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ARTICLE INFO ABSTRACT

Keywords:

Two-dimensional (2D) membrane with ultrahigh permeability and precise sieving performance is highly desired.
Herein, we have constructed a Janus composite membrane, which is integrated with carbon nanotubes (CNTs)
and oxidized carbon spheres (OCS) modified with polyetherimide (PEI), through an interfacial self-assembly
process. The designed Janus CNTs/OCS@PEI composite membrane has asymmetric micromorphology and
wettability. The hydrophobic side is functioned as an active layer to inhibit concentration polarization during
separation process. The superhydrophilic side can allow partial CNTs to stretch into its interior and form an
interpenetrating network, which can weaken the Laplace pressure arising from the hydrophobic side. Hence, this
membrane has the ability to reject various dye molecules, such as congo red (permeance flux of 3110.2 + 285 L.
m 2h~! bar ! and efficiency about 98.8%), which has transcended the majority of the separation membranes
previously reported. Furthermore, this membrane can withstand physical damage and chemical corrosion that
has presented stable rejection performance for dye molecules. This intriguing work would open the door to

Janus membrane
Interpenetrating network
Asymmetric wettability
Molecular screening
Ultrahigh permeation

developing novel Janus materials to satisfy the water resources requirements of real-world applications.

1. Introduction

Water is a natural resource essential for life. The purification of waste
water containing dyes is one of the most urgent tasks that are closely
related to ecosystem [1]. Currently, the removal of dye molecules is
mainly through adsorption, catalytic degradation and membrane
filtration [2]. Among these strategies, membrane separation technology
is the most effective means to obtain sustainable water resource because
it is environmentally benign and low energy consumption [3-4].
Recently, as representative separation membranes, such as graphene
oxide (GO) [4-10], molybdenum disulfide (MoSz) nanosheets [11-14],
covalent organic framework (COF) nanosheets [15-17], metal-organic
framework (MOF) nanosheets [18-20], Mxene [21-22] and g-C3N4
[23-24], have attracted increasing attention. These membranes endow
with advantages of adjustable microstructure, stable chemical property
and precise sieving ability [25,26]. Therefore, scientists have
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contributed considerable efforts and numerous exciting breakthroughs
have sprung up. For example, Cao et al. [11] fabricated a MoS; mem-
brane through vacuum filtration. It displayed excellent rejection ability
(>90%) for various dye molecules (size >1.9 nm). Zeng et al. [20] have
reported an UiO-66 TFC membrane through polydopamine modification
and then phase immersion conversion. It showed high rejection ability
for various dye molecules. Chen et al. [27] have presented a graphene-
based membrane with large scale through a self-assembly process. This
membrane displayed an excellent screening capacity (>98%) for dye
molecules and the flux reached up to 191 L m~2h~! bar!. Although
remarkable progress has been achieved, the current bottleneck remains
the “trade-off “between permeation and rejection. On the one hand, a
higher flux is usually achieved by decreasing membrane dimension or
broadening aperture size. However, the rejection performance is
compromised to a certain degree [28-29]. On the other hand, the
permeation flux is critically sacrificed because of increasing hydraulic
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resistance, which is arisen from the internal concentration polarization
across these isotropic interfaces [30-32].

Janus interfaces endow materials with novel physical and chemical
properties, which take on irreplaceable roles in broad fields. To date,
researchers have constructed a series of Janus membranes to settle the
intractable issues encountered in various separations [33-36]. For
example, Jiang et al. have developed a Janus membrane by patterning
polymer clusters onto GO surface [36]. By coupling the advantages of
polymer clusters and interlayer channels, this membrane presented an
excellent nanofiltration performance for polar or non-polar solvents.
Chung et al. have constructed a Janus film via an interfacial polymeri-
zation between cyclodextrin and trimesoyl chloride [37]. The hydro-
phobic inner cavities have facilitated the transfer of nonpolar solvents,
and whereas the hydrophilic interface has provided an expressway for
polar solvents. Wang et al. [38] have displayed a Janus membrane
which exhibited high rejection capacity (>95%) for dye molecules. Liu
et al. [32] have contracted a Janus membrane which was comprised
with superhydrophobic silica and superhydrophilic polyvinylidene
fluoride. This membrane presented an excellent separation performance
for dye molecules under the joint effect of hydrophilic side and hydro-
phobic side. Despite these pioneering works, the preparation methods of
these membranes are spin-casting, drop-casting, spraying and vacuum
filtration [39]. Moreover, they are restricted by abundant organic sol-
vents and relatively low permeability flux [40]. Therefore, it is urgently
expected to develop an advanced Janus membrane for superior
screening performance through an ultrafast and environmentally
friendly strategy.

