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a b s t r a c t 
With the aggravation of the pollution in our environment, the novel interface materials have gained 
more and more attention. In this work, we reported an approach to prepare graphene oxide-mi-
crocrystalline cellulose complex-based mesh with superhydrophilicity and underwater superoleo-
phobicity. Hydrophilic groups were grafted to enhance the superhydrophilicity and improve the 
superoleophobicity at the same time. The modified mesh exhibited under water superoleophobicity 
with oil contact angle more than 150°, while water can quickly permeate the wire mesh surface with 
a contact angle value of 0°. In the process of oil/water separation tests, water molecules permeate 
the wire mesh under the force of gravity, and the oil was retained on the mesh. Thus, the oil/water 
mixtures with different proportions can be separated in a high efficiency up to 99.1%. In addition, 
our superhydrophilic meshes are robust in harsh water conditions and can be used as an efficient 
filtration membrane. And our superhydrophilic meshes still have high efficiency separation in poor 
conditions, such as alkaline,acidic or saline solutions. Thus, this modified mesh could be an ideal 
choice for practical oil/water separation which can satisfy the need for water body restoration.

Keywords:  Superhydrophilicity; Underwater superoleophobicity; Graphene oxide; Microcrystalline 
cellulose; Oil/water separation

1. Introduction

With the rapid economic growth and industrial devel-
opment, a great quantity of oily wastewater has been 
discharged inhuman daily life as well as many indus-
trial processes. Chemical leakage and oil spills accidents 
occurred frequently, which not only brought on devastating 
influence on the ecological environment, but also exposed 
the whole human safety to this kind of danger [1–9]. Effec-
tive methods for controlling the oily wastewater are still a 
challenge at present [10,11]. Thus, there are massive require-
ments for advanced materials that can effectively separate 

water from oily wastewater. Surfaces with a special wetta-
bility are apparently significant in the separation of water 
and oil when refers to water circulation, oil purification and 
oily wastewater treatment [12,13]. It is common knowledge 
that the wettability of materials toward oil and water can 
be reasonably transformed by changing its chemical com-
position and surface topography of surfaces [14,15]. Until 
now, a series of super wetting materials have been widely 
used for oil/water separation [16–18]. For instance, Cao et 
al. synthesized superhydrophobic and oleophilic copper 
mesh which was modified by dopamine and n-dodecyl 
mercaptan [19]. The effective oil/water separation of the 
superhydrophobic and superoleophilic mesh was made by 
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Chen et al. [20]. Cho et al. prepared superhydrophobic and 
transparent siloxane-based nano composites for effective 
oil/water separation [21]. Nevertheless, these super wet-
ting surfaces are easily polluted or blocked by oil because 
of their oleophilic properties [22,23]. Furthermore, most 
artificial superhydrophobic surfaces are unable to meet the 
requirement of self-cleaning coatings [24,25]. In addition, 
most of this materials could cause secondary pollution.

In order to deal with the problem of separation of oil/
water, an opposite super wetting surface is proposed, 
which is superhydrophilic and superoleophobic. This mate-
rial allows the water to pass through, leaving the oil on the 
surface [26,27]. Theoretically, super hydrophilic/superoleo-
phobic surfaces are energy reversible. Generally, oil has a 
relatively small surface tension than water [28]. As a result, 
it is still a great challenge to acquire superhydrophilic/
superoleophobic materials [29–33].

Recently, lots of researches have been dedicated to the 
study of superhydrophilic and superoleophobic materi-
als applied to oil/water separation [34–37]. For instance, 
Zhang et al. synthesized superhydrophilic and underwater 
superoleophobic mesh with silicate/TiO2 coated [38]. Xue 
et al. synthesized a superhydrophilic and superoleophobic 
copper mesh that used Cu2S coatings on mesh [29]. Nev-
ertheless, the main obstacle that constrains them to use is 
their weak environmental adaptability because they can 
notre main stable in complex environments such as acidic, 
alkaline, or saline conditions.

In this study, we develop a cost-effective, chemical 
stable superhydrophilic and underwater superhydropho-
bic mesh that is coated with MCC-GO/SiO2 hydrophilic 
material on wire mesh and also it is environment-friendly 
material. The modified mesh has excellent superoleopho-
bicty with oils contact angle more than 150°, while water 
can quickly permeate the mesh with a contact angle value 
of 0° due to its hydrophilicity. The separation of oil/
water mixtures with different ratio was carried out under 
the driving force of gravity. The result showed that the 
brilliant oil/water separation efficiency was up to 99.1%.
Thus, it could be extensively used in separating many 
kinds of oils. Furthermore, the presentation stability of 
the modified mesh by using a variety of corrosive solu-
tion (1 mol/L HCl, 1 mol/L NaOH, 1 mol/L NaCl solu-
tion) to test it, the result showed that the modified mesh 
in harsh environments have high stability. The mesh 
along with the oil/water separation equipment showed 
in this study may indicate a new method for large-scale 
oil/water separation.

