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The application of electro-Fenton membrane for micropollutants removal is limited due to the trade-off between
membrane rejection and water permeability. Herein, we fabricated a carboxylated carbon nanotubes (CCNT)
intercalated reduced graphene oxide (RGO) composite electro-Fenton membrane with a 1.8-fold higher
permeability (19.6 L m− 2 h− 1 bar− 1), a 1.9-fold higher rejection (61.1%), and a 2.4-fold higher removal rate
(38.6 mg m− 2 h− 1) of florfenicol. This coenhancement was attributed to the intercalation of CCNT, which
significantly enlarged the interlayer distance and pore size of membrane, enhanced surface charge density and
electrical conductivity. In addition, the consistency between simulated and experimental results of another six
pharmaceuticals micropollutants verified the reliability of the four regression equations, which could be used to
preliminarily predict applicability of the electro-Fenton membrane for removal of a specific pollutant. This study
provides new insights into the design of high-performance catalytic membranes for efficient removal of micro
pollutants together with high water permeability, which makes it an attractive choice for membrane develop
ment in real scale applications.

1. Introduction
With the global demand for freshwater continuing to place signifi
cant pressure on available water resources, wastewater reclamation and
reuse represent viable alternative resources [1]. Membrane-based
wastewater reclamation using reverse osmosis or nanofiltration is of
great importance to address the critical challenge of water scarcity [2].
Although membranes are capable of removing a large majority of pol
lutants from wastewater, they often show unfavorable rejection per
formance towards micropollutants with small molecular weights [2,3],
such as pharmaceutically active compounds. The ubiquitous occurrence
of such harmful contaminants [4–7] in the permeate water presents
significant ecological, environmental and human health risks by dis
turbing the normal physiological and biochemical processes of aquatic

organisms, destroying the ecosystem, and yielding emerging
drug-resistant bacteria and genes, even when at trace concentrations
[8–10]. Additionally, most of these pharmaceuticals can dissociate in
water and therefore pick up an electrical charge. The charge perfor
mance is decided by its acid dissociation coefficient (pKa ) and the pH of
the solution [11], with a pKa smaller than pH exhibiting negative charge,
and vice versa [12].
Based on the mechanism of electrostatic interaction, some re
searchers prepared electrically conductive membranes [13]. When a
bias voltage is applied, such membranes can effectively retain charged
contaminants due to the enhanced electrostatic repulsion [14]. Gener
ally, the conductive membrane is considerably more hydrophilic, which
would improve its water permeability [15]. Additionally, based on the
Derjaguin-Landau-Verwey-Overbeek
(DLVO)
theory,
the
potential-induced surface charges, that is to say, the enhanced charge
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Abbreviations

AMOX
AMP
CFX
OFX
SDZ
SMX
FLO
CAP
TAP
ATL
CBZ
TOC
HPLC
MCE
SEC

EFM
electro-Fenton membrane
CNT
carbon nanotubes
RGO
reduced graphene oxide
RGO-CCNT carboxylated CNT intercalated RGO
MW
molecular weight
DPS
Data Processing System
GO
Graphene oxide
PTFE
polytetrafluoroethylene
FE-SEM field emission scanning electron microscopy
XPS
X-ray photoelectron spectroscopy
AFM
atomic force microscopy
SCE
saturated calomel electrode
DO
dissolved oxygen

performance of membrane under the influence of applied voltage, would
increase the repulsion potential energy and the energy barrier height.
This is benefit for the aqueous dispersions to be stable and will decrease
the collision efficiency of charged organic pollutants with the membrane
surface, which can then alleviate membrane fouling [16]. However,
concentrated pollutants on the surface of electrically conductive mem
branes still require further treatment. In our previous study, we devel
oped an electro-Fenton membrane (EFM) that takes this concept one
step further by not only physically separating but also in situ degrading
the target contaminants on its surface [17]. This is a dramatic approach
for H2O2 production via two-electron reduction of dissolved oxygen and
further activation into hydroxyl radical (•OH) by a metal catalyst
immobilized on the membrane surface [18]. Different from traditional
classical Fenton reaction, electrochemistry offers an excellent way to
generate and control the concentration of H2O2 and a soluble ferrous
iron salt, the so-called Fenton reagent. This process can overcome the
drawback of Fenton process through a controlled synthesis of H2O2 in
the solution to be treated and catalyzing the Fenton reaction by elec
trochemical regeneration of Fe2+ [19]. The •OH consists of a hydrogen
atom bonded to an oxygen atom that can easily steal another hydrogen
atom from other molecules to form water molecules, which makes it
highly reactive [20]. The EFM with a higher rejection efficiency could
concentrate the pollutants on the surface and therefore enhance its in
situ degradation due to faster mass transfer and prolonged contact time
between contaminants and the oxidant [21]. However, the graphene
modified EFM could not effectively retain the micropollutants (~30%),
which could be attributed to the complex membrane separation mech
anism, including size sieving, adsorption and electrostatic interaction
[22]. This property leads to a relatively low concentration of contami
nants aggregating on the boundary layer of the membrane surface [23],
which could not significantly contribute to its degradation efficiency.
Decreasing the membrane pore size by increasing the graphene content
as a feasible approach obtained a high rejection, so does a serious flux
loss and a higher operation pressure for the layer-stacked graphene
membrane [24], leading to the insurmountable permeability-rejection
trade-off during membrane separation processes [25]. While, the
thickened or compacted active layer would absolutely decrease its cat
alytic performance [26,27]. For carbon nanotubes (CNT) modified EF
membrane with high permeability, contaminants could not be effec
tively retained or concentrated on the surface [28], making it is still
insufficient for removing micropollutants from wastewater, even though
its conductivity, surface charge and content of iron oxide catalysts were
relatively better to increase the electron transfer rates towards target
molecules [29]. It has been recently reported that CNT intercalation into
reduced graphene oxide (RGO) layer could coenhance the membrane
rejection and permeability [30]. Compared to pure RGO membrane,
CNTs were intercalated into the RGO layer, and loaded together on the
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ampicillin
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sulfamethoxazole
florfenicol
chloramphenicol
thiamphenicol
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carbamazepine
total organic carbon
high-performance liquid chromatography
mineralization current efficiency
specific energy consumption

