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a b s t r a c t

In order to solve the problem of oily wastewater, the poly(m-phenyleneisophthalamide) (PMIA) braided
tube reinforced (PBR) poly(tetrafluoroethylene-co-perfluoropropyl vinyl ether) (PFA) hollow fiber
membrane with thermal and solvent resistant property was prepared via no-solvent green method. The
membrane surface and pore structure was optimized by changing the sintering temperature and gra-
phene (GE) content. The morphologies showed that the spherical surface with good lipophilicity was
formed, and the excellent mechanical strength with a favorable interface bonding state could be obtained
due to the PFA melts permeating into the supporting layer. The doping of GE produced synergistic effects
with the sintering temperature owing to its good thermal conductivity and pore formation. The PBR-PFA/
GE hollow fiber membrane exhibited good hydrophobicity and lipophilicity with more than 97% sepa-
ration efficiency for different oil products at �0.02 MPa. With the addition of GE, the average pore size
first increases and then decreases, and the porosity gradually decreases. In addition, the hollow fiber
membrane showed high separation ability to the water-in-oil emulsion, and maintained a stable flux
recovery rate after recycling, making it possible to apply in the field of oily wastewater treatment.
© 2024 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd. All

rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

With the rapid development of industry, environmental and
energy issues have become increasingly prominent. Oil spills, oil
pollution, and difficulty in oil recovery pose a threat to human
health and ecosystem stability [1e3]. Currently, oil-water separa-
tion technology can effectively solve the problem of oily waste-
water and plays an important role in sustainable development
[4,5]. Compared with traditional oil-water separation technologies,
membrane separation technology as an effective method for
treating oily wastewater, has advantages such as low energy con-
sumption, simple operation, high separation efficiency, etc. [6e8].
Up to now, the hollow fiber membrane with self-supporting
structures, high packing density, large specific surface area, etc.

demonstrated better performance and potential than other types of
membranes such as the flat-sheet membranes, and tubular mem-
branes [9,10]. However, the hydrophobic and oleophilic hollow fi-
ber membranes have problems such as membrane surface fouling
and pore blockage by oily pollutant [11].

Fluoropolymers exhibit good hydrophobic properties, such as
polytetrafluoroethylene (PTFE) and polyvinylidene fluoride (PVDF),
which have receivedwidespread attention and application [12e14].
However, the PTFE is difficult to melt processing, and PVDF requires
a large number of harmful solvents. PFA was first introduced in the
mid-1970s, synthesized from an amount of perfluoropropylvinyl
ether, which overcomes the “insoluble and infusible” nature of PTFE
and allows for melt processing, giving it great application prospects
[15]. Up to now, most works focused on the construction of PFA
coating, reducing wear rate, and grafting other polymers to achieve
certain functions. For example, Wang et al. [16] prepared a super-
hydrophobic coating by doped carbon nanotubes with PFA in order
to obtain an adjustable lamellar structure. The results indicated
that the water contact angle (WCA) of 153� and a rolling angle of
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less than 5� under high pressure and strong acid conditions. Zhai
et al. [17] prepared a PFA/Ag coating with good antifouling and
antibacterial properties. Sidebottom et al. [18] prepared a PFA/a-
alumina plate by blending method in order to obtain the ultra-low
wear rate of material (reducing the wear rate from 1.4 � 10�4 to
4.0 � 10�8 mm3$N$m�1). In addition, some works have improved
the ion transport function by modifying PFA to prepare ion ex-
change membranes for batteries [19e21].

Graphene has attracted widespread attention due to its two-
dimensional lamellar structure and excellent properties. Lee-
naerts et al. [22] found that the binding energy between water
molecules is much greater than the adsorption energy on graphene,
and water molecules tend to form clusters on the surface of gra-
phene. In addition, the surface energy of graphene is lower than
that of water [23], making it more easily wetted by oily substances
and exhibiting hydrophobic and oleophilic properties. In recent
years, graphene-based oil-absorbing materials have developed
rapidly, such as nanoporous graphene sponges prepared by Bi and
Nguyen et al. [24,25], which have a sorption capacity for tri-
chloromethane up to 86 times and 165 times than own weight,
respectively. In the sameway, the doping of graphene inmembrane
matrix could improve the hydrophobic and oleophilic properties of
hollow fiber membranes. For instance, Wu et al. [26] prepared a PU/
graphene hollow fiber membrane with oil-water separation effi-
ciency and oil flux recovery rate both exceeding 90%, and Hao et al.
[27] prepared a PVDF/graphene hollow fiber membrane with a
separation efficiency of 99.37% when 0.5% graphene was added. In
brief, graphene shows great potential in the field of membrane
treatment of oily wastewater.

