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The presence of Cr(VI) in the water/wastewater has serious environmental hazards due to its high toxicity.
Ultraﬁltration membranes are widely used in water/wastewater treatment due to their low cost and simple
operation. However, conventional ultraﬁltration membrane has low rejection of ions which limits its application
for Cr(VI) removal. In terms of this, the CNT/PVDF/stainless steel mesh conductive ultraﬁltration membrane was
developed via nonsolvent induced phase separation (NIPS) method in this study. The properties of the membranes were characterized and the mechanism for the removal of Cr(VI) under diﬀerent operational conditions
was investigated. The results showed that the new generate membrane has good electrical conductivity and high
mechanical strength. The conductive ultraﬁltration membrane can realise the eﬃcient removal of Cr(VI) under
the application of voltage. It was found that the electrostatic repulsion between CrO42−/HCrO4− and negatively
charged membrane plays a main role in Cr(VI) removal in the absence of electrolyte while electrochemical
reduction plays an important role in Cr(VI) removal in the presence of electrolyte. Moreover, the removal efﬁciency of Cr(VI) was positively correlated with the ionic strength and residence time. The acidic condition was
favorable for the removal of Cr(VI) when lower cell potentials (1 V, 3 V) were applied to the membrane and the
neutral condition was beneﬁcial for the removal of Cr(VI) removal when the applied cell potential increased to
5 V. Increase of the residence time by adjusting membrane operational pressure can further enhance the Cr(VI)
removal. The highest removal of Cr(VI) (95.2%) was achieved under the best operation conditions (5 V, pH 7,
100 mM Na2SO4, 3.4 s residence time). It was demonstrated that the conductive membrane oﬀers a promising
way of Cr(VI) removal in the electrochemical ﬁltration system.

1. Introduction
In recent years, chromium has been widely used in textile processing, metallurgy, electroplating, chrome plating and other industrial
ﬁelds [1]. The release of chromium into aquatic environments through
industrial discharge has become a big threat to human health. The main
existing forms of chromium in wastewater are normally hexavalent
chromium (Cr(VI)) and trivalent chromium (Cr(III)). Cr(III) has much
lower toxicity than Cr(VI) and can be considered as a trace element

needed in the human diet [2,3]. Cr(VI) is a potential carcinogen which
can cause harmful eﬀects on environment due to its high toxicity and
nondegradability. In this regard, the need for the control of Cr(VI)
concentration in aquatic environments is certainly warranted and the
reduction of Cr(VI) to Cr(III) is a promising way to the detoxiﬁcation of
Cr(VI). Some conventional approaches have been applied to remove Cr
(VI) from industrial discharge, such as physical absorption [4], bioreduction [5], chemical reduction [6,7], photocatalytic reduction [8,9],
reverse osmosis (RO) [10], nanoﬁltration (NF) [11] and
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Table 1
The preparation conditions of membranes used in this study.
Membrane

NMP (wt.%)

PVDF (wt.%)

LiCl (wt.%)

CNT (VS. PVDF)
(wt.%)

Evaporation time (s)

Substrate material

CPSM
PSM
CPNM

80
80
80

17
17
17

3
3
3

5
0
5

30
30
30

Stainless steel mesh
Stainless steel mesh
Nonwoven

electrochemical removal of Cr(VI) by using the new conducting ultraﬁltration membrane was studied. The eﬀect of electrical potential,
electrolyte concentration, residence time and pH on the removal Cr(VI)
was also evaluated.

