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Functional membranes with separation ability for water/oil mixtures based on contrasting wetting be-
havior have recently received significant attention in the application field of water contamination
treatment. Herein, we demonstrated a surface functionalization method for cost-efficient nonwoven
fabrics with no selectivity of water/oil mixture. This nonwoven membrane was fabricated by hydro-
thermal growth of ZnO hierarchical nanorods on the surface of atomic-layer-deposited ZnO ultrathin
layer. Due to the ZnO nanostructure with roughened morphology and the amphiphilic nature of the
nonwoven fabrics, the functionalized nonwoven membranes were endowed with both underwater
oleophobicity and under oil hydrophobicity. Separation of any phase in the mixture of water and oil can
be achieved simply by pre-wetting the nonwoven membrane surface with the heavier component.
Driven by gravity solely, the as-prepared nonwoven membranes can efficiently and selectively separate
water/oil mixtures with exceptional stability. These functionalized nonwoven membranes may find
potential application against complex water/oil separation systems.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Water/oil separation has become a global challenge due to the
increasing amount of industrial oily wastewater, as well as the
frequent oil spill accidents which have lasting detrimental ecolo-
gical effects [1,2]. A variety of techniques have been utilized in
industry, including skimming, combustion, and absorption [3].
Though promising, these approaches are suffering from low effi-
ciency and secondary pollution [4]. Membranes on the other hand,
offer cost-effective separation for filtration of particles which is an
advantageous technique with the features such as high efficiency
and environmental friendly [5].

The key issue to membrane technology for water/oil separation
is to finding appropriate membrane materials with certain surface
wettability. The design and fabrication of highly efficient and
stable water/oil separation materials through surface functionali-
zation has always been the ultimate goal for scientists [6–9]. Ba-
sically two major types of membrane materials are intensively
investigated, namely hydrophobic/oleophilic and hydrophilic/
oleophobic surface, for ‘oil-removing’ and ‘water-removing’ pro-
cess, respectively [2,10]. So far, hydrophobic materials have been
widely studied by inducing nanostructure for roughened surface
and following by chemical solvents such as coupling agents with
g).
specific wettability [11,12]. Nanoflake ZnO on stainless steel mesh
and Cu(OH)2 nanowire-haired copper mesh have been synthesized
to achieve water/oil separation ability [12,13]. However, organics
tend to aggregate on the surface of membrane materials due to
their oleophilic property, and thus membrane fouling as well as
decrement in permeation is inevitable [14–18]. The usage of cou-
pling agent will increase the potential risk of secondary pollution
for ecological systems [19]. On contrary, the preparation of hy-
drophilic/oelophobic membranes can prolong the lifetime of the
membrane materials because of the excellent anti-organics prop-
erty of the oleophobic surface; nevertheless, the synthesis process
remains a great challenge [2,20,21].

Building a nanostructure on the surface of microporous sub-
strate to generate hierarchical structure can effectively separate
water/oil mixture based on the incompatibility of the two com-
ponents and meanwhile tackle the problem of membrane fouling
[22]. In this paper, we develop a hierarchical structure fabricated
by atomic layer deposition (ALD) as well as hydrothermal treat-
ment that consist of an ultrathin layer of ZnO nanorods supported
by an integrated layer of polyethylene terephthalate (PET) and
describe a methodology on the basis of the wetting behavior for
the selective separation ability of water/oil mixture. With such a
simple two-step surface functionalization process, the membrane
can effectively separate any phase in the water/oil mixture by pre-
wetting the top layer with the corresponding phase without extra
driving force. By pre-wetting the surface of membrane with
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different ingredients, i.e., water phase or organic solvents, the
permeable property can be easily switched for complex situation
in reality. This design displays great potential for commercial
feasibility as high flow rate can be maintained meanwhile the high
separation efficiency is achieved.
2. Experimental

2.1. Materials

Nonwoven PET fabrics were purchased from Shanghai Tianlue
Textile Material Co., Ltd. Diethyl zinc (DEZ, 99.99%) and deionized
water (conductivity: 8–20 μs/cm) were applied as ALD precursors
and purchased from Nanjing University and Wahaha Co., respec-
tively. Anhydrous ethanol, n-hexane, cyclohexane, carbon tetra-
chloride (CCl4), hexamethylene tetramine (HMT), and zinc nitrate
of AR grade were all obtained from local suppliers. Methyl silicone
oil, lubricant oil, diesel oil, solvent blue 35 and rose bengal sodium
salt were purchased from local markets.