With the continuous expansion of membrane separation ap-
plications, high-performance and high-strength hollow fiber
membranes have gradually been studied by researchers. As a
supporting material, braided tubes can increase the mechanical
strength of hollow fiber membranes, combined with the high
separation accuracy of the membrane [28e30], making it possible
for hollow fiber membranes to be used in harsh environments.
Xiao et al. [30] demonstrated that the method of coating a sepa-
ration layer on a high-strength hollow tubular braid is effective in
improving the mechanical properties of hollow-fiber membranes.
Kolon Industries Inc. developed a braid-reinforced hollow-fiber
membrane that comprised a reinforced material of tubular braids
and a resinous thin film coated on the surface of the reinforced
material. Chen et al. [31] prepared poly(ethylene terephthalate)
fiber tubular braids/PVDF composite hollow-fiber membrane by a
PVDF separation layer coating on the PET fiber tubular braids by a
dry-jet spinning method. The membranes as prepared showed
good properties, including high flux, high strength, and high
rejection. Poly(m-phenyleneisophthalamide) (PMIA) is an impor-
tant aromatic polyamide compound, and the phenylamide bond
endows it with excellent thermal stability and mechanical prop-
erties. Chen et al. [31] utilized interfacial polymerization to pre-
pare PMIA nanofiltration membranes, which exhibit good thermal
stability.

Based on the current work of hollow fiber membrane in oil-
water separation field, the thermal- and solvent-resistant PBR-
PFA/GE hollow fiber membranes with good oil-water separation
performance were prepared by the non-solvent green method. The
membrane morphologies and performance were researched by the
effect of sintering temperature and GE content. The increased
separation efficiency and operation stability for oil-in-water
emulsions could be obtained by the adjusted pore size and hy-
drophobic and oleophilic properties. Consequently, the PBR-PFA/GE
hollow fiber membranes are expected to be used in oily wastewater
treatment processes.

2. Experimental

2.1. Materials

PFA emulsion (PFA D 335D, Dongguan Jinyunlai Plastic Raw
Materials Co., Ltd., China), polyvinyl alcohol (PVA1799, Shanghai
McLean Biochemical Reagent Co., Ltd., China), graphene (KNG-G5,
Xiamen Kaner Graphene Technology Co., Ltd.), sodium hydroxide
(NaOH, analytical pure) and Span-80 (analytical pure) were pur-
chased from Tianjin Fengchuang Chemical Reagent Technology Co.,
Ltd., China. Anhydrous ethanol (analytical pure, Tianjin Fengchuang
Chemical Reagent Technology Co., Ltd., China), Congo red (indica-
tor), cyclohexane (analytical pure), hexane (analytical pure) were
purchased from Tianjin Kemio Chemical Reagent Co., Ltd., China,
and kerosene and diesel were purchased from Tianjin Rongshunt
Petrochemical Co., Ltd. PMIA fiber was self-made in the laboratory
by melt spinning method. The solid content of PFA emulsion is 60%,
the average particle size is 200 nm and the melting temperature is
305� C. The information on used PFA is shown in Table 1.

2.2. Preparation of PBR-PFA/GE hollow fiber membrane

Firstly, PMIA filament was manufactured into braided tube on a
two-dimensional braiding machine. Then, the braided tube was
immersed in 3% NaOH solution for 2 h to remove oil dirt or stains on
the surface of fibers. After that, it was washed with deionized water
for 30 min and dried in an oven at 50 �C for 30 min. Secondly, a
certain amount of PFA emulsion, GE, and distilled water were added
to a three-neck flask. Then, PVA was added at room temperature
while stirring to fully disperse. After stirring for 30 min, the water
bath was heated to 90 �C and stirred for 2.5 h. After cooling to room
temperature, it was placed to defoam treatment in a vacuum drying
oven for 2 h, and finally obtain the homogenous casting solution.
The casting solution was sonicated for 30 min and then uniformly
coated (5 min) on the surface of the braided tube by immersion
method. It was placed in the air until the surface dried and then
moved into a muffle furnace. The temperature was increased from
20 �C to 340 �C, 360 �C, 380 �C, and 400 �C at a rate of 5 �C$min�1,
respectively, and maintained for 5 min before naturally cooling
down to obtain the final PBR-PFA/GE hollow fiber membrane
(HFMs). The schematic diagram and compositions of PBR-PFA/GE
HFMs were exhibited in Fig. 1 and Table 2.

