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electrospun tubular PU/GE
nanofiber membrane for high flux oil/water
separation

Yan-jie Wu, Chang-fa Xiao * and Jian Zhao

A simple, tubular structure polyurethane/graphene (PU/GE) nanofiber membrane for continuous oil/water

separation was prepared using the following strategies: a polyester (PET) fiber braided tube was used for

reinforcement, stearic acid (SA) was used to assist GE dispersion, and a PU solution containing GE was

used to cover the outer layer of the PET fiber braided tube using the electrospinning method.

Specifically, the PU/GE nanofiber membrane has a multi-branched structure. The tubular braid

reinforced (TBR) PU/GE nanofiber membrane was characterized using field emission scanning electron

microscopy (FESEM), transmission electron microscopy (TEM), confocal scanning microscopy (CSM) and

capillary flow porometry. The contact angle results showed that the TBR PU/GE nanofiber membrane

had good hydrophobic and lipophilic properties. The obtained membranes had good oil/water selectivity

for oil–water separation (with a separation efficiency up to 99%). In addition, the optimized membrane

can be effectively employed to separate a surfactant-stabilized water-in-oil emulsion with a separation

efficiency up to 90% and a high permeate flux (137.5 L m�2 h�1). Our TBR PU/GE nanofiber membrane is

therefore a desirable material for the highly efficient separation of water-in-oil emulsions, and shows

broad application prospects in the field of oil/water separation.
1. Introduction

Oil inevitably leaks into the water during the processes of oil
exploration, rening, transportation and use. Oily wastewater
poses a serious threat to the ecological environment and human
health.1,2 The separation of oil/water mixtures, especially surface-
stable water-in-oil emulsions, has become a worldwide challenge.
Traditional oil–water separation technologies, such as gravity
separation, skimming and otation are not only inefficient, but
also have high operating costs.3–5Moreover, some of them are not
suitable for the separation of water-in-oil emulsions. Recently,
membrane technology has been widely studied owing to its high
degree of separation, high efficiency, good selectivity and
different modes of separation.6 Two rules should be considered
for the separation of an oil–water emulsion:7–10 (i) the selective
wettability of water (or oil) should provide the driving force for
separation based on the hydrophobicity and lipophilicity; and (ii)
the connected pores with an appropriate pore size should provide
channels for ltrate inltration.

Nanober membranes, which usually have a diameter of
tens or hundreds of nanometers, possess interconnected pores,
a relatively uniform pore size distribution and high porosity.
f Separation Membranes and Membrane
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This reduces the operating pressure of the nanober membrane
but increases the permeate ux.11–13 Nanobers can be prepared
by various methods including traction, template self-assembly
and electrospinning.14–16 Among these methods, electro-
spinning technology is considered to be a reliable spinning
technology for fabricating nanobers or porous membranes
owing to its relative simplicity, low energy consumption, and
wide source of raw materials such as polyethersulfone (PES),17

polysulfone (PS),18 polyvinylidene divinyl ether uorine
(PVDF),19 polyurethane (PU),20 polyacrylonitrile (PAN),21 and so
forth. Electrospun nanober membranes composed of contin-
uously entangled bers possess a three-dimensional (3D)
network structure, which is suitable for a variety of applications,
including ltration and desalting.22–24

Polyurethane with unique characteristics including biode-
gradability, biocompatibility and low cost has become increas-
ingly desirable owing to the environmental and economic
demands. Although previous work has proved the feasibility of
preparing PU nanobers by electrospinning, it need to increase
the specic area of the membrane by designing different
shapes. Hollow ber membranes have an important and unique
form of membrane conguration owing to their high specic
surface area, high packing density and self-supporting nature.
In membrane separation applications they have a signicant
advantage for solving serious water shortages, environmental
pollution and energy shortages.25,26
This journal is © The Royal Society of Chemistry 2019
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In this paper, a tubular braid reinforced (TBR) polyurethane/
graphene (PU/GE) nanober membrane was fabricated by
electrospinning using a PET ber braided tube as a reinforce-
ment and a casting solution of PU containing GE as the spin-
ning solution. The effects of different GE contents on the
morphology, porosity, pore size distribution and contact angle
of the TBR PU/GE nanober membrane were investigated. The
separation performance of the as-prepared TBR PU/GE nano-
ber membrane on an oil/water mixture and a water-in-oil
emulsion was also studied.
2. Experimental
2.1 Materials