2.2. Surface functionalization of PET fabrics

2.2.1. ALD of ZnO
Pristine PET nonwoven fabrics were cut into pieces with the

radius of 1.1 cm after thoroughly washing with ethanol. Circular
PET fabrics were placed in the reaction chamber of a homemade
hot-wall ALD reactor as substrates and the pressure of the cham-
ber was pumped to �2 Torr. ALD precursor diethyl zinc and
deionized water were stored in stainless cylinders at room tem-
perature, and then alternatively pulsed into ALD chamber. Nitro-
gen with high purity (99.99%) was used as both carrier gas and
purge gas to sweep the byproduct and unreacted precursors at a
flow rate of 20 sccm. One typical ALD cycle consists of pulse, ex-
posure, and purge for each precursor with the time of 0.03 s, 10 s,
and 45 s, respectively. All the as-mentioned operations were au-
tomatically controlled by fast valves. The reaction was carried out
at the temperature of 130 °C after preheated for 1 h and the cycle
number of ALD process was 200.

2.2.2. Hydrothermal reaction
Zinc nitrate and HMT with initial concentrations of

0.03 mol L�1 were utilized as precursors for the hydrothermal
growth of crystalized ZnO. The PET pieces were taken out from the
autoclave after heating at the temperature of 95 °C for 6 h. After
washing with ethanol and drying in the oven for 30 min, the
surface functionalized membranes were finally obtained. To fur-
ther compare the influence of hydrothermal durations on the PET
fabrics, hydrothermal reaction of 3 h and 24 h were carried out as
well.

2.3. Characterizations

Surface morphology of both functionalized and pristine PET
fabrics was performed on a Hitachi S-4800 field emission scanning
electron microscopy (FESEM) operated at 5 kV. A layer of Pt/Pd
alloy was sputtered on the surface to enhance the conductivity. X
ray photoelectron spectroscopy (XPS) was performed on a Thermo
ESCALAB 250XI X-ray photoelectron spectrometer applying a
monochromatic Al Kα (hν¼1486.6 eV). The radius of beam spot
was 500 μm and the pass energy of energy analyzer was 30 eV.
Contact angle goniometer (Dropmeter A-100) was used to mea-
sure the surface wettability of the functionalized PET fabrics at
ambient temperature. Each specimen was measured 3 times and
the average number was calculated. In order to observed the
morphology and crystal structure of ZnO nanoparticles,
functionalized PET fabrics were immersed into ethanol solution
and sonicated at the power of 50 W for 30 min to obtain ZnO
fragments. Ethanol solution was then dropped on Si wafer and air
drying in the oven for 5 min. The Si wafer was characterized by
SEM and the SEM images were analyzed by nano measurer to
calculate the length distribution of ZnO nanorods.

2.4. Surface wettability of functionalized fabrics

2.4.1. Underwater oleophobicity tests
A piece of surface functionalized PET fabric was attached on

glass slide and placed in water. 5 μL of CCl4 (dyed blue by solvent
blue 35) was injected on the surface of PET fabric to characterize
its underwater oleophobicity.

2.4.2. Under oil hydrophobicity tests
The environment of water was replaced by n-hexane whereas

the droplet of CCl4 was substituted with water (dyed red by rose
bengal sodium salt).

2.5. Permeation performances of functionalized PET fabrics

The flux of the pristine and functionalized PET fabrics in the
filtration of pure water and CCl4 were performed on a filtration cell
(FB-04T, Tianjin Autoscience Instrument Co., Ltd.). 30 mL of liquid
were added into the cell. The period of time for the liquids filtering
through the filtration cell was recorded and the flux driven by
gravity was calculated.