2.3. Characterization

2.3.1. Morphologies
Themorphology of themembrane surface and cross-sectionwas

observed by scanning electron microscopy (SEM) with Phenom XL
(Phenom-World, Netherlands) and TM3030 (Hitachi, Japan). The
samples were sputter-coated with gold before observation.

The surface roughness of the membranes was measured using a
CSM700 confocal scanning microscope (ZEISS, Germany). The
membrane samples were fixed on glass slides and then placed on
the sample stage for testing.

2.3.2. Thermal analysis
The TG curve of the membrane samples was determined by

STA449F3 thermogravimetric analyzer (Netzsch, Germany). The
temperature setting range was 20e800 �C and the heating rate was
10 �C$min�1 under the N2 atmosphere.

2.3.3. Functional group analysis
The functional group composition of the membrane samples

was measured by Nicolet iS50 Fourier infrared spectrometer
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(Thermo Fisher Scientific, USA) under the test conditions: attenu-
ated total reflectionmode, resolution of 4 cm�1, and scanning range
of 4000e400 cm�1.

2.3.4. Mechanical properties
The mechanical properties (breaking strength and elongation at

break) of the membrane samples were measured by an electronic
single yarn tensile tester (YG061, China) with the gripping range
and tensile rate of 100 mm and 2 mm$min�1 at 25 �C, respectively.
Average value of three membrane samples was selected.

2.3.5. Pore size and porosity measurement
The pore size and distribution of the membrane samples were

measured by a 3He2000 PB bubble point method membrane
porometer (Beishide Instrument Beijing Co., Ltd.). A pressure dif-
ference was applied to both sides of the membrane sample to
overcome the surface tension of the impregnating liquid in the
membrane pore and drive the impregnating liquid through the pore
channel, thereby obtaining the pore size and distribution of the
membrane. Besides, the gravimetric method was carried out for
assessing the membrane porosity with n-butyl alcohol as the wet-
ting liquid. The porosity (ε) was calculated as the following Eq. (1):

ε ¼ M1 �M2

ðp=4Þ
�
D2 � d2

�
rl
� 100% (1)

where M1 is the mass of the wet membrane (g). M2 is the mass of
the dry membrane (g). D is the outer diameter (mm). d is the inner
diameter (mm). l is the length of the sample membrane (mm). r is
the n-butyl alcohol density (r ¼ 0.811 g$ml�1).

2.3.6. Wettability measurement
The static WCA of the membrane samples was measured by a

DSA100 contact angle measuring instrument (German KRUSSA
Company). The dried membrane was fixed on a glass slide, and
0.2 ml of water droplets were dropped on the surface of the mem-
brane at room temperature. After 30 s, the surface of themembrane
was photographed and the contact angle was measured. Each
group of samples was measured five times and the average value
was taken.

2.4. Permeability experiment

The membrane was tested by negative pressure dead-end
filtration using a self-made oil-water separation device in the lab-
oratory, as shown in Fig. 2. The membrane module was placed in a
graduated cylinder so that the center positionwas exactly at the oil-
water interface, and the entire device was in a sealed state. When
the vacuum pumpwas turned on, the oil was continuously pumped
out and collected under negative pressure, while the water was
intercepted to achieve effective oil-water separation. The oil flux J
(L$m�2$h�1) and oil-water separation efficiency h (%) were
measured at �0.02 MPa negative pressure. The volume ratio of oil

Table 1
The parameters of PFA aqueous dispersion

Characteristic Solid Content/% (mass) pH Density/g$cm�3 Average particle size/nm

Value 60 10 1.5 200

Fig. 1. Schematic diagram of PBR-PFA/GE HFMs preparation process.

Table 2
The composition of hollow fiber membranes

Samples GE/%
(mass)

PVA/%
(mass)

PFA/%
(mass)

Viscosity
(30 �C)/mPa$s

M-1 0 7.5 15 1620
M-2 0.1 7.5 15 1654
M-3 0.2 7.5 15 1695
M-4 0.3 7.5 15 1747
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to water was 1:1, and the test was performed every 5 min for 10
times. The oil flux J was calculated according to Eq. (2), and the oil-
water separation efficiency h was calculated according to Eq. (3):

J¼ V
A$t

(2)

where V is the permeable liquid volume (L). A is the membrane
effective area (m2). t is the experiment time (h).

h¼Vt � Vw

Vt
� 100% (3)

where Vt is the total volume of oil and water collected in one cycle
of filtration (L); Vw is the volume of water collected in one cycle of
filtration (L).

