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a b s t r a c t

Graphene(GE) was employed to increase the hydrophobic property of polypropylene (PP) hollow 
fiber membranes and hot solvent treatment was used to strengthen the combination of GE with PP 
hollow fiber membrane. Dimethylbenzene(DMB) as the solvent was used at different temperatures 
in this study. The stacked and folded GE sheets on the GE-coated PP hollow fiber membranes was 
observed using a scanning electron microscopy (SEM).In addition, the water contact angle and water 
entry pressure increased significantly compared to untreated PP hollow fiber membrane. The pro-
cess of GE-coated PP hollow fiber membrane used for kerosene-water separation was measured with 
a laboratory-scale continuous setup under –0.09MPa.It demonstrated that the GE-coated PP hollow 
fiber membranes can achieve continuous oil-water separation and exhibits good durability and reus-
ability. This approach provides a workable method of preparing GE functionalized PP hollow fiber 
membrane.
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1. Introduction

Oil-water mixture separation has been a worldwide 
problem accompanying the development of industry and 
society. Oily wastewater has caused serious pollution 
involving the hydrosphere, the biosphere and the atmo-
sphere. Moreover, oils are non-renewable resource and 
most of them can be reused again after recycle. It is nec-
essary and urgent for oil recycling in the treatment of oily 
wastewater. Currently, oil spills are removed from water 
surface by a variety of methods, such as mechanical collec-
tion [1], chemical dispersants [2], bioremediation [3], and 
absorbent materials [4–6].

The earliest oil adsorbents are mainly natural mate-
rials with porous structure, including activated carbon, 
bentonite [7], wheat straw, rice straw and cotton grass 

fiber  [8]; these materials are low-cost, however, showing 
low adsorption capacity and poor oil-water selectivity. 
Several oil-adsorptive polymer materials, including poly-
propylene non wovens [9] and polyurethane foam [10], are 
used in preliminary oil-water separation. Although these 
materials can separate oil-water mixtures, it is still difficult 
to continuously deal industrial oily wastewater and recycle 
oil. It cannot afford the water treatment in terms of separa-
tion efficiency and effluent quality.

Membrane separation has gradually become a powerful 
and prior technology for oil-water separation in last decades 
[11,12].Compared to conventional treatment methods,it can 
be currently utilized for oily wastewater treatment, showing 
high oil removal efficiency,low energy cost, no chemical addi-
tives, small space occupancy and compact design [13–15]. 
Using ultrafiltration processes, Ebrahimi et  al. [16] treated 
refinery oily wastewater and reported 95% oil removal.
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GE as a single atom-thick sheet composed of sp2 hybrid-
ized carbon atom showed highly hydrophobic [17]. The GE 
based materials have been employed for oil adsorption and 
oil-water separation, such as carbon aerogel [18], spongy 
GE [19] and GE-based sponge [20]. Sun et al. [18] prepared 
carbon aerogel via reducing the graphene oxide-carbon 
nanotubes mixture, which showed high adsorption capac-
ity for kinds of oils. Bi et al. [19] prepared spongy graphene 
via reducing the graphene oxide air gel thermally and its 
oil adsorption capacity up to 20 to 80 g/g. Nguyen et al. 
[20] prepared GE-based sponge via dip-coating, which 
were demonstrated as efficient absorbents for a broad 
range of oils and organic solvents with high oil-water selec-
tivity, good recyclability, low self-weight, and excellent oil 
adsorption capacity approaching to 165 g/g. Polypropylene 
(PP) hollow fiber membrane prepared by TIPS has excellent 
properties, including natural hydrophobic property, low 
cost, good mechanical property and chemical stability [21].
However, no work seems to be reported on the functional-
ized PP hollow fiber membrane with GE which was used 
for oil-water separation until recently.

In this study, GE-coated PP hollow fiber membrane 
consisting of PP matrix membrane and GE coating layer 
was obtained by the method of dead end filtration and hot 
solvent treatment. GE was employed to increase the hydro-
phobic property of PP hollow fiber membranes and hot 
solvent treatment was used to strengthen the combination 
of GE with PP hollow fiber membrane. The performance 
of GE-coated PP hollow fiber membrane on continuous 
oil-water separation was investigated through a laborato-
ry-scale continuous setup under –0.09MPa.