In previous work, we have prepared a series of membranes through
an interfacial self-assembly process at ail/water surface and subsequent
asymmetric modification [41,42]. The wettability can be controlled by
adjusting the hydrophobic/hydrophilic groups of polymers. Moreover,
this strategy does not need expensive instruments. By virtue of these
merits, we here firstly presented a Janus carbon-based membrane by
combining hydrophobic carbon nanotubes (CNTs) and hydrophilic
oxidized carbon spheres (OCS) nanoparticles modified with poly-
etherimide (PEI). The smooth inner wall of CNTs has low mass transfer
resistance, which can increase separation flux [43]. Moreover, it pos-
sesses with high surface area that is beneficial to achieve effective
adsorption with dye molecules [44]. PEI is provided with rich amino
groups that make it possible to react with OCS through chemical cross-
linking or hydrogen bonding [45]. The obtained membrane has abun-
dant micro-nano apertures and Janus wettability with the hydrophilic/
hydrophobic discrepancy attaining to 110°. Moreover, the hydrophobic
side is acted as a repelling layer to minimize concentration polarization.
The hydrophilic side can permit partial CNTs to stretch into its interior
and form an interpenetrating network for decreasing Laplace pressure.
Under the joint effect of abundant porous geometry, anisotropic
wettability and interpenetrating network, this Janus membrane presents
ultrafast screening performance for dye molecules, such as congo red
(with the permeance coming up to 3110.2 + 285 L m 2h ™! bar ! and
efficiency about 98.8%), which is superior to the majority of the sepa-
ration membranes previously reported so far.

2. Experimental
2.1. Materials

CS powder (diameter: ~50 nm) was supplied by Nafortis Technology
Co. Ltd (Shanghai, China) prepared by gas phase detonation. Carbon
nanotubes (CNTs, purity > 97%, 10-30 pm length and 8-15 nm diam-
eter, 0.45 wt% —-NHj) were offered from Chengdu Organic Chemistry
Co., Ltd. Polyethyleneimine (PEI) (My: 600 g/mol-70,000 g/mol) were
got from Aladdin (Shanghai) Co., Ltd. Noting: the concentration of PEI
was 0.01 mg/mL. Nylon filter paper (average pore size 220 nm) was
purchased from Healthcare Life Sciences. Different dye molecules,
including methyl orange (MO, 1.2 nm x 0.7 nm, 327.33 g/mol),
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rhodamine B (RhB, 1.8 nm x 1.4 nm, 479.01 g/mol), victoria blue B
(VBB, 1.5 nm x 2.0 nm, 506.08 g/mol), acid fuchsin (AF, 1.0 nm x 1.0
nm, 585.54 g/mol), congo red (CR, 1.3 nm x 2.8 nm, 696.68 g/mol),
methyl blue (MB, 1.9 nm x 2.5 nm, 799.80 g/mol), evans blue (EB, 3.1
nm x 1.3 nm, 960.81 g/mol), acid red 94 (AR, 1.2 nm x 1.5 nm,
1017.64 g/mol), alcian blue 8 (AB, 2.3 nm x 2.3 nm, 1298.86 g/mol)
were purchased from Sigma-Aldrich Co., Ltd. Anhydrous ethanol and
water were used as rinsing solvents.

2.2. Preparation of the CNTs membrane

Firstly, 120 mL of CNTs ethanol dispersion (0.2 mg/mL, pH = 7.0)
was sprayed onto the air/water interface (pH = 7.0). Secondly, a porous
sponge was put on one side to compress the CNTs layer. Lastly, the CNTs
layer was parallelly transferred to the hydrophilic nylon substrate and
further dried under 60 °C for 4 h to get the CNTs membrane. The
comparison of the preparation process of various membranes was shown
in Table S1.

