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Abstract

Developing high-performance separation membrane with good durability is a highly desired while challenging
issue. Herein, we reported the successful fabrication of chemically and mechanically durable superhydrophobic
membrane that was prepared by embedding UiO-66 as size-sieving sites within the supramolecular fiber structure
of collagen fiber membrane (CFM), followed by the polydimethylsiloxane (PDMS) coating. The as-prepared CFM/
UiO-66(12)/PDMS membrane featured capillary effect-enhanced separation flux and homogeneous porous channels
guaranteed high separation efficiency. When utilized as double-layer separation membranes, this new type of
composite membranes separated various surfactant stabilized water-in-oil microemulsions and nanoemulsions, with
the separation efficiency high up to 99.993 % and the flux as high as 973.3 L m~? h™ . Compared with commercial
polytetrafluoro ethylene (PTFE) membrane, the advantage of the double-layer CFM/UiO-66(12)/PDMS membranes in

with high mechanical and chemical durability.

emulsion separation, mechanical and chemical durability

separation flux was evident, which exhibited one order of magnitude higher than that of commercial PTFE
membrane. The CFM/UiO-66(12)/PDMS membrane was acid-alkali tolerant, UV-aging resistant and reusable for
emulsion separation. Notably, the CFM/UiO-66(12)/PDMS membrane was mechanically durable against strong
mechanical abrasion, which was still capable of separating diverse water-in-oil emulsions after the abrasion with
sandpaper and assembled as double-layer separation membranes. We anticipate that the combination of CFM and
metal organic frameworks (MOFs) is an effective strategy for fabricating high-performance separation membrane
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1 Introduction

Emulsification technology has been widely utilized in a
variety of industrial processes [1-4], which inevitably
generates a large quantity of surfactant-containing emul-
sion wastewater. The emulsion wastewater has to be
treated before discharged. Among various emulsion sep-
aration approaches, membrane separation has attracted
great interests due to its high separation efficiency and
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simple separation process [5-8]. Membrane separation
based on size-sieving strategy can be described by the
Hagen-Poiseuille equation: ] = snrpzAp/(SpL), where the
flux (J) is proportional to the square of radius (rpz) and
inversely proportional to the thickness of the membrane
(L) [9]. Normally, there is a trade-off effect for size-
sieving membrane since the permeation flux is con-
strained by the small membrane pore size that is a ne-
cessity for separating emulsions with extremely small
droplets. To address this issue, current strategy to im-
prove the permeation flux heavily relies on decreasing
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the membrane thickness as much as possible [10]. Unfor-
tunately, ultrathin membranes usually suffer from weak
mechanical strength, which compromise their applica-
tion [11]. Therefore, it is highly desirable to develop new
separation membranes that are capable of exhibiting
high separation performances and still providing good
mechanical strength.

Leather, prepared from the tanning of skins/hides, has
been utilized as the raw material for shoes, clothes and
gloves for thousands of years due to its outstanding
mechanical strength [12, 13]. The tensile strength of lea-
ther reaches up to 38 MPa [14], and the tear strength
attains 78 N mm~ ' [15]. Leather is formed by supra-
molecular self-assembly of type I collagen molecules,
which actually can be considered as a type of mechanical
durable natural membrane (i.e. collagen fiber membrane,
CFM) that features a hierarchically fibrous structure
from nanoscale to microscale and macroscale. Our pre-
vious investigations have verified that the supramolecu-
lar fiber structure of type I collagen molecules exhibited
the merits of capillary effect enhanced liquid transport
kinetics [16]. In consideration of that type I collagen
molecules are the component of CFM, CFM is therefore
a promising substrate for fabricating mechanical durable
and high-performance separation membranes. However,
the poly-dispersed pore size of CFM could fail to separ-
ate emulsions with small droplet size because the voids
among the fibers of CFM can be considerably larger
than the particle size of emulsion droplets to be sepa-
rated, which are tend to directly penetrate the CFM
without demulsification. Metal organic frameworks
(MOFs), composed of an inorganic metal center and or-
ganic linkers [17], have showed great potential in di-
verse applications, such as gas separation, gas storage
and catalysis [18—-20]. Besides large specific surface area
and high porosity, the homogeneous porous structure
with controllable pore-size makes MOFs as a promising
demulsifying component for both microemulsions and
nanoemulsions.

