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a b s t r a c t

Achieving a water–oil interface imbalance has been identified as a critical factor in the demulsification of
water-in-oil emulsions. However, conventional demulsifying membranes generally break the interface
balance by depending on a relatively high transmembrane pressure. Here, we present a ‘‘contact demul-
sification” concept to naturally and quickly achieve disruption of the water–oil interface balance. For this
purpose, a novel demulsifying membrane with a high flux of the organic component has been developed
via the simple vacuum assembly of zeolitic imidazolate framework-8 (ZIF-8)@reduced graphene oxide
(rGO) microspheres (ZGS) on a polytetrafluoroethylene (PTFE) support, followed by immobilization pro-
cessing in a polydimethylsiloxane (PDMS) crosslinking solution. Due to the micro-nano hierarchies of the
ZGS, the prepared ZIF-8@rGO@PDMS/PTFE (ZGPP) membranes feature a unique superhydrophobic sur-
face, which results in a water–oil interface imbalance when a surfactant-stabilized water-in-oil emulsion
comes into contact with the membrane surface. Under a low transmembrane pressure of 0.15 bar (15
kPa), such membranes show an excellent separation efficiency (�99.57%) and a high flux of 2254
L�m�2�h�1, even for surfactant-stabilized nanoscale water-in-toluene emulsions (with an average droplet
size of 57 nm). This ‘‘contact demulsification” concept paves the way for developing next-generation
demulsifying membranes for water-in-oil emulsion separation.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Oil–water emulsions formed from industrial processes, daily
life activities, and oilfield exploitation have resulted in severe envi-
ronmental pollution and the waste of resources. Moreover, tiny
amounts of water in fuel can condense on the metal surfaces of
an engine, corroding the machine and shortening its service life-
time [1,2]. Therefore, the separation of water-in-oil emulsions is
a crucial issue. The emulsified water droplets in oil–water emul-
sions are usually less than 20 lm in diameter and are incredibly
stable due to surfactant adsorption at the oil/water interface
[3–5]. Traditional separation methods such as gravity separation,
skimming, gas flotation, or centrifugation can separate
free-floating oil on water and immiscible oil–water mixtures but
are not as effective for separating surfactant-stabilized water-in-
oil emulsions (SSEs) [6–8].

Membrane technologies for oil–water emulsion separation are
promising compared with traditional methods due to their low
cost, low energy requirement, high separation efficiency, simple
operation, and tunable pore size [9–11]. Although various kinds
of hydrophobic/oleophilic membranes are frequently used in prac-
tical applications, they still have a main limitation [12]: They
absorb both oil and water during separation, thus showing low
selectivity and efficiency for emulsions. Moreover, the demulsifica-
tion strongly depends on a relatively high transmembrane pressure
(usually > 0.5 bar, 1 bar =105 Pa) [13]. Consequently, the develop-
ment of advanced membrane materials with the ability to selec-
tively separate oil (or water) while completely repelling water
(or oil) is highly desired for oil–water emulsion separation [14].
Super-wettable materials with totally different affinities toward
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oils or water, which can break the water–oil interface balance due
to strong interfacial effects, are promising for efficient oil–water
emulsion separation [15]. Water-blocking materials, such as
superhydrophobic/superoleophilic materials, have been used for
water-in-oil emulsions [16–18]. Recently, superhydrophobic mem-
branes, including nanofiber membranes [19,20], poly(vinylidene
fluoride-co-hexafluoro-propylene) (PVDF–HFP)/polytetrafluoroe
thylene (PTFE) blend membranes [21], poly(vinylidene fluoride)
(PVDF)-based membranes [22,23], poly(ether sulfone) (PES)-
based membranes [24], polyphenylene sulfide (PPS)-based mem-
branes [25], polysulfone (PSf)-based membranes [26], and other
superhydrophobic membranes [27–29], have been studied and
shown to effectively separate water-in-oil emulsions based on
the ‘‘size-sieving” effect [30,31]. Constructing a superhydrophobic
surface with a special structure is critical for water-in-oil emulsion
separation.