2.3. Preparation of CNTs@PEI composite membrane and OCS@PEI
composite membrane

Firstly, CS powder was oxidized with hydrogen peroxide for 4 days
under 45 °C. Secondly, they were cleaned with distilled water and
anhydrous ethanol alternately for three times and dried in a vacuum
oven at room temperature for 4 h. Thirdly, the CNTs ethanol dispersion
(0.2 mg/mL, 120 mL, pH = 7.0) or OCS ethanol dispersion (0.2 mg/mL,
120 mL, pH = 7.0) were sprayed onto the air/PEI solution interface (pH
= 7.0), respectively. Thirdly, a porous sponge was applied for com-
pressing the CNTs@PEI layer or OCS@PEI layer. Lastly, they were
parallelly transferred to the hydrophilic nylon substrate and dried under
60 °C for 4 h to obtain the responding CNTs@PEI composite membrane
and OCS@PEI composite membrane.

2.4. Preparation of the CNTs/OCS@PEI composite membrane with a
mixed structure

Firstly, 80 mL of CNTs ethanol dispersion (0.2 mg/mL, pH = 7.0), 40
mL of OCS ethanol dispersion (0.2 mg/mL, pH = 7.0) were mixed by
ultrasonication for 1 h to form a homogeneous dispersion. Secondly, the
dispersion was sprayed onto the air/PEI solution (pH = 7.0) interface.
Thirdly, a porous sponge was put on one side to compress the CNTs/
OCS@PEI layer. Lastly, the CNTs/OCS@PEI membrane was transferred
to the hydrophilic nylon substrate and dried under 60 °C for 4 h to gain
the CNTs/OCS@PEI composite membrane with a mixed structure (M-
CNTs/OCS@PEI membrane).

2.5. Preparation of the CNTs/OCS@PEI composite membrane with
double-layer structure

Firstly, 80 mL of CNTs ethanol dispersion (0.2 mg/mL, pH = 7.0), 40
mL of OCS ethanol dispersion (0.2 mg/mL, pH = 7.0) were sprayed onto
the air/water interface or air/PEI solution (pH = 7.0) interface,
respectively. Secondly, a sponge was employed to extrude the CNTs or
OCS@PEI layer. Thirdly, a silicon wafer was used to transfer the CNTs
layer onto OCS@PEI layer. Lastly, the CNTs/OCS@PEI layer was
transferred to nylon substrate and then dried under 60 °C for 4 h to
acquire the CNTs/OCS@PEI composite membrane with double-layer
structure (D-CNTs/OCS@PEI membrane).

2.6. Preparation of the Janus CNTs/OCS@PEI membrane with
interpenetrating network structure

Firstly, 40 mL of OCS ethanol dispersion (0.2 mg/mL, pH = 7.0) was
successively sprayed onto the air/PEI solution (pH = 7.0) interface.
Secondly, 80 mL of CNTs ethanol dispersion (0.2 mg/mL, pH = 7.0) was
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sprayed onto the air/PEI solution (pH = 7.0) interface. During this
process, some CNTs have embedded inside of the OCS@PEI layer.
Thirdly, a porous sponge was put on one side to compress the CNTs/
OCS@PEI layer. Lastly, the CNTs/OCS@PEI membrane was transferred
to the hydrophilic nylon substrate and dried under 60 °C for 4 h to gain
the Janus CNTs/OCS@PEI composite membrane with interpenetrating
network structure.

2.7. Screening performance of each membrane

The permeation process was carried out on a cross-flow filtration
system with an effective area about 6 cm? The permeance flux was
evaluated after 1 h under a pressure of 1 bar.

The separation flux J was calculated according to the equation:

J=V/(SxT) (€]
where V (L) was the feed volume, S (m?) was the filtration area, T (h)
was the permeate time.

The separation efficiency (R) was calculated by the following
equation:

R= (1-C,/C,) x 100% @

where C, and Cj, were the concentrations of the dye molecules in the
feed and filtration.

