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a b s t r a c t
With the aggravation of environmental pollution caused by oil and chemical leakages, oil-water 
separation has attracted great attention from both academia and industry. In this paper, a cost-
effective dip-coating and thermal treatment method based on the modification of nylon mesh has 
been developed for oil-water separation. Ultra-low surface energy polybenzoxazine and hydropho-
bic silica nanoparticles were adopted to engineer nylon mesh superhydrophobic-superoleophilic. 
The morphology, chemical composition and surface properties of the modified nylon mesh were 
characterized by using scanning electron microscopy, Fourier-transform infrared spectroscopy 
and contact angle (CA) measurements, etc. The modified nylon mesh exhibited excellent superhy-
drophobic property with a high water contact angle of 154.3° and distinct superoleophilic feature 
with a negligible oil CA of nearly 0°, leading to more than 99.5%  ±  0.1% of oil-water separation 
efficiency with high permeate flux (up to 1.77 × 104 ± 100 L/(m2 h)) merely under gravity. In addi-
tion, the novel nylon mesh displayed excellent reusability after more than 30-cycle measurements. 
Our findings may provide a promising approach to the treatment of oil spills and oily wastewater.
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1. Introduction

Oil-water separation has attracted numerous attention 
due to serious oil pollution in the petrochemical industry, 
such as oil spill accidents and oily wastewater discharge 
[1–3]. Exploring functional materials to effectively separate 
the mixture of water and oil is still quite a challenging topic 
[4–6]. Due to specific oil-water separation requirements, 
various materials like cellulose fibers [7,8], metal wires [9], 
carbon fibers [10], electro-spinning fibers [11,12], metal 
meshes [13–15], porous sponges [16,17], carbon nanotubes 
[18] and biomass carbon aerogel [19–21] have been selected 
to construct the target practical materials. A few import-
ant criteria in selecting the skeletons include material cost, 

separation efficiency, capacity, material reusability and 
environmental requirements [22,23].

Some polymers, for instance, polyamides, are usually 
cheap, flexible, light mass and high specific strength, which 
meet the criteria for building the oily water separation 
membranes. Nylon, as one of the polyamides, has been 
reported to be successfully applied in oil removal. For exam-
ple, Zhang et al. [24] decorated polydivinylbenzene onto 
different porous substrates including nylon mesh and found 
that all these materials were able to separate oil/seawater 
mixtures with ultrahigh efficiency. Chen et al. [25] adopted 
plasma to treat nylon mesh for fabricating super-wettabil-
ity materials and found that the separation efficiency can 
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be above 97.5% for various oil/water mixtures. Shang et 
al. [26] demonstrated several commercial materials with 
modified superhydrophobic surfaces showing excellent 
separation performance for collecting various oils/organic 
solvents from water. Li and Zhang [27] coated silica parti-
cles and polystyrene on nylon cloth for oil/water separation 
and found that oil could be separated from the oil-water 
mixture rapidly through this membrane without any extra 
force. These previous reports indicated that nylon materials 
can achieve sufficient oil/water separation, however, with 
either harmful chemicals or complex fabrication processes. 
Therefore, finding a proper material with environmentally 
friendly and simple treatment for decorating nylon skeleton 
is highly desired.

Polybenzoxazine (PBz) possessing ultra-low surface 
energy without fluorine and silicon atoms is promising 
for a stable superhydrophobic surface due to its environ-
mentally friendly, low cost and high thermal stability, etc. 
[28,29]. A few prosperous superhydrophobic surfaces using 
polybenzoxazine composites have been reported recently, 
for example, crosslinked PBz-based dense membranes for 
pervaporation [30], electrospun nanofiber mats for oil-water 
separation [31] and separators for lithium-ion batteries [32].

Herein, we have employed nylon mesh as the membrane 
substrate and polybenzoxazine as the main coating mate-
rial to endow the surface with the property of super-
hydrophobic and superoleophilic. Silica nanoparticles 
(SiO2 NPs) were also introduced to the surface in order 
to increase surface roughness, which is crucial for super-
wettability. A simple dip-coating and thermal treatment 
procedure have been exploited as shown in Fig. 1. Material 
characterization and oil-water separation measurements 
have been carried out to investigate the property and the 
potential utility of this novel nylon mesh.

2. Materials and methods

2.1. Materials

Nylon mesh (120  mesh size) was purchased from 
Shanghai Hongxiang Metal Mesh Co., Ltd., (China). 
Reagents including SiO2 NPs (Aerosil R812S, hydrophobic, 
particle size < 7 nm, fumed, spherical), paraformaldehyde, 
dodecyl amine, phenol, anhydrous sodium sulfate, sodium 
hydroxide, hydrochloric acid, ethyl acetate, acetone, oil 
red O, methylene blue and chloroform were obtained from 
Aladdin Chemistry Co., Ltd., (China). All chemicals were of 
analytical grade and used as received without further puri-
fication. Ultrapure water was produced by a Milli-Q Biocel 
unit (Millipore, USA) with the resistivity of 18 M Ω cm and 
was used in all experiments.

2.2. Instrumental characterization

Water contact angles (WCA) of nylon meshes were 
measured with an instrument (Model: CM200) from KSV 
Instruments Ltd., Finland. The reported static contact angles 
represent the average of five measurements at different 
areas of surfaces. The micro-texture and morphologies were 
analyzed by scanning electron microscopy (SEM; JSM-7001F, 
JEOL, Japan). Fourier-transform infrared spectroscopy 

(FTIR) spectra were recorded using a Perkin Elmer 1430 
(USA), in the wavenumber range 4,000–400 cm–1 with atten-
uated total reflectance (ATR) mode. Proton nuclear mag-
netic resonance (1H NMR) spectroscopy was performed 
using a German Bruker AVANCE II at a proton frequency of 
400 MHz to characterize the chemical structure of the ben-
zoxazine monomer (Bz). Water content was measured with 
a Karl Fischer Moisture Titrator (MKC-510B) from Kyoto 
Electronics Manufacturing (Japan). Stress-strain curves of the 
nylon meshes were recorded using an INSTRON CMT4104 
mechanical tester (China) with a sample size of 1 cm × 3 cm 
and an elongation rate of approximately 0.5 mm min–1.