2.6. Separation and recyclability of functionalized PET fabrics

The functionalized PET fabric was first pre-wetted by the
component with higher density before the separation test. 30 mL
of water/oil mixture was added into the filtration cell (FB-04T,
Tianjin Automatic Science Instrument Co., Ltd.) with the volume
ratio of higher density component to lower density component as
3:2. The initial organic component was weighed as m1. The solu-
tion with higher density would quickly sink and penetrate the
filtration cell due to density difference. The others would float on
the upper level and stay on the functionalized PET fabric, and then
the amount of organic component after separation was measured
as m2, the separation efficiency η1 was calculated as

m
m

100%1
2

1
η = ×

The two series of experiments (water as majority and organics
as majority, respectively) were repeated for 10 times to determine
the recycle ability of functionalized PET fabrics.

Methyl silicone oil, lubricant oil, diesel oil, n-hexane and cy-
clohexane were performed separately for 3 times to confirm the
separation ability of functionalized fabrics towards different types
of organic solvents.

To test the switching capability of underwater oleophobicity
and under oil hydrophobicity, the functionalized PET fabric was
pre-wetted by water to separate water fromwater/oil mixture, and
then the same piece of functionalized PET fabric was pre-wetted
by organic solvent to separate organic phase from the water/oil
mixture after washing and drying. The process above was repeated
for 5 times and the average efficiency was then calculated.
3. Results and discussions

3.1. Surface functionalization process of PET nonwoven fabrics

Easily accessible nonwoven fabrics with high porosity yet low
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cost, however displayed no selectivity towards either water or oil
phase, were chosen as substrate materials here to improve their
separation efficiency and selectivity. Here in this work, surface
functionalization was introduced with only two steps, including
atomic layer deposition (ALD) following by hydrothermal growth
as illustrated in Fig. 1. ALD technique is well-known for its uniform
and conformal coverage of any possible substrate [23]. The thick-
ness of deposition layer can be precisely controlled up to hundreds
of nanometers by increasing the ALD cycle number [23]. Hydro-
thermal synthesis of ZnO nanorods on pre-seeded ZnO nano-
particles have been extensively employed to grow one-dimen-
sional ZnO nanostructures on various substrates [24–26]. The de-
position process via ALD induces an ultrathin layer of ZnO on top
of the PET fabrics, which provides the crystal seeds for further
hydrothermal growth [24]. The deposited ZnO thin layer trans-
formed into rod-like hierarchical nanostructure after the hydro-
thermal reaction and eventually the surface of PET fabrics was
successfully functionalized.

3.2. Surface properties of functionalized PET nonwoven fabrics

The morphology of the pristine PET fabrics, ALD deposited and
hydrothermal treated nonwoven fabrics were investigated by
scanning electron spectroscopy and the SEM images were shown
in Fig. 2a–f. It can be seen from Fig. 2a and d that the pristine PET
fibers consist of a large number of intertwined fibers with smooth
surface under both low and high magnification. Compared with
the smooth PET fabric fibers, the top view of the SEM image for
ALD-deposited PET fabrics (Fig. 2b) indicate a uniform and con-
formal morphology after deposition of ZnO, which confirms with
the fact that ALD technique uses sequential, self-limiting surface
reactions to meet the excellent step coverage and conformal de-
position [23]. Magnified SEM image displays a relatively rougher
surface than the fibers of pristine PET fabrics as grooves appeared
in some local areas after 200 ALD cycles of ZnO which could be
attributed to the as-deposited ZnO seed layer (Fig. 2e). This oc-
currence of grooves on the surface of PET fabric fibers might be
induced by the initial inhomogeneous reaction of ALD deposition.
Similar results have been reported by Wilson et al. that Al2O3 ALD
involves the steps including Al2O3 cluster formation in the near
surface region on the surface of polymeric materials at the be-
ginning of the ALD deposition process and Al2O3 cluster coales-
cence to form a continuous Al2O3 film [27]. PET fabrics with higher
deposition cycles confirms with this speculation as the grooves
become more evident when ALD cycle of ZnO reaches 300 whilst
the surface of PET fabric fibers becomes less creased after 400
cycles as shown in Fig. S1. Considering DEZ, the precursor of ZnO
has relatively higher saturate vapor pressure than that of tri-
methylaluminum (TMA), the precursor of Al2O3; a slower growth
rate of ZnO layer is expected.