electrochemical reduction [12]. Physical absorption is an eﬀective way
to remove Cr(VI), the regeneration of absorbent however is diﬃcult and
secondary treatment has to be needed [13,14]. Bioreduction normally
needs high cost and limits the wide application of this technique [15].
Chemical reduction is the most commonly used technique in industry to
reduce Cr(VI). Unfortunately, large volumes of sludge are produced in
this process which requires further treatment. Membrane techniques
(e.g. RO and NF) have shown great potential to eﬃciently remove heavy
metals, but they require high operation pressure which results in high
energy demand [16]. Electrochemical reduction is one of the most attractive method for the detoxiﬁcation of Cr(VI) due to its high eﬃciency
and environmental compatibility [17,18]. However, the reduction of Cr
(VI) can be suppressed since electrostatic repulsion inhibit the mitigation of Cr(VI) to the cathode. Moreover, the produced Cr(III) on the
cathode/solution interface results in concentration polarization and
thus inhibit the further reduction of Cr(VI) [19].
To overcome these challenges, electrochemical ﬁltration system
(EFS) has attracted considerable attention due to its eﬀectiveness and
versatility. Compared with traditional batch electrochemical system
(BES), there is a certain extent convection between electrode and water
interface in EFS, which is beneﬁcial for the mass transfer and thus increasing electron transfer eﬃciency [20,21]. Cr(VI) is forced through a
porous cathode and reduced to Cr(III), further leading to the formation
of a solid precipitate (Cr(OH)3(s)). Electrochemical reduction processes
are highly dependent on the electrolyte concentration, pH, mass
transfer rate, electrode material, etc. Traditional electrode materials
used for the process are mainly carbon and metals which are expensive
and diﬃcult to scale up [22]. In this study, electrically conductive
membranes were selected as the electrode material which combines the
membrane ﬁltration and electrochemical reduction process.
Recent studies have reported that electrically conductive membranes can be made through the deposition of conducting nanomaterials on porous supports [23]. However, the loss of conductive additives
from the membrane is inevitable, which decreases the membrane conductivity and limits the long-term operation [23,24]. Attempts have
been made to use electrically conducting polymers to fabricate membranes through the deposition of conductive layer on a porous support.
However, the major limitation of those membranes is low conductivity
[25–29]. In terms of this, it's very imperative to fabricate conductive
ultraﬁltration membranes with stable performance and high conductivity by appropriate materials and simple methods.
Recently, stainless steel mesh was used as a conductive membrane
(cathode) in MBRs to mitigate membrane fouling by applying an electric ﬁeld [30,31]. Based on this, Huang et al. developed a composite
conductive microﬁltration (MF) membrane by introducing a stainless
steel mesh into a polymeric membrane [32]. The membrane was used
as a cathode to control fouling in continuous ﬂow MBRs by applying an
external electric ﬁeld. The previous studies give us a good inspiration to
fabricate a stable and highly conductive membrane by incorporating
stainless steel mesh as a support.
In this study, a novel conductive ultraﬁltration (UF) membrane was
developed by incorporating a stainless steel mesh into the membrane. A
moderate amount of CNT was mixed into the membrane to further increase the membrane conductivity and enhance the electron transfer
eﬃciency. The prepared conductive ultraﬁltration membrane can be
used as not only a cathode but also a separation membrane. The

2. Materials and methods
2.1. Chemical and materials
Polyvinylidene ﬂuoride (PVDF, FR-904) was purchased from
Shanghai 3F New Materials Co., Ltd. (China). Multi-walled CNT (outer
diameter of 8–15 nm and length of 50 μm), potassium dichromate
(K2Cr2O7), N-methyl-2-pyrrolidone (NMP), sodium sulfate (Na2SO4),
LiCl and PEG (molecular weight of 35, 70, 300, 500, 600 and 1000 kDa)
were obtained from Sinopharm Chemical Reagent Co., Ltd. (China).
Stainless-steel mesh (pore size of 37.4 μm and thickness of 60 μm) was
obtained from Xiaoafeng 316 L (China). The stainless steel mesh was
ﬁrstly etched with 1 mol/L NaOH and then washed with Deionized (DI)
water and acetone several times before use. DI water was produced
from a Milli-Q ultrapure water puriﬁcation system (Millipore, Billerica,
MA).

2.2. Membrane fabrication
The CPSM (note that CPSM refers to CNT/PVDF/stainless steel mesh
membrane) was prepared via nonsolvent induced phase separation
(NIPS) using water as the non-solvent. The preparation conditions of
the membranes used in this study are detailed in Table 1. Firstly, 0.85 g
of CNT was dispersed in 80 g of NMP by horn sonicator for 30 min. 17 g
of PVDF and 3 g of LiCl were then slowly added into the mixture and
stirred at 200 rpm using an overhead mixer (IKA RW16 Basic) for 12 h
to achieve a homogeneous solution. The addition of LiCl is to adjust the
viscosity of the casted membrane solution by changing the thermodynamic state of the dope solution and the conformation of the polymer
[33]. Thereafter, vacuum was used to remove gas bubbles for 6 h. The
membrane was cast on a stainless-steel mesh at a 250 μm thickness
using an automated ﬁlm applicator (Elcometer 4340 Automatic Film
Applicator). The casting solution ﬁrstly inﬁltrated into the stainless
steel mesh before being immersion in the water bath. After exposed to
air for 30 s, the casted membrane solution was immersed into DI water
coagulation bath. The precipitated PVDF polymer from the inﬁltrated
casting solution acted as cramps thereby ﬁrmly holding the PVDF
membrane and stainless steel mesh together. The intensive physical
force generated during the phase separation process is considerably
strong and durable, reducing the potential risk of delamination [34].
The membrane was kept immersed in water at room temperature for
24 h to wipe oﬀ all solvents and then rinsed with DI water before use.
In order to evaluate the inﬂuence of CNT and stainless-steel mesh on
the membrane properties, CNT/PVDF/nonwoven membrane (called
CPNM which means no stainless steel mesh was added compared to
CPSM) and PVDF/stainless steel mesh membrane (called PSM that no
CNT was added compared to CPSM) in Table 1 were prepared as control. For CPNM, the stainless steel mesh was replaced by nonwovens.
For PSM, the casting solution without CNT was used to fabricate the
membrane. Fig. 1 displays the preparation process of these membranes.
192
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Fig. 1. Membrane preparation process of (A) CPSM; (B) PSM; (C) CPNM. (Note: CPSM refers to CNT/PVDF/stainless steel mesh membrane; PSM refers to PVDF/
stainless steel mesh membrane; CPNM refers to CNT/PVDF/nonwoven membrane).