2. Experimental

2.1. Materials

PP hollow fiber membrane (prepared by TIPS; average 
pore size, ~0.12 μm; porosity, ~50.93%) was purchased from 
Tianjin Haizhihuang Technology Co., Ltd.GE (KNG-G5; 
dark powder; thickness, ~5 nm; flake diameter, 0.1~5 μm) 
was purchased from Xiamen Knano Graphene Technology 
Co., Ltd. Kerosene was obtained from Tianjin Kailida Chem-
ical Co., Ltd. Ethanol were purchased from Tianjin Wind 
Ship Chemical Technology Co., Ltd. DMB were obtained 
from Tianjin Guangfu Fine Chemical Research Institute. All 
chemicals are directly used without further purification.

2.2. Hollow fiber membrane preparation

GE and ethanol were mixed after ultrasonic dispersion 30 
min, and form a uniform system. The PP hollow fiber mem-
brane was packed into membrane module, and immersed 
into the above GE dispersion. PP hollow fiber membrane 
was vacuum pumped for a certain time (15 s, 30 s, 45 s, 60 s, 
120 s) by the dead end filtration under –0.09 MPa, the prod-
uct was labelled as M1, M2, M3,M4, M5, respectively. A thin 
GE coating layer on the PP hollow fiber membrane surface 
was formed. After that, the GE coating PP hollow fiber mem-
branes were immersed into the hot solvent DMB for 5 s at 
different temperatures (115°C, 120°C, 125°C). The membrane 
module was totally dried for 2 h until solvent evaporation. 

The GE-coated PP hollow fiber membrane was prepared. 
Meanwhile the original PP hollow fiber membrane without 
GE coating was labelled as M0. Samples were labeled X-Y, 
where X and Y indicate the value of different temperatures 
and the type of the GE coating PP hollow fiber membranes 
(M1, M2, M3, M4, M5), respectively.

2.3. Membrane characterizations

2.3.1. The coating amount of GE on the GE-coated PP  
hollow fiber membrane surface

The coating amount of GE on the GE-coated PP hollow 
fiber membrane surface by the dead end filtration at differ-
ent time was calculated by the following Eq. (1):

W = (w2 – w1)/ S� (1)

where w1 is the weight of dry membrane module, w2 is the 
weight of GE coating membrane was totally dried for 10 
min at 70°C, S is the effective coverage of GE (m2).

2.3.2. Scanning electron microscope (SEM)

The morphology of surface and cross-section of 
GE-coated PP hollow fiber membrane was observed by a 
scanning electron microscope (TM3030, Hitachi, Japan). 
Then, the membranes were broken for cross-section obser-
vation after freezing by liquid nitrogen for 10–15 s. Samples 
were all gold sputtered before testing.

2.3.3. Bubble pore size and porosity

The bubble pore size of each sample were determined 
by using the capillary flow porometer (Porous Materials 
Inc., USA), and the values were calculated from the pres-
sure of the gas flow.

Gravimetric method was used for assessing the poros-
ity which calculated the weight of liquid immersed in the 
membrane pores. N-butyl alcohol was used as the wetting 
liquid. The porosity (ε) was calculated by Eq. (2)

ε(%) = (W1–W2)/[(π/4) (D2 – d2) lρ] × 100%� (2)

where D is the outer diameter (cm); d is the inner diameter 
(cm); l is the length of sample membrane (cm); ρ is the n-bu-
tyl alcohol density (ρ = 0.81 g/ml); W1 is the weight of wet 
membrane (g), and W2 is the weight of dry membrane (g).

2.3.4. Membrane surface wetting properties

The surface wetting properties of GE-coated PP hollow 
fiber membrane was evaluated by contact angle measure-
ments using a Contact Angle Measurement Meter (DSA-
100, KRŰSS, Germany, with the static sessile drop mode). 
A 3 μL droplet of DI water was dropped on the dry mem-
brane surface through the micro-syringe with a stainless 
steel needle. The water droplet image was captured and 
analyzed for obtaining the water contact angle of the tested 
membrane. All measurements and experiments were per-
formed at ambient conditions and room temperature. For 
each membrane sample, 5 measurements of water at differ-
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ent locations on the membrane surface were carried out for 
attaining the average value of water contact angle.

2.3.5. Measurement of water entry pressure

Water entry pressure was a critical transmembrane 
pressure of GE-coated PP hollow fiber membrane. The 
efficient transmembrane pressure of GE-coated PP hollow 
fiber membrane was determined by water entry pressure 
measurement. A laboratory-scale microfiltration setup was 
employed to measure water entry pressure of GE-coated PP 
hollow fiber membrane, as shown in Fig. 1. The dry mem-
brane samples were cut into pieces of 15 cm length and 
packed into membrane modules for the water entry pres-
sure measurement. If the transmembrane pressure imposed 
on GE-coated PP hollow fiber membranes was more than 
the critical transmembrane pressure, the water droplet 
would be forced to permeate from the outside to the inside 
of the GE-coated PP hollow fiber membrane.