The ZnO-seeded fabrics were then treated under hydrothermal
reaction to grow ZnO nanorods from the seeds. Fig. 2c and f exhibit
the morphology of the fabrics after hydrothermal treatment for
Fig. 1. Surface functionalization process of PET nonwoven fabri
6 h. The hexagonal ZnO nanorods were well distributed on the
surface of the PET fabric fibers. These nanorods exhibited relatively
uniform diameter of 0.1–0.2 μm. 100 sets of nanorods have been
randomly chosen to investigate the length distribution and as can
be identified from Fig. 2h, the lengths of the nanorods are scat-
tered in the range from 0.4 to 0.8 μm. As confirmed by X-ray
photoelectron spectroscopy (XPS) with a characteristic peak of Zn
2p3/2 appeared at the binding energy of 1022 eV after the ALD
deposition, ZnO thin layer has been successfully deposited onto
the surface of PET fabrics after ALD process. The slightly intensified
Zn 2p3/2 characteristic peak after hydrothermal treatment con-
firms the growth of ZnO nanostructure on the surface of PET
fabrics (Fig. 2i). We also prepared fabrics with hydrothermal
treatment for 3 h and 24 h. As shown in Fig. S2, hydrothermal
treatment for 3 h produced mixed ZnO nanostructures including
nanorods and thin flakes. Extending hydrothermal treatment led
to larger and longer ZnO nanorods. As can be seen from Fig. 2g, the
diameter and length of the hexagonal nanorods increased to
�0.5 μm and �1 μm, respectively after hydrothermal treatment
for 24 h. However, nanorods with larger size are prone to be de-
tached from the fabric substrate which is verified by fragments
highlighted by arrows in Fig. 2g. In addition, we found that the
functionalized PET fabrics prepared with different hydrothermal
durations exhibited a hydrophobic surface after pre-wetting the
fabrics with oil, for example, CCl4, as water will not penetrate the
functionalized fabrics for a certain period (the reason for that will
be discussed later). Water can remain staying on the 6 h-functio-
nalized fabrics for at least 1 h. In contrast, for the fabrics functio-
nalized for 3 h and 24 h, water will start to penetrate through
them after contact for less than 15 min. Therefore, the fabrics
functionalized for 6 h show most stable hydrophobic surface after
pre-wetting which should be attributed to its homogeneous ZnO
structures grown on the surface compared to the one functiona-
lized for 3 h or 24 h. Therefore, we consider that a hydrothermal
duration of 6 h is an optimized condition to prepare functionalized
PET nonwoven fabrics with best performances in oil/water se-
paration, and all the studies below were carried out on fabrics
with 6 h hydrothermal treatment unless otherwise stated.

3.3. Wettability of functionalized PET nonwoven fabrics

Wettability is an intrinsic property of a solid material surface
which determines the wetting behavior when liquid comes into
contact with the solid surface [22]. The water contact angle of
pristine PET nonwoven fabrics was measured. As shown in Fig. 3a,
the contact angle of PET nonwoven fabrics increased from 78.3° to
110° after 200 ALD cycles of ZnO. The transformation of contact
angle from moderately hydrophilic into hydrophobic could be
ascribed to the thin layer of ZnO with relatively low surface en-
ergy, and this result is in consistent with Huang's report [28].
Another reason for the increased contact angle might be ascribed
from the unreacted and as-absorbed ZnO precursor on the surface
of PET fabrics. One may argue that ALD technique is based on the
cs with a large-field SEM image of the pristine nonwoven.