In addition, 0.1 g of Span-80 was added to 100 g of oil (kerosene
and diesel) and stirred for 30 min, then 1 g of water was slowly
added and stirred vigorously for 3 h to prepare a stable W/O
emulsion. The water content in the W/O emulsion and the filtrate
was determined by a fully automatic micro moisture analyzer, with
five tests performed for each sample and the average taken. The
emulsion separation efficiency k (%) of the membrane was calcu-
lated according to Eq. (4):

k¼C0 � C1
C0

� 100% (4)

where C0 is the water content of the W/O emulsion (g$L�1), and C1
is the water content of the permeate (g$L�1).

The membranes that had undergone the oil-water separation
test were soaked in ethanol for 1 h with continuous ultrasound to
remove the oil stains on and inside the membrane, dried to con-
stantmass, and then the oil-water separation process was repeated.
The flux recovery rate r (%) was calculated according to Eq. (5):

r¼ Fi
F1

� 100% (5)

where Fi (i ¼ 2,3,4) is the initial kerosene flux in the repetition test
(L$m�2$h�1), and F1 is the initial kerosene flux in the first test
(L$m�2$h�1).

3. Results and Discussion

3.1. Membrane morphology and structure

The surface and cross-sectional morphology of M-1 before and
after sintering at 360 �C are shown in Fig. 3. It can be seen from the
figure that the membrane exhibits a relatively thin separation layer,

only about 2 mm, and the braid tube texture on the surface of the
membrane canbeobservedbefore andafter sintering.After sintering,
the surface texture becomes shallower than that before sintering,
which is due to the fact that PFA melts and spreads on the surface of
the braided tube. Fromthe enlargedmorphologyof the cross-section,
it can be seen thatmoltenPFApenetrates into the interior of the braid
tube. Although themembrane is heterogeneously reinforced, the PFA
melt extends into the interior of the supporting layer, and the
favorable bonding strength between the surface separation layer and
the interface of the braided tube supporting layer can be obtained.
This may be suitable for the stable operation of the membrane.

3.2. Thermal properties of membrane

TG curves of M-1 before and after sintering, as well as PVA and
PMIA braided tubes at a sintering temperature of 360 �C are shown
in Fig. 4. Before sintering, M-1 appears on two kinds of weight loss
peaks, corresponding to the decomposition processes of PVA and
PFA. Around 230 �C, PVA starts to decompose, which is consistent
with the TG results of pure PVA. By 360 �C, the mass loss rate is
about 30%, and near 450 �C, PFA decomposes. The sintering tem-
perature of 360 �C is between the decomposition temperatures of
PVA and PFA. During sintering, PVA is removedwhile PFAmelts and
penetrates into the interior of the braided tube, resulting in a
favorable bonding strength between the surface separation and the
supporting layer. There is almost no mass loss before 300 �C, and
themass loss rate is only 3.03% at 360 �C, indicating thatmost of the
PVA has been removed during the sintering process. The remaining
small amount may be due to the large content of PVA in the matrix
before sintering (33%), resulting in incomplete decomposition of
PVA during the sintering process [32]. After 450 �C, it still corre-
sponds to the decomposition process of PFA. The high decompo-
sition temperature of PFA is due to its strong thermal stability with
large bond energy CeF functional groups. In addition, the TG curve
of the PMIA braided tube shows excellent thermal resistance. The
initial decomposition temperature (406 �C) of PMIA is higher than
the sintering temperature, and hence it does not undergo defor-
mation or decomposition during the sintering process, making it
suitable as a supporting layer for providing mechanical properties
to the PBR-PFA/GE hollow fiber membranes.

3.3. FTIR analysis of membrane

The FTIR of M-1 before and after sintering at 360 �C are shown in
Fig. 5. As can be seen from the figure, the typical absorption peaks
of PVA at 3290 cm�1 (dOH), 2930 cm�1 (dCH), 1420 cm�1 (dCH2)
and 917 cm�1 (dCO) all disappear after sintering, while the ab-
sorption peaks corresponding to PFA at 505 cm�1 (dCF2) and
626 cm�1 (dCF3) are no significant change after sintering. In
particular, the absorption peaks at 1146 cm�1 and 1200 cm�1

correspond to dOd become strong after sintering [32]. This is
attributed to the oxygen-containing functional groups on PVA that
gradually disappear during the sintering process, and the main
components of the membrane after sintering are PFA. The changes
in absorption peaks before and after sintering prove that PVA has
been removed during the sintering process, and PFA has not
decomposed but melted into a membrane.