contact angle (WCA) of the membrane surface. The WCA was measured
by the OCA20 Video-Based Contact Angle Meter (DataPhysics
Instruments Ltd., Germany) using DI water. 4 μL water was dropped on
the membrane surface from a syringe at the room temperature. The
angle between the membrane surface and liquid drop was obtained to
describe the membrane hydrophilicity. Each membrane sample was
measured at least 5 times.

2.3. Membrane characterization
2.3.1. Membrane morphology
The surface morphology and cross-section of membrane samples
were imaged by scanning electron microscopy (SEM) (Hitachi Ltd.,
Japan). For cross-section of samples, the membrane was cut into ﬂakes
and immersed in liquid nitrogen. The frozen membrane was then
fractured to obtain a smooth cross-section and pasted onto a conducting
resin in SEM stub. The samples were coated with a thin gold layer
before analysis.

2.3.5. Membrane molecular weight cut oﬀ (MWCO) analysis
The molecular weight cut oﬀ of membranes was investigated by
using PEGs of diﬀerent molecular weights in a cross-ﬂow ﬁltration. All
the membranes were pre-conditioned with DI water at a pressure of
0.1 MPa and cross ﬂow velocity of 0.25 m/s until a steady state ﬂux was
achieved. After reaching a steady state, PEG solution was added into the
ﬁltration cell and the permeate was collected in a measuring cylinder.
The MWCO was determined by plotting the rejection against the molecular weight for the range of test compounds and determining the
molecular weight at which a rejection of 90% is achieved [35].

2.3.2. Membrane pore size distribution
The pore size distribution was measured by using Capillary Flow
Porometer (CFP, Porolux 1000, IB-FT GmbH, Germany). The membranes were fully wet by Poreﬁl (IB-FT mbH, Germany) with surface
tension 16 dyn/cm and density of 1.87 g/mL. After that, nitrogen was
used to remove the poreﬁl from the membrane pores. The mean pore
size distribution was obtained by calculating the wet and dry curves.
2.3.3. Membrane ﬂux
Dead-end ﬁltration was performed to analyze the membrane ﬂux.
The prepared membrane was preconditioned in DI water for 30 min to
reach a steady ﬂux, then the pure water ﬂux was obtained at 1 bar
transmembrane pressure (TMP). The membrane ﬂux was calculated
using Eq. (1)

Jw =

V
A×t

2.3.6. The electrochemical property of prepared membranes
Linear sweep voltammetry (LSV) and electrochemical impedance
spectroscopy (EIS) were conducted to characterize the electrochemical
properties of prepared membranes using an electrochemical workstation (CHI608E, China). The LSV of stainless steel mesh (SS), PSM and
CPSM was measured using three-electrode cell, in which the sample,
titanium sheet and Ag/AgCl were served as working electrode, counter
electrode and reference electrode, respectively. All the electrodes were
rinsed by purging nitrogen for 30 min prior to use. LSV was carried with
3 g/L Cr(VI) solution or DI water. 100 mM Na2SO4 was performed as
supporting electrolyte. The scan rate was kept at 5 mV/s with the potential from 1.0 V to −1.5 V (vs. Ag/AgCl). The EIS of all the membranes was carried out at a sinusoidal perturbation of 10 mV amplitude
over a frequency range of 105 to 10−2 Hz in 2 mM NaClO4. The relative
potential of membranes was measured by multimeter at a certain cell

(1)

where Jw is the membrane ﬂux (LMH, L/(m h)), V is the volume of
permeated water (L), A is the eﬀective area of the membrane (m2), and t
is the performance period (h).
2

2.3.4. Membrane hydrophilicity
The hydrophilicity of membranes was analyzed by measuring water
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Fig. 2. (A) A schematic diagram of the electrochemical membrane system; (B) membrane ﬁltration module used in the experiment.