Fig. 2. SEM images of (a and d) pristine PET fabrics at both low and high magnifications; (b and e) PET fabrics after 200 cycles ALD deposition of ZnO; (c and f) PET fabrics
after 6 h of hydrothermal treatment; (g) after 24 h of hydrothermal treatment; (h) shows the length distribution of ZnO nanorods and (i) XPS spectra of Zn 2p3/2 char-
acteristic peak of PET fabrics after 200 ALD cycles and hydrothermal treatment. Arrows in (g) indicate the broken nanorods detached from the substrate.
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self-limiting surface reactions and theoretically no byproduct or
unreacted precursor will be left on the surface of substrates;
nonetheless, a tiny amount of precursors have been detected on
the substrates as reported before [29]. Therefore, the residual
groups of ZnO precursor DEZ such as ZnCH3CH3* with hydro-
phobicity on the surface of PET fabrics deposition layer partially
contributes to the increment of contact angle [29]. Unlike the
contact angle increases as observed after ALD process, it drops to
70° after the hydrothermal treatment for 3 h and further decreases
to zero within approximately 30 min. It is well known that two
major factors are determining the surface wettability, the surface
composition and the surface roughness [4]. As can be seen from
SEM images that rod-like nanostructure of ZnO has been suc-
cessfully generated on the surface of PET fabrics after hydro-
thermal treatment. With roughened surface and increasing
amount of hydroxyl groups on the ZnO nanorods, stronger hy-
drophilicity can be anticipated. However, in the dry state (without
pre-wetting with any liquid), the water contact angle of �78° for
the pristine fabrics and �70° for the functionalized fabrics in-
dicate the moderate hydrophilicity of both fabrics, that is, both the
pristine and functionalized fabrics are amphiphilic and hold cer-
tain affinity to both water and oil. For instance, as shown in Fig. 3b
and c, water moderately wets both of them. CCl4 shows even
better wettability on them as droplets of CCl4 instantly spread over
on the surface of both fabrics (Fig. 3d and e).

3.4. Separation performances of functionalized PET nonwoven
fabrics

Although both the pristine and functionalized PET fabrics show
little selectivity towards water and oil, we found that the func-
tionalized PET fabrics achieved a strong underwater oleophobicity
while the pristine one did not. It can be seen from Fig. 4a that, a
blue droplet of CCl4 could maintain the sphere-like shape on the
surface of functionalized PET fabric in the environment of water.
No residual organics or permeation could be observed on the same
piece after taken out of water (Fig. 4b), which confirms the oleo-
phobicity of functionalized PET fabrics underwater.

With specific underwater oleophobicity, the functionalized PET
fabrics could effectively separate water from water/oil mixture
through pre-wetting process with water. Take the water/diesel oil
mixture as an example, water stays at the bottom of the filtration cell
due to its relatively larger density and since the functionalized PET
fabric is pre-wetted by water beforehand, water easily penetrates
through the fabric while blocking diesel oil. Further addition of water
into the filtration cell will lead to the continuous separation of water
from the mixture only driven by the force of gravity as shown in
Fig. 4c–d.



Fig. 3. Water contact angles of PET nonwoven fabrics at different stages (a), the photographs of water droplet (colored red) on the surface of pristine (b) and functionalized
PET fabric after hydrothermal growth (c), and a droplet of CCl4 (colored blue) spreaded on pristine (d) and functionalized PET fabric surface (e). Inset in (c) is the corre-
sponding cross-sectional view of the water droplet on the functionalized fabrics. (For interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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This amphiphilicity behavior in air whilst underwater oleophobicity
of functionalized PET fabrics could be attributed to the transformation
of gas/liquid/solid interface into oil/water/solid [9]. As illustrated in
Fig. 4e, a thin layer of ‘water cushion’ is induced upon the contact
between the ZnO hierarchical nanostructure and water since the sur-
face of ZnO nanorods are enriched with hydroxyl groups [30]. With the
addition of oil droplets, water can be trapped in the roughened ZnO
nanostructure, which is in agreement with previous reports [2,31]. The
as-formed composite interface shows oleophobic property underwater,
and these trapped water molecules will greatly reduce the contact area
between oil droplets and the surface of the deposition layer.

In contrast, under oil hydrophobicity of the functionalized PET
fabric would be realized upon pre-wetting by organic solvents.
With the amphiphilic surface property, a similar liquid layer of
organic solvents is generated which would be then trapped in the
ZnO nanostructure generating water/oil/solid composite interface
[30]. Instead of ‘water cushion’ formed on top of PET fabrics pre-
wetted by water, a thin layer of organic solvents is generated upon
the contact with ZnO nanostructure.

This could be confirmed by Fig. 5a–b, in which water droplet,
dyed red, is staying on the surface of functionalized PET fabric in
the environment of n-hexane with relatively smaller density than
water. No stain is observed on the surface of fabric piece after
taken out of n-hexane solution, which indicates the organic layer
formed by pre-wetting effectively blocks the penetration of water.