Many superhydrophobic surfaces exist in nature, with the lotus
leaf being a notable example. Unlike the Wenzel theory, which
only discusses wetting behavior on a single scale, the lotus
effect—which is also known as the multiscale effect—is mainly
caused by the combination of a micro-nano hierarchical structure
and low surface energy [32,33]. Inspired by the lotus effect, a vari-
ety of materials have been investigated in attempts to engineer
superhydrophobic surfaces for water-in-oil emulsion separation
[34–36]. In our previous work [37], we prepared a hybrid
superhydrophobic/superoleophilic material consisting of a three-
dimensional (3D) metal–organic framework (MOF)@reduced gra-
phene oxide (rGO) microspheres with a unique micro-nano hierar-
chical structure. Wrinkled rGO nanosheets form a microscale 3D
structure that ensures oil transfer, thereby improving the perme-
ation performance of the organic component. As the nanoscale
structure of MOF@rGO microspheres, hydrophobic zeolitic imida-
zolate framework-8 (ZIF-8) nanocrystals can effectively solve the
problems of the agglomeration and stacking of graphene oxide
(GO) nanosheets. The MOF@rGO microspheres have exhibited
excellent performance in oil absorption, providing an alternative
candidate for a robust superhydrophobic membrane for efficient
oil–water emulsion separation.

Based on the above analysis, a novel superhydrophobic mem-
brane was prepared in this study. As shown in Fig. 1, the ZIF-
8@rGO microspheres (herein referred to as ‘‘ZGS”) were deposited
on PTFE supports by means of vacuum filtration. The 3D wrinkled
ZGS were selected as a hybrid material due to their unique
micro-nano hierarchical structures. The assembled ZGS on the
PTFE substrate were immersed in a polydimethylsiloxane (PDMS)
crosslinking solution to link the ZGS between themselves and to
the PTFE support. Here, the composite ZGS@PDMS/PTFE is referred
to as the ‘‘ZGPP membrane.” Their combination of super-
wettability and abundant porosity indicates the potential of the
resultant membranes for the efficient separation and demulsifica-
tion of various SSEs. With high oil–water separation efficiency,
such membranes are promising for practical oil purification and
applications.
Fig. 1. Schematic of the preparation of the composite ZGS@PDMS/PTFE (ZGPP membran
polydimethylsiloxane.
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2. Results and discussion

2.1. Surface morphology analysis and wettability of ZGPP membranes

As shown in Fig. 1, the ZGPP membrane consists of three com-
ponents: ZGS, PDMS, and PTFE. The interactions between the ZGS
and PDMS, as well as those between the PDMS and PTFE, depend
primarily on van der Waals forces. The crosslinked PDMS creates
an intricate structure that traps the microspheres and fixes them
tightly onto the PTFE substrate [38]. Due to the intertwining of
the polymer chains, there is a strong adhesion between the PDMS
and PTFE [39,40]. Fig. 2(a) shows scanning electron microscopy
(SEM) image of the ZGS. The composite particles have a spherical
shape with a diameter of 3–5 lm and a unique micro-nano hierar-
chical structure. The PTFE substrate is a commercial microfiltration
membrane with a mean pore size of 0.22 lm (Fig. 2(b)). Mem-
branes with ZGS loadings of 0, 0.15, 0.50, 1.00, 2.00, or 4.00
mg�cm�2 are referred to as ZGPP-0, -0.15, -0.5, -1, -2, or -4, respec-
tively. PDMS segments with a low surface energy were used to
immobilize the ZGS on the PTFE substrate. Compared with the
original PTFE substrate, the pore size of the ZGPP-0 membrane is
reduced (Fig. 2(c)) due to the presence of PDMS in the micropores
of the PTFE substrate. Depending on the amount of deposited ZGS,
the surface of the ZGPP membranes exhibits different morpholo-
gies. When the ZGS loading is low (i.e., 0.15–1.00 mg�cm�2), the
ZGS cannot completely cover the membrane surface, leaving some
blank areas (Fig. 2(d); Figs. S1 and S2(b)–(d) in Appendix A). How-
ever, for higher ZGS loadings (i.e., 2–4 mg�cm�2), the ZGS are uni-
formly dispersed and form a homogeneous multi-particle layer on
the PTFE surface (Figs. 2(e) and (f)) with a thickness of 20–37 lm
(Figs. S2(e) and (f) in Appendix A). Despite the PDMS treatment,
the 37 lm ZGS top layer of the ZGPP-4 membrane was damaged
during handling due to the weak interaction between the ZGS.
Therefore, the ZGPP-2 membrane showed the best morphology
(Fig. 2(e)), and this membrane was studied in detail.