Herein, we synthesized a new type of superhydropho-
bic composite membrane by embedding MOFs as size-
sieving sites within the three dimensional (3D) supra-
molecular fiber structure of CFM, followed by polydi-
methylsiloxane (PDMS) coating. Specifically, the UiO-66
grown on CFM by seeding growth method was
employed as the size-sieving sites since the UiO-66 has
high chemical stability and the micropore size of UiO-66
is ~ 6.0 A, which is capable of demulsifying both microe-
mulsions and nanoemulsions efficiently [21, 22]. For the
CFM embedded with UiO-66 (denoted as CFM/UiO-
66), a subsequent PDMS coating was applied to reduce
the surface energy and to enhance chemical and mech-
anical strength, thus obtaining superhydrophobicity and
strengthened chemical and mechanical durability. We
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prepared a series of the CFM/UiO-66(x)/PDMS mem-
branes, where x (h) is the time of seeding growth of
UiO-66. The as-prepared superhydrophobic CFM/UiO-
66(12)/PDMS membrane exhibited the water contact
angle of 158.7°. The double-layer CFM/UiO-66(12)/
PDMS membranes demonstrated a remarkable capacity
to separate a variety of surfactants stabilized water-in-oil
microemulsions and nanoemulsions with efficiencies
higher than 99.99 %, including Span 80/SDBS stabilized
water-in-dodecane nanoemulsion (NE1), Span 80/CTAB
stabilized water-in-dodecane nanoemulsion (NE2),
Tween 80/SDBS stabilized water-in-n-octane nanoemul-
sion (NE3), Tween 80/SDS stabilized water-in-n-heptane
nanoemulsion (NE4), Span 80/SDS stabilized water-in-
dodecane microemulsion (ME1l), and Span 80/CTAB
stabilized water-in-dodecane microemulsion (ME2). The
separation flux of the double-layer CFM/UiO-66(12)/
PDMS membranes was superior to that of commercial
polytetrafluoro ethylene (PTFE) membrane. When ap-
plied for the separation of NE4, the separation flux of
the double-layer CFM/UiO-66(12)/PDMS membranes
was as high as 973.3 L m~? h™', which was 3.18-fold to
the flux of commercial PTFE membrane (305.6 L
m > h™'). For the separation of NE1, the flux of the
double-layer CFM/UiO-66(12)/PDMS membranes
(540.4 L m™ > h™') was one magnitude higher than that
of commercial PTFE membrane (77.6 L m 2 h™1).
Moreover, the double-layer CFM/UiO-66(12)/PDMS
membranes were able to be reused for emulsion separ-
ation, with separation efficiency high up to 99.993 % in
the 5th separation cycle of NE2. The CFM/UiO-66(12)/
PDMS membranes remained superhydrophobic after
subjected to harsh environments, such as organic solvent
immersion, ultraviolet irradiation, strong acid immersion
and strong alkali immersion. Notably, the double-layer
CFM/UiO-66(12)/PDMS membranes assembled by two
CFM/Ui0O-66(12)/PDMS membranes that were treated
by abrasion with sandpaper for 200 cycles still exhibited
high-performance separation capability in separating
above 6 type of microemulsions and nanoemulsions, with
the separation flux as high as 1012.2 L m % h™! and the
efficiency high up to 99.993 %. Therefore, we provided a
new strategy for developing chemically and mechanically
durable membrane that was highly efficient for high-
performance separation of water-in-oil emulsions.