supporting membrane surface. The interlayer distance, which worked as
water channels inside the composite layers, that is membrane pore, has
been significantly enlarged. Nonetheless, that was a non-catalytic
membrane mainly focusing on separation of charged salt ions. There
fore, it is significant to investigate the combined effect of high rejection
and in situ catalytic degradation of micropollutants in a single mem
brane configuration.
According to our knowledge, many researches are related to CNT
intercalated RGO membranes [30,32], however, RGO modified EFM
intercalated with CNT has not been reported yet. This composite EFM
might overcome the trade-off between membrane rejection and
permeability, and simultaneously provide the enhanced catalytic
degradation of micropollutants on the membrane surface. The high
concentration of rejected pollutants on the membrane surface will pro
vide high mass transfer thus increase the contact time and chances of
collision between pollutants and oxidants for better reaction. Further
more, the layer-stacked [24] RGO membrane with carboxylated CNT
(CCNT) intercalating into its inside channels between layers formed the
laminar composite (RGO-CCNT) EFM. The sheet resistance might be
reduced due to the better conductivity property of CCNT, and the
loading content of iron catalyst on CCNT in the membrane could also be
improved. This improvement is mainly attributable to the enhanced
reaction or effects between iron ions and carboxyl functional groups
imparted by the higher content of carboxyl functional groups in CCNT,
which will increase the catalytic performance of the RGO-CCNT com
posite EFM. This study will provide new insights into how the activity of
RGO-CCNT EFM is influenced by its structure tuned by the different
ratios of RGO and CCNT. Besides, its application in the removal of
charged pharmaceuticals and the correlation between removal effi
ciency and physicochemical properties of contaminants has been
explored.
In this study, a series of layer-stacked RGO-CCNT-Fe modified EFMs
were fabricated with different ratios of RGO and CCNT to control the
membrane pore size, surface charge, electrical conductivity and catalyst
activity [10,31] via a pressure filtration process. The removal of
different charged pharmaceuticals by the RGO-CCNT-Fe membrane, the
correlation between the removal efficiency and its physicochemical
properties, including the acid dissociation coefficient (pKa ), the bimo
lecular reaction rate constants (K•OH ), the molecular weight (MW) and
the n-Octanol-water partition constant (log Kow ) were systematically
investigated with an emphasis on the effects of the membrane surface
charge, pore size, electrical conductivity and catalyst activity. Corre
spondingly, the regression equations and their reliability were further
analyzed via Data Processing System (DPS) and verified by comparing
the experimental and simulated results. We also fundamentally eluci
dated the mechanisms underlying the removal efficiency, selectivity and
permeability of RGO-CCNT-Fe EFM as well as its rejection and removal
2
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capability for different charged contaminants.

to analyze the structural properties. Atomic force microscopy (AFM,
Dimension Edge, Bruker) was used to exam the roughness of the mem
brane surface. The zeta potential measurements were conducted on a
SurPASStm3 electrokinetic analyzer (Anton Paar). The membrane
resistance was then tested by a CRESBOX semiautomatic four-point
probe sheet resistance/resistivity measurement system (NAPSON,
Japan). The hydrophilicity property of the membrane was characterized
by observing the water contact angle with an optical contact angle and
an interface tension meter (Kruss DSA 100S, Germany).

2. Experimental section
2.1. Preparation of RGO dispersions
Graphene oxide (GO) was synthesized according to the same method
that we previously used [3]. Chemical reduction method was applied to
reduce the GO solution and obtain reduced graphene oxide (RGO) [32],
as shown in the details below. The obtained GO solution (1.42 g L− 1) was
diluted to 0.25 g L− 1 and followed with 960 μL of ammonia (25% in
water) and 144 μL of hydrazine (80 wt% in water) solutions addition.
The mixture was stirred at room temperature for 10 min and then placed
in a Teflon-lined stainless-steel autoclave. After heating for 2 h (120 ◦ C)
and then cooling to room temperature, the RGO dispersion could be
obtained.