The distribution of the different moieties on the membrane sur-
face was confirmed by means of energy-dispersive X-ray spec-
troscopy (EDXS). As shown in Figs. 2(g)–(l), the elements carbon
(C), oxygen (O), zinc (Zn), silicon (Si), and fluorine (F) can be
detected on the surface of the ZGPP-2 membrane. The Zn (La1_2)
originates from the ZIF-8 nanoparticles of the ZGS, as shown in
Fig. 2(j). The homogeneous distribution of the Zn element indicates
that the ZIF-8 nanoparticles are uniformly dispersed on the ZGS
surface. The Si (Ka1) indicates that the PDMS uniformly covers
the surface of the ZGPP-2 membrane without an obviously uneven
distribution (Fig. 2(k)). The F (Ka1_2) originating from the PTFE
substrate is rarely detected, indicating that the ZGS cover the sur-
face of the PTFE substrate completely (Fig. 2(l)).

The surface composition of the ZGPP membranes was studied
using X-ray photoelectron spectroscopy (XPS). The results from
XPS, as shown in Fig. 2(m), indicate that the peaks of N 1s are
located at the binding energy of 401.8 eV, which indicates the
presence of ZIF-8 near to the surface of the ZGPP membranes.
e) for the separation of an organic component from water-in-oil emulsions. PDMS:



Fig. 2. (a–f) SEM images of (a) ZGS; (b) the PTFE commercial microfiltration membrane (mean pore size: 0.22 lm); and (c–f) ZGPP membranes with (c) ZGPP-0, (d) ZGPP-1,
(e) ZGPP-2, and (f) ZGPP-4. (g–l) EDXS mapping images of the ZGPP-2 membrane. (m) XPS wide-scan results of the membranes. (n) Contact angles of water and oil (toluene)
with the ZGPP membrane surface in air at room temperature.
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The peaks of F 1s at about 689.8 eV (from the PTFE substrate)
decrease with an increasing loading of ZGS. Two peaks of C 1s from
the ZGPPmembranes that correspond to the C–F bond at 292.08 eV
and the C–Si bond at 285.08 eV gradually disappear with an
increasing ZGS loading, indicating a good dispersion of the ZGS
75
on the surface of the ZGPP membrane. Furthermore, according to
the detection depth of 10 nm by XPS, the growing peaks of N 1s
and O 1s demonstrate that the thickness of the PDMS layer is less
than 10 nm. Similar information from the Fourier-transform infra-
red (FTIR) spectra is recorded in Fig. S3 in Appendix A, which
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shows that the C–F bond stretching vibration peaks from the PTFE
substrate are confirmed at 1215 and 1150 cm�1. The Si–O bond
stretching vibration peak, the C–Si bond stretching vibration peak,
and the C–H bond stretching vibration peak from PDMS correspond
to the peaks at 1018, 804, and 2965 cm�1, respectively. This find-
ing is in agreement with the results from XPS—namely, that the
intensity of the C–F bond signal decreases gradually with an
increasing ZGS loading, which verifies that the PTFE substrate is
increasingly covered by ZGS.