2.3.6. Continuous oil-water separation test

The negative pressure dead-end filtration experiments 
with the GE-coated PP hollow fiber membranes were con-
ducted using a laboratory-scale continuous setup with a 
vacuum system consisting of a feed reservoir, a vacuum 
meter, a valve, a kerosene storage tank, and a vacuum pump 
(SHZ-IIID, China); as shown in Fig. 2. The transmembrane 
pressure was finely controlled via the pressure controller 
and ball valve. In this study, the transmembrane pressure 
was set at –0.09 MPa according to the water enter pressure 
of the GE-coated PP hollow fiber membranes.

Kerosene was used as a testing liquid to evaluate 
the GE-coated PP hollow fiber membranes’ continuous 
oil-water separation performance in the negative pressure 
dead-end filtration experiments. The volume ratio of the 

kerosene-water mixture was 1:1. For determine if the water 
is present in permeate, water was dyed by Congo red. Ker-
osene was not dyed by any dyes.

Each of the negative pressure dead-end filtration exper-
iments was conducted in 2 steps: firstly, the GE-coated PP 
hollow fiber membrane was packed into membrane mod-
ule, and then dipped it into oil-water mixture, adjusting and 
placing it at the oil-water interface; secondly, the GE-coated 
PP hollow fiber membrane module was mounted with a 
vacuum system for continuous removal of oils from water 
surfaces (Fig. 2). The oil flux change was recorded at differ-
ent time intervals (From 0 to 8 h, time step 30 min). The flux 
was calculated by following Eq. (3):

J = V/(A × t)� (3)

where V is the oils flow volume of permeation (L), A is the 
effective area of membrane (m2), and t is the filtration time (h).

2.3.7. Reusability of membranes

To evaluate the reusability performance, GE-coated 
PP hollow fiber membranes were used for continuous 
kerosene-water separation test for 9 cycles. After each 
filtration of kerosene-water mixture, the membrane was 
rinsed and cleaned using ethanol for 15 min to remove 
the adsorbed kerosene on the surface and internal pore 
walls of the GE-coated hollow fiber membranes, and then 
completely dried in the vacuum oven at room tempera-
ture for the next filtration. Decline rate was calculated by 
following Eq. (4):

ε = (Fi+1 – Fi)/Fi� (4)

where ε is decline rate, Fi is the stable kerosene flux of 
GE-coated PP hollow fiber membranes for kerosene-water 
separation (i = 1,2, 3, 4, 5, 6, 7,8).

Fig. 1. Schematic diagram for microfiltration experiments.
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3. Results and discussion

3.1. Relationship of GE loading and coating time

From Table 1 and Fig. 3, it can be found that GE on 
GE-coated PP hollow fiber membrane surface dramati-
cally increase with increasing coating time. The color of 
out surface of the PP hollow fiber membrane change from 
white to black gradually with increasing coating time. For 
the out surface color of M1 and M2 is grey white, we think 
the coating amount of GE on M1 and M2 is not enough to 
cover the membrane surface completely. It need to load 
more GE on membrane surface for M1 and M2. On the 
contrary, GE has totally covered the membrane surface of 
M3 and M4, and the surface of the white original PP hol-
low fiber membrane cannot be seen by naked eyes (Fig. 
3). It can be seen that some GE pieced off from the surface 
of M5 (Fig. 3).Originally, a thick GE layer formed on the 
surface of M5 with longest coating time. However, the GE 
automatically piece off from the surface of M5 after drying 
due to the poor adhesion between GE and the membrane 
surface. It can be used to explain that the amount of GE on 
M4 and M5 is adjacent. Therefore, the coating time exceed 
60 s is not useful. In terms of costs, the preferable coating 
time is 45 s and the amount of GE on M3 is only8.13 g/m2. 
It is an economic method to combine GE with PP hollow 
fiber membrane.

