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Abstract
Separation of surfactant-stabilized oil-water emulsions seems to be challenging owing to its diverse
repercussions on environment and human life. The asymmetrical wettability Janus cotton fabric (J-
MH@CF) with high separation performance was prepared by two-step method, which related to interfacial
ion migration technology and unilateral spraying treatment. In detail, the immobilization of magnesium
hydroxide (Mg(OH)2) caused the formation of the rough micro/nanostructure of cotton fabric surface,
which was helpful to superhydrophilic property. Stearic acid as a coating created the unilateral
superhydrophobic surface with low surface energy. J-MH@CF showed asymmetric wettability, featuring
diode-like directional water transmission. Wettability, directional transmission and separation
performance of J-MH@CF membrane were investigated systematically. The asymmetric wettability
architecture was demonstrated to play a key role in separating surfactant-stabilized oil-in-water
emulsions. Impressingly, the separation performance was not affected by the type of surfactants. For
emulsion stabilized by sodium dodecyl sulfate (SDS), the separation �ux driven by gravity was
approximately 500 L m-2h-1, and all separation e�ciencies were over 99.3%. CTAB/Oil/H2O emulsion and
the Tween-60/Oil/H2O emulsion also could be successfully separated with high separation e�ciency and
separation �ux. During the whole separation process, the oil droplets surrounded by surfactants (Oil-Ss)
were di�cult to demulsify and gathered on the surface of the fabric to form a "creamy layer", which was
bene�cial to improve separation e�ciency and could be cleaned off so that J-MH@CF membrane was
not contaminated. In addition, the J-MH@CF membrane exhibited robust reusability for separation, which
was promising for remediation of oily wastewater containing surfactants.

1. Introduction
In recent years, a large volume of industrial oily wastewater containing surfactants have been produced
in many �elds, such as detergent, medicine, food, cosmetic, textile industries and etc., while the reactors,
storage tanks and pipes have to be cleaned repeatedly (Ostertag et al. 2012; McClements and Jafari
2018). Oily wastewater has been a serious threat to the survival of aquatic animals and plants and
human health. Solution of the wastewater pollution has attracted the attention of researchers.

Depending on the forming conditions, oil/water mixtures are categorized into immiscible oil/water
mixtures and emulsi�ed oil/water mixtures. Because of the thermodynamic instability, the insoluble
oil/water mixtures will eventually separate, with the heavier phase sedimentating on bottom and the
lighter one �oating on top. On the contrary, the spontaneous phase separation is di�cult to occur in
oil/water emulsions containing surfactants. As conventional oil/water separation technologies,
skimming, centrifugation and adsorption suffer from the limitations owing to their poor selectivity for
water phase and oil phase, low separation e�ciency and secondary pollution, respectively (Liu et al.
2019). And the above technologies are only suitable for the separation of immiscible oil/water mixtures,
but not for the separation of oil/water emulsions.
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Janus membranes with asymmetric wettability which are considered to be a highly selective, low-cost,
e�cient and environment-friendly materials have exhibited an excellent superiority in oil/water emulsions
separation (Panwar et al. 2018). Janus membrane with asymmetric properties on the two sides is a kind
of new membrane materials, which is fabricated and designed by adjusting material’s surface free energy
and regulating a micro/nanostructured rough surface (Manna and Lynn 2015; Gupta et al. 2017).
Resulting in special in�ltration, it has been found in the study that the surface with lower surface free
energy is more hydrophobic while the surface with higher surface free energy is more hydrophilic.
Besides, the hydrophobicity or hydrophilicity of the membrane surface enhanced by micro-nanoscale
rough structure (Ge et al. 2018).

As a result of the wettability gradient or structure gradient, the opposite properties on two sides of a
Janus membrane generate the pressure gradients so that the transport of liquid in the membrane is
anisotropic (Woo et al. 2020). Herein, the liquid moves across the membrane in an irreversible direction
like a diode, that is, the liquid “diode” phenomenon. Compared with conventional membrane materials,
the existence of “diode” phenomenon makes Janus membrane achieve higher separation e�ciency and
selectivity in oil/water separation (Li et al. 2016; Wang et al. 2017b). Such a “smart” property of Janus
membrane with double-sided asymmetric property indicates great promise not only for oil/water
separation (Liu et al. 2017b, 2020; Wang et al. 2017a; An et al. 2018; Lin et al. 2019; Yao et al. 2019;
Zhang et al. 2019; Zuo et al. 2020)but also for water collection (Gao et al. 2018), functional textiles (Dai
et al. 2019; Wang et al. 2020), and other �eld (Li et al. 2020).