2. Experiment

2.1. Materials

Wire mesh (300 mesh size) and micro crystalline cel-
lulose (99%) were obtained from Alibaba Enterprise. 
Dichloromethane (99%), potassium permanganate (99%, 
Guangzhou Chemical Reagent Factory, China), sodium 
hydroxide (96%) and SiO2 nano particles (average diam-
eter ~20 nm) were purchased from Sinopharm Chemi-
cal Reagent Co., Ltd., China. Anhydrous ethanol (99.5%, 
Guangzhou Chemical Reagent Factory, China), sulfuric 
acid (98%, Zhuzhou starry sky Glass Co., Ltd) and hydro-

chloric acid (35%, Zhuzhou starry sky Glass Co., Ltd) were 
all of analytical grade. Hydrogen peroxide (30%, w/w) 
was selected from Tianjin Fuqi Chemical Co., Ltd., China. 
Urea (99%) were obtained from Tianjin Heng xing chemi-
cal Reagent Co., Ltd. All of the other chemicals were used 
as received without further purification.

2.2. Fabrication of MCC-GO composites solution

Graphene oxide (GO) was fabricated from graphite 
powder by modified Hummers’ method [39]. Graphene 
oxide-micro crystalline cellulose composites (MCC-GO) 
were synthesized by a simple method. Briefly, 0.30 g of 
GO was dispersed in 60 mL of deionized water and the 
solution was ultrasonicated for 30 min at room tempera-
ture. Then, urea (8 g) and sodium hydroxide (12 g) were 
dissolved in 90 mL deionized water and the mixtures were 
kept in ultrasonic bath for 20 min at 25°C. After that, the 
mixtures were kept at –12°C for 1 h, 1.05 g of micro crys-
talline cellulose was added and then stirred well for 2 h to 
obtain the temporarily stable dissolution. Finally, 9 mL of 
MCC solution was added to GO aqueous suspension with 
stirring for 6 h at room temperature. The resulting slurry 
was treated by centrifugation at 9000 rpm for 15 min and 
washed with deionized water for several times. The whole 
washing step was repeated until the pH of solution reaches 
7 by using pH measuring paper.

2.3. Synthesis of MCC-GO/SiO2 hybrid solution coatings

A suspension of SiO2 nano particles (see Supporting 
Information S1 for characterizations) in deionized water 
(3 mL, ~1 wt%) was ultrasonically dispersed in MCC-GO-
composites solution with stirring for 30 min at 25°C. We 
refered to this polymer composites as MCC-GO/SiO2. The 
synthesized products (MCC-GO/SiO2) were dispersed 
under sonication. The resulting suspensions were coated 
on wire mesh by immersing. The wire mesh was washed 
at room temperature with ultra pure water and ethanol 
solution in ultra sonic bath before immersion. The product 
coatings were dried at 80°C for 10 min. The immersion and 
drying process was repeated three to five times.

2.4. Oil/water separation ability

The modified meshes were applied to separating oil/
water mixtures. A set number of oils (sesame oil, paraf-
fin,and hexamethylene) were added into water to generate 
oil/water mixtures. The modified meshes were placed in 
the middle of the glass tube. Subsequently, the oil/water 
mixtures were ran directly into the surface of the glass tube, 
and water will go through the pore of mesh into a beaker 
and then separated oil on the mesh. The separation effi-
ciency (R) of oil/water mixtures were calculated by collect-
ing the quality of water (Ms) after separation and the water 
quality of the initial oil/water mixtures (M0):

R = M0/Ms × 100%,

all the separation efficiency of the work was tested three 
times, and an average value was recorded.
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2.5. Instrumentation and characterization

The surface micro structure of meshes were observed 
using a scanning electron microscope (SEM) (TESCAN 
MIRA3 LMU) and the elemental analysis were detected 
by energy dispersive X-ray spectroscopy (EDS) (SAMX)
method. The Fourier transform infrared (FT-IR) spectro-
scopic analysis was tested by a Nicolet-Avatar 360 FTIR spec-
trometer within the wave number from 300 to 4000 cm–1. The 
water contact angle (WCA) was tested by using JC2000D1, 
Powereach. Co. Ltd at 25°C. 4 μL of water droplet vertically 
dropped from the syringe and then contacted the surface of 
the samples. Contact angles on all samples were tested for 
three times and average value was recorded.