3.4. The effect of surface morphologies by sintering temperature

The surface morphology of M-1 at different sintering tempera-
tures is shown in Fig. 6. As can be seen from the figure, the PFA
particles are relatively independent of each other and only partially
melt at 340 �C. As the sintering temperature increases, the more
PFA particles melt and the less number of microspherical particles

Fig. 2. Schematic diagram of oil-water separation.
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Fig. 3. SEM images: (a) PMIA braided tube, (b) M-1 before sintered, (c) M-1 after sintered, (d) the whole sintered cross-section, (e) the sintered cross-section � 2000, inset � 10000.

Fig. 4. TG of M-1, PMIA braided tube, and PVA. Fig. 5. FTIR of M-1 and M-3 before and after sintering.
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obtain. When the sintering temperature increases to 380 �C and
400 �C, the melted shape of PFA particles becomes flat and the
number of microspherical particles basically disappears. The in-
crease in sintering temperature accelerates the thermal motion of
PFA polymer chains and enhances the distance between molecules,
resulting in a decrease in melt viscosity. In other words, the thor-
ough melting process produces (the flatter and flatter shape of the
PFA particles) with the increased sintering temperatures.

3.5. The effect of surface morphologies by GE content

According to the previous discussion on the influence of sin-
tering temperature on membrane structure, the effect of GE

content on membrane structure was investigated at the sintering
temperature of 360 �C. The surface morphologies of M-1, M-2, M-3,
and M-4 before and after sintering are shown in Fig. 7. As can be
seen from Fig. 7(a), the membrane morphology changed signifi-
cantly with the addition of GE before sintering. Without GE addi-
tion, PFA particles were evenly distributed on the surface of the
membrane, however, as the content of GE increased, the dispersion
of PFA particles on the surface of the membrane decreased and
aggregation occurred. This is due to the change in viscosity of the
casting solution caused by the addition of GE. According to Table 2,
the viscosity of the casting solution also increases as the content of
GE increases. This is because GE possesses a high Young's modulus
(1.1 � 103 GPa), and the presence of rigid GE increases the flow

Fig. 6. Effect of temperature on PBR-PFA/GE hollow fiber membranes: (a) 340 �C, (b) 360 �C, (c) 380 �C, (d) 400 �C.

Fig. 7. Effect of GE content on PBR-PFA/GE hollow fiber membranes: (a) before sintered, (b) after sintered, (c) enlargement after sintered.
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resistance of the casting solution, leading to an increase in viscosity
and thus poor dispersion of PFA particles.

After sintering, the PFA particles were all bonded to each other
with a size range of 10e30 mm.With the increase in GE content, the
number of microspherical PFA particles gradually decreased, which
is similar to the results obtained by increasing the sintering tem-
perature. As shown in Fig. 7(c), the interface pores are observed
around the melted PFA (as indicated by the dashed lines), and
“grainy” patterns were observed on the surface of the melted PFA.
Further observation revealed that M-1 also exhibited pores on the
surface of the melted PFA (as indicated by the solid lines). This is
due to the poor heat transfer efficiency of PFA, which has a low
thermal conductivity and causes uneven melting with inconsistent
volatilization of PVA decomposition. Some reports have suggested
that GE can significantly improve the thermal conductivity of PFA
[33,34]. After adding GE, the thermal conductivity of PFA improved
by enhancing heat transfer during the melting process. This caused
fast bonding between PFA particles with the increased tempera-
ture, and prevented PVA decomposition substances from escaping
through the surface of the melted PFA, leading to the different
shapes of interface pores. The presence of these two different types
of pore structures on the membrane surface not only demonstrates
the decomposition process of PVA but also confirms the promoting
effect of GE on the melting of PFA.

3.6. Roughness and pore size distribution

The surface roughness of M-1, M-2, M-3, and M-4 at a sintering
temperature of 360 �C is shown in Fig. 8(a). It can be seen from the
figure that the roughness gradually decreases with the addition of
GE. The GE improves the heat conduction ability of the membrane
and reduces the melt viscosity, which increases the flow rate and
causes the complete spreading of molten PFA on the membrane
surface for a decrease in roughness.