Since the surface functionalized PET fabrics could be applied to
separate the heavier phase in the water/oil mixture, here CCl4 with
relatively larger density was used as the organic phase and mixed
with water to demonstrate the separation performance of func-
tionalized PET fabrics in the environment of organic solvents. As
shown in Fig. 5c–d, CCl4 passes through the pre-wetted PET fabric
quickly, whereas water is blocked by the functionalized PET fabric.



Fig. 4. (a) Photograph of CCl4 droplet, colored blue, is placed in water on top of the functionalized PET fabric, (b) no residual CCl4 left on the PET fabric, (c–d) diesel oil (dyed
blue) is blocked in the filtration cell by water pre-wetted PET fabric, water is filtering through the fabric and (e) the diagram showing the mechanism of water-permeable
process: the blue rods/layer and the green layer represent ZnO nanostructure and pre-wetted liquid layer of water, respectively; oil droplet (brown) is staying on top of the
water layer. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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The functionalized PET fabrics effectively separate organic solvents
from the mixture with further addition of water/CCl4 mixture.

The working mechanism of under oil hydrophobicity was si-
milar to the underwater oleophobicity. For both water and organic
solvents pre-wetted PET fabrics, ZnO nanostructures, the hex-
agonal hierarchical nanorods as shown in the diagram of water/oil
separation mechanism could be considered as a network of con-
nected prisms with various diameters, which are partially filled
with varying amounts of liquids after pre-wetting process [22].
There is a capillary pressure across the air–liquid interface with a
curved meniscus [20]. According to the simple form of the equa-
tion of Young and Laplace:

p P P r2 /liq air γΔ = − =

where Pliq is the pressure inside the liquid phase at the me-
niscus, Pair is the ambient air pressure, γ is the surface tension of
the liquid, and r indicates the two equal radii of curvature of the
interface [22]. A capillary suction occurs when the surface of the
material can be wetted by the liquid (contact angle o90°). Here in
this work, the micro-sized voids between the fibers of the PET
fabrics will be filled by liquid during the process of pre-wetting
and thus a thin layer of ‘liquid cushion’ is appeared [32]. The
surface of functionalized PET fabrics with wettability towards both
water and organic solvents could be attributed to the as-formed
‘liquid cushion’. The average distance between the ZnO nanorods
can be estimated from the SEM images as 100 nm, given the sur-
face tension and density for water is 72.5 mN/m and 103 kg/m3,
Fig. 5. (a) Photograph of water drop, dyed red, is placed in n-hexane on the surface of
fabric; (c–d) water (red) is held in the filtration cell by CCl4 pre-wetted PET fabric while
functionalized PET fabrics: the blue rods/layer and the brown layer represent the ZnO na
interpretation of the references to color in this figure legend, the reader is referred to t
and for CCl4 is 45.0 mN/m and 1.59�103 kg/m3, respectively,
based on the equation

p r gh2 /γ ρΔ = =

The estimated height of the ‘liquid cushion’ is higher than the
length of the ZnO nanorods, which implies a liquid membrane
with the thickness up to the height of the ZnO nanorods will be
generated upon the contacting of nanostructure and liquid. After
the process of pre-wetting, an ultrathin layer of CCl4 ‘liquid
cushion’ is formed on the PET fiber surface. Water is insoluble in
the environment of CCl4, and the CCl4 film prevents water
spreading on the surface and reduced the contact area between
water and the fabric (Fig. 5e).

In addition, we note that the presence of ZnO nanorods also
changes the permeation of the PET fabrics. For pristine PET fabrics,
the flux in the filtration of water was measured as
�7400 L m�2 h�1 whilst CCl4 displayed a permeation of
�11,500 L m�2 h�1. The much higher permeation for CCl4 should
be pridominantly accounted for its higher density (1.595 g/cm3) as
CCl4 itself displays larger pressure than water with the same vo-
lume. In addition, the lower viscosity of CCl4 ( CCl4

η ¼9.69 mPa s)
than that of water ( H O2

η ¼10 mPa s) also contributed to the higher
flux of CCl4. After surface functionalization, the permeation of
water and CCl4 was reduced to �3300 L m�2 h�1 and
�6900 L m�2 h�1, respectively. The reason for the reduction in
the flux after surface functionalization can be easily understood as
the presence of ZnO nanorods noticeably reduced the effective
functionalized PET fabric surface; (b) no residual water on the functionalized PET
CCl4 easily passes through; and (e) the diagram of under oil hydrophobicity for the
nostructure and pre-wetted layer of oil with a droplet of water staying on top. (For
he web version of this article.)