Interface
W& self-assembly
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2.8. Characterization

The microstructure of each sample was carried on the scanning
electronic microscopy (SEM, Hitachi S4800, Japan), transmission elec-
tronic microscopy (TEM, JEOL2100 HR, America) and Focused Ion
Beam (FIB, Helios-G4-CX, America). Each membrane was tested for
three times to acquire its accurate topography. The pore size distribution
of each membrane was obtained from SEM image. The wettability was
carried out on the contact angle measuring instrument (OCA-100,
America) at the room temperature with 3 pL water droplet on the
membrane surface. Five different positions were measured for each
sample. The specific surface area was tested on the automated gas
sorption analyzer (ASAP2020HD88, America) under N5 environment for
12 h. The chemical composition was analyzed on the X-ray photoelec-
tron spectroscopy (XPS, Axis Ultra DLD, Kratos, Japan). To quantify the
thicknesses of individual layers in the membrane, the element compo-
sition was analyzed with a step length of 20 nm from the membrane
surface to interior with depth up to 200 nm. The zeta potential of each
membrane was measured on the zeta potential analyzer (Nano ZS,
SurPASS 3, England). Each membrane was tested for three times to get
the average value. The concentration of each dye molecular was
analyzed by the UV-visible spectrophotometer (UV-vis, Lambda 950,
Germany). Each result was measured for three times to obtain an ac-
curate result.

CNTs side

Fig. 1. (A) Schematic description of the preparation process of the Janus CNTs/OCS@PEI composite membrane at the air/water interface. Firstly, the OCS dispersion
was sprayed onto the air/PEI solution surface evenly. The electrostatic force between OCS and PEI can facilitate the formation of hydrophilic OCS@PEI layer at air/
water surface. Secondly, the CNTs ethanol dispersion was subsequently spayed on the OCS@PEI layer. During this process, partial CNTs can insert the inner of the
OCS@PEI layer. Lastly, the Janus CNTs/OCS@PEI composite membrane was shifted onto the nylon substance after being compressed with a porous sponge. (B) The
SEM image of the CS particles. (C) The TEM image of the CNTs. (D) Photograph of the Janus CNTs/OCS@PEI composite membrane with large scale.
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3. Results and discussion
3.1. Janus structure and chemical composite

The architecture of the Janus CNTs/OCS@PEI composite membrane
was illustrated in Fig. 1A and Fig. S1. Firstly, the OCS ethanol dispersion
was sprayed onto the air/PEI solution interface. Due to the strong
Marangoni force, the OCS rapidly spread from the ethanol-rich areas
with lower surface tension to the water-rich areas with higher surface
tension. The positive/negative charge force between OCS and PEI was
beneficial to form the OCS@PEI layer on air/water interface. Secondly,
the CNTs dispersion was uniformly sprayed onto the OCS@PEI interface
to form a CNTs/OCS@PEI layer. Then, a porous sponge was put on one
side of the air/water surface and compressed the layer from a loosely to
a closely state. Lastly, the CNTs/OCS@PEI membrane was shifted to a
porous nylon substance (Fig. 52).

The microstructure of the CS nanoparticles before and after being
oxidized was firstly surveyed by SEM and TEM. As shown in Fig. 1B,
Fig. S3-54, the CS nanoparticle (diameter of 52 + 4 nm) presented a
spherical shape with some irregular folds on its surface. After being
oxidized with hydrogen peroxide, its specific surface area increased
from 107 m?%/g to144 m2/g (Fig. S5), which can promote its dispersion
in ethanol solution (Fig. S3). The morphology of CNTs was also surveyed
by SEM. The mean diameter of CNTs was 14 nm (Fig. 1C, Fig. S6). They
tangled with each other and formed a non-aggregation network struc-
ture (Fig. S7). During the self-assembly process, they uniformly spread
on the OCS@PEI layer. After being transferred to the porous nylon
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substrate, a CNTs/OCS@PEI composite membrane with a Janus struc-
ture was obtained (Fig. 1D, Fig. S8). The morphology of the Janus CNTs/
OCS@PEI composite membrane was surveyed by SEM and FIB. The top
side of this Janus membrane was the randomly distributed CNTs
network with an average thickness of about 254 + 22 nm (Fig. 2A-2B,
Fig. §9). The bottom side of this membrane was the dense OCS nano-
particles with the average cross-sectional dimension of 135 + 15 nm
(Fig. 2C-2D, Fig. S9). Furthermore, the CNTs/OCS@PEI composite
membrane showed different pore size distribution. The CNTs side has a
larger pore size distribution that of the OCS@PEI side (Fig. 2E).