2.4. Protocols of membrane performance tests
The membrane performance was evaluated using a dead-end mem
brane filtration setup (Fig. 2), which is also known as full filtering and
has been widely applied and described in separation process [33]. The
effective filtration area of this dead-end reactor is 9.62 cm2. Prior to
water permeability, rejection and degradation efficiency tests, mem
branes with different ratios were pressured for 2 h to achieve a relatively
stable flux at a pressure of 2.5 bar. For electro-Fenton filtration test, the
RGO-CCNT-Fe membrane worked as the cathode, a Pt foil worked as the
anode, and a saturated calomel electrode (SCE) worked as the reference
electrode. The electrochemical properties of the EFM (data not shown)
was characterized by the electrochemical workstation and accordingly
the applied potential on the EFM cathode was accordingly poised at
− 0.6 V vs. SHE during the experiment. An oxygen-saturated solution
(DO ~ 20 mg L− 1) of Na2SO4 electrolyte (50 mM) and micropollutants
(1.0 mg L− 1) was continuously pumped into the reactor, flowing through
the membrane under a transmembrane pressure of 2.5 bar at 25 ◦ C.

2.2. Preparation of RGO-CCNT-Fe membranes
The composite EFM was prepared by forming the RGO-CCNT-Fe
functional layer on a polytetrafluoroethylene (PTFE) supporting mem
brane with pore size of 0.1 μm (RisingSun Membrane Technology Co.,
Ltd., China) (Fig. 1) [17]. Briefly, different ratios of RGO dispersion
(0.25 g L− 1) and single walled CCNTs (0.15 wt%, XFNANO, China) were
mixed together using sonication for 20 min (40 kHz, 100 W) in an ice
bath. Then, the RGO-CCNT hybrid membrane was prepared via a
pressure-assisted filtration method and was controlled at 2 bar at room
temperature. The pressured conditions were held constant for one
additional hour until no liquid could be observed from the outlet of the
filter. The iron oxide catalysts were then loaded according to the simple
and easy method previously described, with an NaOH solution, DI water
and FeCl3 solution sequentially flowing through and then reducing via
electrochemical methods to form the fresh RGO-CCNT-Fe modified EFM.
Finally, the RGO-CCNT-Fe membrane was directly used as the cathode.

2.5. Degradation of different charged pharmaceuticals
To evaluate the catalytic performance of the RGO-CCNT-Fe mem
brane, a series of pharmaceuticals with different charges, such as
negatively charged antibiotics: amoxicillin (AMOX), ampicillin (AMP),
cefalexin (CFX), ofloxacin (OFX), sulfadiazine (SDZ), sulfamethoxazole
(SMX), florfenicol (FLO), positively charged antibiotics and drugs as
chloramphenicol (CAP), thiamphenicol (TAP), atenolol (ATL) and
neutral drug carbamazepine (CBZ) were selected for this study. The
mechanism for charged pharmaceutical removal was investigated and
linked to the structural characteristics of the composite membrane.

2.3. Membrane characterization
The microstructure and surface morphology were obtained using
field emission scanning electron microscopy (FE-SEM, Hitachi SU8020,
Japan). X-ray photoelectron spectroscopy (XPS, Kratos AXIS Ultra DLD,
UK) was applied to analyze the elemental composition and states. A
Raman spectrometer (LabRAM HR Evolution, Horiba, France) was used

Fig. 1. The main procedure to prepare the RGO-CCNT-Fe e-Fenton membrane.
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Fig. 2. Schematic diagram of the in-house made electrocatalytic membrane filtration setup.

2.6. Analysis

between removal efficiency and physicochemical properties of pollutant
was analyzed by the ORIGIN software, and the relative regression
equations were acquired based on different regression methods by the
DPS (V15.10), with the detail process presented in SI 6. Additionally, the
reliability analysis of these regression equations was further verified by
comparing the experimental results and the fitting data.

The surface charge density, pore size distribution and average pore
size of membrane were calculated according to the equations in SI 1 and
2 [30]. The concentration of micropollutants and the total organic car
bon (TOC) in the influent and effluent were analyzed using a
reverse-phase high-performance liquid chromatography (HPLC, DGU
20A3R, Shimadzu, Japan) (see the details in SI Table S1) and a TOC
analyzer (Shimadzu, Japan). The water permeability, rejection and
degradation efficiency, mass transfer rate constant, apparent minerali
zation current efficiency (MCE) and specific energy consumption (SEC)
were measured and calculated (SI 3, 4 and 5) in order to evaluate the
performance and cost-effectiveness of this technique. The correlation

3. Results and discussion
3.1. Characterization of RGO-CCNT membrane
A series of membranes with different CCNT contents (0, 30, 50, 56,
63 and 75%) were fabricated by pressure-filtrating an electrically