Based on previous reported literatures, a feasible technology based on demulsi�cation before the
separation process has emerged. Driven by electric, hydrodynamic or other external forces, the emulsi�ed
droplets approach the surface of the membrane. After captured by the hydrophilic or hydrophobic
surface, the droplets combine with each other to form larger droplets induced by wetting and shearing
collisions. Then the droplets are automatically delaminated with the continuous phase under the
in�uence of gravity and buoyancy. Wang et al. prepared a Janus fabric with a hydrophilic polymer, poly
(N, N-dimethylaminoethyl methacrylate) (PDMAEMA), on one side and a hydrophobic polymer, poly
(dimethyl siloxane), on the other side (Wang et al. 2016). PDMAEMA was chosen owing to it could ionize
in water and aggregate emulsion droplets by screening the electrostatic repulsion. PDMS was selected
due to its low surface tension, which made cotton fabric super hydrophobic. Interestingly, the Janus
fabric separated oil from oil-in-water emulsions when the PDMAEMA-coated side faced the feed
emulsions. The emulsi�ed droplets strike the membrane and the coatings of membrane trigger the de-
emulsi�cation of emulsions via the charge-screening effect.

By vacuum �ltration, Wang et al. prepared Janus membrane using positively and negatively charged CNT
coating and hydrophobic polypropylene micro�ltration membrane as raw materials. De-emulsi�cation is
greatly facilitated by the fact that the charged CNT coating attracts oil droplets with opposite charges (An
et al. 2018). In general, surfactants tend to adsorb on the membrane surface with opposite charges, so
the membrane shows selectivity for a single ionic type of surfactant. This selective membrane is not
suitable for the separation of emulsion stabilized by unspeci�ed surfactant. In addition, the opposite
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charges contribute to de-emulsi�cation, but aggravate the membrane fouling. As is known to all, once the
oils contact the membrane, pollution cannot be avoided, resulting in blockage of surface pores and a
serious decrease in �ux and rejection rate. Liu et al. have proved that the charge and surface
hydrophilicity of surface caused irreversible membrane fouling (Liu et al. 2017a).

Therefore, it is promising and signi�cant to �nd membrane materials that are more resistant to pollution
and suitable for separation of oily wastewater containing unspeci�ed surfactants. As a biodegradable
material, cotton fabric has been widely modi�ed into a substrate for the preparation of oil-water
separation membrane because of its excellent properties, including �exibility, porosity and low cost (Xu et
al. 2020; Wu et al. 2021). In this paper, we provided a method for preparing a Janus membrane which
have no selectivity for emulsions that could be used to separate anionic, cationic or nonionic surfactant-
stabilized emulsions. The growth and �xation of Mg(OH)2 by interfacial ion migration technology
modi�ed the surface microstructure of cotton fabrics. Using stearic acid as a coating created the
unilateral surface free energy at a suitable lower threshold. Finally, the Janus membrane made by cotton
fabric with special wettability was obtained. More importantly, the membrane has no selectivity for the
type of surfactants, which means that it could be successfully applied to separating an emulsion
stabilized by anionic, cationic or nonionic surfactant.

2. Experimental
2.1. Materials

Plain woven cotton fabrics (CFs) (110 g m− 2, 52 warps per cm and 28 wefts per cm) were obtained from
the market of China and desized in the 10 g/L sodium hydroxide (NaOH) solution at 100oC for 60 min.
NaOH, urea, stearic acid, reactive turquoise blue, sodium dodecyl sulfate (SDS), cetyltrimethy lammonium
bromide (CTAB) and Tween-60 were purchased from China National Medicines Corporation Ltd. All
chemicals and reagents were analytical grade had not been further puri�ed.