Besides, the Janus CNTs/OCS@PEI composite membrane possessed
with anisotropic wettability. As shown in Fig. 2F, Movies S1 and S3,
there was a little change of the CNTs side between CNTs membrane (135
+ 6.0°) and Janus CNTs/OCS@PEI composite membrane (115 + 3.5°).
However, the wettability of the OCS side was reduced from hydrophi-
licity (73 + 2.0°) to superhydrophilicity (1 4 1.0°) after the modification
of PEI (Movies S2 and S4). This asymmetric wettability will be benefit
for the transport of water from the hydrophobic to hydrophilic side
[46-47]. It was noteworthy that this Janus membrane has a special
interpenetrating network, which was critically important for water
penetration performance (Fig. 2G, Fig. 2H). Furthermore, they were
tightly interconnected with each other and the thickness of this Janus
membrane was 347 + 28 nm (Fig. 21, Fig. S9).

The pore size distribution of the CNTs/OCS membrane and the Janus
membrane was further investigated. The Janus CNTs/OCS@PEI mem-
brane has a uniform aperture with the average size of 500 nm (Fig. 3A),
which was smaller than that of the CNTs/OCS membrane (Fig. 3B). This
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Fig. 2. SEM images of (A) the CNTs layer and (C) OCS layer of the Janus CNTs/OCS@PEI membrane, respectively. FIB results of the cross-sectional images of (B)
CNTs membrane and (D) OCS@PEI membrane, respectively. (E) The pore size distribution of the CNTs side (blue) and the OCS (yellow) side of the Janus CNTs/
OCS@PEI membrane, respectively. (F) The wettability of the CNTs membrane (M-1), OCS membrane (M-2), the CNTs side (M-3) and the OCS side (M-4) of the Janus
CNTs/OCS@PEI composite membrane, respectively. (G) The SEM image of the cross-section of the Janus CNTs/OCS@PEI membrane and (H) its magnified SEM
image of the interpenetrating structure. (I) The FIB result of the cross-sectional image of the Janus CNTs/OCS@PEI membrane. (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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Fig. 3. The SEM image of the (A) Janus CNTs/OCS@PEI membrane and (B) CNTs/OCS membrane (Insert: their responding aperture size distribution). (C) The XPS
spectrum of the CNTs and the OCS side of the Janus CNTs/OCS@PEI membrane, respectively. (D) XPS depth analysis results of the Janus CNTs/OCS@PEI membrane.
(E) The change of N element content in the Janus CNTs/OCS@PEI membrane during the XPS etching process (Insert: the XPS result of the contents of N element and C
element in both side of the Janus CNTs/OCS@PEI membrane). (F) The zeta potential of each membrane (including CNTs membrane, OCS membrane, the CNTs and
the OCS side of the Janus CNTs/OCS@PEI membrane) in different pH environments, respectively.

indicated that PEI was assumed the role of a bridge to make discrete OCS
nanoparticles packed tightly [48]. XPS measurements were also per-
formed to test the chemical composition of this membrane. C 1s (298 eV)
and O 1s (540 eV) peaks were presented for both sides of the Janus
CNTs/OCS@PEI composite membranes (Fig. 3C). However, N 1s (at 402
eV) was only observed on the OCS side of this membrane, but not
appeared on the CNTs side despite of a low content of amino groups in
CNTs. Furthermore, XPS depth analysis was carried out to differentiate
the O element in the CNTs/OCS@PEI composite membrane (from the
OCS side to the CNTs side) and Si elements (from the wafer substrate)
with the change of depth. As shown in Fig. 3D, the content of O element
increased in the etching process. However, the content of N element was
gradually decreased (Fig. 3E). These results were consistent with the
element contents of this Janus membrane (Fig. 3E). In addition, the zeta
potential of the CNTs and OCS sides of the Janus membrane were
different from that of the pristine CNTs membrane and OCS membrane
(Fig. 3F), respectively. On the one hand, the isoelectric point of OCS side
after being modified with PEI has increased from 4.0 to 5.6, and whereas
the isoelectric point of the CNTs side has only changed from 4.3 to 4.6.
On the other hand, in the case of neutral solution (pH = 7), the zeta
potential difference between the OCS side of Janus membrane (—16.6 +
1.15 mV) and the pristine OCS membrane (—39.7 + 0.23 mV) was
higher than that of the CNTs side (—24.9 + 2.36 mV) and the CNTs
membrane (—34.2 £+ 0.42 mV). These results demonstrated that the
CNTs/OCS@PEI composite membrane has displayed Janus chemical
composition after being modified with PEL