(ζ, μm) and membrane permeability (v, μm/s):

potential.

t(s) =

2.4. Experimental details for electrochemical removal of Cr(VI)

ζ
v

(2)

The removal eﬃciency of Cr(VI) (R, %) can be calculated through
Eq. (3):

The Cr(VI) solution of 1 mg/L was prepared through dissolving
K2Cr2O7 in DI water. Diﬀerent concentrations of Na2SO4 were used as
supporting electrolyte to adjust the solution conductivity. Dead-end
ﬁltration was applied to evaluate the electrochemical removal of Cr(VI)
in the electrochemical ﬁltration system as shown in Fig. 2. The cell
potential was supplied by a DC power source (Dahua, DH1765-1,
China). Conductive membranes and titanium germanium mesh were
served as cathode and counter electrode, respectively. The membrane
surface was located 3 mm above the titanium germanium mesh and the
eﬀective area of both membranes and titanium ruthenium mesh was
24 cm2. Cell potential was chosen to describe the supply of electrons on
the membrane cathode and the detailed explanation was shown in Fig.
S1. Four diﬀerent cell potentials (0, 1, 3, 5 V) were applied to explore
the eﬀect of cell potential on the electrochemical removal of Cr(VI). The
blank experiment was performed without applied potential (0 V) to
determine the eﬀect of adsorption in the system or on the membrane.
Three diﬀerent sets of experiments were carried out under diﬀerent
concentrations of Na2SO4 solution (0, 10, 100 mM), residence time (0.8,
1.7, 3.4 s). A small amount of H2SO4 and NaOH was used to adjust pH
and also explore the eﬀect of pH on the removal of Cr(VI).
In order to understand the eﬀect of stainless steel mesh and CNT on
the electrochemical removal of Cr(VI) during membrane ﬁltration
process, CPSM, PSM or CPNM were acted as cathode in the same operational condition. Each experiment was conducted at least three
times. The residence time (t, s) was adjusted by controlling the operation pressure and calculated using Eq. (2) based on membrane thickness

Cp ⎞
R(%) = ⎜⎛1 −
⎟ × 100%
Cf ⎠
⎝

(3)

where Cp and Cf are the concentrations of Cr(VI) in permeate and feed
stream, respectively.
The concentrations of Cr(VI) and total chromium were measured in
the permeate stream. Total chromium concentrations were measured by
inductively coupled plasma mass spectrometry (ICP-MS, NEXION
300×, Perkin Elmer). The concentrations of hexavalent chromium
were measured by spectrophotometric method using spectrophotometer (DR5000, HACH) at 540 nm [36].
3. Results and discussions
3.1. Membrane properties
The surface and cross-section of prepared membranes are shown in
Fig. 3. The CPSM exhibited a grey color due to the presence of CNT and
micropores with an average value of 74.4 nm was evenly distributed on
the membrane surface (Fig. 3A and D). The cross-sections displayed
characteristic three layers (Fig. 3B): a dense top skin layer, a transition
region and a relatively porous layer of PVDF on a stainless steel support
layer. Structures with macrovoids are expected in the studied system
due to the high mutual aﬃnity between NMP and water, which
194
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Fig. 3. SEM images of (A) the surface view of CPSM with scale bar of 5 μm; (B) cross-section view of CPSM with scale bar of 10 μm; (C) cross-section view of CPSM
with scale bar of 100 μm; (D) surface view of CPSM with scale bar of 500 nm; (E) surface view of PSM with scale bar of 500 nm; (F) surface view of CPNM with scale
bar of 500 nm.

F, indicating that the introduction of stainless steel mesh and CNT into
the membrane had very tiny on the membrane morphology. Fig. 4C
shows the water contact angle of CPSM, PSM and CPNM. The three
kinds of membranes (CPSM, PSM and CPNM) exhibited similar water
contact angle, suggesting that the incorporation of stainless steel mesh
and CNT into the membrane did not aﬀect the membrane hydrophobicity.
LSV scan in Fig. 5A was carried out to examine the electrochemical
performance of CPSM, PSM and SS and to explore the mechanism of Cr
(VI) removal on the membranes. As shown in Fig. 5A, CPSM, PSM and
SS exhibited similar current densities at scanned potentials from
−0.3 V to 1.0 V (vs. Ag/AgCl), while CPSM exhibited the highest

generally leads to instantaneous demixing[37]. Fig. 3C shows that the
stainless steel mesh was well embedded in the active layer because of
the strong adhesion of the casting solution as explained in Section 2.2.
There is no signiﬁcant change in the membrane surface of CPSM
compared to PSM and CPNM in Fig. 3D, E and F.
Fig. 4A shows the pure water ﬂux of prepared membranes. The
membrane ﬂux of CPNM, CPSM and PSM was 267 ± 20, 232 ± 17,
255 ± 24 L/m2h at 1 bar TMP, respectively, which was in the range of
UF membrane. Fig. 4B displays the pore size distributions of CPSM,
PSM and CPNM. It can be found that there was no obvious diﬀerence in
the pore size distributions among the three kinds of membranes. This
was consistent with the membrane morphology results in Fig. 3D, E and