The pore size distribution, average pore size, and porosity
of PBR-PFA/GE hollow fiber membranes at a sintering
temperature of 360 �C are shown in Figs. 8(b) and 9. It can be seen
that M-2 exhibits a wide pore size distribution. With the
addition of GE, the average pore size first increases and then de-
creases, and the porosity gradually decreases. The change in
average pore size is caused by the distribution of PFA particles on
the surface of the membrane before sintering and their melting
after sintering. In addition, PFA particles become flat and thin
during the melting process due to the promotion of GE on the
melting of PFA. As mentioned above, the PFA melt can be spread
out fast on the surface of the membrane with the increased GE
content, and make the surface of the membrane more and more
dense. Therefore, the porosity gradually decreases with the
addition of GE.

Fig. 8. The roughness (a) and pore size distribution (b) of PBR-PFA/GE hollow fiber membranes.

Fig. 9. The average pore size and porosity of PBR-PFA/GE hollow fiber membranes.
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3.7. Surface wettability

The hydrophobicity of the material surface is a key factor
affecting its oil-water separation performance [35]. The WCA
changes of M-3 membranes at different sintering temperatures
and GE contents at 360 �C are shown in Fig. 10(a) and (b). As can be
seen from the figures, the WCA gradually decreases with
increasing sintering temperature and GE content. Wenzel's theory
reveals the relationship between wettability and roughness for
the rougher surface of hydrophilic membrane, the rougher
surface of hydrophobic membrane, the better the hydrophobicity
[36,37]. Increasing the sintering temperature and adding GE pro-
mote the melting of PFA result in a decrease in surface roughness,
so the WCA shows a decreasing trend. The hydrophobicity of
the membrane was also improved due to hydrophobic and lipo-
philic properties of GE and the irregular stacking and folding on
the membrane surface. Therefore, the WCA of PBR-PFA/GE
hollow fiber membranes remains around 120�, indicating strong
hydrophobicity.

As shown in Fig. 10(c) and (d), the contact angle of M-3 mem-
brane with kerosene and the WCA under kerosene were measured.
It can be seen that the kerosene immediately spreads out and
penetrates into the membrane within only 1668 ms, with a contact
angle of 0� as soon as it contacts the surface of the membrane,
showing excellent lipophilicity. In addition, when the water droplet
comes into contact with the membrane, the membrane completely
repels water, showing strong hydrophobicity under the environ-
ment of the membrane soaking in kerosene. The results of the oil
contact angle (OCA) and oil-water contact angle show that PBR-
PFA/GE hollow fiber membrane has good hydrophobic and lipo-
philic properties and can be used for oil-water separation.

3.8. Mechanical properties of membranes

Fig. 11 shows the stress-strain curves of the original PMIA
braided tube, the unsintered M-1, and the sintered M-1. The
membrane's tensile strength exceeds 200 MPa, indicating excellent
mechanical properties, which contribute to the high-strength

Fig. 10. Effect of (a) sintering temperature and (b) GE content on the WCA of PBR-PFA/GE hollow fiber membranes; (c) in-air kerosene contact angle; (d) under-kerosene WCA.
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aramid braided tube as a reinforcing material. The casting solution
can fill the surface micropores and irregular structures of the
braided tube, making the surface smoother and more robust. This
enhances the structural stability and strength of the braided tube,

reducing deformation or damage from external forces. In the
unsintered membrane, PFA particles are randomly arranged,
resulting in only marginal improvement in mechanical perfor-
mance. After sintering, thermal shrinkage of the coating on the
braided tube and the infiltration of melted PFA into the braided
layer also affect its mechanical properties. Moreover, melted PFA
particles bond to form a continuous phase, hence maximizing the
mechanical strength of the sintered membrane.

3.9. Oil-water separation performance

When investigating the effect of sintering temperature on the
oil-water separation performance of the membrane, M-1 without
GE was tested in order to eliminate the possible effect by GE. The
kerosene flux and oil-water separation efficiency ofM-1 at different
sintering temperatures are shown in Fig. 12(a). The stable kerosene
fluxes were 49.7 L$m�2$h�1, 45.79 L$m�2$h�1, 37.97 L$m�2$h�1,
and 32.95 L$m�2$h�1, respectively, with corresponding separation
efficiencies of 97.2%, 97.9%, 99%, and 99%. As can be seen from the
figure, the kerosene flux decreases and the oil-water separation
efficiency increases with increasing sintering temperature. The
reason can be attributed to the decrease in porosity and an increase
in the adhesion of kerosene to the surface and inner pores, which
slows down the flow rate inside the membrane and thus reduces
the flux and increases the separation efficiency. It was also found
that the kerosene flux of membrane showed a trend of first
decreasing and then approaching stability. This is because the

Fig. 11. The stress-strain curves of the original PMIA braided tube, the unsintered M-1,
and the sintered M-1.