Polyurethane (285, ber grade, density ¼ 1.20 g cm�3) resin was
purchased from Bayer, Germany. Graphene (GE, KNGG5) with
a thickness of less than 5 nm, and a ake size of 0.1–5 mm was
purchased from Xiamen Kaina Graphene Technology Co., Ltd.
(Xiamen, China). N,N-Dimethyl formamide (DMF, analytical
reagent, 98%), stearic acid (SA, analytical reagent), sodium
chloride and Span 80 were purchased from Tianjin Kemiou
Chemical Reagent Co., Ltd. The PET braided tube was supplied
by Tianjin Boanxin Co., Ltd. (Tianjin, China). The PET braided
Table 1 The composition of the PU/GE doping solution

Sample PU (wt%) NaCl (wt%) SA (wt%) DMF (wt%) GE (wt%)

PU/GE4-0 16 0.2 4 79.8 0
PU/GE4-0.1 16 0.2 4 79.7 0.1
PU/GE4-0.3 16 0.2 4 79.5 0.3
PU/GE4-0.5 16 0.2 4 79.3 0.5

Fig. 1 The preparation process of the TBR PU/GE nanofiber membrane

This journal is © The Royal Society of Chemistry 2019
tube outer diameter was 1.8 cm, with 48 spindles, and weighed
1.55 grams per meter. Kerosene was obtained from Tianjin Kai-
lida Chemical Co., Ltd (Tianjin, China). All chemicals were of
analytical grade, and used without further purication.
2.2 Preparation of the TBR PU/GE nanober membrane

The TBR PU/GE nanober membrane was prepared using the
electrospinning method. 0.2 wt% NaCl, 4 wt% SA and different
contents of GE were rstly added into a DMF solution under
ultrasonic treatment for 1 h. The solution was placed in a 70 �C
water bath under mechanical stirring, followed by the addition of
16 wt% PU resin and continuous stirring to form a uniform solu-
tion. Aer the above mentioned uniform solution was placed in
a vacuum oven for 1 h to eliminate the air bubbles, a PU/GE doping
solution for electrospinning was obtained. The composition of the
PU/GE electrospinning solution is listed in Table 1.

The TBR PU/GE nanober membrane was produced using
a TL-Pro (Shenzhen Tongli Weina Technology Co., Ltd.) type
electrospinning apparatus. The spinning process parameters
were set as follows: the positive pressure of the spinneret was
25.5 kV, the negative pressure of the receiving device was �5.5
kV, the receiving distance was 10 cm, the receiving device speed
was 1500 rpm, the spinning solution injection speed was 2.1 mL
h�1, and the spinning temperature and the relative humidity
was 25 �C and 50 � 5%, respectively. Note that this differs from
the ordinary electrospinning process as the receiving body was
a PET ber braided tube during the spinning process. Here, the
PET ber braided tube was used as a reinforcement to improve
the mechanical properties of the TBR PU/GE nanober
membrane. The preparation process for the TBR PU/GE nano-
ber membrane is shown in Fig. 1.
.

RSC Adv., 2019, 9, 33722–33732 | 33723
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Fig. 2 The flux tester for the TBR PU/GE nanofiber membrane.

Fig. 3 Effect of GE content on the s–g curve (A) and h–g curve (B).
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The cross-section structure of the TBR nanober membrane is
clearly shown in Fig. 1. During the electrospinning process, the
self-supporting tension of the PET ber braided tube and the
inward winding tension of the nanober membrane allowed the
nanober membrane to form a close combination. Moreover, the
surface of the PET ber braided tube was relatively rough, which
promoted a better interfacial bonding performance between them.
Table 2 Non-Newtonian index of the PU/GE doping solution with
�

2.3 Water-in-oil emulsion preparation

A water-in-oil emulsion containing an emulsier was prepared
by high speed stirring. Firstly, surban 80, as a water-in-oil
emulsier (HLB ¼ 4.3; 0.2 g) was added to 100 mL kerosene
under high speed stirring for 1 h. Then, 100 mL of water was
added to the mixture, and the mixture was stirred at a high
speed for 0.5 h. The above described operation was repeated ten
times. Finally, themixture was stirred at high speed for a further
3 h to obtain a surfactant-stabilized water-in-oil emulsion.
different GE contents (25 C)