In order to evaluate the surface wettability of the ZGPP mem-
branes, contact angles were measured, as shown in Fig. 2(n). In
complete accordance with our previous work [37], the ZGS show
excellent superhydrophobicity, with a water contact angle (WCA)
of 158� in air. With an increase in the ZGS loading, the WCA of
the ZGPP membranes increases at first and then decreases. How-
ever, excess ZGS loading is prone to aggregation and stacking, caus-
ing a large surface height difference. In this case, the gaps between
the ZGS are unevenly distributed, and the advantages of the micro-
nano structure on the membrane surface cannot fully play out.
Moreover, ZGS tend to peel off when the ZGS loading increases
to 4 mg�cm�2, resulting in the destruction of the surface micro-
nano hierarchical structure and a subsequent decrease in the
WCA. A maximum WCA of 155� was found on the ZGPP-2 mem-
brane, clearly indicating its superhydrophobicity.

For oil droplets in contact with the surface of the ZGPP mem-
branes, the oil wettability was observed by means of oil contact
angles (OCAs) in air and the contact time of the oil droplets. Due
to the membranes’ unique structure and the filler ZGS, the
oleophilicity of the ZGPP membranes is enhanced, with a gradually
decreasing OCA with increased ZGS loading. As shown in Fig. S4 in
Appendix A, the pores of the superoleophilic ZGS and the free vol-
ume of PDMS between the ZGS of the membrane are transport-
active to the permeation of the organic phase (e.g., toluene or etha-
nol) through the surface of the ZGPP membrane. The higher the
ZGS loading of the ZGPP membrane, the shorter the contact time
of the oil droplet with the surface of the ZGPP membrane before
being absorbed by the membrane. The contact angle values indi-
cate that the micro-nano hierarchical structure of the ZGS plays a
dominant role in the superhydrophobicity of the ZGPP membranes.

2.2. SSEs separation performance of the ZGPP membranes

To evaluate the separation potential of the ZGPP membranes for
water-in-oil emulsion, SSEs based on an organic solvent (toluene,
petroleum ether, or n-heptane) with different water contents were
prepared, and the average droplet size of the SSEs was measured
by means of dynamic light scattering (DLS), as shown in Fig. S5
in Appendix A. The as-prepared superhydrophobic ZGPP mem-
brane was stuck in the middle of a vacuum filter; then, the SSE
was poured onto the membrane and quickly spontaneously perme-
ated it. The emulsion based on toluene with an average droplet size
of 240 nm, named SSE-240, was studied in detail. As shown in
Fig. 3(a), SSE-240 was successfully separated with a high oil–water
separation efficiency. As the ZGS loading increased, the separation
efficiency of the ZGPP membranes obviously increased from
92.53% to 99.61%, and the flux slightly improved. The oil purity
of the permeate was over 99.99%. In this work, ZGPP-2 can be
regarded as the optimal membrane with the highest separation
efficiency and an excellent permeate flux. Even when the trans-
membrane pressure was increased (0.15–0.50 bar), the separation
efficiency for SSE-240 on the ZGPP-2 membrane was still over
98.2% (Fig. S6 in Appendix A). The increase from the hydrophobic-
ity to the superhydrophobicity of the ZGPP membranes improved
the separation efficiency for the SSEs.

Digital pictures of the SSE-240 before and after separation were
taken (Fig. 3(b)). After separation by the ZGPP-2 membrane, the
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milky feeding emulsion turned into a transparent permeate, indi-
cating the good separation performance of the membrane. Images
of the feed (SSE-240) and the permeate taken by optical micro-
scope are provided in Fig. 3(b) and show tiny water droplets nearly
disappearing after separation. In addition, the droplet size distribu-
tions of the emulsion before and after separation were measured.
As shown in Fig. 3(c), the size of the water droplets in the emulsion
before separation had a wide distribution, ranging from 43 to 955
nm. Most of the droplets with a size of 200–850 nm disappeared in
the permeate, which contained less than 0.01 wt% water. However,
some droplets with a size of 4–7 nm were detected via DLS in the
permeate (Fig. 3(d)); these are ascribed as being micelles formed
by the dissolved surfactants and not water droplets [41]. After sep-
aration, the maximum of the size distribution of the water droplets
in the retentate shifted to a higher value (Fig. 3(e)), which can be
explained by the coalescence of the water droplets.