3. Results and discussion

3.1. Chemical composition of the mesh surface

The surface chemical bond of the material was character-
ized by FTIR. Herein, GO, pristine wire mesh and MCC-GO/
SiO2 spectra were depicted in Fig. 1. In the GO spectrum, 
the strong band at 3400 and 1734 cm–1 were related to the –
OH stretching vibrations and the C=O stretching vibrations 
while the peaks at 1620 and 1141 cm–1 were attributed to 
the C=C stretching vibrations and alkoxy C-O stretching 
vibrations, respectively. Obviously, there were no peaks 
in the pristine wire mesh. Compared with GO, MCC-GO/
SiO2 mesh showed the band around 3450 cm–1 ascribed to 
stretching vibration of –OH. A new peak at 2916 cm–1 was 
attributed to a symmetric C-H stretching vibration. A new 
peak could be observed at 1215 cm–1, which was ascribed to 
C-O-C stretching vibration of the MCC-GO, confirming that 
the electrostatic attraction and dehydration condensation 
reaction between the carboxyl groups of GO and hydroxyl 
groups of MCC has occurred. Furthermore, the absorption 
peak at 837 cm–1 was characteristics of Si-O bending vibra-
tion and the absorption peak at 1033 cm–1 is contributed 
from Si-O-Si asymmetric stretching vibrations. It is indi-
cated that the SiO2 nano particles was successfully coated 
on the mesh [21,40–43]. 

3.2. EDS and XPS

Figs. 2a and 2b demonstrate the EDS spectra of the pris-
tine wire mesh and MCC-GO/SiO2 mesh, respectively. In 
the EDS experiment (Fig. 2a) Ni, Mn, Cr and Fe element 
scan be discovered in the pristine wire mesh, which were 
fundamental elements of steel mesh. Compared with pris-
tine wire mesh surface (Fig. 2b), the strong peak area on Si 
and C can be distinctly found in MCC-GO/SiO2 mesh, and 
the table next to the figure was their chemical compositions, 
which conforms to the chemical compositions of MCC-GO/
SiO2 mesh as expected. Thus, the MCC-GO/SiO2 was dis-
pensed all over the mesh. The same results are obtained in 
the XPS spectra (Fig. 2c), and a small amount of C element 
can be detected in the pristine wire mesh due to different 
sensitivity. The new element Si was found in MCC-GO/
SiO2 mesh, further indicating wire mesh was modified by 
MCC-GO/SiO2 successfully.

3.3. FESEM 

The surface topographical images of the pristine wire 
mesh and MCC-GO/SiO2 mesh were detected by SEM. 
Two kinds of meshes had similar structure, indicating 
that the immersion process of this work enabled the 

Fig. 1. FTIR spectra for (a) GO, (b) Pristine steel mesh and (c) 
MCC-GO/SiO2 mesh.

Fig. 2. (a) EDS curves of the pristine steel mesh and (b) MCC-
GO/SiO2 mesh. (c) XPS spectra of pristine wire mesh and MCC-
GO/SiO2 coated mesh.
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Fig. 3. SEM images with different magnifications for pristine steel mesh(a–d) and MCC-GO/SiO2 mesh (e–h).
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initial structures of the wire mesh to be retained in the 
MCC-GO/SiO2 mesh. Figs. 3a and 3b display an image 
of the wire mesh with an average square-shaped pore 
size of ∼45–55 μm. A thick layer of composite coating 
material was found on the surface and in the pores of 
the wire mesh after immersion (Figs. 3e and 3f). The ini-
tial wire mesh showed a quite smooth surface even from 
the magnified image (Figs. 3c and 3d). After modifica-
tion, the MCC-GO/SiO2 mesh became rougher and mesh 
skeletons were wrapped by a composite coating, it can be 
observed that the wire mesh offered a substrate for the 
MCC-GO/SiO2 to be built on the pore surface of the wire 
mesh. It can be clearly seen that the surface morphology 
of the mesh changed to porous structure with nano-walls 
(Fig. 3g). From Fig. 3h, it is obviously seen in the figure 
that graphene oxide-micro crystalline cellulose complex 
have been prepared.