3.2. Membrane screening property

In order to explore screening performance of the Janus CNTs/
OCS@PEI composite membrane, a laboratory cross-flow filtration de-
vice was built (Fig. S10). Different dye molecules, including cationic dye
molecules (RhB, VBB, AB) and anionic dye molecules (MO, AF, CR, MB,
EB, AR) with different charges, sizes and molecular weights, were used
to assess its separation performance (Fig. S11, Table S2). The initial

concentration of these dye molecules was 50 mg/L. A series of
comparative experiments were carried out to achieve an advanced
membrane with excellent rejection performance. Firstly, the Janus
membranes with different mass ratios (CNTs/OCS: 1/3, 1/2, 1/1, 2/1,
3/1) were fabricated for separating dye molecules. The Janus CNTs/
OCS@PEI membrane showed excellent rejection efficiency for EB
(~99.89%) when the mass ratio of CNTs and OCS was 2:1 (Fig. S12A).
Excessive CNTs or OCS may bring about agglomeration, which resulted
in low retention capacity. Secondly, we investigated the influence of the
molecular weight of PEI on the separation performance of the Janus
membrane. Its rejection performance has achieved the maximum when
the molecular weight of PEI was 1800 g/mol (Fig. S12B-12C). The lower
molecular weight (600 g/mol) endowed this membrane with a relatively
weak degree of crosslinking. However, the higher molecular weights
(10,000 g/mol and 70,000 g/mol) brought about excessive steric hin-
drance and caused a sharp decline of rejection [49]. Besides, systematic
comparison experiments were implemented to evaluate the dye rejec-
tion performance of various membranes. As shown in Fig. 4A and
Table S3, the Janus CNTs/OCS@PEI;gpp membrane presented better
retention performance than that of other membranes. On the one hand,
the CNTs membrane, CNTs/OCS membrane and CNTs@PEl;gpp mem-
brane and M-CNTs/OCS@PEI;goo membrane with larger apertures and
loose separation layer were not conducive to reject dye molecules
(Fig. S13). Therefore, these membranes displayed lower separation ef-
ficiency for CR (70%-80%) and MB (60%-88%). On the other hand, the
OCS@PEI; gop membrane with uniform wettability on both sides caused
dye molecules to be accumulated on its hydrophilic surface (Fig. S14).
This resulted in the concentration polarization in the inner and external
of the separation layer and then brought about high resistance to water
transport. As a consequence, the OCS@PEI;go9 membrane has a lower
separation throughput than that of the CNTs/OCS@PEI;gpo membrane.
With regard to the D-CNTs/OCS@PEI; 590 membrane, it also presented
low rejection performance for CR (52.8% + 1.2%) and MB (60.9% +
0.7%) due to its large aperture (Fig. S15). The above results further
verified that CNTs networks stretched into the inner of the OCS@PEI; goo
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Fig. 4. (A) The separation performance of different membranes for CR and MB solutions, respectively. The rejection performance of the Janus CNTs/OCS@PEI;goo
membrane for (B) cationic dye molecules (RhB, VVB, AB) and (C) anionic dye molecules (MO, AF, CR, MB, EB, AR), respectively. (D) The comparison of different
membranes previously reported and this work for the rejection performance of CR.

side, which was served as a nanofluidic pipeline for water transport.
The separation performance of the Janus CNTs/OCS@PEI; gy com-
posite membrane for various dye molecules was further explored to
evaluate its potential for water purification. As shown in Fig. 4B, it
presented excellent retention ability for VVB and AB with rejection ef-
ficiency of 88.6 + 1.7% and 96.7 + 2.0%, respectively. However, it has
lower separation ability for RhB with efficiency of 20.1 + 2.7% despite it
displayed a higher separation flux (3542.5 + 129 L m 2h~! bar™})
(Fig. S16). Furthermore, this membrane displayed excellent screening
performance for anionic dye molecules. As shown in Fig. 4C, the pene-
tration flux of AF, CR, MB, EB, AR solutions were about 3288.71 4 33.59