A variety of SSEs were prepared to further demonstrate the
emulsion separation performance of the ZGPP membranes. Figs.
3(f) and (g) show the separation performance of the ZGPP-2 mem-
brane for different SSEs. When a slight transmembrane pressure of
0.15 bar was applied, a high toluene flux of 2254 L�m�2�h�1

and an excellent separation efficiency for toluene/water of
99.57% were measured for SSE with an average droplet size of 57
nm (SSE-57). In comparison, traditional membranes usually
require a higher transmembrane pressure to achieve efficient
demulsification and separation (Table S2 in Appendix A). For
example, in the case of a PTFE/fluorinated ethylene propylene
(FEP) membrane, the toluene flux was only 134–204 L�m�2�h�1

under a transmembrane pressure of 0.5 bar [13].
According to the droplet size distributions, SSE-57 is a nano-

emulsion, which can increase the contact area of the emulsified
water droplets and the membrane surface. With an increase in the
contact area, the balance of water and oil in the nano-emulsion is
disturbed, increasing the separation performance. The emulsions
changed frombeingmilky in the feed to transparent in the permeate
after passing through the ZGPP-2 membrane, indicating even by
eyesight the high demulsification potential of the ZGPP membrane.
Considering that the transmembrane pressure used in our work is
3–10 times lower than the reported pressure (Table S2), this excel-
lent separation performance for both micro- and nano-emulsions
indicates that the demulsification process in the ZGPP-2membrane
is mainly based on the contact demulsification mechanism.

To further demonstrate the contact demulsification process,
experiments were done on a series of SSEs without transmembrane
pressure. As shown in Fig. 3(h), the ZGPP-2 membrane could
demulsify SSEs with different average droplet sizes. When tested
as a control experiment, an oleophilic PTFE substrate could not
demulsify the SSEs. For a range of average droplet sizes from 126
to 1161 nm, the ZGPP-2 membrane could demulsify a water-in-
oil emulsion within 53–200 min. As shown in Fig. S7 in Appendix
A, progressive demulsification begins at 20 min into the separa-
tion; this is followed by the enlargement of the clarified area,
which takes 70 min, until the milky emulsion becomes entirely
transparent, indicating that the water-in-oil emulsion SSE-240 is
successfully demulsified. The water content in the supernatant
was unmeasurable low (<0.01 lg�lL�1), as evaluated with a Karl
Fischer analyser. Even for nano-emulsions with droplet sizes <100
nm, the ZGPP-2 membrane showed a good demulsifying capacity.
For example, in the case of an average droplet size of 57 nm
(SSE-57), after remaining at room temperature for 200 min, the
SSE-57 changed to half oil and half emulsion using the ZGPP-2
membrane (Fig. S8 in Appendix A). When the temperature was
increased to 40 �C, the nano-emulsion was demulsified entirely
after 180 min (Fig. S9 in Appendix A).

The contact demulsification process was further confirmed
using ultraviolet visible (UV–vis) absorbance at wavelength of