Fig. 4. (A) The pure water ﬂux of CPSM, PSM, CPNM at 1 bar TMP; (B) the pore size distribution of CPSM, PSM and CPNM; (C) the water contact angle of CPSM, PSM,
CPNM and SS.
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Fig. 5. (A) LSV scan of CPSM, PSM and SS with a scan rate of 5 mV/s in 3 g/L chromium solution. The background electrolyte solution was 100 mM Na2SO4. (Note:
Solid lines were measured without Cr(VI) in the background electrolyte solution; dotted lines were measured with 3 g/L Cr(VI) solution in the background electrolyte
solution); (B) Nyquist plots of EIS spectra of CPSM, PSM and CPNM.

current densities at lower potentials from −1.0 V to −0.3 V (vs. Ag/
AgCl) among the three kinds of membranes. Higher current response at
lower potentials indicated that the CPSM exhibit better electrochemical
properties. As shown in Fig. 4C, the water contact angle of CPSM
(72.9 ± 1.5°) was much lower than that of SS (122.5 ± 4.2°), suggesting that CPSM was more hydrophilic. The increased hydrophilicity
of CPSM could result in enhanced electrolyte aﬃnities at the interface
between electrolyte and membrane surface, and thus leading to improved ion transport [35]. Compared to PSM, the addition of CNT
improved the membrane conductivity which was conﬁrmed by the
following EIS. This implies that the incorporation of stainless steel mesh
and CNT had a positive eﬀect on the inherent electrochemical properties of the membrane.
The electrochemical reactions were also examined using the electrically conductive membranes as cathode in the chromium solution
with 100 mM Na2SO4 as a background electrolyte. An evident reduction
peak was found at a reduction potential of −0.4 V (vs. Ag/AgCl) in the
presence of chromium solution when SS and PSM were served as
working electrode, suggesting that the reduction reaction of Cr(VI)
occurred on the membrane. This is consistent with some literatures that
the reduction peak of Cr(VI) emerged at −0.4 V (vs. Ag/AgCl) using
iron- or boron-doped diamond as cathode [17]. LSV of CPSM exhibited
two close reduction peaks around −0.4 V, which was probably due to
the addition of CNT [36]. Some possible reactions happened at the
cathode are as follows [17,38–40]:
2H2O + 2e− → H2 + 2OH− −1.025 vs. Ag/AgCl
HCrO4−
CrO4

2−

+

+ 7H

+ 3e

−

+ 4H2O + 3e

−

→ Cr

3+

+ 4H2O 1.153 vs. Ag/AgCl

→ Cr(OH)3 + 5OH

2Cr(OH)3(s) → Cr2O3 + 3H2O
Cr3+
(aq)

