA solution on the HF-PVDF and HF-
PVDF-CNT membranes is shown in Fig. 6(b). It should be
noticed that the TMP increase of the HF-PVDF membrane
increased rapidly. The TMP variation of the HF-PVDF-CNT
membrane showed a slower, more linear rate of increase. This
could be a reection of the formation steps of pore blockage and
cake ltration.43 Unfortunately, both HF-PVDF and HF-PVDF-
CNT membrane surfaces were heavily covered by a layer of SA
pollutants in the end (Fig. 7(b1) and (b2)). As reported in the
study by Moshe et al.,44 SA has a great effect on adsorption onto
the two membrane types (adsorption efficiencies of 61.2–88.7%
for SA).44

In addition, the rejection rate of SA with the HF-PVDF-CNT
membrane was improved (Fig. 8(b)), as we expected. The HF-
PVDF-CNT membrane had a greater effect on the osmosis
separation compared with the HF-PVDF membrane. This could
be ascribed to the zwitterionic molecular structure45 and highly
hydrophilic CNT mats on the membrane surfaces.

3.3.3 Effects of HA solution on membrane fouling. The
effect of HA solution on membrane contamination is shown in
Fig. 6(c). The results showed that the average TMP growth rates
during each ltration cycle through the HF-PVDF membrane
were 0.50, 0.81 and 0.87 kPamin�1, respectively. In comparison,
the TMP growth rates during each ltration cycle through the
HF-PVDF membrane were signicantly higher than those for
the HF-PVDF-CNT membrane, which were 0.20, 0.38 and 0.545
kPa min�1, respectively. As can be seen from the SEM images
(Fig. 7(c1) and (c2)), visible CNTs on the surface of the
contaminated HF-PVDF-CNT membrane were further evidence
that the CNT mats were able to reduce the adhesion of HA
molecules. Generally, humic acid has an amphoteric structure
1854 | RSC Adv., 2020, 10, 1848–1857
with –COOH and –OH hydrophilic functional groups and
hydrophobic aromatic and fatty groups in the molecular
center.46 Therefore, the hydrophilic HF-PVDF-CNT membrane
was more resistant to membrane fouling than the HF-PVDF
membrane.

Furthermore, it was found that the UV254 values of most
effluent samples for the HF-PVDF-CNT membrane were lower
than those for the HF-PVDF membrane (Fig. 8(c)). The average
effluent UV254 values during ltration of every cycle through the
HF-PVDF membrane were 0.094, 0.088 and 0.094, respectively,
while the average effluent UV254 values during ltration of each
cycle through the HF-PVDF-CNT membrane were 0.085, 0.080
and 0.089, respectively. For the two membrane types, the UV254

values of the effluent generated from the second cycle were the
lowest, while the UV254 values of the effluent during the rst and
This journal is © The Royal Society of Chemistry 2020
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third cycles were poor. The variation trend of the UV254 values in
effluent for all three cycles was consistent with the ndings
reported by Lowe et al.47 When the HA solution was ltered in
the rst cycle, HA molecules were at a high concentration and
could easily pass through the membrane pores. With extended
ltration time, the formation of cake layers on the membrane
surfaces led to shrinkage and reduction of the pores. And the
organic substance in the membrane ltered water decreased
accordingly. Backwashing aer ltration did not prevent or slow
down the formation of cake layers or irreversible pollutants.
When the layers of pollutants on the membrane surfaces
became thick enough, a large concentration difference was
formed around the membrane. Furthermore, concentration
polarization was caused on the membrane surfaces. The
organic concentration in the effluent increased gradually with
the accelerated migration of HA molecules.

3.3.4 Recovery of membrane backwash water ux. As
shown in Fig. 9, the water permeation ux of the HF-PVDF
membrane decreased more than that of the HF-PVDF-CNT
membrane aer backwashing. The gap in pure water perme-
ation ux between the two membranes aer ltration of BSA, SA
or HA solution, was signicantly reduced. Reversible fouling
was prone to be induced on the HF-PVDF-CNT membrane and
the water ux was easily recovered by backwashing. These are
consistent with the reported ndings of Jung et al.48 Although
the pure water ux of the modied membranes decreased
seriously, there is a certain application value for coating dopa-
mine and CNTs on the HF-PVDF membrane.
Fig. 10 (a) COD concentration in the inflow and effluent over the time
of operation of R1 and R2. (b) SCOD concentration in the supernatant
during the stable period in R1 and R2. (c) TMP evolution during the
operation of R1 and R2.
3.4 Application of HF-PVDF and HF-PVDF-CNT membranes
in MBRs

3.4.1 Operational performance of AnMBR and AnEMBR.
Fig. 10(a) and (b) show COD removal efficiency in the anaerobic
membrane bioreactors R1 (AnMBR) and R2 (AnEMBR). The
COD concentrations in effluent of both bioreactors decreased
greatly within 50 days and gradually stabilized aer 50 d.
During the stable operation, the average COD in effluent of the
reactors R1 and R2 were 30.67 and 39.62 mg L�1, respectively
(Fig. 9(a)), while the SCOD concentrations in the supernatant of
the R1 and R2 systems were at 43.49 and 68.07 mg L�1,
respectively (Fig. 9(b)). It could be seen that the removal of COD
Fig. 9 Membrane water flux recovery ratios after backwashing.

This journal is © The Royal Society of Chemistry 2020
was very close in both reactors during the whole operational
period; the biological treatment contribution rates of R1 and R2
were 95.49% and 89.67%, respectively. The membrane separa-
tion contribution rates of R1 and R2 were 4.51% and 10.33%,
respectively. Obviously, the contribution rate of membrane
separation in R2 was much higher than in R1. This could be
because the biolm on the cathode surface has a positive effect
on organic degradation, with the application of a voltage
accelerating electron transfer among microorganisms or
between the cathode and microorganisms.49

3.4.2 Membrane fouling characteristics of AnEMBR. The
TMP of the membrane modules was measured during stable
operation (Fig. 10(c)). The TMP in R1 stabilized at 17.0 kPa and
then increased gradually. However, R2 showed a slower upward
trend and remained stable at about 12 kPa during the whole
RSC Adv., 2020, 10, 1848–1857 | 1855
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process, which was much lower than for R1. Similar to the
ndings of Yang et al.,50 the above phenomenon could be
attributed to the electrostatic repulsion between the pollutants
and cathode surfaces being enhanced with an applied voltage.
But further research and analysis are needed to explore the
relationship between applied voltage and membrane fouling.
4. Conclusions

In summary, a novel and simple technique to fabricate CNT
conductive composite membranes was introduced in our study.
The method involves ltering a PD/CNTs dispersion through
a HF-PVDF membrane operating in dead-end mode from the
outside-in. The characteristics of the modied membrane were
described. The antifouling performance with different
contaminants was investigated compared with the unmodied
membrane. The obtained results show that:

(1) The CNT mats on the modied membrane surfaces were
very stable during hydraulic backwashing. In addition, the CNT
mats endowed the unmodied membrane with high hydro-
philicity and conductivity.

(2) The antifouling and rejection performance of the modi-
ed membrane was signicantly improved compared with the
unmodied membrane during the ltration of BSA, SA or HA
solution. Furthermore, the modied membrane is superior in
terms of membrane water permeation ux recovery compared
with the unmodied membrane. This is further evidence of the
high antifouling performance of the modied membrane.

(3) The electro-assisted CNT mats on the outer surface of the
modied membrane exhibited high antifouling and separation
performance. The results conrmed that biofouling could be
mitigated with the application of a voltage in the AnEMBR
system.
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