Fig. 3. SEM images of (A) membrane surface and (B) the cross-section: (a) Pristine PTFE supporting, (b) RGO, (c) RGO-CCNT30, (d) RGO-CCNT50, (e) RGO-CCNT56,
(f) RGO-CCNT63, (g) RGO-CCNT75 and (h) CCNT membranes.
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conducting RGO-CCNT layer on the PTFE substrate. The surface-view
SEM image of the RGO membrane (Fig. 3Ab) showed a typical smooth
and thin film morphology, such as a thin cicada’s wings without cracks
coated on the PTFE substrate (Fig. 3Aa). After intercalation, RGO
nanosheets and CCNT were tightly and uniformly stacked and interlaced
together (Fig. 3Ac-g). Even though the composite membranes possessed
a rougher surface (SI Table S2), no obvious defects and aggregation had
been found on the membrane surface due to well dispersed RGO nano
sheets and CCNTs. Meanwhile, the hydrophilicity of membrane was also
obviously enhanced after intercalation of CCNT with the water contact
angle decreasing from 85◦ to 42◦ (Supporting Information (SI) Fig. S1).
For RGO membrane, the thickness was approximately 40 nm (Fig. 3Bb),
while for pristine CCNT membrane, a much rougher surface (Fig. 3Ah)
and a thicker function layer (~420 nm) (Fig. 3Bh) was observed. In
comparison, the thickness of the RGO-CCNT membranes changed from
~200 nm to ~350 nm (Fig. 3Bc-g) with CCNTs content increasing from
30% to 75%. This could be attributed to the intercalation of CCNT
expanded the interlayer spacing of RGO laminates, which created more
continuous 3D nanostructured channels. Then, the change in the
thickness of membranes indicated that the control of the intercalated
CCNT content could tune the interlayer spacing of RGO nanosheets.
The stability of freshly prepared RGO-CCNT membrane (SI Fig. S2a)
was investigated. After being soaked in water with ultrasonication (40
kHz, 100 W) for 5 min, it was observed that the RGO, RGO-CCNT50 and
RGO-CCNT75 membranes remained intact throughout this process (SI
Fig. S2b), although the RGO-CCNT and GO mixture have similar charge
properties and hydrophilicity (SI Fig. S1, Fig. S2c) [34]. This implies that
the RGO-CCNT membrane with an enlarged interlayer spacing still
possesses superior mechanical stability in water without the assistance
of any cross-linker between individual layers. From the Raman spectra
(SI Fig. S3) of RGO membrane, typical D (1350 cm− 1) and G (1590
cm− 1) bands could be found with height ratio of ID/IG = 1.32 compared
to that of GO membrane (ID/IG = 0.97), suggesting the GO recovery of a
hexagonal network of carbon atoms with defects. After the intercalation
of CCNT (ID/IG = 0.04), a lower Raman D/G peak height ratio (ID/IG =
0.32) could be observed for the RGO-CCNT membrane, which agreed
with the previous reports,41 and could be attributed to the oxygenation
of CCNT. All these results indicated that the intercalation of CCNT could
effectively control the properties and structures of RGO-CCNT
membranes.

CCNT increasing, the Zeta potential evolved, becoming more negative.
When the CCNT content increased from 0 to 100%, it changed from
− 19.9 to − 58.2 mV (Fig. 4a). Similarly, the calculated surface charge
density (according to SI 1) also showed an increasing trend from 4.9 to
13.8 mC m− 2 (Fig. 4a). Since the surface charge of the carbon-based
material is significantly related to the oxygen-containing surface func
tional groups, an XPS analysis was conducted to further elucidate the
RGO-CCNT membrane surface charge. C 1s and O 1s spectra were fitted
to analyze and calculate the contents of the corresponding functional
groups. The C 1s signal (SI Fig. S4 and Table S3) revealed that when the
percentage of CCNT increased from 0 to 100%, the relative content of
COOH and C–OH functional groups increased from 1.7 to 7.7 at% (~4.5
times) and 6.2 to 11.9 at% (~1.9 times), respectively. Similarly, the
increasing contents of both phenolic C–OH and C = O functional groups,
as well as a subsequently decreasing of aliphatic C–OH functional group
could also be observed from the O 1s signal deconvolution (SI Fig. S5
Table S4). These results could be attributed to the intercalation of CCNT
into the RGO layer. The carboxyl and phenolic hydroxyl groups can
dissociate in water solution due to their polar effect, and the membrane
surface will be negatively charged. With the content of the carboxyl and
phenolic hydroxyl functional groups increasing, the charge performance
and conductivity of membrane would become stronger [35], and
induced stronger electrostatic repulsion between membrane surface and
pollutants. This would be benefit for pollutants to be rejected and
concentrated on membrane surface, which will improve its removal
efficiency. Based on these effects of CCNT intercalation, the carboxyl
and phenolic hydroxyl groups significantly influence the membrane
surface charge, the property and performance of RGO-CCNT composite
membrane has been significantly improved. Meanwhile, the electrical
conductivity of RGO-CCNT membrane was obviously enhanced with its
sheet resistance decreasing from 0.620 kΩ sq− 1 of RGO membrane to
0.033 kΩ sq− 1 of CCNT membrane (inset table in Fig. 4a). Compared to
some previously reported RGO membranes (0.84–1.8 kΩ sq− 1) [17], the
resistivity of the RGO-CCNT membranes were obviously lower, indi
cating that these membranes had excellent electrically conductive
properties. This would be beneficial for electron transfer, making it
much easier to in situ reduce oxygen and Fe3+ to H2O2 and Fe2+ on
membrane surface.
For graphene nanosheet stacked sieving membranes, the inter
connected nanochannels were employed as membrane pores for the
selective transport of molecules or ions [36] and nearly frictionless
surface of RGO is beneficial for the fast flow of water molecules [37].
However, the vacuum filtration fabricated RGO membrane is so tightly
packed that only water vapor aligned in a monolayer can permeate
through the nanochannel and exhibit low water permeability. There
fore, the intercalation of CCNT potentially adjusting the membrane pore