2.2. Growth and immobilization of Mg(OH)2

7.0 g of NaOH was dissolved in 100 mL of mixed solution with 12.0 g of urea which was pre-cooled down
to -12oC. The cotton fabrics (15 cm × 15 cm) were dipped in the above mixed solution under the condition
of -12oC for 2 h. The treated fabrics were squeezed by the padding mangle (MU3C5T, China) with 80%
liquid retention and immediately immersed in 50wt% MgCl2∙6H2O aqueous solution for 10 s in order to
facilitate the magnesium ions to enter the fabric. Then they were transferred into steam machine at
120oC for 10 min. The obtained samples were washed with distilled water repeatedly, followed by drying
at 40oC. Mg(OH)2 was grown in situ and �xed on surface of the cotton fabric.

2.3. Unilateral hydrophobic treatment of CF
0.3 g of stearic acid was added to 100 mL ethanol solution with stirring for 5 min. The mixing solution
was applied through spray-coating onto the one side of the cotton fabrics with a spray bottle until the
surface was covered evenly. A hydrophobic behavior was achieved after drying at 90oC for 10 min. The
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above processes were repeated three times and the Janus membrane made by cotton fabric (J-MH@CF)
with special wettability was obtained.

2.4. Characterizations
The surface morphologies of raw and treated CFs were observed by scanning electron microscopy (SEM,
Phenom Pro, Netherlands) with 10kV accelerating voltage. The crystal structure of CFs was characterized
by X-ray diffraction (XRD, TD-3500, China) with the monochromatized Cu·Kα1 radiation (λ = 0.154 nm) at
30 kV and 20 mA over the 2θ range of 5°-70° in steps of 0.02°. The FTIR spectra were measured by
Fourier transform infrared spectroscopy (Nicolet iS10, USA) with wave number range from 4000 cm− 1 to
400 cm− 1. The mass fraction was recorded by using thermogravimetric analysis (NETZSCH TG 209F3,
Germany) under mimetic air atmosphere where the �ow rate of Nitrogen and Oxygen was respectively set
to 60 mL min− 1 and 20 mL min− 1. Chemical states and compositions were analyzed by using X-ray
photoelectron spectroscopy (XPS, Thermo Fisher Scienti�c, USA) equipped with an Al·Kα radiation source
and a pass energy of 1253.6 eV under ultra-high vacuum condition (10− 9-10− 10 Torr). Static water
contact angle was collected with a contact angle meter (OCA15EC, Germany) produced by Dataphysics
Company in condition that the volume of deionized water droplet was about 3µL. Reliable sample angles
were measured by averaging the measurements at �ve different locations on each sample surface.

2.5. Directional water transmission test
The J-MH@CF membrane was placed in the air-air interface. When the reverse (hydrophilic) side of J-
MH@CF was facing up, the water droplets (dyed blue by reactive turquoise blue) spread quickly and did
not penetrate down the hydrophobic side (water droplets are blocked). However, when the membrane was
reversed, the water droplets permeated spontaneously from the hydrophobic to the hydrophilic side.

To expound insight into the mechanism of the directional movement of water, hypothetical schematic
illustrations provided in Fig. 3a. The force analyses of one water droplet permeating a capillary pore of
the J-MH@CF membrane from the hydrophobic side to hydrophilic side was described. Synergy of
Laplace force (PL) and hydraulic pressure (PH) were the main driving force. According to Young-Laplace
equation (Eq. (1)), which PL was calculated from, the mechanism of water droplet penetration could be
more easily understood (Liu and Lange 2006; Zhou et al. 2013).

where γ was the surface tension of liquid, θ was the contact angle between the capillary wall and water
drop, r represented the radius of the liquid “hump”.
2.6. Emulsions separation and recyclability test

The as-prepared J-MH@CF was �attened between the sand core funnel device (YAMAI, 250 mL, China) so
that surfactant-stabilized oil-in-water emulsions were separated under gravity drive. Before implementing
the emulsions separation, the J-MH@CF membranes were pre-wetted with distilled water.
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Separation performance of the membrane to emulsions stabilized by surfactants with different ionic type
were evaluated in sequence. Anionic surfactant (SDS), cationic surfactant (cetyltrimethy lammonium
bromide, CTAB) and nonionic surfactant (Tween-60) were selected as emulsi�ers. 1,2-dichloroethane
(1.26 g cm− 3, weight oil), isooctane (0.69 g cm− 3, light oil) and xylene (0.86 g cm− 3, light oil) were
selected as oil phase. Oil was dyed by Sudan III to differentiate from water.