3.4. Mesh film wettability

The wettability of the film was constructed by the chem-
ical composition and micro structures of material surface 
[33,44,45]. On the one hand, compared with the pristine 
wire mesh, the MCC-GO/SiO2 mesh showed a microscopic 
surface structure, suggesting that the surface roughness 
had been obviously boosted. On the other hand, the hydro-
philic SiO2 doping can be predicted to increase the hydro-
philicity. By this means, the properties of superhydrophilic 
and underwater superhydrophobic were shown in the 
MCC-GO/SiO2 mesh as expected (Fig. 4).

In order to further examine the underwater superoleo-
phobicproperty of MCC-GO/SiO2 toward other organic 
reagents or oils, we investigated the CAs of a string of oil 
mixtures and organic solvents such as paraffin, sesame oil 
and organic reagents of n-hexadecane, n-dodecane, dichloro-
methane, toluene, carbontetrachloride, and hexamethylene. 
Obviously, all of these oil and organic reagents droplets have 
CAs larger than 150°, suggesting the excellent under water 
superoleophobic properties of MCC-GO/SiO2 mesh (Fig. 5a).
Apparently, the MCC-GO/SiO2 mesh showed no selectivity 
for different oils and organic solvents, so it was appropriate 
for the efficient separation of any oil species that were undis-
solved in water. Moreover, the superhydrophilic property 

was shown in Fig. 5b, a drop of water can quickly perme-
ate the MCC-GO/SiO2 mesh surface within 1.2 s. The wetta-
bility of the individual material and the wettability of their 
mixtures were displayed in the supplementary information 
(Fig. S2 of the Supporting Information). Their wettability was 
worse than the MCC-GO/SiO2 mesh.

3.5. Oil/water separation performance

To further explore the performance of the MCC-GO/
SiO2 mesh, it was applied to the oil/water separation 
experiment. Paraffin/water mixtures can be easily sepa-
rated by gravity-driven separation equipment as shown in 
Fig. 6 (Movie S1, Supporting information). The oil/water 
mixtures were shown in Fig. 6a. The modified mesh was 
placed in the middle of two glass tubes, and the oil/water 
mixtures directly passed through the upper glass tube 
(Figs. 6b and 6c). Water molecules permeate the mesh due 
to the force of gravity, while paraffin was left on the mesh 
because of its superoleophobicity (Fig. 6d). The separa-
tion efficiency of the modified mesh was 99.1%, implying 
that the paraffin/water mixtures were successfully sepa-
rated with high efficiency. This could be ascribed to the 
modified mesh surface that demonstrates the underwater 
superoleophobic property, and the density of paraffin is 
lower than the water.

To quantitatively evaluate the oil/water separation 
ability of the MCC-GO/SiO2, three types of oil/water 
mixtures (sesame oil/water mixtures; paraffin/water 
mixtures; hexamethylene/water mixtures) were exam-
ined with different volume proportions of water to oil. 

Fig. 4. Schematic illustration of the superhydrophilic and super-
oleophobic MCC-GO/SiO2 based mesh for oil/water separation.

(a) 

(b) 0s 0.6s 1.2s 

Fig. 5. (a) CAs of different organic solvents and oils on MCC-GO/
SiO2. The insets are photographs of various droplets (b) The pro-
cesses of a water droplet spread over the MCC-GO/SiO2 mesh.
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As shown in Fig. 7, the separation efficiency of sesame 
oil/water mixtures with different oil/water proportions 
were calculated. According to the formula R = M0/Ms 
× 100%, the separation efficiencies were 99.3%, 99.1%, 
99.0%, 99.4%, and 99.1%, respectively. These conse-
quences showed the brilliant oil/water separation ability 
of the MCC-GO/SiO2 mesh, and it indicated that the vol-
ume proportion of water and oil had no influence on the 
separation efficiency. In the case of separating the paraf-
fin/water mixtures and hexamethylene/water mixtures, 
the same results were also obtained. More importantly, as 
shown in Fig. 8, in order to examine the performance sta-
bility of the MCC-GO/SiO2 coated mesh,we used several 
corrosive solutions, involving hydrochloric acid (HCl), 
sodiumchloride (NaCl), and sodium hydroxide (NaOH). 
All of them can be successfully separated, showing that 
the mesh still have a stable separation ability in hostile 
environment.  Furthermore, as shown in Fig. 9, the sepa-
ration efficiency under different harsh conditions was all 
above 99.0%, which will provide significant approaches 
in practical water body restoration.