3.2. Effect of CCNT intercalation on surface charge, conductivity and
pore size of membrane
The RGO-CCNT membranes were all tested negatively charged by
measuring their Zeta potential at pH 7. With the amount of intercalated

Fig. 4. (a) Zeta potential (pH at 7.0), surface charge density (the inset) and sheet resistance (the inset), (b) pore size distribution and average pore size (the inset) of
RGO-CCNT membranes with different CCNT contents.
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size was investigated (SI 2) [38]. The pore size distribution ranged from
approximately 0.5 to 4 nm for the series of the RGO-CCNT membranes
(Fig. 4b), and moved to a larger diameter distribution with the increase
in CCNT ratios. A progressively increasing average pore size from 1.07 to
1.97 nm with CCNT content increasing from 0 to 75% could be observed.
From the above discussion, it can be concluded that the surface charge,
electrical conductivity and membrane pore size can be tuned by simply
controlling the content of intercalated CCNT during the membrane
fabrication process.

FLO rejection (61.1%) was achieved by RGO-CCNT50-Fe membrane,
which is obviously improved as compared to the pure RGO-Fe mem
brane (~30%), however, it was only 27.2% for the pure CCNT-Fe
membrane. These results demonstrated that with an optimum CCNT
content intercalation, RGO-CCNT-Fe membrane can achieve better FLO
separation performance apart from its higher permeability, which alle
viated the permeability-rejection trade-off. As the CCNT content
increased, water permeability continued to increase due to the enlarged
membrane pore size. However, the rejection of negatively charged FLO
gradually decreased when the CCNT content increased from 56 to 100%
even though the membrane surface charge was enhanced. This could be
ascribed to the larger membrane pore size that led to a weaker size
sieving effect in FLO separation, which played the major role as
compared to the electrostatic repulsion effect between the membrane
(negative zeta potential) and negatively charged FLO [22]. Thus, it can
be concluded that intercalation of CCNT into RGO layer did create more
nanochannels and provide enough surface charge for the RGO-CCNT-Fe
membrane to achieve coenhanced water permeability and pollutant
rejection [28].
Based on the procedure and mechanism of EFM preparation [17],
iron oxide catalysts were formed on membrane surface through the re
action with carboxyl functional groups. Accordingly, the intercalation of
CCNT would certainly benefit for its formation. The atomic percentage
of iron element analyzed via XPS ranged from 4.2 to 33.8% as the CCNT
content increased from 0 to 100% (SI Table S5), indicating that more
catalysts were loaded on the membrane surface. This effect would be
conducive to •OH generation through the decomposition of hydrogen

3.3. Filtration and catalytic performance of RGO-CCNT-Fe EFM
To evaluate the performance of RGO-CCNT-Fe EFM, the water
permeability, rejection and degradation efficiency of FLO were investi
gated under a dead-end filtration model. The pure water permeability
increased from 11.6 to 32.3 L m− 2 h− 1 bar− 1 (LMH/bar) as the CCNT
content increased from 0 to 100% (Fig. 5a). It was approximately 2 times
the enhancement for a pure CCNT membrane compared to RGO mem
brane, which is consistent with the increased thickness, pore size and
hydrophilicity (SI Fig. S1) of the CCNT intercalated membranes.
Furthermore, the permeability during the filtration of FLO containing
water also showed similar increasing trend from 11.1 to 31.9 LMH/bar
(SI Fig. S6). This significant improvement could be attributed to the
enhanced hydrophilicity and enlarged pore size due to the intercalation
of CCNT. Additionally, the rejection of FLO was first increased from 32.7
to 61.1%, and then obviously declined to 43.2% with the CCNT content
increasing from 0 to 75% (Fig. 5a). It is worth noting that the highest