2 Experimental section

2.1 Materials

Chrome tanned split-leather was supplied by Ruixing
Leather Co., Ltd (Haining, China). ZrCly (=99.9 %), zir-
conium (IV) propoxide solution (70wt %) and 1,4-benze-
nedicarboxylic acid (H,BDC) were purchased from
Aladdin Reagent Co. (Shanghai, China). Polydimethylsi-
loxane (PDMS) prepolymer (Sylgard 184A) and curing
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agent (Sylgard 184B) were purchased from Dow Corning
Corporation (Midland, USA). The PDMS solution was
prepared by dissolving 10 g of Sylgard 184A in 200 g
dodecane and 1.0 g of Sylgard 184B in 20 g dodecane,
followed by mixing above solutions together. Sodium do-
decyl benzene sulfonate (SDBS), sodium dodecyl sulfate
(SDS), hexadecyl trimethyl ammonium bromide (CTAB),
and other chemicals were analytical grade reagents and
were used as received without further purification.

2.2 Synthesis of UiO-66 nanoparticles

UiO-66 nanoparticles (UiO-66NPs) were prepared accord-
ing to the literature[23]. ZrCl, (0.318 g) was ultrasonically
dissolved in 108 mL of N, N-Dimethylformamide (DME),
followed by the addition of H,BDC (0.228 g). The mixture
was transferred into an autoclave, heated at 120 °C for
24 h, and then cooled to room temperature. The UiO-
66NPs were obtained after centrifuged at 8000 rpm, and
dried under vacuum at 60 °C.

2.3 Fabrication of the CFM/UiO-66(x)/PDMS membrane
The collagen fiber membrane (CFM), with the diameter
of 80 cm and the thickness of 1.5-1.8 mm was
immersed in 100 mL of aqueous suspension containing
20 mg of above synthesized UiO-66NPs under ultrasoni-
cation for 1.0 h to obtain the seeded CFM. Then, the
seeded CFM was dried at 60 °C. DMF (70 mL), zirco-
nium (IV) propoxide solution (0.71 mL) and glacial
acetic acid (40 mL) were mixed, followed by the addition
of H,BDC (750 mg). Then, the seeded CFM was
immersed in above mixture, keeping still for the seeding
growth of UiO-66. The resultant products were CFM/
UiO-66(x), where x (h) is the time of seeding growth of
UiO-66, equaling to 3.0, 6.0, 9.0, 12, 15 and 18. The
dried CFM/UiO-66(x) membranes were immersed in 30
mL of 5.0wt% PDMS solution for 5.0 min. After dried at
70 °C, the CFM/UiO-66(x)/PDMS membranes were
obtained.

2.4 Fabrication of the CFM/PDMS membrane

The CFM with the diameter of 8.0 cm and the thickness
of 1.5-1.8 mm was immersed in 30 mL of 5.0wt% PDMS
solution for 5.0 min. After dried at 70 °C, the CFM/
PDMS membrane was obtained.

2.5 Preparation of water-in-oil emulsion

Various emulsions with droplet sizes from micrometer
to nanometer range were prepared. Table S1 summa-
rizes the ingredients of the prepared six types of emul-
sions, including Span 80/SDBS stabilized water-in-
dodecane nanoemulsion (denoted as NE1), Span 80/
CTAB stabilized water-in-dodecane nanoemulsion (de-
noted as NE2), Tween 80/SDBS stabilized water-in-n-oc-
tane nanoemulsion (denoted as NE3), and Tween 80/
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SDS stabilized water-in-n-heptane nanoemulsion (de-
noted as NE4), Span 80/SDS stabilized water-in-
dodecane microemulsion (denoted as ME1), and Span
80/CTAB stabilized water-in-dodecane microemulsion
(denoted as ME2). For the preparation of NE1, Span 80
(0.12 g) and SDBS (0.06 g) were dissolved in dodecane
(300 mL) and water (3.0 mL), respectively. The SDBS
water solution was drop-wise added into the Span 80
dodecane solution under agitation at 1000 rpm. Then,
the resultant mixture was stirred at 2000 rpm for 1.0 h
to obtain NE1. Other emulsions were prepared by the
similar method used for preparing NEI.

2.6 Emulsion separation of the CFM/UiO-66(x)/PDMS
membrane

Emulsion separation was conducted in an H-type equip-
ment (as shown in Figure S1), with the CFM/UiO-66(x)/
PDMS membranes fixed between the feed cell and the
collecting cell. The prepared emulsion was poured into
the feed cell and the corresponding filtrate was obtained
in the collecting cell. The water content in the collected
filtrates was measured by Karl Fischer moisture titrator
(Wo Ye technology, S-300, China). The separation effi-
ciency was calculated by the following equation: Effi-
ciency = 100 %-C, where C is the water content in the
filtrate. The flux is calculated as below: ] = V/(St), where
J is the flux of the membrane, V is the filtrating volume,
S is the area of the membrane, and t is the time used for
emulsion separation.