L m%h ! bar}, 3110.2 + 285 L m%h ! bar !, 2117.91 + 216 L
m~?h~! bar"!, 584 + 114 L m*h™! bar"?, 390.67 + 10.8 L m *h~!
bar™?, respectively. In addition, it has shown excellent rejection capacity
for these dye molecules with efficiency above 96.7%. However, the
rejection of MO solution was only 12.0 + 0.9% despite of a higher flux
(3749.513 + 317 L m2h ' bar ) (Fig. S17). Therefore, this membrane
can be used as the gate for separating anionic dye molecules with
different sizes. It was noting that the permeability flux of CR solution
reached up to 3110.2 + 285 Lm~2h~! bar ™!, which was far beyond most
of the state-of-art membranes previously reported with similar rejection
efficiency [51,53-70] (Fig. 4D, Table S4). The rejection mechanism of
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this membrane was shown in Fig. S18. On the one hand, it was attributed
to size screening [9,25]. The interconnected nanochannels between
CNTs and OCS were the main permeation channel. According to the size
sieving theory, a separation membrane can allow smaller particles to
permeate through the membrane, and whereas components larger than
its pore size are retained. Therefore, the Janus membrane can be used for
the separation of various dye molecules with different molecular
weights or sizes. On the other hand, the rejection of the dye molecules
was due to Donnan balance [50]. As to cationic dye molecules, they were
adsorbed on the Janus membrane interface due to the electrostatic force.
Under this case, the concentration of cationic ion in the composite
membrane was greater than that in the solution. Whereas, the concen-
tration of the anionic ion of cationic dye molecules in the composite
membrane was lower than that in the feed. The resulting Donnan posi-
tion difference can prevent the diffusion of anionic ion the membrane
surface in order to maintain electrical neutrality. However, with regard
to anionic ion dyes molecules, they are rejected on the surface of the
membrane surface because of the charge repulsion effect. Similarly, the
cationic ions were rejected on the membrane surface in order to keep
charge balance. Therefore, the rejection of the dye molecules of the
Janus CNTs/OCS@PEI;ggp composite membrane was attributed to the
collective effect of size screening and Donnan balance.

Interestingly, the Janus CNTs/OCS@PEI;gy composite membrane
has shown asymmetric separation flux for dye molecules with the same
rejection. The hydrophobic CNTs side of this membrane has a higher
permeability flux than that of the hydrophilic OCS@PEl; gy side
(Fig. S19), which was due to its Janus wettability and internal inter-
penetrating structure [46-47,71]. The physical stability of the Janus
CNTs/OCS@PEI;gop composite membrane was investigated. As shown
in Fig. S20, the membrane kept its macro-morphology even after being
bent for 12 times. It also showed excellent rejection performance for CR.
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In addition, the chemical stability of this membrane was tested after it
was treated with harsh solutions for different times. As presented in
Fig. S21, there was no change of the micro-topography of this mem-
brane. Moreover, it also has stable separation flux and rejection ability
for CR. These results demonstrated that the Janus CNTs/OCS@PEI;ggq
composite membrane has excellent stability for further application.

3.3. Mechanism analysis

Water transport in the porous membranes is a complicated process.
Several factors, such as hydrophobic pressure, surface roughness and
chemical component, pore size distribution, etc., have played vital roles
in water molecular penetration through membranes [72]. To illustrate
the water transport process in the porous membrane, the aperture was
simply modeled as the regular arrangement. Here, we described
different cases of water penetration modes for different porous separa-
tion membranes. As to a fully hydrophobic CNTs membrane (Fig. 5A),
the water molecule will be prevented from penetrating the interior of the
membrane. That is because it has suffered from a contrary Laplace
pressure (Pp), which is contrary to the hydraulic pressure (Py) and the
action pressure (P,) direction [33,73]. For a given water droplet with a
certain volume, Py is a constant that is related to the height of the water
droplet. The Laplace pressure can be evaluated by the following Young’s
equation:

2ycosd
p=—""

r

where, v is the interface tension between gas and liquid; 6 is the WCA of
the membrane interface; r represents the membrane pore radius.
The difference of these pressures can be quantified as the following:

PEvimTP:e
ssnilis

Fig. 5. Mechanism of water penetration performance on composite membranes with different wettability and microstructure. (A) The water droplet on an isotropic
hydrophobic CNTs membrane was blocked arising from the Laplace pressure. (B) The water droplet could penetrate through the hydrophilic OCS@PEI, goo membrane
under the collective effect of hydraulic pressure, the action pressure, and capillary pressure. (C) The penetration behavior of the water droplet on a D-CNTs/
OCS@PEI, gop membrane. Laplace pressure is not conducive to the contact of water molecules with the hydrophilic layer. The penetration behavior of the water
droplet on a Janus CNTs/OCS@PEI;goo membrane with interpenetrating structure, (D) form the hydrophobic CNTs layer to the hydrophilic OCS@PEI;goo layer
(upper) and (E) from the hydrophilic OCS@PEI, go9 side to the hydrophobic CNTs side.