Fig. 5. (a) Pure water permeabilities and florfenicol, (b) removal efficiencies of FLO by RGO-CCNT-Fe membranes with different CCNT contents, (c) comparison of
the mass transfer performance in the catalytic filtration system (k-Fil) with traditional batch system (k-batch). The mass transfer performance was characterized with
several parameters: mass transfer rate constant (km), reaction kinetics constant (k− 1), generated current density (mA).
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peroxide (H2O2) that was produced on the EFM surface via two-electro
reduction of oxygen, and the pollutant could be oxidized by •OH. A
removal efficiency of approximately 40% for FLO (Fig. 5b) via RGO-Fe
membrane in electrocatalytic filtration process was observed, which
had only slight enhancement compared to the rejection (32.7%) in
single filtration process. For CCNT intercalated EFM, the degradation
efficiency of FLO was significantly enhanced, ranging from 78.3 to
95.3%, much higher than the corresponding rejection efficiency. As
mentioned above, this finding could be attributed to the higher amount
of iron catalyst formation on the membrane surface, with FLO being
degraded more efficiently. It was worth noting that the highest removal
efficiency of FLO (95.3%) was achieved by the RGO-CCNT50-Fe mem
brane, which also showed highest rejection efficiency. The concentrated
FLO on membrane surface could enhance its mass transfer to the active
sites and increase the collision chances between pollutants and the ox
idants that results in high in situ degradation. This was also consistent
with the enhanced oxygen-containing functional groups (31.4%) and
decreased sheet resistance (0.157 kΩ sq− 1) of the RGO-CCNT50-Fe
membrane compared to RGO-Fe membrane (15.3% and 0.620 kΩ
sq− 1, respectively) (SI Table S4), which could result in better H2O2 and
•OH production [29]. The reduction of O2 to generate H2O2 and further
decompose to form •OH are significantly affected by the RGO/CCNT
ratio and the content of iron oxide catalysts. Therefore, the CCTN-Fe
membrane had a significantly higher FLO removal efficiency (78%)
than the RGO-Fe membrane (40%), even though its rejection was rela
tively lower. This might be due to higher amount of catalysts being
loaded onto the CCNT-Fe membrane surface, which would influence the
EF reaction to generate more •OH. It could be concluded that apart from
pollutants rejection by the membrane, the other influencing factors of EF
reaction, including the RGO/CCNT ratio and content of catalysts, also
played an important role in micropollutants degradation.
Correspondingly, the removal rate of FLO on the membrane surface
followed the same trend as the removal efficiency. It changed from 37.8
to 38.6 mg m− 2 h− 1, with CCNT content increasing from 30% to 50%,
and gradually decreased to 33.5 mg m− 2 h− 1, with CCNT further
increasing to 75% (SI Fig. S7a). The mass transfer rate constant (km ) (SI
4) [39] was calculated to characterize the hydrodynamically enhanced
mass transfer. It firstly increased from 2.9 × 10− 4 to 12.2 × 10− 4 cm s− 1,
and then decreased to 6.8 × 10− 4 cm s− 1 (SI Fig. S7b), indicating an
obviously enhanced transport of FLO molecules towards active sites on
membrane surface. This further implied that the higher rejection would
contribute to more micropollutants aggregating on membrane surface,
and subsequently lead to a faster mass transfer and enhance its removal
rate according to the reaction kinetics. Compared to some other catalytic
membranes (Fig. 5c and SI Table S6), the performance of RGO-CCNT
EFM was competitive and exhibited a considerably higher mass trans
fer rate in the catalytic filtration system than in the batch system.
Especially for the RGO-CCNT50-Fe membrane, the km of the filtration
process was 20.3-fold higher than the batch process, indicating that the
mass transfer of the EFM was significantly enhanced via the intercala
tion of CCNT into RGO sheets. The membrane rejection effect played a
dominant role for the RGO-Fe membrane, and catalytic degradation was
the main pathway of the CCNT-Fe membrane for pollutant removal.
Because the membrane pore size, surface charge, electrical conductivity
and catalyst content were all simultaneously tuned by CCNT intercala
tion, the coenhancement of the permeability, rejection, electron transfer
and catalytic degradation was likely to ascribe to the synergetic mem
brane characteristics, which resulted in an obviously improved removal
efficiency of micropollutants.