The reusability of the double-layer CFM/UiO-66(12)/
PDMS membranes was evaluated by repeated separation
of NE2 for five cycles. Each separation cycle of NE2 was
carried out for 1.0 h, with the flux and water content in
the filtrates calculated at the interval of 20 min. After
each cycle, the used membranes were washed with etha-
nol, dried and then applied in the next cycle.

2.7 Chemical and mechanical durability

The solvent resistance of the CFM/UiO-66(12)/PDMS
membranes was tested by direct immersion in different
solvents. Specifically, the CFM/UiO-66(12)/PDMS mem-
branes were immersed in dodecane, n-heptane or n-
octane for 24 h. Then, the treated CFM/UiO-66(12)/
PDMS membranes were dried at 70 °C and their water
contact angles (WCAs) were measured.

The acid-alkali resistance was also investigated by im-
mersing the CFM/UiO-66(12)/PDMS membranes in the
aqueous solution with the pH ranging from 2 to 12.
Then, the CFM/UiO-66(12)/PDMS membranes were
dried at 70 °C and their WCAs were measured.

The UV resistance of the CFM/UiO-66(12)/PDMS mem-
brane was tested by exposing it to ultraviolet irradiation for
24 h, followed by WCA test. The power of the UV lamp
was 18 W, and the maximum wavelength was 365 nm.
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The mechanical durability of the CFM/UiO-66(12)/
PDMS membrane was examined by abrasion test. The
abrasion test was performed on a rub fastness tester
(Figure S2). The CFM/UiO-66(12)/PDMS membrane
was fixed on the sample table, and a sandpaper (36
mesh, 1.5 cm x 1.5 cm) was stuck on the fixed arm. One
cycle of abrasion was defined as a forth-and-back fric-
tion of the CFM/UiO-66(12)/PDMS membrane against
the sandpaper with a total friction distance of 12 cm.
The WCAs of the CFM/UiO-66(12)/PDMS membranes
abraded by 50, 100, 150 and 200 abrasion cycles were
measured. The double-layer CFM/UiO-66(12)/PDMS
membranes assembled by two membranes that were
treated by abrasion with sandpaper for 200 cycles were
used for separating a series of water-in-oil microemul-
sions and nanoemulsions, including NE1, NE2, NE3,
NE4, ME1 and ME2.

2.8 Characterization
The crystalline structures of UiO-66 and membranes
were confirmed by the X-ray diffraction (XRD, Bruker
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D8 ADVANCE A25X) with Cu Ka radiation. The sur-
face morphologies of UiO-66 and membranes were ob-
served by a field emission scanning electron microscopy
(FESEM, Nova Nanosem 450, America) operated at
3.0 kV. Dynamic light scattering (DLS) was measured by
the particle size analyzer (Brook haven, NanoBrook,
America) for nanoemulsions and the stereomicroscope
(Leica, M205 C, Germany) for microemulsions, respect-
ively. Water contents in the filtrates were measured by a
Karl Fischer moisture titrator (Wo Ye technology, S-300,
China). The wettability of membranes was investigated
by water contact angle (Kriiss, DSA30, Germany).