Polymer solution PU/GE4-0 PU/GE4-0.1 PU/GE4-0.3 PU/GE4-0.5
Non-Newtonian
index

0.9051 0.9012 0.8969 0.8866

2.4 Membrane characterization

The rheological behavior of the doping solutions was investi-
gated with a rheometer (HAAKE MARS, Thermo Fisher
33724 | RSC Adv., 2019, 9, 33722–33732
Scientic). The morphology of the TBR PU/GE nanober
membrane was observed using eld emission scanning elec-
tron microscopy (FESEM, Nova Nano 230, Netherlands FEI),
confocal scanning microscopy (CSM, Zeiss CSM 700, Germany)
and transmission electron microscopy (TEM, H7650, Hitachi,
Japan). The pore size and the distribution of the as-prepared
membrane was determined using capillary ow porometry
(POROLUX1000, Belgium). The membrane porosity was
determined using the gravimetric method.27,28 The static
contact angle was measured using a contact angle goniometer
(DSA 100, KRÜSS, Germany). The mechanical properties of the
TBR PU/GE nanober membrane were tested using an elec-
tronic stretching machine (M350-5Kn, SDLATLAS, British) at
room temperature.
This journal is © The Royal Society of Chemistry 2019
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Fig. 4 The morphology of the TBR PU/GE nanofiber membrane. (A) PU/GE4-0; (B) PU/GE4-0.1; (C) PU/GE4-0.3; and (D) PU/GE4-0.5; (1) cross
section; and (2) surface.
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2.5 Separation performance test

The prepared TBR PU/GE nanober membrane was placed in
a vacuum ltration apparatus.29 The continuous oil removal
from the water surface and surfactant-stabilized water-in-oil
emulsion via the TBR PU/GE nanober membrane was
This journal is © The Royal Society of Chemistry 2019
measured using a laboratory scale experimental setup with�0.5
bar, as shown in Fig. 2. The permeation ux was calculated
according to the following formula:

J ¼ V

A� t
(1)
RSC Adv., 2019, 9, 33722–33732 | 33725
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In which J is the permeation ux (L m�2 h�1), V is the volume of
permeation (L), A is the effective area of the membrane (m2),
and t is the testing time (h).

An optical microscopy image of the emulsion and ltrate was
obtained using optical microscopy (Olympus BX43, Olympus). The
moisture content of the ltrate was measured using a Karl Fischer
moisture meter (Byes2000, Byes). The separation efficiency of the
membrane was calculated using the following equation:

R ¼
�
1� CP

Cf

�
� 100% (2)

In which R is the separation efficiency, and Cf and Cp are the
concentration in the feed and the permeate solution, respectively.

3. Results and discussion
3.1 Rheological properties of the doping solution

The effect of the GE content on the rheological behavior of the
doping solution is shown in Fig. 3. At the same shear rate (g), it
Fig. 5 The TEM morphology of various samples: (A) GE; (B) PU/GE4-0.1

33726 | RSC Adv., 2019, 9, 33722–33732
can be seen that the shear stress of the doping solution without
GE was smaller than the shear stress of the doping solution with
the addition of GE. Furthermore, as the GE content increased,
the shear stress and the viscosity (h) of the doping solution also
increased. Note that GE had a signicant thickening effect and
enhanced mechanical properties of the membrane are ach-
ieved. To further study the effect of the GE content on the non-
Newtonian behavior of doping solutions, the slope of the log
shear stress (log s) versus the log shear rate (log g) was
described using the non-Newtonian index (n) according to the
denition, as shown in Table 2. When n < 1, the uid was
a shear thinning uid. With the addition of GE, the non-
Newtonian index n of the doping solutions decreased. In
summary, the doping solution exhibited a good uidity.
3.2 Morphology

The morphology of the TBR PU/GE nanober membrane is
shown in Fig. 4. Obviously, the cross-section consists of a PET
; (C) PU/GE4-0.3; and (D) PU/GE4-0.5.