Fig. 3. (a) Oil–water separation of SSE-240 on the ZGPP membranes at room temperature when applying a slight transmembrane pressure of 0.15 bar. (b) Optical microscopy
images and a digital photo of the feed and permeate separation (SSE-240) by the ZGPP-2 membrane. (c–e) Droplet size distributions of the SSE-240 in the feed, permeate, and
retentate separated by the ZGPP-2 membrane. (f) Separation flux and average droplet size of SSEs on the ZGPP-2 membrane (room temperature, 0.15 bar). (g) Separation
efficiency and water content of the permeate on the ZGPP-2 membrane for different SSEs (room temperature, 0.15 bar). (h) Demulsification time of the ZGPP-2 membrane for
a series of SSEs (room temperature, without transmembrane pressure). (i) UV–vis absorbance of the SSE-240 emulsion with and without the ZGPP-2 membrane during
demulsification (wavelength: 500 nm). (j) Optical microscopy images of water droplets coalescing during demulsification. The video (Movie S1) is provided in Appendix A.
SSE-1161, SSE-398, SSE-126, and SSE-57 stand for SSE based on toluene with an average droplet size of 1161, 398, 126, and 57 nm, respectively. SSE-P and SSE-H stand for SSE
based on petroleum ether and n-heptane, respectively. Details shown in Table S1.
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500 nm for 2 h, as shown in Fig. 3(i). Taking the SSE-240 emulsion
as an example, the original SSE-240 had a high and stable absor-
bance (�3.25) in the range of 0–3600 s. This high absorbance
means a low transmittance, due to the presence of SSE-240
emulsion droplets. The stable absorbance value indicates the excel-
lent stability and uniformity of the emulsion solution. After placing
a ZGPP-2 membrane in the cuvette, the absorbance of the solution
decreased significantly as the standing time increased. When the
standing time was 7200 s, the absorbance was close to 0. This
observation suggests that the SSE-240 emulsion droplets tend to
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coalesce in the presence of the ZGPP-2 membrane (Fig. 3(j)),
destroying the stability of the emulsion solution and thus leading
to the demulsification of SSE-240.

2.3. Mechanism analysis of separation

To further reveal the underlying mechanism of the separation,
the proton transverse relaxation time T2 was measured by means
of low-field nuclear magnetic resonance (LF-NMR) to analyze infor-
mation regarding the void size or degree of molecular confinement
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within the membranes. A T2 distribution corresponds to a pore size
distribution, with molecules in the smallest pores having the short-
est relaxation times and molecules in the largest pores having the
longest relaxation times [42]. A T2 signal that is less than 100 was
normally ascribed to the binding of toluene at the surface. For the
PTFE support filled with toluene, two T2 signals were observed
(Fig. S10 in Appendix A) at 102–103 and 103–104 ms, which were
ascribed to toluene in the pores of the membrane for pore sizes of
less than 100 nm and larger than 100 nm, respectively. Interest-
ingly, after preparing the ZGPP membrane, the T2 signal at 102–
103 ms disappeared because the PTFE pores were filled with PDMS.
The pores of the ZIF-8 nanocrystals have been crystallographically
measured to be 0.34 nmnormally, but given the framework flexibil-
ity, it could stretch to about 0.43 nm wide. This size does not allow
the adsorption and diffusion of toluene through the pores (as the
critical molecule size of toluene is 0.59 nm). Therefore, the toluene
in the ZGS only shows a T2 signal at 103–104 ms. With an increase
in the ZGS loading, the areas of the T2 signals of the ZGPPmembranes
between 103 and 104 ms tended to decrease, and the T2 relaxation
times of these signals gradually approached those of the ZGS.

When a droplet remains stably on an ideal surface, thermody-
namic equilibrium is achieved among the gas/liquid/solid three-
phase interface, as shown in Fig. S11 in Appendix A and described
by Young’s equation:

cos h ¼ cs-g � cl-s
cl-g

ð1Þ

where h is the contact angle, cs-g is the surface tension at the solid/
gas interface, cl-g is the surface tension at the liquid/gas interface,
and cl-s is the surface tension at the liquid/solid interface.

It is well known that liquids with a cl-g less than the critical sur-
face tension can spread on the surface of the solid. Therefore, to
further analyze the interfacial effects of toluene molecules on the
membrane surface, the critical surface tensions of various mem-
branes were calculated by means of the Zisman plot method using
a contact angle analyzer. When the critical surface tension of the
membrane is close to the surface tension of the liquid in air, the
liquid spreads more easily on the surface of the membrane. As
shown in Fig. S12 in Appendix A, the critical surface tension of
the PTFE substrate is 15.3 mN�m�1. The critical surface tensions
of the ZGPP membranes gradually increase with an increase in
the ZGS loading. In the case of the ZGPP-4 membrane, the critical
surface tension reaches 23.16 mN�m�1, which is near to the cl-g
of toluene, at 28.83 mN�m�1 (in air, 293 K). This suggests that
the oleophilicity of the membrane surface greatly improved with
an increase in the ZGS loading.