3 Results and discussion

The schematic illustration in Fig. 1la shows the prepar-
ation of the CFM/UiO-66(12)/PDMS membrane (see the
preparation details in the Experimental Section). The
CEM was simply immersed in aqueous suspension con-
taining UiO-66 nanoparticles (UiO-66NPs) under ultra-
sonication. In this way, the UiO-66NPs were embedded
into the 3D fibrous network of CFM, which served as
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Fig. 1 Schematic illustration showing the fabrication of the CFM/UiO-66(12)/PDMS membrane (a), FESEM images of CFM (b), the seeded CFM (c),
the CFM/UiO-66(12) membrane (d) and the CFM/UiO-66(12)/PDMS membrane (e), the higher magnification images of CFM (f), the seeded CFM
(g), the CFM/UiO-66(12) membrane (h) and the CFM/UiO-66(12)/PDMS membrane (i), XRD patterns of simulated UiO-66, the as-synthesized UiO-
66, the seeded CFM and the CFM/UiO-66(12) (j) and the digital photograph of the CFM/UiO-66(12)/PDMS membrane (inset: the corresponding
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seeds for the further growth of UiO-66 size-sieving sites.
As shown in Fig. 1b, f, the CEM has a full fibrous 3D
supramolecular fiber structure that has the basic build-
ing blocks of collagen nanofiber (50-200 nm) with the
typical 67 nm D-periodicity. As for the seeded CFM, the
UiO-66NPs with the average diameter of 70 nm have
been successfully embedded onto the surface of the
CEM (Fig. 1c, g). The seeded CFM was further
immersed into H,BDC-contained zirconium (IV) prop-
oxide solution for the seeding growth of UiO-66NPs. As
shown in Fig. 1d, h, the UiO-66NPs with larger particle
size (120 nm) and higher density have been grown on
the seeded CFM. These grown UiO-66NPs not only
served as the efficient size-sieving sites for emulsion sep-
aration but also enhanced the roughness of CEM, which
allowed for obtaining superhydrophobicity after a subse-
quent PDMS coating was applied. After the seeding
growth of UiO-66NPs, the resultant CFM/UiO-66(12)
membrane was coated with PDMS to reduce the surface
energy. As shown in Fig. le, i, the UiO-66NPs shows no
obvious appearance after the PDMS coating.

The successful preparation of the CFM/UiO-66(12)
membrane was also confirmed by XRD patterns (Fig. 1j).
The XRD pattern of UiO-66NPs synthesized and used as
seeds shows high consistence with that of simulated
UiO-66 [23]. As for the seeded CFM, the corresponding
XRD pattern shows the crystal planes of (111) and (200)
of UiO-66. After the seeding growth, the obtained CFM/
UiO-66(12) membrane shows the diffraction peaks of
(111), (200), (222), (400), (442), and (711) crystal planes
of the UiO-66. Moreover, the peak intensity of (111) and
(200) crystal planes significantly increases as compared
with that of the seeded CFM. Above XRD results indi-
cate the successful seeding and seeding growth of UiO-
66NPs on the CFM. For the CFM/UiO-66(12)/PDMS
membrane, the mapping images of O, Zr and Si ele-
ments confirm the successful growth of UiO-66NPs and
the coverage with PDMS layer (Figure S3). The CFM/
UiO-66(12)/PDMS membrane exhibits excellent hydro-
phobicity, with a water contact angle (WCA) of 158.7°
(Fig. 1k), which is essential for the separation of water-
in-oil emulsions.

We prepared a series of the CFM/UiO-66(x)/PDMS
membranes, where x was the seeding growth time (h) of
UiO-66NPs, varied from 3.0 to 18. The as-prepared
CFM/UiO-66(x)/PDMS membranes were further applied
in the separation of Span 80/SDBS stabilized water-in-
dodecane nanoemulsion (NE1), and we also fabricated
the CFM/PDMS membrane without embedding UiO-
66NPs as the size-sieving sites. The single-layer CEM/
UiO-66(x)/PDMS membranes were firstly utilized in the
separation of NE1. As shown in Figure S4, the filtrate
collected through the CFM/PDMS membrane is evi-
dently turbid, which suggests that the CFM/PDMS
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membrane is incapable of separating NE1 without the
presence of UiO-66NPs. As the CFM is modified by
UiO-66NPs with the seeding growth time increased
from 3.0 to 9.0 h, the dynamic light scattering (DLS)
curves of the corresponding filtrates exhibit an obvious
shift of the particle size range, from 991-1369 nm to
305-459 nm (Figure S5). Evidently, the seeding growth
of UiO-66NPs on the seed CFM is a time-dependent
process, which enhances the separation capability of the
CEM/UiO-66(x)/PDMS membrane with a longer growth
time. Figure S6 shows the difference in the turbidity of
the filtrates obtained by the CFM/UiO-66(x)/PDMS
membranes. When the seeding growth time is shorter
than 12 h, the filtrates separated by the CFM/UiO-66(x)/
PDMS membranes are cloudy. The filtrates are almost
transparent when the CFM/UiO-66(x)/PDMS mem-
branes (x=12, 15, 18) are used for NE1 separation,
which is consistent with their increased emulsion separ-
ation capability.