This journal is © The Royal Society of Chemistry 2019
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ber braided tube and a PU/GE nanober membrane, and the
nanober membrane was tightly wrapped around the PET ber
braided tube. This ensured that there was a robust bonding
performance between the PET ber braided tube and the
nanober membrane, which imparted excellent mechanical
properties to the reinforced tubular nanober membrane. It can
be seen from Fig. 4A2–C2 that the surface of the nanober
membrane was a relatively smooth, continuous structure and
not a beaded structure, indicating that the parameters used in
the electrospinning process were reasonable. With the addition
of GE, GE nanosheets were observed radially on the surface of
the TBR PU/GE nanober membrane. Owing to the large size of
GE, GE was exposed outside the nanober. In addition, it can be
seen that GE was intimately attached to the nanober along the
axial direction. This structure can not only increase the effi-
ciency because of the large specic surface area produced by GE,
but also ensure that the GE and nanober are tightly combined.
The maximum contact area of the GE and nanober prevent GE
fall-off from the nanober during the application. With the
increase of the GE content, the TBR PU/GE nanober
membrane (0.3 wt%) presented a tree-like structure. The thicker
nanober acted as a support for the GE and multi-level nano-
bers like a tree trunk, and the thinner ber formed by splitting
was like a tree branch. The results could be attributed to the
increased conductivity.30 The diameter of the nanober became
smaller and the dimensional uniformity decreased. With
a further increase of the GE content, agglomeration of the GE
sheet may have occurred.

The TEMmorphology of the TBR PU/GE nanober membrane
with different GE contents is shown in Fig. 5. Fig. 5a shows the
Fig. 6 CSM images of the TBR PU/GE nanofiber membranes. (A) PU/GE

This journal is © The Royal Society of Chemistry 2019
TEM morphology of the GE nanosheet, which shows a typical
pleated morphology with a large size and multilayer structure.
The TEM morphology of the TBR PU/GE nanober membrane
showed that GE was embedded in the PU nanober and
distributed along the axial direction of the nanober, indicating
that the GE was successfully doped into the PU/GE nanober
membrane (Fig. 5b, c and d). The GE in the TBR PU/GE nanober
membrane had the same typical pleated morphology, but the
morphology of the GE transformed from a stretched nanosheet to
become agglomerated, indicating that the thickness of the GE in
the TBR PU/GE nanober membrane was slightly thicker. When
the content of GE exceeded 0.3 wt%, the aggregation of GE
occurred in the TBR PU/GE nanober membrane.

The 3D surface roughness image of the PU/GE nanober
membrane obtained using CSM apparatus is shown in Fig. 6. It
can be seen that the roughness of the PU nanober membrane
was small. The average roughness values (Ra) of the PU/GE4-0,
PU/GE4-0.1, PU/GE4-0.3, and PU/GE4-0.5 nanober
membranes were 1.252, 2.289, 2.604, and 3.590 mm, respec-
tively. With the increased GE content, the TBR PU/GE nanober
membrane presented an obvious tree-like structure, therefore
the surface roughness of the PU/GE nanober membrane was
gradually increased, which was favorable for the hydrophobic
and lipophilic properties of membrane and application for oil/
water separation. The change in the roughness value is
consistent with the change in the morphology.
3.3 Porosity and pore size distribution

The porosity of the TBR PU/GE nanober membranes with
different GE contents is shown in Fig. 7. The porosity of the TBR
4-0; (B) PU/GE4-0.1; (C) PU/GE4-0.3; and (D) PU/GE4-0.5.

RSC Adv., 2019, 9, 33722–33732 | 33727
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Fig. 7 The porosity of the TBR PU/GE nanofiber membrane.
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PU/GE nanober membrane was as high as 60%, which was
contributed to by the 3D network porous structure. When the
GE content increased from 0 to 0.5 wt%, the porosity of the PU/
GE nanober membrane rst increased and then decreased.
This may be due to the introduction of GE, the ner diameter of
Fig. 8 The pore size distribution of the TBR PU/GE nanofiber membran

33728 | RSC Adv., 2019, 9, 33722–33732
the nanobers, and the increased porosity of the nanober
membrane. However, the excessive GE increased the viscosity of
the doping solution, leading to a reduced number of pores and
the pore size owing to GE agglomeration.