Fig. 12. (a) Effect of sintering temperature, (b) effect of GE content, (c) flux and separation efficiency of different oils of PBR-PFA/GE hollow fiber membranes.
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membrane pores were not completely wetted by kerosene in the
initial stage of testing. As testing progressed, more and more
kerosene adhered to the membrane pores, and prolonged negative
pressure operation may cause deformation of the pore with
increased fluid resistance, which slowed down the transport speed
of kerosene until the steady state.

The kerosene flux and oil-water separation efficiency of M-1, M-
2, M-3, and M-4 at a sintering temperature of 360 �C are shown in
Fig. 12(b). The stable kerosene fluxes were 45.79 L$m�2$h�1,
57.42 L$m�2$h�1, 54.42 L$m�2$h�1, and 51.43 L$m�2$h�1, respec-
tively, with corresponding separation efficiencies of 97.9%, 98.2%,
99.3%, and 99.5%. As can be seen from the figure, the membrane
kerosene flux decreases, while the oil-water separation efficiency
increases with increasing GE content. The kerosene flux of M-1 is
relatively higher than M-2, M-3, and M-4 in the initial stage due to
its large porosity, but its flux decreases at the fastest rate owing to
the compacted pores during operation and the absence of hydro-
phobic GE on its surface for promoting the nearby kerosene to pass
through the membrane pores under negative pressure driving. On
the other hand, M-2, M-3, and M-4 all have hydrophobic GE on
their surfaces, so the decrease in effective pore size is relatively
slow, and the flow rate of kerosene through the membrane pores is
faster, resulting in larger stable kerosene flux than M-1. The dif-
ference in their kerosene fluxes is mainly affected by their average
pore sizes and porosities. Hence, the stable kerosene flux of M-2 is
slightly higher than that of M-3 and M-4 due to its large average
pore size and porosity.

The stable oil flux and oil-water separation efficiency of M-3 for
different oils at a sintering temperature of 360 �C are shown in
Fig.12(c). The stable oil fluxes for diesel, cyclohexane, kerosene, and
n-hexane were 89.88 L$m�2$h�1, 45.94 L$m�2$h�1,
54.42 L$m�2$h�1, and 45.09 L$m�2$h�1, respectively, with corre-
sponding separation efficiencies of 97%, 98%, 99.3%, and 99.9%. In
addition, the OCAs and surface tensions of different oils are shown
in Table 3. All oils quickly spread and penetrated into the mem-
brane surface after contact with an OCA of 0� due to their low
surface tension [38,39], which makes them more easily wettable
than water and thus the membrane exhibits hydrophobic and
lipophilic properties. ForM-3, it shows different flux and separation
efficiencies for different oils, which is related not only to the
properties of the membrane itself but also to the differences in oil
density and viscosity. The high separation efficiency exceeding 97%

for all oils indicates that M-3 exhibits excellent oil-water selectivity
and oil-water separation performance for different oils.

3.10. Separation performance of water-in-oil emulsions

The separation performance of the oil-in-water emulsion was
tested by using M-3 at a sintering temperature of 360 �C. As shown
in Fig. 13(a), the water content in the prepared kerosene emulsion
was about 6.96 g$L�1, and that after separation was 0.5464 g$L�1,
with a separation efficiency of 92.15%. The water content in the
diesel emulsion was about 6.6646 g$L�1, and that after separation
was 0.6695 g$L�1, with a separation efficiency of 89.95%. The
demulsification of the membrane is related to its porous structure
and hydrophobicity. The more uniform the porous structure and
larger theWCA are, the stronger the demulsification is. As shown in
Fig. 13(b) and (c), the average size of water droplets in the kerosene
emulsionwas 1.84 mm, and that in the diesel emulsionwas 1.69 mm.
During the separation process, the demulsification process occurs
on the hydrophobic membrane surface with oil droplets pene-
trating through the membrane but the water droplets intercepted
on the membrane surface. Only a low fraction of the water droplets
with small size passes through the membrane, and condensation
occurs during the separation process. Consequently, the filtrate
became clear and only a few water droplets could be seen after
separation, indicating that M-3 possesses a high demulsification
ability. However, the separation efficiency of M-3 still exhibits
lower than those reported, which might be attributed to large pore
size (0.877 mm) and differences in hydrophobicity.