Fig. 6. Recyclability test for 10 times over (a) water/diesel oil mixtures on functionalized PET fabrics pre-wetted by water and (b) water/CCl4 mixtures on functionalized PET
fabrics pre-wetted by CCl4.

Fig. 7. The switching capability of functionalized PET fabrics.

Fig. 8. Separation efficiencies of functionalized fabrics over different water/oil
mixtures including n-hexane, cyclohexane, diesel oil, lubricant oil and methylsili-
cone oil.
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pore sizes of the PET fabrics.

3.5. Stability of functionalized PET nonwoven fabrics

To further investigate the recyclability of the functionalized PET
fabrics, the separation efficiency over water/oil mixtures with the
volume ratio of 3:2 were repeated for 10 times and the overall
separation efficiencies were shown in Fig. 6.

The average separation efficiency for the functionalized PET
fabrics over the mixture consisted of diesel oil and water was
higher than 99% (Fig. 6a). The functionalized PET fabric pre-wetted
by organic solvent was also utilized to separate heavier organic
phase from mixture consisted of CCl4 and water. The overall se-
paration efficiency tested for 10 times was higher than 96%
(Fig. 6b). The results suggested that the functionalized PET fabrics
exhibit superior separation performance for different water/oil
mixtures with varying densities.

Though the functionalized PET fabric exhibits exceptional se-
paration efficiency for the water/oil mixtures, the switchable
ability between underwater oleophobicity and under oil hydro-
phobicity over the same piece of PET fabric was also examined.
The functionalized PET fabric was alternatively pre-wetted by
water for water removing and then pre-wetted by CCl4 for oil re-
moving. The general separation efficiency for 10 cycles was higher
than 97% as shown in Fig. 7. This result demonstrates that the
functionalized PET fabric displays excellent switchable ability be-
tween underwater and under oil environment which might find
promising potential in the application of complex water/oil se-
paration as the functionalized PET fabrics can easily separate the
mixture via pre-wetting process by the component with larger
density.

Different organic solvents were selected to further test the
separation performance of the functionalized PET fabrics and the
results are shown in Fig. 8. The functionalized PET fabrics display
excellent separation ability with overall efficiency more than 96%.
Water/oil mixtures with lubricant oil and methylsilicone oil as the
organic phase exhibit slightly lower separation efficiencies which
might be assigned to their relatively larger viscosity and thereby
the adhesion to the filtration cell. However, the general results
indicate that the functionalized PET fabrics could be potentially
applied for the separation of different water/oil mixture systems
with superior selectivity and efficiency. Additionally, we note that
these functionalized fabrics prepared in this work are not targeted
to separation oil/water mixtures in the emulsion state as the
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effective pore sizes of the fabrics are much larger than that of
emulsion droplets (100 nm−10 μm).
4. Conclusions

A simple yet efficient surface functionalization methodology
was applied on the PET nonwoven fabrics to build rod-like ZnO
nanostructures with only two steps including atomic layer de-
position and hydrothermal growth. With the combination of
hierarchical structure and amphiphilic nature of the functionalized
PET fabrics, the membranes can successfully separate any phase
from water/oil mixture simply via pre-wetting with the heavier
phase in the mixture. During the separation process, the compo-
nent with higher density i.e., water easily passes through the pre-
wetted membrane, ultimately leaving just the other component
with lower density i.e., diesel oil behind. The functionalized PET
fabrics with a different phase pre-wetting process can do the re-
verse, allowing organic solvents to penetrate while blocking water.
With the overall separation efficiency higher than 96%, this simple
and cost-effective approach can be adapted to industrial processes
applied today for separating water/oil mixtures.
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