+ 3e

−

→ Cr(s) −0.937 vs. Ag/AgCl

−

CPSM was slightly higher, implying that the addition of CNT slightly
increased membrane conductivity. It can be concluded that stainless
steel mesh plays the most important role in the improvement of
membrane conductivity.
3.2. Eﬀect of stainless steel mesh and CNT on the removal Cr(VI)
To further investigate the inﬂuence of stainless steel mesh and CNT
on the removal of Cr(VI), CPSM, PSM and CPNM were served as
cathode and the removal of Cr(VI) are shown in Fig. 6. It was found that
the removal rate of Cr(VI) and total chromium was negligible for all
three kinds of membranes (CPSM, PSM and CPNM) without applied
potential, indicating that the absorption can be neglected in the system.
CPNM showed the lowest removal rate of Cr(VI) among the three kinds
of membranes under the same cell potentials, which indicates that the
addition of stainless steel mesh plays a signiﬁcant role in the removal of
Cr(VI). This was consistent with previous studies which showed that the
incorporation of stainless steel mesh can signiﬁcantly improve the
membrane conductivity. This makes them favorable to be used in the
electrochemical process [32,42].
As shown in Fig. 6A and C, the removal rate of PSM was 3.2% and
6.2% higher than that of CPSM under 1 V and 3 V, respectively. However, the removal rate of CPSM was 13.4% higher than PSM under 5 V.
We kept the same residence time in order to observe the eﬀect of CNT
on the removal of Cr(VI). In fact, the membrane thickness was diﬀerent,
so the ﬂux related to the same residence time was not the same. The
ﬂux of CPSM was higher than PSM under the same residence time,
indicating that the Cr(VI) removal eﬃciency of CPSM was higher than
that of PSM. The purpose of adding CNT into the membrane is to further
increase the membrane conductivity and enhance the electron transfer
eﬃciency. Some conducting sites of stainless steel mesh are wrapped by
PVDF polymer during the phase separation process, leading to the decrease of the conductivity. Besides, the addition of CNT is beneﬁcial for
enhancing the contact between Cr(VI) and the membrane as a cathode,
and thus improving the eﬃciency of electrochemical reduction [21,43].
It can be concluded that the incorporation of stainless steel mesh and
CNT was eﬀective in the removal of Cr(VI). Stainless steel mesh not
only can provide high conductivity, but also distribute electrons evenly
on the polymer layer and transfer electrons through CNT net to improve
electron transfer eﬃciency. Therefore, CPSM was used in our experiments subsequently.

(4)
(5)

−0.327 vs. Ag/AgCl
(6)
(7)
(8)

EIS scan was carried out to characterize the electrical properties of
the prepared membranes. The results are shown in Fig. 5B in Nyquist
plots where the ﬁctitious component of impedance (−Z″) is plotted
against the real component (Z′) as a function of frequency. In the Nyquist diagram, a near-perfect semicircle shows that the corresponding
system is composed of an ideal conductance element and a capacitance
element in parallel. The intersection of the semicircle and abscissa axis
at a high frequency is deﬁned as the ohmic resistance (Ro) of cathode
and the solution. The diameter of the semicircle is the polarization
resistance (Rp) of the cathode, which ascribes to the ionic migration
process at the electrolyte and electrode interface [10,32,41]. It can be
found that the impedance of CPNM was much higher than CPSM and
PSM, which indicated that stainless steel mesh plays an important role
in the conductivity of membranes. Compared to PSM, the impedance of

3.3. Eﬀect of electrolyte concentration on the removal of Cr(VI)
To evaluate the eﬀect of electrolyte concentration on the Cr(VI)
removal, several experiments were carried out at diﬀerent electrolyte
concentrations when the cell potentials of 1 V, 3 V or 5 V were applied
to the membranes. Fig. 7 displays the eﬀect of electrolyte
196
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Fig. 6. The concentrations of total chromium and hexavalent chromium in the permeate of the electrochemical ﬁltration system under diﬀerent voltages when
membranes were served as cathode. (A) CPSM; (B) PSM; (C) CPNM. (Note: The bar chart corresponds the concentrations of chromium (both total chromium and
hexavalent chromium); the line represents the removal rate of hexavalent chromium). All the experiments were conducted under the same condition: 100 mM
Na2SO4, pH 7, 1.7 s residence time).

Fig. 7. The concentrations of both total chromium and hexavalent chromium in the permeate of the CPSM under diﬀerent voltages and electrolyte concentrations.
(A) 0 mM Na2SO4, pH 7, 1.7 s residence time; (B) 10 mM Na2SO4, pH 7, 1.7 s residence time; (C) 100 mM Na2SO4, pH 7, 1.7 s residence time. (Note: The bar chart
corresponds the concentrations of chromium (both total chromium and hexavalent chromium); the line represents the removal rate of hexavalent chromium).
197
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decreasing the reduction eﬃciency of Cr(VI).
It was also found that the concentration of total chromium in the
permeate decreased with the increase of cell potential. As stated in
Section 3.3, the reduction of total chromium concentration was mainly
via the electrostatic interactions and generation of chromium sediments. The electrostatic interaction is not aﬀected by residence time as
shown in Eq. S(1). When the residence time increased, the reduced Cr
(III) can make full contact with OH− and promote the generation of
precipitation like Cr(OH)3 and Cr2O3, and thus leading to the decrease
of total chromium in the permeate. As the cell potential reached to 5 V,
the relative potential reached to −1.4 V (vs. Ag/AgCl) which exceeded
the reduction potential of Cr(III) to Cr(0) in Eq. (8), leading to the
formation of Cr(0). It can be concluded that the increase in residence
time was beneﬁcial for the removal of total chromium.