As can be seen from Fig. 8, the pore size distribution of the
TBR PU/GE4-0 nanober membrane was wide. The average pore
diameter of the PU/GE4-0.1, PU/GE4-0.3 and PU/GE4-0.5 nano-
ber membrane was 0.19, 0.48, and 0.07 mm, respectively. With
the increased GE content, the average pore size rst decreased
and then increased, but the pore size distribution was narrow.
The results suggested that the porosity and pore size distribu-
tion could be controlled by adjusting the GE content.
3.4 Mechanical properties

The TBR nanober membrane can greatly improve the
mechanical properties of the composite membrane, and the
testing results are shown in Fig. 9. It can be seen that the
breakage strength of the PU/GE nanober membrane without
the PET braided tube was only about 10 MPa. While the
breakage strength of the PET braided tube reinforced PU/GE
nanober membrane was about 500 MPa, which was as high
as 50 times that of the pristine PU/GE nanober membrane. In
addition, it can be seen that the breakage strength of the TBR
e.

This journal is © The Royal Society of Chemistry 2019
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Fig. 9 The mechanical properties of the TBR PU/GE nanofiber
membrane.
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PU/GE nanober membrane was close to that of the PET
braided tube as the mechanical properties of the TBR PU/GE
nanober membrane were mainly provided by the PET ber
Fig. 10 Contact angles for the TBR PU/GE nanofiber membrane.

Fig. 11 The oil flux of the PU/GE nanofiber membrane.

This journal is © The Royal Society of Chemistry 2019
braided tube. From Fig. 9 it can be seen that the breaking
elongation of the PU/GE nanober membrane without the PET
braided tube was approximately 240%, while the breaking
elongation of the TBR PU/GE nanober membrane became
lower. This can be explained by the fact that the PET braided
tube limits the variation of the nanober membrane along the
length direction. Moreover, the modulus of the TBR PU/GE
nanober membrane was larger than that of the pristine PET
ber braided tube while the elongation at break was lower than
that of the PET ber braided tube. This was because the outer
PU/GE nanober membrane impeded the ber slipping and
deformation in the PET braided tube during axial stretching,
resulting in a decrease in the elongation at break.
3.5 Wetting properties

As shown in Fig. 10, the TBR PU/GE nanober membranes
showed a drastically different response towards water versus oil
(kerosene was used as the oil), the water contact angle and the
oil contact angle of the PU/GE4-0 nanober membrane were
119.2� and 0�, respectively. As the GE content increased, the
water contact angle increased rst and then decreased, while
the oil contact angle showed no change, when the oil droplet
contacted the membrane surface it penetrated into the
membrane quickly. This may be ascribed to the contribution of
the hydrophobicity of GE. Moreover, the conductivity of the PU/
GE doping solution was enhanced, resulting in a tree-like
structure on the nanober membrane, and the surface rough-
ness further increases. When the GE content was 0.3 wt%, the
water contact angle of the TBR PU/GE nanober membrane
reached the maximum value of 131.1�. When the GE content
continued to increase, the water contact angle decreased owing
to GE agglomeration.
3.6 Pure oil ux

The results of the pure oil ux of the TBR PU/GE nanober
membrane with different GE contents are shown in Fig. 11. The
pure oil ux of these nanober membranes was relatively large,
RSC Adv., 2019, 9, 33722–33732 | 33729
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Fig. 12 Permeation flux and rejection of oil/water mixtures.
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and the change in the trend for each sample was similar. With
the extension of the running time, the pure oil ux of the
nanober membrane showed a certain decline, and then a at
tendency was reached. Obviously, the pure oil ux of the PU/
GE4-0 nanober membrane was smaller than that of the PU/
GE nanober membrane. As the GE content increased, the
pure oil ux of the PU/GE nanober membrane increased rst
and then decreased. Moreover, GE can improve the hydropho-
bicity and lipophilicity.
Fig. 13 Optical microscopy images of the emulsions before and after fil
0.3; and (D) PU/GE4-0.5.

33730 | RSC Adv., 2019, 9, 33722–33732
3.7 Oil–water separation performance test

To develop the practical applications of the TBR PU/GE nano-
ber membrane, the oil/water separation capabilities of the as-
prepared membranes were studied using a series of oil/water
separation processes. An immiscible kerosene and water
mixture (1 : 1, v/v) or a water-in-oil emulsion was poured into
the glass cylinder as an oil–water mixture, and then the
membrane module was placed into the mixture and connected
with a negative pressure dead end. Once started, the kerosene
tration: (A) water-in-kerosene emulsion; (B) PU/GE4-0.1; (C) PU/GE4-

This journal is © The Royal Society of Chemistry 2019
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Fig. 14 Permeation flux and rejection of the surfactant-stabilized water-in-oil emulsion.