3.2. Morphology of GE-coated PP hollow fiber membrane

Fig. 4 is the images of M3 before and after hot solvent 
treatment under different temperatures. These membranes 
was gently pressed and slid on an empty paper before tak-
ing photos. It can be clearly seen that the untreated M3 and 
115-M3 treated by hot DMB of 115°C left a black mark on the 
white paper (Fig. 4 red marks), a sign of GE desquamated, 
while the 120-M3 and 125-M3 leave nothing. This phenom-
enon shows that the bonding force between GE and mem-
brane only by the physical adhesion is weak, and GE is easy 
to be fall off from the PP membrane surface under the external 
force. Therefore, some measures must be taken to strengthen 
the combination of GE with PP hollow fiber membrane. The 
method that using solvent make the PP membrane surface 
slightly soluble and GE conveniently embed inside the mem-
brane may be workable. But there is no solvents can dissolve 
PP membrane at room temperature for its good chemical 
stability. We should treat the PP membrane at appropriate 
temperatures. From Fig. 4, it can be seen that the treatment of 
115°C do not increase the combination of GE with PP hollow 
fiber membrane. It isn’t the suitable temperature. Compare 
to 120-M3, some surface cracks appear on the surface of 125-
M3 due to the higher treating temperature.

Fig. 5a (1) shows that the PP hollow fiber membrane is 
a kind of homogeneous membrane which has sponge-like 
pore structure. The outer surface of M0 is smooth (Fig. 5a 
(3)) and the outer surface of 120-M3 is rough (Fig. 5b (3)). 
Fig. 5b (3) clearly shows a layer with stacked and folded GE 
sheets on the GE-coated PP hollow fiber membranes sur-
face. The wettability of membrane surface can be affected 
by its chemical composition and surface roughness [22]. 
Irregularly stacked multilayer GE nanosheets comprised 
the microstructure, whereas folding and agglomeration of 
GE nanoflakes with few layers comprised the nanostruc-
ture [23]. Microstructure and nanostructure formed capil-
lary structure similar to a lotus leaf surface. In addition, the 
surface tension of the GE is very low, only 46.7 dyn/cm [24], 
lower than the surface tension of water (72.7 dyn/cm). It is 

Table 1
The coating amount of GE on GE-coated PP hollow fiber 
membrane

Membrane type W(g/m2)

M1 2.24 ± 0.18
M2 4.38 ± 0.21
M3 8.13 ± 0.32
M4 13.16 ± 0.35
M5 13.78 ± 0.34

Fig. 2 .The schematic diagram of continuous oil-water separation equipment of GE-coated PP hollow fiber membranes.
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Fig. 3. Images of PP hollow fiber membranes after absorbing GE.

Fig. 4. Images of M3 before and after hot solvent treatment under different temperatures.

Fig. 5. SEM images of M0 and 120-M3 (a: M0; b: 120-M3; (1) cross-section; (2) outer surface; (3):partial enlargement of outer surface).
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not easy wetting by water,and the hydrophobic property of 
PP hollow fiber membrane is increased.

3.3. Membrane surface wetting properties

As shown in Fig. 6, the water entry pressures of 
GE-coated membrane M3 and M4 after hot DMB treatment 
are greater than the original M0 without hot DMB treatment. 
And furthermore, the water entry pressure increases with 
the increased treating temperatures. The water contact angle 
of the PP hollow fiber membrane without GE (M0) is 102.2°, 
which is the smallest of all (Fig. 6b).This can be explained 
that GE stacked on the outer surface of membrane is hydro-
phobic and the irregularly stacked multilayer GE lead to the 
rough membrane surface. Such surface would increase the 
water contact angle of GE-coated membrane. From Table 2, 
it can be seen that the bubble pore sizes of GE-coated mem-
brane M3 and M4 after hot DMB treatment are smaller than 
M0. This may be attributed that the PP membrane surface 
is slight soluble due to hot DMB and some pores become 
smaller and even closed. The reduction of bubble pore size 
and the improvement of water contact angle can well explain 
the improvement of water entry pressure, as describe in the 
Young-Laplace equation [25]. The value of water contact 
angle of the GE-coated PP hollow fiber membranes are close, 
about 130° (Table 2), and the porosity of the GE-coated PP 
hollow fiber membrane decreases with increasing treatment 
temperature. Therefore, 120°C is the optimal processing tem-
perature from the perspective of strengthen the combination 
between GE and PP hollow fiber membrane and reduce the 
impact on the properties of PP hollow fiber membrane by hot 
DMB treatment.