Oil and water were mixed at a volume ratio of 1: 100 and the amount of surfactant was 0.1g/L. The
mixture was treated by high speed homogenizer (XFK FSH-2A, China) at a speed of 13000 rpm for 30s.
The surfactant-stabilized oil-in-water emulsion was obtained, and it could be stable for at least 6 hours
without delamination.

The gravity-driven separation e�ciency and �ux were calculated according to the following Eqs. (2) and
(3), respectively.

where V0 was the initial volume of the water in the mixture before separation and VP was the volume of
collected water after separation. The water adhered to the glass instrument and membrane could be
precluded.

where V (L) was the volume of �ltrates, S (m2, the effective �ltration area was 11.9 cm2) was the valid
separation area of membrane, t (h) was the separation time.

3. Results And Discussion
3.1. Preparation of J-MH@CF membrane

The preparation mechanism of J-MH@CF, which combined interfacial ion migration technology and
unilateral spraying treatment was illustrated in Scheme 1a. At -12oC, the fabric (Scheme 1c- ) was treated
with 7wt% NaOH/12wt% urea aqueous solution for two hours. NaOH destroyed the intramolecular and
intermolecular hydrogen bonds of cellulose, causing cellulose to swell and even partially dissolve
(Scheme 1c- ) (Cai and Zhang 2005; Fan et al. 2018). At the same time, hydroxide ions, sodium ions, and
alkali cellulose macromolecules constituted internal ionic system of cotton �bers, also called as an intra-
membrane system (Scheme 1c- ). Alkali cellulose macromolecules were immobilized within the
membrane, while hydroxide ions and sodium ions were free to pass through the membrane. When treated
cotton fabrics carrying OH− were immersed in MgCl2∙6H2O aqueous solution, the solution outside the

�bers contained magnesium ions (Mg2+) and chlorine ions, also considered as an extra-membrane
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system. There was concentration gradient of mobile ions between inside and outside the membrane.
Therefore, Mg2+ tended to migrate to the intra-membrane system and OH− was inclined to move to the
extra-membrane system. Mg2+ reacted with the OH− immediately to form the crystallization of
magnesium hydroxide at the interface of the membrane (surface of cotton �bers). As shown in SEM
images, the raw CF surface was smooth, whereas the �bers of J-MH@CF were fully clad by Mg(OH)2 with
cross-connected micro-nanostructure. Stearic acid possessed relatively low surface energy and could
impart favorable hydrophobicity to substrates. After spraying stearic acid solution, the -COOH of stearic
acid reacted with Mg(OH)2, and formed the stearate to modi�ed the surface of Mg(OH)2 (Haworth et al.
2000; Zhang et al. 2007). The mimetic core (Mg(OH)2)/shell (stearate) structure was produced
spontaneously. This structure as a coating layer created the unilateral surface free energy at a suitable
lower threshold.

Figure 1a shows the FTIR spectra obtained for raw CF and J-MH@CF. Absorption bands at 2968 cm− 1

and 2918 cm− 1 were belonging to the asymmetrical stretching vibration of C-H bond in -CH3 and -CH2

group, respectively. Absorption bands at 2848cm− 1 was due to the symmetrical stretching vibration of C-
H bond in -CH2 group. The peak at 1540cm− 1 and 1457cm− 11was caused by the functional group of
carbonyl group (C = O) (Wen et al. 2018; Khattab et al. 2020; sharif et al. 2020). The intensity and position
of the peak show that the stearic acid was successfully applied to the fabric surface. In the XRD pattern
(Fig. 1b), both samples show three peaks centered around 14.94°, 16.69°, and 22.79°, which were in
accordance with the typical (1–1 0), (1 1 0) and (2 0 0) peaks of natural cellulose �bers (French 2014). It
was clear that the characteristic peaks indicated Mg(OH)2 phase (2θ = 19.22°, 38.30°, 50.78° and 58.96°),
which were attributed to their corresponding indices (0 0 1), (1 0 1), (1 0 2) and (1 1 0), respectively. The
synthesis of Mg(OH)2 was further con�rmed by XPS. From the wide scan spectrum (Fig. 1d), both CF and
J-MH@CF had two main peaks of C1s and O1s. J-MH@CF has core level peaks of Mg 2p, Mg 2s and Mg
1s at 49.62 eV, 88.08 eV and 1303.17 eV, while Mg (KLL) peak appeared at about 306.08 eV (Keikhaei and
Ichimura 2019). As shown in Fig. 1e and 1f, Mg 2p peak at 49.26 eV and the O1s peak at 531.02 eV in
XPS spectra was related to Mg(OH)2 (Ardizzone et al. 1997; Zhu et al. 2011). The residual mass of J-

MH@CF at 700oC further veri�ed the existence of Mg(OH)2 on cotton fabrics and implied the magnesium
hydroxide content of about 4% (Fig. 1c).