Table 3 Comparison of the membrane performances obtained in this study with the previously reported oil/water separation processes

Reference
Permeation ux of oil/water
mixtures (L m�2 h�1) Separation efficiency (%)

Permeation ux of water
in oil emulsions (L m�2 h�1) Separation efficiency (%)

31 — — 117.3 92.7
32 1136 99.0 — —
29 1333 99.9 134 99.9
This work 1443 99.0 137.5 90.0
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quickly penetrated into the membrane, and nally oil was
collected in a container. Fig. 12 shows the permeation and
separation properties of the TBR PU/GE nanober membranes
for oil/water separation. The permeation ux of the nanober
membrane was smaller than the pure oil ux, however, the
change in trend was similar. During the oil/water separation
process, the oil permeation ux of the PU/GE4-0 nanober
membrane was 144.3 Lm�2 h�1. With the increased GE content,
the permeation ux increased rst and then decreased. This
result was obtained using the pore size and porosity caused by
the increasing GE content. For the PU/GE4-0 nanober
membrane, a certain amount of water can permeate through
the PU nanober membrane during the ltration process,
which makes the separation efficiency low. With the addition of
GE, the hydrophobicity of the PU/GE nanober membranes
increased, leading to a high oil–water separation efficiency,
reaching 99%.

For the water-in-oil emulsion separation, once the emulsion
came into contact with the PU/GE nanober membrane, the
emulsion droplets were broken onto the interface of the nano-
ber membrane and the oil penetrated the nanober
membrane and entered the collector. An optical microscope was
used to check the separation effect by comparing the water-in-
kerosene emulsion and the collected ltrate. Fig. 13 shows
optical photographs of the water-in-kerosene emulsions and the
collected ltrate. As can be seen from the gure, there are many
water droplets in the emulsion, but almost no droplets can be
observed in the ltrate, indicating that the ltrate was a homo-
geneous solution with a single component and demonstrating
the excellent separating properties of the TBR PU/GE nanober
membrane. For the separation process of the water-in-kerosene
This journal is © The Royal Society of Chemistry 2019
emulsion, the permeation ux and separation efficiency of the
TBR PU/GE nanober membrane are displayed in Fig. 14. The
permeation ux of the water-in-kerosene emulsion was less
than that of the oil/water mixture. As a result of the presence of
surfactants, the emulsion droplet size was much smaller, which
may block the pores of the membrane and result in a reduction
in the oil ux. A small amount of water permeation occurred
during the oil/water separation process of the pristine PU/GE4-
0 nanober membrane, therefore it cannot be used for the
separation of the water-in-kerosene emulsion. PU/GE4-0.1, PU/
GE4-0.3, and PU/GE4-0.5 nanober membranes showed
a good separation performance and the water content in the
ltrates of the emulsions was very small. With the increased GE
content, the oil permeate ux increased rst and then
decreased, but the separation efficiency showed the opposite
trend. When the GE content was 0.3 wt%, the permeation ux of
the TBR PU/GE nanober membrane was up to 137.5 Lm�2 h�1,
and the separation efficiency was more than 90%.

Furthermore, the oil/water separation performances of the
obtained membrane were compared with previously reported
polymer membranes as summarized in Table 3. It was found
that the permeate ux of the PU/GE hollow ber membrane was
higher than that of the other membranes. However, the sepa-
ration efficiency of our membrane was comparatively lower than
the others.
4. Conclusion

In summary, a TBR PU/GE nanober membrane was prepared
using a one-step electrospinning method, in which a PU/GE
nanober layer was coated onto the surface of a PET braided
RSC Adv., 2019, 9, 33722–33732 | 33731
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tube. The TBR PU/GE nanober membrane showed a good
hollow tubular structure and mechanical properties. Moreover,
GE and SA assisted the dispersion into the casting solution,
improved the hydrophobicity and lipophilicity of the TBR PU/
GE nanober membrane and optimized the membrane pore
structure. The TBR PU/GE nanober membrane could separate
the oil–water mixture and the surfactant-stabilized water-in-oil
emulsion. The results showed that the TBR PU/GE nanober
membrane exhibits a stable performance, and the oil–water
separation ux was as high as 137.5 L m�2 h�1 and the sepa-
ration efficiency was 90%. The high porosity, remarkable recy-
clability and exibility of the membrane mean it has potential
application prospects in industrial applications and environ-
mental protection.
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