Since the single-layer CFM/UiO-66(x)/PDMS mem-
branes were unable to separate NE1 completely, we applied
the double-layer CFM/UiO-66(x)/PDMS membranes for
separating NE1. As the seeding growth time of UiO-66NPs
increases from 3.0 to 9.0 h, the particle size distributions of
the collected filtrates separated by the double-layer CFM/
UiO-66(x)/PDMS membranes shift from 452—-697 nm to
the smaller particle size distribution of 95-129 nm (Fig. 2b-
d). In the separation of NE1 with the double-layer CFM/
UiO-66(12)/PDMS membranes, no particle size distribution
is detected in the DLS curve of collected filtrate (Fig. 2e).
The corresponding water content is 81.6 ppm and the sep-
aration efficiency is as high as 99.992 % (Fig. 2f). These re-
sults indicate that the NE1 has been successfully separated
by the double-layer CFM/UiO-66(12)/PDMS membranes.
The double-layer CFM/UiO-66(15)/PDMS membranes and
the CEM/UiO-66(18)/PDMS membranes are also capable
of separating NE1, with the separation efficiencies higher
than 99.99 % (Fig. 2f). However, the separation fluxes of the
double-layer CFM/UiO-66(15)/PDMS membranes (510.3 L
m™> h™") and the CFM/UiO-66(18)/PDMS membranes
(502.6 L m~2 h™ 1Y) are lower than that of the double-layer
CFM/UiO-66(12)/PDMS membranes (5404 L m > h™?)
(Fig. 2f). As a result, the double-layer CFM/UiO-66(12)/
PDMS membranes were employed for the separation of the
following microemulsions and nanoemulsions.

We envisaged that the difference in separation perfor-
mances among the double-layer CFM/UiO-66(x)/PDMS
membranes should be attributed to the varied amount of
UiO-66NPs embedded on the CFM. We compared the
field emission scanning electron microscopy (FESEM)
images of the CFM/UiO-66(3), CFM/UiO-66(12) and
CFM/UiO-66(18) membranes. As shown in Figure S7a,
when the seeding growth time of UiO-66NPs is 3.0 h,
relatively fewer UiO-66NPs are embedded on the surface
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of the CFM/UiO-66(3). Due to the inefficient size-
sieving sites of UiO-66NPs, the emulsion droplets can
directly penetrate through the double-layer CFM/UiO-
66(3)/PDMS membranes, thus failing to separate the
emulsion. As the seeding growth time of UiO-66NPs in-
creases to 12 h, the UiO-66NPs grown on the CFM be-
come larger and denser (Fig. 1d). Accordingly, the
separation capability of the double-layer CFM/UiO-
66(12)/PDMS membranes is enhanced sufficiently to
separate the emulsion. As the UiO-66NPs continuously
grow for 18 h with larger particle size and denser pack-
ing, the pathway through the micro channels of UiO-
66NPs will enlarge mass transfer resistance and decrease
the separation flux (Figure S7b). We proposed a size-
sieving mechanism for the separation of water-in-oil
emulsions by the double-layer CEM/UiO-66(12)/PDMS
membranes. The micropore size of UiO-66 is ~6.0 A,
which is smaller than the particle size of emulsion droplets,
thus facilitating the demulsification of water-in-oil emulsion
droplets. After the demulsification, the permeation of water
phase is strictly prevented by the superhydrophobic
double-layer CFM/UiO-66(12)/PDMS membranes while
the selective permeation of oil phase through the superhy-
drophobic double-layer CFM/UiO-66(12)/PDMS mem-
branes is allowed.