3.2. Wettability and water contact angle
The obverse(hydrophobic) side had hydrophobic abilities with high WCA of about 141.1° and the
reverse(hydrophilic) side had hydrophilicity abilities with an WCA of about 41.2°. After dripping water
onto the obverse and reverse sides of J-MH@CF membrane, the change of contact angle was recorded
separately in Fig. 2a. Figure 2c is a series of digital photographs and shows the wettability of J-MH@CF
in the air. This wetting process was also simulated in Fig. 2b. When the water was dropped onto the
obverse side, the water droplet could spontaneously penetrate the J-MH@CF from the hydrophobic side to
the hydrophilic side. Compared to the opposite side, droplets only moistened the hydrophilic side and
spread out. It took about 15.4 s for water droplet to penetrate the membrane completely. After being
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dropped on the reverse side, water droplet diffused rapidly to the hydrophilic side surface without
penetration. The surface of hydrophilic side was wetted. After 2.9 seconds, water droplet completely
spread on the hydrophilic side.

3.3. Evaluation of water-unidirectional permeation movement

In a typical directional movement of water, water droplets penetrated through the hydrophobic channels
of the J-MH@CF membrane and reached the hydrophilic layer. The permeation process was simulated in
Fig. 3a. A water droplet dropped onto the hydrophobic side should form a hump (i.e., PL) on the opposite
side of the membrane pores if there is nothing underneath. However, because of the presence of
hydrophilic capillary force, the hydrophilic layer underneath would eliminate PL once the “hump”
contacted the hydrophilic layer (Chen et al. 2019). On the contrary, water droplet spread into a thin �lm
quickly when it dropped onto the hydrophilic side and it will be rejected at the junction of hydrophilic and
hydrophobic layers. In order to minimize PL, the thinner the hydrophobic layer, the better. The combination
of thick hydrophilic layer and thin hydrophobic layer could realize the fast directional water transmission.
Figure 2b provide a set of pictures to show the unidirectional transfer behavior of water in the air/air
system. Having shown the working mechanism for air-air system, the directional movement of water of J-
MH@CF at the oil/water interface was next demonstrated. Separately, n-octane dyed red by Sudan  was
used as a model oil, and water was dyed blue by reactive turquoise blue to distinguish it from the oil. The
droplet penetrates easily through the J-MH@CF membrane forming shapes similar to �ammulina
velutipes (Fig. 2c).

3.4. Evaluation of the emulsion separation performance
The high wettability to continuous phase and high hindrance to dispersed phase of the obtained
membrane endowed it with an excellent capability for separating surfactant-stabilized oil-in-water
emulsions. Hence, a series of separation experiments were carried out to evaluate the performance of J-
MH@FF membrane. Emulsions stabilized by three different ionic types of surfactants (SDS, CTAB or
Tween-60) were used as model emulsions and emulsions were derived from 1,2-dichloroethane (1.26 g
cm− 3, weight oil), isooctane (0.69 g cm− 3, light oil) and xylenes (0.86 g cm− 3, light oil). The anionic
surfactant stabilized emulsion (1,2-dichloroethane/SDS/H2O) separation was evaluated at �rst.