ted in SI Table S7. The removal efficiency of negatively charged pol
lutants was obviously higher (79–100%) than the positively charged or
neutral ones (71–82%) (Fig. 6a and b), which could be attributed to their
interaction with the charged RGO-CCNT50-Fe membrane. For nega
tively charged pollutants, the electrostatic repulsion force was strong
enough to reject and retain them (SI Fig. S8), leading to higher con
centration on the membrane surface, where they could be effectively
degraded via •OH oxidization. Especially for AMOX, AMP and CFX, with
their rejection approximately more than 70%, their removal efficiency
approached 100%. The rejection of positively charged ATL was 53.9%,
which is obviously lower than that of the negatively charged SDZ
(64.1%) and OFX (68.8%), indicating a lower ATL concentration
aggregated on membrane surface. Nevertheless, its removal efficiency
(82%) was almost the same or even slightly higher than SDZ (79%) and
OFX (80%). This could be attributed to its higher bimolecular reaction
rate constants (K•OH ) (K•OH− ATL = (7.7 ±0.6) × 109 (M− 1 S− 1 )) over SDZ
(K•OH− SDZ = (4.5 ±1.1) × 109 (M− 1 S− 1 )) and OFX (K•OH− ATL =
(4.1 ±0.4) × 109 (M− 1 S− 1 )) (SI Table S8). This demonstrated that apart
from charge performance, the bimolecular reaction rate constant, as
well as some other physicochemical properties, might also affect the
contaminants’ removal. Consistent with the removal efficiency, the
mineralization of negatively charged micropollutants (35–60%) was
generally higher than the positively charged and neutral ones (30–45%)
(SI Figs. S9a and b), indicating that negatively charged pollutants were
more easily mineralized by the EF oxidation process. Similarly, the
removal rate also obeyed the same trend for charged micropollutants. It
was in the range of 30–60 mg m− 2 h− 1 for negatively charged pollutants
and 20–35 mg m− 2 h− 1 for positively charged and neutral pollutants (SI
Figs. S9c and d). This implied that higher concentration of negatively
charged micropollutants aggregated on membrane surface due to the
electrostatic repulsion effect, which would concomitantly increase their
chance to collide and react with •OH (SI Fig. S11). Additionally, the
calculated apparent MCE changed accordingly. For negatively charged
pollutants (35–60%), it was approximately 3 times higher than that of
positively charged and neutral ones (13–22%) (SI Fig. S10), indicating
that in situ generated •OH were more effectively utilized for oxidizing
pollutants and its byproducts, which resulted in a higher TOC removal
and ultimately improved the mineralization current.
3.5. Correlation of removal efficiency and physicochemical properties of
micropollutants
The intrinsic physicochemical properties (SI Table S8) of micro
pollutants might have potential to influence their removal efficiency.
The K•OH , which is related to the intrinsic structure of micropollutants,
could be used to directly predict its reaction efficiency with •OH. As
reported, the higher log Kow value indicates more hydrophobic of pol
lutants and easier to be adsorbed on membrane surface [40]. The
adsorption by RGO and CCNT would also influence the interfacial con
centration of pollutants and its removal efficiency. Based on the pKa , the
charge performance of micropollutants in solution could be speculated
[11,12], which could influence its electrostatic repulsion by the mem
brane and further affect the rejection performance. The MW could also
influence micropollutants’ rejection through the size exclusion effect
[30]. In this study, we systematically investigated the correlation of
these parameters via the DPS (V15.10) [41]. The Pearson’s correlation
of removal efficiency with log Kow , K•OH , pKa and MW was − 0.77864 (p
< 0.01), 0.62978 (p < 0.05), − 0.60248 (p < 0.05) and 0.52736 (p >
0.05) (SI Tables S10 and SI 6 Fig. SI 6), respectively, demonstrating that
log Kow , K•OH , and pKa all significantly influence the micropollutants’
removal. log Kow was the most significant factor at the level of 0.01, K•OH
and pKa , with their Pearson’s correlation a little smaller than the log Kow ,
also significantly affected the removal efficiency at the level of 0.05.
Additionally, the removal efficiency was negatively correlated with
log Kow and pKa , while positively correlated with K•OH and MW.

3.4. Removal efficiency of charged micropollutants
The RGO-CCNT50-Fe EFM had the best FLO removal efficiency and
was thus used for all subsequent experiments. To evaluate the degra
dation performance of different charged micropollutants, several other
micropollutants were selected, with the detailed information being lis
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Fig. 6. Removal efficiency of (a) negatively charged, (b) neutral and positively charged micropollutants by RGO-CCNT50-Fe membrane.

To further reveal this correlation relationship, four regression
methods including (i) stepwise regression, (ii) quadratic polynomial
stepwise regression, (iii) stepwise regression of multiple factors and
interaction terms, and (iv) stepwise regression of multiple factors and
square terms (see the details in SI 6), were used to support the regression
analysis. Their regression estimation of the event probability (REEP) and
determination coefficient (R2) are summarized in SI Table S11. For (i)
regression method with the REEP of 0.0682, it did not reach a significant
level, while for (ii) and (iii) regression methods, the REEP (0.0033 and
0.0059) was considerably smaller than 0.01, indicating that these two
equations exerted extremely significant levels. The determination co
efficients (R2 = 0.999998 and R2 = 0.989313) revealed the corre
sponding regression equations (SI Eqs. (S16) and (S17)) had very high
goodness-of-fit values. The REEP (0.0274) of (iv) regression method
also revealed it reached significant level and the related regression (SI
Eq. (S18)) equation existed and was tenable. The REEP value of (ii)
regression method was obviously smaller than the others, demonstrating
that it was more suitable for describing the relationship between the