The ZGPP-2 membrane shows an underoil (petroleum ether)
WCA of 145.0�±0.9� (Fig. S13 in Appendix A). When a water dro-
plet stays on a solid surface in oil, there is thermodynamic equilib-
rium among the oil/water/solid three-phase interface, according to
Young’s equation. Therefore, the surface tension of the solid/oil
interface must be less than the surface tension of the water/solid
interface when the surface of the solid is hydrophobic, which
means that the surface of the ZGPP membrane has a stronger affin-
ity to oil than to water. The surface tension of the water/oil inter-
face is unstable if the oil around the water droplets is absorbed by
the membrane, causing the emulsified droplets to be broken easily
and allowing the water to coalesce.

2.4. Molecular dynamics simulation analysis

To furtherunderstand themechanismof the contact demulsifica-
tion, molecular dynamics (MD) simulations were performed for the
interaction of surfactant-stabilized water-in-oil (toluene) emul-
sions with ZGS surfaces and an rGO surface (Fig. S14 in Appendix
A). Fig. 4(a) shows snapshots taken during the simulation demulsi-
78
fication process of a surfactant-stabilized water-in-toluene emul-
sion at the bent surface of the ZGS. The water droplets can
coalesce, thus demulsifying and separating the water-in-oil emul-
sion. The simulation shows the coalescence of four water–span 80
(surfactant) nano-droplets at 0.4, 0.7, and 8.3 ns. Then four water–
span 80 (surfactant) nano-droplets fully coalesce at 8.6 ns and
remain coalesced at 30 ns. Fig. 4(b) shows snapshots of the
surfactant-stabilizedwater-in-toluene emulsion at the bent surface
of the rGOnanosheet. The fourwater–span 80nano-droplets did not
finish coalescing during the simulation time.

For a quantitative analysis of the contact demulsification pro-
cess, the interaction energies were calculated. As shown in Fig.
4(c), all energies of interaction with ZGS or rGO are negative, indi-
cating that the force is attractive. With the hydrophobic ZIF-8
nanocrystal, the ZGS show significantly less interaction energy
(�10.7 kJ�mol�1) to water compared with the interaction energy
between the rGO nanosheets and water (�62.2 kJ�mol�1). Com-
pared with the interaction energy to toluene from the rGO
nanosheets (�69794.4 kJ�mol�1), the interaction energy to toluene
from the ZGS seems to increase to �82784.8 kJ�mol�1. All these
changes indicate that the unique micro-nano hierarchical structure
of the ZGS, including the ZIF-8 nanocrystal and the wrinkled rGO
nanosheets, efficiently enhance the hydrophobicity and oleophilic-
ity of the membrane.

For a further analysis of the interaction energies, the Coulomb
energy (Ecoul) and van der Waals energy (Evdw) were respectively
calculated. As shown in Fig. 4(d) for the ZGS–water, ZGS–span
80, and ZGS–toluene, the Coulomb energy is far less than the van
der Waals energy, suggesting that the van der Waals forces are
the dominant force between the ZGS and the emulsions. Since
the van der Waals energy and Coulomb energy for ZGS–water are
much lower than those of the ZGS–span 80 and ZGS–toluene, the
attractive force between the ZGS and water is much weaker due
to the superhydrophobicity of the ZGPP membrane (Fig. 2(n)).
Therefore, when the water-in-oil (toluene) emulsion moves to
the surface of the ZGPP membrane, the strong attractive force
between the ZGS and span 80 or toluene can initially break the
interface balance of the span 80 and water droplets, causing the
water nano-droplets to move and coalesce (Fig. 3(j); Movie S1 in
Appendix A). Subsequently, the toluene can easily permeate
through the membrane because of the high van der Waals forces
between the ZGS and toluene (Fig. S15 in Appendix A). In this
study, the formation of enlarged water droplets in the retentate
was also studied using DLS. As shown in Fig. 3(e), the maximum
water droplet size distribution of the retentate increases to 408
nm, which further confirms the coalescence of the rejected water
nano-droplets during the contact demulsification process.