As shown in Fig. 4a, emulsion was directly injected into a sand core funnel device, and the volume of the
emulsion was �xed as 100mL. What needed to be mentioned was that all the separations were purely
gravity driven only which was the same as a driving pressure of ≈ 1 kPa. The emulsion was separated
rapidly with water almost entirely penetrating the membrane while the oil droplets surrounded by SDS
was blocked at the upper beaker. Optical microscopic images (Fig. 4c) of the emulsion and �ltrate
indicated that both emulsions contained numerous unordered oil droplets, while the �ltrate did not.
Furthermore, as shown in the digital photographs, all the �ltrates were clear and transparent. In the
spectrum of SDS, absorption bands at 2971.73 cm− 1 and 2868.71 cm− 1 were mainly dominated by the
symmetric and asymmetric stretching bands of C-H of the hydrophobic (tail) groups. Peaks at 1200.15
cm− 1 resulted from asymmetric S-O stretching, whereas the peaks at 1004.29 cm− 1 corresponded to
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symmetric S-O stretching (Gao and Chorover 2010; Ramimoghadam et al. 2012; Warsi et al. 2020).
Compared with the emulsion, the peaks of SDS (2971.73cm− 1, 2868.71cm− 1) were not highlighted in the
curve of the �ltrate. FTIR pattern (Fig. 4b) of the �ltrate was similar to that of distilled water, which
showed that the separation effect was satisfactory.

For emulsions derived from different kinds of oil (Fig. 4d), 1,2-dichloroethane/SDS/H2O,

isooctane/SDS/H2O, xylene/SDS/H2O, the separation �ux was 532 L m− 2h− 1, 609 L m− 2h− 1 and 426 L

m− 2h− 1, respectively. After calculation, separation e�ciencies were more than 99.3% each time and data
of detailed �ux were also shown in the Fig. 4d.

3.5. Separation mechanism
Separation process was demonstrated in Fig. 5a based on the simulation to further showing the
mechanism of the J-MH@CF separation performance. SDS molecule included a 12 carbon saturated
alkyl chain(tail) and a negatively charged sulfonate head (-OSO3

−). After SDS was added to the oil-water
mixture, the surfactant coating structure of the oil droplet was gradually assembled, indicating molecular
aggregated. Oil droplet surrounded by hydrophobic tails of surfactant tended to form the core, while the
hydrophilic heads were exposed outside in contact with the aqueous environment. When the emulsion
was separated, water formed a “hump” (i.e., PL) at the hydrophobic side of the membrane pores, and
because of the presence of hydrophilic capillary force, the hydrophilic layer underneath would eliminate
PL once the “hump” contacted the hydrophilic layer (Hou et al. 2019). Water as a continuous phase
penetrated the membrane. Oil droplets surrounded by SDS were di�cult to aggregate due to their
thermodynamic stability. The Mg(OH)2 decorated CF with an increase in micro/nanostructure and a
reduction in the contact area between oil droplets and membrane (Zhang et al. 2013). Unilateral
modi�cation of stearic acid further exposed a large number of carbon chains on the surface of
micro/nanostructures, resulting in a reduction in surface energy. Therefore, there was a repulsive force
between the oil droplets surrounded by SDS and the carbon chains. Under the action of the repulsive
force and the stable thermodynamic state of the oil droplets, it was di�cult for the oil droplets to
demulsify to spread or wet on the membrane. Such a wetting behavior was Cassie-Baxter wetting state,
and oil droplets surrounded by SDS as a dispersed phase were rejected by the membrane. As time
progressed, the “cream layer” was gradually formed.

In the same way, when CTAB or Tween-60 was added to oil-water mixture, its hydrophilic groups were
exposed outside in contact with the aqueous environment and the hydrophobic groups were in contact
with the oil, indicating that a stable structure similar to SDS coating structure of the oil droplet was also
formed. However, due to the different types of surfactant or oil, there was likely to be a vastly difference in
the size and shape of the oil droplets surrounded by surfactants, resulting in differential �ux. For
emulsions by surfactants with different ionic type, as shown in the Fig. 5b-5d, CTAB/Oil/H2O emulsions
and the Tween-60/Oil/H2O emulsions could also be successfully separated with high separation
e�ciency, indicating that the J-MH@CF membrane could be used to separate oily wastewater containing
unspeci�ed surfactants.
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3.6. Cycle performance
The “cream layer” gradually formed on the surface of the membrane in the separation process (Fig. 6a).
In order to determine the existence state of surfactant, oil and water, the “cream layer” obtained after the
separation of 50mL, 100mL and 150mL emulsion were observed by optical microscope respectively.
From the optical microscope pictures (Fig. 6b), it could be seen that the accumulation of emulsion
droplets became more and more obvious with the increase of emulsion content, which showed that the
“cream layer” was composed of undemulsi�ed emulsion droplets. In addition, the “cream layer” contained
peaks (2971.73 cm− 1, 2868.71 cm− 1) that represent existence of SDS (Fig. 6c). After rinsing with distilled
water, the “cream layer” was easily washed off and the membrane was not contaminated by oil droplets
(Fig. 6f). There was no obvious decrease in liquid �ux and separation e�ciency after 10 cycles, which
indicated robust reusability (Fig. 6e). Oil droplets accumulated gradually driven by gravity on the
membrane surface to form a “cream layer”, which facilitated to improve the separation e�ciency to a
certain extent. However, with the increase of the thickness, the “cream layer” also gradually covered the
surface pores and reduced the effective separation area of the membranes, resulting in a gradual
reduction of separation �ux. For surfactant-stabilized emulsions by SDS, after each 5mL of �ltrate was
collected, the �ux was calculated (Fig. 6d). As the separation process went on, �ux gradually decreased
from 1403 m− 2h− 1 to about 412 L m− 2h− 1.