A variety of mixed surfactant-stabilized water-in-oil
microemulsions and nanoemulsions. were separated by

the double-layer CFM/UiO-66(12)/PDMS membranes to
evaluate their separation performances to other water-
in-oil emulsions. As shown in Fig. 3a-c, Figure S8, the
double-layer CFM/UiO-66(12)/PDMS membranes are
capable of efficiently separating diverse nanoemulsions,
including Span 80/CTAB stabilized water-in-dodecane
nanoemulsion (NE2), Tween 80/SDBS stabilized water-
in-n-octane nanoemulsion (NE3) and Tween 80/SDS
stabilized water-in-n-heptane nanoemulsion (NE4). The
double-layer CFM/UiO-66(12)/PDMS membranes are
also able to separate microemulsions. As shown in
Fig. 3d, the droplets of Span 80/SDS stabilized microe-
mulsion (ME1) can be clearly observed under the optical
microscopy. In contrast, no emulsion droplets are found
in the filtrate collected through the double-layer CFM/
UiO-66(12)/PDMS membranes (Fig. 3f). As shown in
Figure S9, the separation of double-layer CFM/UiO-
66(12)/PDMS membranes to Span 80/CTAB stabilized
water-in-dodecane  microemulsion (ME2) is also
achieved. The separation fluxes of NE2, NE3, NE4, ME1
and ME2 separated by the double-layer CFM/UiO-
66(12)/PDMS membranes are 504.6 L m™2 h™ %, 969.8 L
m*h ', 9733Lm *h ", 5454L m *h 'and 351.1 L
m~> h™ ', respectively (Fig. 3g). The water contents in
the filtrates of NE2, NE3, NE4, ME1 and ME2 separated
by the CFM/UiO-66(12)/PDMS are 85.1 ppm, 83.1 ppm,
84.8 ppm, 84.1 ppm and 69.4 ppm, respectively, with the
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corresponding  separation efficiencies of 99.991 %,
99.992 %, 99.992 %, 99.992 and 99.993 %, respectively
(Fig. 3h).

We also compared the separation performance of the
double-layer CFM/UiO-66(12)/PDMS membranes to
that of commercial polytetrafluoro ethylene (PTFE)
membrane. The commercial PTFE membrane is super-
hydrophobic with a WCA of 156.5°, as shown in Figure
S10. When commercial PTFE membrane is applied in
NE1 separation, the separation efficiency in the filtrate
collected by the commercial PTFE membrane is
99.990 % which is comparable to that of the CFM/UiO-
66(12)/PDMS membrane (99.992 %). However, the flux
obtained by the double-layer CFM/UiO-66(12)/PDMS
membranes (540.4 L m~ % h™') is one order of magnitude
higher than that of commercial PTFE membrane (77.6 L
m~ % h™ ). For the separation of NE4, the separation effi-
ciency of the filtrate separated by commercial PTFE
membrane (99.991 %) is comparable to that the double-
layer CFM/UiO-66(12)/PDMS membranes (99.992 %).
The flux of the double-layer CFM/UiO-66(12)/PDMS
membranes for NE4 separation (973.3 L m 2 hY) s
3.18-fold to that of commercial PTFE membrane
(305.6 L m~2 h™1). These results indicate that the separ-
ation capability of the double-layer CFM/UiO-66(12)/
PDMS membranes is superior to that of commercial
PTFE membrane, which should be mainly ascribed to the
capillary effect-enhanced separation flux of CFM.

We evaluated the reusability of the double-layer CEM/
UiO-66(12)/PDMS membranes for separation of NE2.
The double-layer CFM/UiO-66(12)/PDMS membranes
were applied in the continuous separation of NE2 for
60 min, which were regenerated by immersing in 30 mL
of ethanol for 10 min, and subsequently reused for the
next cycle. During the 5 cycles of NE2 separation, the
separation fluxes maintain at a relatively high level
(116.4-443.4 L m™ > h™ '), and the corresponding separ-
ation efficiencies are as high as 99.990-99.993 % (Fig. 3i,
j). These results manifest the good reusability of the
double-layer CFM/UiO-66(12)/PDMS membranes.