T. Chen et al.

AP:PA +PH7PL+pgh72}/C%S6

Under the case of the sum of py and P4 exceeding the maximum Py,
(AP > 0), the water molecule can break through and penetrate the hy-
drophobic CNTs membrane. For the fully hydrophilic membrane, such
as OCS@PEIL, gp composite membrane (Fig. 5B), the water molecule can
spontaneously infiltrate and pass through the membrane interface
benefit from its capillary pressure (Pc) [47,74]. With regard to the
anisotropic composite membranes, the water movement behavior is
quite different from that of the isotropic counterparts. There are two
circumstances for membranes with anisotropic wettability, which
include forming the hydrophobic side to the hydrophilic side, and vice
versa. Fig. 5C presented the water transport mechanism in the D-CNTs/
OCS@PEI 3090 composite membrane with an anisotropic structure.
Owing to Laplace pressure, the water will form a meniscus on the hy-
drophobic CNTs side if there is nothing underneath. However, the hy-
drophilic OCS@PEI;ggp layer will eliminate the Laplace pressure once
the water meniscus is contacted with hydrophilic side due to the capil-
lary force [32]. Therefore, the D-CNTs/OCS@PEI;gop composite mem-
brane exhibited water penetration behavior. The above results indicated
that there are two vital factors for achieving the excellent water mo-
lecular transport performance across the membrane [32,52]. One is that
the Janus CNTs/OCS@PEI;gop membrane has opposite wettability of
both sides. This has been demonstrated by the previously reported work
[74,75]. The other is that the distance between the hydrophobic and the
hydrophilic side ought to be as short as possible in order to reduce the
Laplace pressure [52].

In this work, we designed a Janus CNTs/OCS@PEI;gyo membrane,
which the CNTs was partially inserted into the gaps of OCS@PEI,;ggo
membrane. As far as the hydrophobic side was concerned, it can be seen
that the curvature of the water meniscus as well as the Py could be
minimized in comparison with that of the traditional contact model
attributing to its overlap interpenetrating microstructure (Fig. 5D). As
soon as the water phase touched with the interpenetrating structure, the
hydrophilic OCS@PEI, gy side was activated and the Laplace pressure
promoted water to permeate through the whole membrane. In reverse,
as to the Janus membrane from the OCS@PEI, gy layer (hydrophilic) to
CNTs (hydrophobic) direction, the water droplet has a penetration
model, which was similar to that of fully isotropic CNTs membrane
(Fig. 5E). Laplace pressure from the hydrophobic CNTs side inhibited the
rapid transport of water. Therefore, it showed lower water permeation.

4. Conclusions

In summary, an innovative Janus CNTs/OCS@PEI composite mem-
brane was successfully prepared through an interfacial self-assembly
process at the air/water interface. The obtained membrane possessed
with substantial micro/nano pores, which can be acted as the trans-
portation channels for water molecules. Importantly, it has taken on
anisotropic wettability with the hydrophilic/hydrophobic difference
beyond 110°. The hydrophobic CNTs side was used to minimize con-
centration polarization to a certain extent. Particularly, some CNTs
networks can permit into the inner of the hydrophilic OCS@PEI layer
and thereby form an interpenetrating architecture, which can reduce the
Laplace pressure arising from the hydrophobic CNTs side and promote
water transport. Together with the plentiful porous geometry, opposite
wettability and interpenetrating network structure, this Janus mem-
brane exhibited excellent screening performance for various dye mole-
cules. With regard to CR, its permeance flux can reach up to 3110.2 +
285 L. m 2h~! bar~! with rejection efficiency about 98.8%, which is far
beyond the majority of the separation membranes reported to date.
Furthermore, this membrane showed excellent rejection performance
for dye molecules even it was physical damage or chemical corrosion.
This work may provide a new pathway to construct Janus materials to
break the bottleneck between penetration and efficiency.
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