4. Conclusion
In summary, J-MH@CF membranes involving asymmetric wettability were prepared by interfacial ion
migration technology and unilateral spraying treatment, which involved surface roughness structure
increased by immobilization of Mg(OH)2 and relatively low surface energy modi�ed by stearic acid. When
surfactant-stabilized oil-in-water emulsions was separated, the resultant J-MH@CF membranes presented
directional transport of water droplets and selective rejection of oil droplets. The J-MH@CF membrane
exhibited the permeate �ux of emulsions in the sequence of isooctane/SDS/H2O (609 L m− 2h− 1) > 1,2-

dichloroethane/SDS/H2O (532 L m− 2h− 1) > xylene/SDS/H2O (426 L m− 2h− 1) with separation e�ciency
of 99.6%, 99.5% and 99.6%, respectively. Importantly, J-MH@CF membranes were effective for separating
oil-in-water emulsions stabilized by SDS, CTAB or Tween-60, with a high separation �ux and e�ciency
driven only by gravity. Furthermore, the "cream layer" formed by the settling of oil droplets during the
separation process could also be washed off and the membranes showed excellent stability and
reusability in a 10-cycle test. These results proved that J-MH@CF membranes was an expected
separation material and showed a vast range of application prospects in separation of oily wastewater
containing unspeci�ed surfactants.
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Figure 1

(a) FTIR (b)XRD (c) TG (d)XPS survey spectra of raw CF and J-MH@CF membrane, (e) O 1s (f) Mg 2p of
J-MH@CF membrane.
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Figure 2

(a) Water contact angle changes during the dropping of water onto the obverse and reverse side of the J-
MH@CF membrane. (b) Schematic diagram of the mechanism of wetting process. (c) A series of
photographs with difference in wetting when dripping on the obverse and reverse side of the J-MH@CF
membrane.
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Figure 3

(a) Schematic diagram of the mechanism of the water-unidirectional permeation movement. The
schematic and photographs of water-unidirectional behaviors of J-MH@CF membrane with different
�xed modes at (b) air/air system and (c) oil/water system.



Page 18/20

Figure 4

(a) Photographs of gravity-driven separation processes, (b) FTIR spectra of emulsion, �ltrate and water.
(c) Photographs and optical microscopic images of the surfactant-stabilized emulsions before and after
separation, (d) Separation e�ciency and permeation �ux for different emulsions stabilized by SDS under
the driving of gravity.
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Figure 5

(a) Schematic diagram of the mechanism of the emulsions separation. (b-d) Separation e�ciency and
�ux of J-MH@CF for SDS/Oil/H2O emulsion, CTAB/Oil/H2O emulsion and Tween-60/Oil/H2O emulsion.
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Figure 6

(a) Photographs of the emulsion before and after separation and of the “cream layer” resulting from the
separation. (b) Optical microscopic images of the emulsion (b- ) and “cream layer” obtained after the
separation of 50mL (b- ), 100mL (b- ) and 150mL (b- ) emulsion. (c) FTIR spectra of “cream layer”, SDS,
oil and water. (d) Flux calculated after every 5mL of �ltrate collected during separation. (e) The
recyclability of J-MH@CF membrane for surfactant-stabilized emulsions separation. (f) Photographs of
the process of rinsing off the “cream layer” with water.
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