removal efficiency and the properties of the pollutant.
Based on these four regression equations, several other kinds of
micropollutants (details in SI Table S9) were selected to further verify
the reliability of the equations. The predicted and experimental removal
efficiency results were compared and observed to be in good agreement,
especially for (iv) regression method, where the predictive deviation of
the removal efficiency for almost all the compounds (except ibuprofen)
were within 5% (Fig. 7a). The (ii) regression method also exhibited good
prediction abilities (within 10% deviation), which could be observed
from Fig. 7b. The random distribution of the removal efficiency values
around the dividing line (equation Y = X) indicated that there were no
systematic errors for this equation. For (i) and (iii) regression methods,
the predictive deviation of the removal efficiency was within 15%
(Fig. 7c and d). It can also be found that a compound with higher log Kow
value is generally overestimated by this regression equation, especially
for Ibuprofen (=2.48) with its experimental removal efficiency (60.2%)
obviously smaller than the predicted values. This might be determined
by its chemical structure. The comparison of the goodness-of-fit and
Fig. 7. Comparisons of predicted and experimental
removal efficiencies of several micropollutants by
RGO-CCNT50-Fe membrane with regression methods
of (a) Stepwise regression of multiple factors and
square terms (yellow zone: < 5% deviation) and (b)
Quadratic polynomial stepwise regression (yellow
zone: < 10% deviation), (c) Stepwise regression of
multiple factors and interaction terms (yellow zone: <
15% deviation) and (d) Stepwise regression (yellow
zone: < 15% deviation). (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)
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predictive power indicated that the (iv) regression method is more su
perior to the others, which could better model and predict the removal
efficiencies of micropollutants. Hence, this could be used to preliminary
estimate whether a micropollutant could be effectively removed by this
EFM filtration process.

the carboxyl functional group was also of great importance for
increasing the iron oxide catalysts. Additionally, the enhanced MCE was
attributed to the increased membrane conductivity, indicating that more
electrons could be effectively used for H2O2 and •OH generation during
EF reaction, which was beneficial to the pollutants’ degradation. All the
improved performance of RGO-CCNT-Fe EFM would eventually increase
the removal efficiency of micropollutants via EF oxidation combining
with membrane filtration. Combined with the experimental results, this
demonstrated that membrane pore size, surface charge density and
catalysts content were three key parameters to coenhance the water
permeability, rejection and degradation efficiency of EFM, which would
decrease the water transfer resistance, strengthen the electrostatic
repulsion and improve the reaction rate of micropollutants.

3.6. Analysis of structure-performance relationship of RGO-CCNT-Fe
EFM
As mentioned above, the interlayer channels between stacked
nanosheets for a 2D material-based lamellar membrane were employed
as the membrane pores for molecules transport through [42]. For a clear
understanding, a schematic diagram elucidating the synergetic effects of
membrane surface charge, pore size and loading catalysts on its
enhanced permeability and catalytic performance is shown in Fig. 8a.
With the intercalation of CCNTs, the interlayer distance and pore size of
RGO-CCNT membrane was significantly enlarged due to more
oxygen-containing functional groups being induced. Subsequently, the
surface charge density and electrical conductivity were both obviously
enhanced. Even though the enlarged pore size had an adverse effect on
contaminant removal, it still showed higher rejection and removal ef
ficiencies, which could be attributed to the increased surface charge
density and enhanced electrostatic repulsion. The increased content of

3.7. Mechanism of charged micropollutants removal
Compared to simple membranes, electrically charged membranes
usually present a much better pollutants rejection performance and
water permeability at the same operation condition. However, the
membrane performance could be significantly affected by the charge of
certain micropollutants which is not always the same as the membrane.
Therefore, it would be significant to clarify the interaction between
charged pollutants and negatively charged membrane. The rejection for

Fig. 8. Schematic diagrams of (a) the combined effects of the pore size, surface charge and loading catalysts on the enhanced permeability and catalytic performance
of RGO-CCNT-Fe modified membrane, (b) both negative and positive charged pollutants removal by RGO-CCNT50-Fe EFM.
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negatively charged pollutants was always greater than 70% while less
than 60% for the others. This is due to its strong electrostatic repulsion
with membrane, which could effectively reject and concentrate it on
membrane surface. Then, the higher concentration at the membrane
surface would be beneficial to accelerate and improve the degradation
efficiency based on the reaction kinetics theory. This will also enhance
the chances for pollutants to collision and react with •OH. Besides, it is
further demonstrated that the high pollutant degradation efficiency is
mainly attributable to the enhanced mass and charge transfer imparted
by nano- and micro-confinement effects within the porous membrane
structure. For positively charged micropollutants, the rejection was
dominated by the size sieving effect and electrostatic attraction. Obvi
ously, the apparent rejection efficiency was lower, which had been
described in the schematic diagram of pollutants’ removal by RGOCCNT50-Fe EFM. Additionally, the apparent rejection efficiency of
neutral pollutants was only controlled by the size sieving effect of the
membrane. In conclusion, the distinct advantage for negatively charged
micropollutants removal could be attributed to their higher concentra
tion and faster mass transfer on membrane surface, which increased the
chances of being oxidized by •OH.
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