concentrations on the removal of Cr(VI) under diﬀerent voltages (0 V,
1 V, 3 V, 5 V). As shown in Fig. 7A, the removal of Cr(VI) exhibited a
tiny increase with the increase of cell potentials when electrolyte was
absent. The removal rate of Cr(VI) was about 5.8%, 8.4% and 11.1%
under the applied potential of 1 V, 3 V and 5 V, respectively. The major
existing forms of Cr(VI) is CrO42− at the pH of 7 under very low ionic
strength conditions, therefore the removal of Cr(VI) was mainly due to
the electrostatic repulsion between negatively charged membranes and
CrO42− [17]. The negligible diﬀerence between the removal rate of Cr
(VI) and total chromium further conﬁrmed that the electrostatic repulsion contributed to the rejection of Cr(VI) in the absence of electrolyte.
When electrolyte concentration was increased from 0 mM to
100 mM, the signiﬁcant removal rate of both total chromium and Cr(VI)
was achieved and higher electrolyte concentrations led to higher removal of chromium (Fig. 7B and C). When electrolyte concentration
was 10 mM, the removal rate of Cr(VI) under cell potentials of 1 V, 3 V
and 5 V was 9.7%, 22.1% and 33.1%, respectively. With the electrolyte
concentration increased to100 mM, the removal rate of Cr(VI) under
cell potentials of 1 V, 3 V and 5 V further increased to 16.9%, 56.5% and
91.3%, respectively. These results suggested that the addition of electrolyte was beneﬁcial for the removal of Cr(VI). The reason was that
electrolyte enhanced current intensity and thus improved electron
transfer, which promoted the reduction of Cr(VI). The diﬀerence value
between the concentration of total chromium and Cr(VI) in Fig. 7 implies the concentration of Cr(III) in the permeate. It was also found that
the concentration of Cr(III) in the permeate increased with the increase
of electrolyte concentration, indicating that the electrochemical reduction became a dominant role on the removal of Cr(VI) in the presence of electrolyte.
As shown in Fig. 7, the removal rate of total chromium increased
with the increase of applied potential. Compared among Fig. 7A, B and
C, it can be found that electrolyte concentration has a signiﬁcant eﬀect
on the removal rate of total chromium. The removal rate of total
chromium under cell potentials of 0 V, 1 V, 3 V and 5 V achieved 1.5%,
7.0%, 26.1% and 58.8%, respectively. The removal of total chromium
was caused by the reduction of Cr(VI) to Cr(III) and then the change of
Cr(III) to insoluble Cr(III) (e.g. Cr(OH)3 and Cr2O3) or even further to Cr
(0) as shown in Eqs. (5)–(8). The electrical double layer (EDL) was
compressed with the increase of electrolyte concentration and the
electrochemical reduction became more important, which could also
lead to the reduction of Cr(VI) to insoluble Cr(III) and further reduction
to Cr(0). This was consistent with the previous studies that the precipitated (e.g. Cr(OH)3, Cr2O3 and Cr(0)) can be rejected by the conducting UF membrane [31]. Above all, two factors contributed to the Cr
(VI) removal by the conductive UF membrane working as cathode. One
is electrostatic repulsive forces between the metal anions and the negatively charged membranes, and the other is electrochemical reduction under the application of voltages [36].

3.5. Eﬀect of pH on the removal of Cr(VI) under diﬀerent cell potentials
To further investigate the mechanism of Cr(VI) removal in the
electrochemical ﬁltration process, four feed streams with diﬀerent pH
values were conducted in this study. As exhibited in Fig. 9A, the change
of cell potential between 0 V and 1 V did not make any diﬀerence in the
removal of Cr(VI) when pH was 11. By contrast, the removal rate of Cr
(VI) achieved 25.6%, 37.7% and 52.2% under the cell potential of 1 V
when pH was 7, 5 and 3, respectively. It has been demonstrated that
HCrO4− mainly existed in a solution at the pH lower than 6.5 while
CrO42− principally existed in a solution at the pH higher than 6.5
[38,44]. As shown in Fig. 9B, the relative potential of CPSM was
−0.23 V (vs. Ag/AgCl) when the cell potential of 1 V was applied to the
electrochemical ﬁltration system, implying that HCrO4− existing in
acid solution participates in a reduction reaction as shown in Eq. (5). It
was also found that the removal rates of Cr(VI) had no great diﬀerence
among the four kinds of pH under the cell potential of 3 V. The reason
was that the relative potential of CPSM was −1.03 V (vs. Ag/AgCl)
under the cell potential of 3 V, suggesting that the reduction of CrO42−
became the main way for the removal of Cr(VI) as shown in Eq. (6). The
highest removal rate (67.5%) was achieved at pH 3 compared to other
pHs under the cell potential of 3 V, while the highest removal rate
(91.3%) was achieved at pH 7 under the cell potential of 5 V. It can be
deduced that pH aﬀected the reduction of H+ under diﬀerent cell potentials, thereby inﬂuencing the reduction of Cr(VI). As shown in
Fig. 5A, the H+ reduction peak emerged around −1.2 V (vs. Ag/AgCl).
However, the relative potential (vs. Ag/AgCl) of CPSM under 3 V was
around −1.0 V (vs. Ag/AgCl), which was lower than the potential of
H+ reduction. Also, no visible bubbles were observed under 3 V during
the experiment, further conﬁrming that the reaction of H+ reduction
could not occur under the applied cell potential of 3 V. The relative
potential (vs. Ag/AgCl) of CPSM under 5 V was around −1.4 V (vs. Ag/
AgCl), suggesting that H+ reduction could occur and the increase of the
solution acidity can further promote the water electrolysis (Eq. (4)).
This can suppress the reduction of Cr(VI) by competing electrons,
leading to the decrease of Cr(VI) removal. Therefore, it can be concluded that neutral solution is beneﬁcial for the removal of Cr(VI) at
higher cell potential while acidic solution was beneﬁcial for the removal of Cr(VI) at lower cell potential.