3.4. Continuous oil-water separation performance of GE-coated 
PP membranes

After 5 min standing, the dyed water isn’t found in the 
permeate liquid collected from the oil-water separation test. 
The results indicated the membranes completely repelled 
the water during the 8 h continuous oil-water separation 
process, accompanied by its hydrophobicity and high water 
entry pressure. The kerosene fluxes of GE-coated PP hol-
low fiber membranes are less than the untreated PP hollow 
fiber membrane. This may be attributed that some pores in 
the hot solvent treated PP hollow fiber membrane become 
smaller and even closed, and the porosity of GE-coated PP 
hollow fiber membranes reduced after hot DMB treatment. 
From Fig. 7, it can be found that the flux of untreated PP 
hollow fiber membrane (M0) has no change while the flux 
change of the GE-coated PP hollow fiber membranes (120-
M3, 125-M3, 120-M4) exhibits obvious flux decline during 
the 8 h kerosene separation process. The reduced poros-
ity of GE-coated PP membranes lead to some oils easily 
adhered on the surface and internal pore walls. Thus the 
transfer velocity of kerosene inside of GE-coated PP mem-
brane become slowly and the kerosene flux decreases. The 
purity of the kerosene filtrate was evaluated by a Karl 
Fischer analyzer (BYES2000, China). Only 38 ppm and 33 
ppm of water, even lower than the moisture content of kero-
sene before oil-water separation test (53 ppm), was detected 
in the kerosene filtrate of M0 and 120-M3. The GE-coated 
PP hollow fiber membrane showed a better oil-water sepa-
ration efficiency.

As shown in Fig. 7, the kerosene flux of 120-M3 and 125-
M3 both exhibits decreased trend. It is notify that the flux 
of 120-M3 is bigger than 125-M3 .This may be due to higher 

Fig. 6. Water entry pressure and water contact angle of M0, M3 and M4 treated at different temperatures.

Table 2
Characterization of M0, M3 and M4 treated at different temperatures

Samples Inter diameter(mm) Outer diameter(mm) Porosity (%) Bubble pore size (μm) Contact angle (°)

M0 1.33 ± 0.01 1.93 ± 0.02 50.93 ± 1.63 0.15 102.22 ± 1.65
120-M3 1.23 ± 0.05 1.87 ± 0.04 40.53 ± 2.12 0.12 134.94 ± 1.43
120-M4 1.24 ± 0.04 1.87 ± 0.05 41.04 ± 2.31 0.12 134.78 ± 2.39
125-M3 1.25 ± 0.06 1.84 ± 0.05 32.51 ± 2.72 0.11 131.57 ± 3.45
125-M4 1.23 ± 0.05 1.85 ± 0.06 31.35 ± 3.03 0.11 133.24 ± 3.78
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processing temperature make the membrane pores smaller, 
resulting in the flux decreases. The flux of 120-M3 and 120-
M4 GE-coated PP hollow fiber membrane is almost the same. 
The flux don’t change with the increased GE, indicated that 
the GE amount on outer surface of 120-M3 is enough, and 
120-M3 was used for evaluating the reusability.

3.5. Reusability of GE-coated PP hollow fiber membranes

Fig. 8 showed the reusability of the GE-coated PP hollow 
fiber membranes (120-M3) for treating the kerosene-water 
mixture in 9 cycles. After each separation, the membrane 
was simply washed with ethanol to recover the flux. From 
Fig. 8, it could be seen that the stable flux of the GE-coated 
PP hollow fiber membrane (120-M3) remains16–17 L/m2 h 
with increasing cycle times, and no significant decline was 
observed. All the decline rates were less than 0.1% after 
9 cycles, showing a good reusability performance of the 
GE-coated PP hollow fiber membranes (120-M3).

4. Conclusion

GE coating layer on PP hollow fiber membrane was 
obtained by the method of dead end filtration. The combi-
nation between GE and PP hollow fiber membrane become 
stronger after a hot solvent treatment. The water contact 
angle and water entry pressure of the GE-coated PP hol-
low fiber membranes were higher than M0. GE-coated PP 
hollow fiber membrane was used for kerosene-water sep-
aration through a laboratory-scale continuous setup under 
–0.09 MPa. The kerosene flux of the GE-coated PP hollow 
fiber membranes (120-M3, 125-M3, 120-M4) exhibits obvi-
ous flux decline compare with the untreated PP hollow fiber 
membrane (M0) during the 8 h kerosene-water separation 
process, due to the lower porosity and bubble pore size 
caused by the hot solvent treatment. To improve the flux 
of the GE-coated PP hollow fiber membranes, the post-pro-
cessing of the membranes may be effective. The stable flux 
of the GE-coated PP hollow fiber membrane remains 16–17 
L/m2 h with increasing cycle times, showing a good reus-
ability performance. Moreover, GE materials have a good 
adsorption on heavy metal ions [26–27], this GE-coated 

PP membrane materials may be have potential application 
removing heavy metal ions.
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