In practical applications, the membranes may confront
the harsh environmental conditions, such as organic solv-
ent, ultraviolet irradiation, as well as strong acid and alkali
solutions. Therefore, it is essential to evaluate the chem-
ical durability of the CFM/UiO-66(12)/PDMS membrane.
The solvent resistance of the CFM/UiO-66(12)/PDMS
membranes was investigated by immersing them in dode-
cane solution, n-heptane solution or n-octane solution. As
shown in Fig. 4a, the superhydrophobicity of membranes
is still maintained after the immersion treatment, with the
corresponding WCAs all higher than 150°. The inset in
Fig. 4b shows the digital photographs of 30 pL of water
droplets at pH2-12 on the surface of the CFM/UiO-
66(12)/PDMS membrane. The water droplets at pH2-12
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can stably stand on the surface of the CFM/UiO-66(12)/
PDMS membrane. The acid-alkali resistance of the mem-
branes was further explored by immersing them in acid or
alkali solution for 24 h, with the corresponding WCAs
higher than 150° (Fig. 4b). Then, the CEM/UiO-66(12)/
PDMS membranes were immersed in the solutions at
pH2 (for 2.0 h) and pH12 (for 2.0 h), respectively. The
membranes immersed in the solution at pH2 (or pH12)
were further assembled as the double-layer CFM/UiO-
66(12)/PDMS membranes and applied in NE1 separation.
No obvious decrease in flux or separation efficiency was
observed when the double-layer membranes were applied
in the separation of NE1 (Figure S11). These results indi-
cate the good acid-alkali resistance of the CFM/UiO-
66(12)/PDMS membrane. Evaluation of UV-aging resist-
ance is also important since a non-negligible decrease of
hydrophobicity has been reported after some superhydro-
phobicity surfaces (e.g. hydrocarbons and fluoroalkyl) are
exposed to ultraviolet irradiation [24]. The WCA of the
CFM/Ui0O-66(12)/PDMS membrane remains above 150°
after treated by ultraviolet irradiation for 24 h (Fig. 4a).
The chemical durability of the CFM/UiO-66(12)/PDMS
membrane is attributed to the protection of PDMS coat-
ing and the high chemical stability of UiO-66. In addition,
the mechanical durability of the CFM/UiO-66(12)/PDMS
membrane was also evaluated after subjected to 200 cycles
of abrasion. The water droplet maintains the spherical
shape on the abraded surface of the CFM/UiO-66(12)/
PDMS membrane, showing similar shape to that of water
droplet on the intact surface of the CFM/UiO-66(12)/
PDMS membrane (Fig. 4c). During the abrasion process,
the WCAs of the CFM/UiO-66(12)/PDMS membranes
maintain above 150° (Fig. 4d), indicating the durable
superhydrophobicity. When the double-layer CEM/UiO-
66(12)/PDMS membranes assembled by two CFM/UiO-
66(12)/PDMS membranes that were treated by abrasion
with sandpaper for 200 cycles were further applied in sep-
arating above water-in-oil emulsions (NE1, NE2, NE3,
NE4, ME1 and ME2), no obvious loss of fluxes or separ-
ation efficiencies were observed (Fig. 4e, f).

4 Conclusions

In summary, we have successfully fabricated a new type
of chemically and mechanically durable superhydropho-
bic membrane by modifying hierarchically fibrous struc-
tured CEM with UiO-66, followed by the PDMS coating.
The CFM substrate played the essential role to provide
mechanical strength and simultaneously enhanced the
transmission of liquids. The UiO-66 served as the size-
sieving sites to strengthen the separation ability of CFM.
The double-layer CFM/UiO-66(12)/PDMS membranes
efficiently separated various mixed surfactant-stabilized
water-in-oil emulsions under gravity. The separation ef-
ficiencies were higher than 99.99 %, and the separation
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flux reached as high as 973.3 L m™ 2 h™"', showing evi-
dent advantage of separation flux as compared with the
commercial polytetrafluoro ethylene membrane. More-
over, the superhydrophobic membrane exhibited good
reusability, remarkable chemical stability and mechanical
durability. Our research demonstrated a new route for
developing high-performance and durable separation
membrane system.

5 Supplementary information
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