3.4. Eﬀect of residence time on the removal of Cr(VI) under diﬀerent cell
potentials
To evaluate the eﬀect of residence time on the removal of Cr(VI),
diﬀerent operation pressures were used in the experiment. As shown in
Fig. 8A and B, the residence time increased from 1.7 s to 3.4 s when the
operation pressure dropped from 0.5 bar to 0.25 bar, and the removal
rate of Cr(VI) increased from 16.9% to 44.2% under the cell potential of
1 V and from 56.5% to 75.4% under the cell potential of 3 V, respectively. This was mainly due to the longer contact time between the
conductive membrane and metal ions. It is evident that the concentration of Cr(VI) in the permeate had a dramatic decline, showing
that high removal rate can be achieved by adjusting the operation
pressure. However, a relatively slow improvement (3.9%) was found
when the residence time increased to 3.4 s under 5 V, which was mainly
due to the reduction of H+ to H2 under higher cell potential and thus

3.6. Durability performance
To evaluate the stability of CPSM, a long-term test for the electrochemical reduction of Cr(VI) was performed (5 V, pH 7, 100 mM
Na2SO4, 1.7 s residence time). Fig. 10 shows the change of membrane
ﬂux and the removal of Cr(VI) with time. It was found that the membrane kept a high removal rate of Cr(VI) and stable ﬂux during 30 min
running. However, the ﬂux declined by about 30% after 24 h test
without any cleaning treatment. The decreased ﬂux was mainly due to
the deposition of precipitates on the membrane surface, but the membrane kept a high removal rate of Cr(VI) during the long term running.
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Fig. 8. The concentrations of both total chromium and hexavalent chromium in permeate of the CPSM under diﬀerent voltages and residence time. (A) 100 mM
Na2SO4, pH 7, 3.4 s residence time; (B) 100 mM Na2SO4, pH 7, 1.7 s residence time; (C) 100 mM Na2SO4, pH 7, 0.8 s residence time. (Note: The bar chart corresponds
the concentrations of chromium (both total chromium and hexavalent chromium); the line represents the removal rate of hexavalent chromium).

Fig. 9. (A) The removal rate of hexavalent chromium under diﬀerent voltages with diﬀerent pH; (B) The relative potentials of CPSM under the cell potential of 1 V,
3 V and 5 V, respectively.

Fig. 10. (A) The change of normalized ﬂux and Cr(VI) in the eﬄuent during 30 min test; (B) The change of ﬂux and Cr(VI) in eﬄuent during 24 h test.
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Fig. 11. (A) The front view of the pristine CPSM; (B) The rear view of the pristine CPSM; (C) The lateral view of the pristine CPSM; (D) The front view of the CPSM
after 24 h test; (E) The rear view of the CPSM after 24 h test; (F) The lateral view of the CPSM after 24 h test.

Appendix A. Supplementary data

The photos of CPSM before and after the test are shown in Fig. 11. It can
be observed that there is no obvious appearance change after 24 h
running and the stainless steel mesh was still well embedded in the
active layer. As discussed in Section 2.2, the polymer tightly wrapped
the stainless steel mesh during the phase inversion process and the
strong and durable physical force generate a stable membrane [34].
SEM in Fig. 3 also shows the stainless steel mesh was well embedded in
the active layer, conﬁrming the strong adhesion between the membrane
top layer and support.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.memsci.2019.05.018.
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