3.6. Recyclability

The recyclability of the MCC-GO/SiO2 mesh after ten 
cycles of separation is exhibited in Fig. 10. The paraffin/
water mixtures and hexamethylene/water mixtures were 
applied to measuring recyclability. After each separation is 
completed, the polluted mesh was washed by ethanol to get 
rid of the attached oil and then dried to continue. The clean 
mesh was used for the next times of separation. In general, 
the separation efficiency showed excellent ability after ten 
cycles of separation. The decline is possibly ascribed to the 
slight effect on the surface structure repeatedly washed by 
drying process and ethanol. This finding indicated that the 
MCC-GO/SiO2 mesh can be recycled for several times.

To further understand the oil/water separation mech-
anism of MCC-GO/SiO2 mesh, we have established sche-
matic models in Figs. 11a and 11b. The rough structure 
and porous structure of the mesh film plays a vital role in 
acquiring the pattern of liquid permeation. The intrusion 
pressure (Dp) was illustrated by the following formula:

Dp = −2γ cosθ/R

where γ is the inter facial tension, θ the contact angle, and R 
the radius of the pores. When an oil/water mixtures were 
poured on the MCC-GO/SiO2 mesh, it was apparent that oil 
cannot penetrate through the modified mesh with an intru-
sion pressure Δp > 0 (negative capillary effect) and the con-
tact angle θ > 90°due to its underwater superoleophobicity 
(Fig. 11a). Meanwhile,the modified mesh is superhydrophilic 
and the contact angle θ < 90°, leading to a positive capillary 
effect (Δp < 0), and it allows water to pass though the mesh 
in air (Fig. 11b). Thus, the MCC-GO/SiO2 mesh possesses a 
high separation efficiency for oil/water mixtures.

4. Conclusions

In a word, we fabricated a cost-effective, chemically 
stable MCC-GO/SiO2 coated mesh with superhydrophilic-
ity and underwater superoleophobicity by immersing. The 
surface morphology of the mesh with rough structure and 

(a) (b) 

 

(c) (d) 

Fig. 6. Experimental process of oil/water separation (water is dyed with methylene blue and oil is dyed with oil red O for clear observation).

Fig. 7. Separation efficiency of superhydrophilic MCC-GO/SiO2 
for different oil/water mixtures with different oil/water ratio.
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Fig. 8. Gravity–driven oil/water separation in a harsh environment. Mixture of oil and (a) HCl, (b) NaCl, and (c) NaOH aqueous 
solution as feed.

Fig. 9. The separation efficiency of superhydrophilic MCC-GO/
SiO2 for paraffin/water mixture after being immersed into acid-
ic (pH = 1), alkaline (pH = 13), and salty (3.5 wt.%) solutions.

Fig. 10. Recyclabilities of the MCC-GO/SiO2 mesh.
Fig. 11. (a) Oil cannot pass through the mesh as Δp > 0; (b) water 
can permeate through the mesh because Δp < 0.
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hydrophilic groups resulted in the mesh that presented 
superhydrophilicity and underwater superoleophobicity. 
The contact angle of water is 0° while the contact angle for 
oil is 157° ± 2°. In oil/water separation tests, water mol-
ecules permeate the mesh by the force of gravity and oil 
was left on the mesh. To evaluate the stability of the mesh, 
this mesh was used for separating water from the oil/water 
mixtures in a harsh environment such as acidic, saline or 
alkaline conditions,and separation efficiency was still very 
high. These results are useful in the application of oil/water 
separation to meet the needs for water body restoration.
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Supporting Information

Movie S1: Experimental process of oil/water separation 
(water is dyed with methylene blue and oil is dyed with oil 
red O for clear observation). (MP4)

Fig. S1. FTIR spectrum of silica Nanoparticles.

 

Fig. S2. (a) and (b) are photographs of a water droplet on the 
original mesh (left) and an oil droplet (dichloromethane) on the 
original mesh in water (right). (c) and (d) are photographs of 
a water droplet on the mesh with single microcrystalline cel-
lulose (left) and an oil droplet (dichloromethane) on the mesh 
with single microcrystalline cellulose in water (right). (e) and 
(f) are photographs of a water droplet on the mesh with sin-
gle SiO2 (left) and anoil droplet (dichloromethane) on the mesh 
with single SiO2 in water (right). (g) and (h) are photographs of 
a water droplet on the mesh with single graphene oxide (left) 
and an oil droplet (dichloromethane) on the mesh with single 
graphene oxide in water (right). (i) and (j) are photographs of a 
water droplet on the mesh with their mixtures (left) and an oil 
droplet (dichloromethane) on the mesh with their mixtures in 
water (right).