3.11. Operation stability of membrane

The operation stability and recycling performance of M-3 for
kerosene and n-hexane separationwas also evaluated at a sintering
temperature of 360 �C. As shown in Fig. 14(a) and (b), the oil flux
increased rapidly at the initial stage of each cycle due to the easy

Fig. 13. (a) The water content in water-in-oil emulsion before and after separation, Optical microscopy images of M-3 membrane separation results for (b) water-in-kerosene, (c)
water-in-diesel emulsions; insets were droplet size distribution.

Table 3
The surface tension and WCA of different oils at 25 �C

Oil products Diesel Cyclohexane Kerosene n-Hexane

OCA/(�) 0 0 0 0
Surface tension/mN$m�1 28.8 24.7 28.3 17.9
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access of oil into the membrane pores. The oil flux gradually
decreased until it reached a steady state due to the formation of
stable oil absorption layer and pore structure under pressure. The
recovery ratio of flux decreased gradually with the increase of cy-
cles. After four consecutive cycles, the recovery ratios of flux for
kerosene and n-hexane were maintained above 80% and 86%,
respectively, which was attributed to the excellent hydrophobic
stability of the membrane and demonstrated good reusability.

The changes in the membrane before and after reuse are shown
in Fig. 14(c) and (d). As can be seen from the figure, the structural
change of the membrane was relatively small, and a few impurities
appeared on the surface. The reason could be attributed to the
adhesion of impurities in the oil products to the membrane surface.
In addition, the WCA on the surface decreased from 119.28� to
112.14� after reuse, indicating a slight decrease in hydrophobicity.
The roughness also decreased from 1.722 mm to 1.547 mm. As
analyzed earlier, this may be due to the compaction of the mem-
brane surface caused by long-term negative pressure operation,
resulting in a decrease in roughness. The changes in the surface
structure and WCA of the membrane before and after reuse
demonstrate that the membrane exhibits excellent reusability and
can be used for long-term oil-water separation processes.

The comparison of membrane performance including
(permeate flux, rejection, etc.) with reported literatures for braid-
reinforced hollow fiber membranes was shown in Table 4. For oil-
water separation application, the oleophilic/hydrophobic surface

property of PBR-PFA/GE hollow fiber membrane ensured good
average permeate flux as well as separation efficiencies of different
oils. Although the performance of PBR-PFA/GE hollow fiber mem-
brane is not yet optimal, but none of the studies explored the
combined effect of PFA separation layer and GE on the braid-
reinforced hollow fiber membranes structure and morphology.
This kind of no-solvent green method, coupled with the tempera-
ture and solvent resistance of the PFA, may expand the application
of hollow fiber membrane oily wastewater filtration.

4. Conclusions

In conclusion, PBR-PFA/GE hollow fiber membranes were suc-
cessfully prepared by the no-solvent green method. The results
showed that with the increase of GE content, the contact angle of
water, roughness, and porosity decreased. When the sintering
temperature was 360 �C, the pore size of the membrane was be-
tween 0.3 and 1.8 mm, and the contact angle of water remained
around 120�, showing strong hydrophobicity. The oil-water sepa-
ration tests showed that oil permeability decreased with the in-
crease of sintering temperature, but oil permeability first increased
and then decreased with the increase of GE content. At the same
time, PBR-PFA/GE hollow fiber membrane with 0.2% (mass) GE
exhibits excellent oil-water selectivity for different oils, and a
separation efficiency of more than 97%. Moreover, the recovery rate
of kerosene and n-hexane fluxes remained above 80% and 86%,

Fig. 14. Reusability and flux recovery rate of PBR-PFA/GE hollow fiber membranes: (a) kerosene; (b) n-hexane, and the membrane structure, WCA, and roughness: (c) before
circulation; (d) after circulation.

Table 4
The performance comparison of the M-3 membrane and membranes reported in literature

Membrane Flux/L$m�2$h�1 Separation efficiencies/% Separation layer thickness/mm Ref.

R-PVDF 47.7 e 210.0 [40]
R-PVDF/GE 15 99.3 92.5 [27]
R-PVC 66.8 99.4 52.0 [41]
R-CA 5.0 90.0 102 [42]
R-PAN 105.1 92.0 99 [43]
R-PMIA 75.8 97.9 102.5 [44]
R-PFA/GE 54.42 99.3 8.0 This work
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respectively. The membrane preparation process uses water as a
solvent and is driven by low pressure, which can be called a green
and pollution-free process. Consequently, PBR-PFA/GE hollow fiber
membranes are expected to be further applied to the field of actual
oily wastewater treatment.
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