Fig. 4(e) shows the minimum distance between the ZGS or rGO
and water during the simulation. As a comparison, the minimum
distance of rGO–water is about 0.16 nm at 5.5 ns; then, the mini-
mum distance is maintained until the end of the simulation, which
suggests the absorption of water on the rGO nanosheets. The min-
imum distance of ZGS–water fluctuates greatly during the whole
simulation time, indicating that it is difficult for the water to be
adsorbed by ZGS and that it will not pollute the membrane. The
minimum distance between the ZGS or rGO and span 80 shows
the same results during the simulation (Fig. 4(f)). The fluctuating
minimum distance between ZGS–span 80 and ZGS–water indicates
the easy cleaning of the ZGPP membranes.

Furthermore, to evaluate the stability of the ZGPP-2 membrane,
cyclic SSE-240 separation experiments were conducted, as shown
in Fig. 5(a). No obvious deterioration in the separation performance
was observed after 100 min, while the separation efficiency was
99.2% and the flux was 730 L�m�2�h�1. Due to the limitation of
the dead-end filtration method, membrane pollution occurred in
the separation process. However, the ZGPP membranes show an



Fig. 4. (a) Snapshots of the demulsification process of the surfactant-stabilized water-in-toluene emulsion on the surface of ZIF-8@rGO nanosheets; the toluene inside is
showed as a glass bubble for clarity. (b) Snapshots of the MD simulation process of the surfactant-stabilized water-in-toluene emulsion on the surface of rGO nanosheets.
(c) Interaction energies between ZGS or rGO and water/span 80/toluene during the simulation time. (d) Energy between the ZGS and water, span 80, and toluene during the
simulation demulsification. (e) Minimum (Min) distance between the ZGS or rGO and water during the simulation time. (f) Minimum distance between the ZGS or rGO and
span 80 during the simulation time.
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anti-fouling ability, and their separation performance can be
restored by simple washing. It was also noted that, after 8 cycles
of use, a very small number of free ZGS might be peeled off, which
79
slightly increases the separation flux. Nevertheless, as is clearly
shown in Fig. 5(b), after ten separation cycles, the ZGPP-2 mem-
brane still shows a high WCA and a good distribution of the ZGS



Fig. 5. (a) Stability of the ZGPP-2 membrane. (b) SEM image of the ZGPP-2 membrane after ten cycles, with a WCA in air of 145� shown in the insert image. (c) The
approaching, contacting, and detaching process between a water droplet in oil (petroleum ether) and the ZGPP-2 membrane.
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on its surface. Fig. 5(c) shows the approaching, contacting, and
detaching process between a water droplet in oil (petroleum ether)
and the ZGPP-2 membrane. The water droplet can easily bounce off
the surface of the ZGPP-2 membrane, even under severe deforma-
tion. These results are indicative of the excellent durability and sta-
bility of the ZGPP-2 membrane, suggesting that the ZGPP
membranes are promising for water-in-oil emulsions separation.
3. Conclusions

In summary, a ‘‘contact demulsification” concept was proposed
to design an advanced demulsifying membrane for water-in-oil
emulsion separation. The novel demulsifying membrane was
achieved by means of a vacuum assembly of ZGS on a PTFE sup-
port, followed by crosslinking with PDMS. Manipulation of the
ZGS loading enabled the creation of a membrane with superhy-
drophobic and enhanced oleophilic surface properties, which can
achieve natural and rapid demulsification. These membranes show
excellent emulsion separation efficiency and high fluxes of the
organic component for both microscale and nanoscale SSEs. We
believe that membrane contact demulsification holds great poten-
tial for the efficient separation of surfactant-stabilized emulsions.
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