2.3. Synthesis of benzoxazine monomer

Bz was synthesized using dodecylamine, phenol and 
paraformaldehyde through the Mannich reaction according 
to the literature [33]. In detail, dodecylamine and phenol 
with a molar ratio of 1:1 were mixed into a 250 mL three-
neck flask. The mixture was heated to 80°C and kept for 
another 10  min in an oil bath. Subsequently, 0.11  mol of 
paraformaldehyde was added into the solution with vig-
orous stirring upon further heating up to 110°C. After 2 h 
reaction, the crude product was dissolved in ethyl acetate 
and washed with sodium hydroxide solution (2  M) twice 
and water three times. After drying in anhydrous sodium 
sulfate overnight, the products were filtered and distilled 
to obtain the Bz. The Bz obtained was yellowish and vis-
cous. The chemical structure of the Bz was confirmed by 
FTIR and 1H NMR spectroscopy. FTIR spectra (ATR mode), 
cm−1:930.61 (O–C–N), 1,047.34 (symmetric stretching, C–O–
C), 1,239.44 (asymmetric stretching, C–O–C) and 1,372.51 
(wagging, oxazine, CH2), 1,742.32 (stretching vibration, 
C=O of solvent ethyl acetate).

2.4. Modification of nylon mesh

The fabrication process of the modified nylon mesh 
is illustrated in Fig. 1. First of all, the nylon mesh was cut 
into a circular shape (diameter 4.5 cm). Then it was cleaned 
with acetone and ultrapure water for 30  min successively 
by using an ultrasonic cleaner. After that, it was dried in an 
oven at 60°C for 30 min to remove the moisture completely. 
In the typical dip-coating process, Bz (1.5 g, 7.7 wt.%) was 
completely dissolved in ethyl acetate (20 mL), followed by 
dispersing SiO2 NPs (0.25  g, 1.4  wt.%) into the solution at 
ambient temperature. The raw nylon mesh was thereaf-
ter dip-coated by the mixture for 15  min under ultrasonic 
agitation and then dried at 60°C for 30 min to remove the 
solvent and cured at 200°C for 1  h. Eventually, the super-
hydrophobic and superoleophilic nylon mesh was obtained 
by this one cycle dip-coating and thermal treatment proce-
dure. The free-standing modified nylon mesh was applied 
for measurements and oil-water separation tests directly.

2.5. Oil-water separation

For oil-water separation measurement, the modified 
nylon mesh was horizontally fixed with a stainless steel 
clamping device. The gravity-driven separation was 
achieved by slowly adding 10 mL of water and 10 mL of oil 
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successively into the upper glass tube. The separated oil was 
collected from the bottom tube to evaluate the separation 
efficiency. For better visualization, oil and water were dyed 
with oil red O and methylene blue, respectively.

The separation efficiency was measured according to 
the following equation [7]:

η = ×










V
V
a

0

100% 	 (1)

where η is the separation efficiency, V0 (L) and Va (L) are the 
volume of the original oil and collected oil after separation, 
respectively.

The flux was measured according to the following 
equation [20]:

J V
t A

=
×( ) 	 (2)

where J is the flux (L/(m2 h)), V is the volume of the collected 
oil (L), t is the time used for collecting the oil (h), and A is 
the effective area of the modified nylon mesh (8.1 × 10–4 m2).

3. Results and discussion

3.1. Morphology and chemical composition

Fig. 2 shows the SEM images of the nylon mesh before 
and after modification. It is clearly shown that the mesh 
skeleton well maintains its porous structure after surface 
modification. The original nylon mesh is composed of 
microfibers with 90 to 100  µm in diameter showing a 
smooth fiber surface (Fig. 2a), while the pore size stays 
unchanged but the surface changes pretty rough after 

modification (Fig. 2b). The SiO2 NPs were aggregated and 
form a hierarchical structure with many deep grooves on 
the fabric surface as shown in high magnification images. 
Although the size of SiO2 NPs is about 7 nm provided by 
the supplier (Fig. 2e), the depths of grooves are in a few 
microns range and the average thickness of SiO2 NPs film 
is about 2 µm. These deep grooves will trap air at oil/water 
mixtures-nylon mesh interfaces and then prevent water 
to penetrate into the nylon mesh, creating a hydrophobic 
surface. Although the PBz cannot be seen from SEM image 
and hence its thickness cannot be estimated, the FTIR 
measurement, as discussed in the next section, proves the 
doping of it onto the surface of SiO2 NPs and nylon fabric.

The energy-dispersive X-ray spectroscopy (EDS) test 
was further carried out to identify the chemical compo-
sition of the original and modified nylon mesh (Fig. 3). In 
Fig. 3a, elements C, N and O were detected as the compo-
nents of original nylon mesh as prepared from polyamide. 
After the modification, the silica (Si) atom was observed 
with a percentage of about 2.82% in the mesh. Additionally, 
the percentage of oxygen (O) atom of modified nylon mesh 
increases as compared to the original counterpart. The 
appearance of the Si atom and the increase of O percentage 
further implies the successful coating of silica particles. 
It is noted that each sample showed a clear peak of Au, 
which is caused by the golden spraying to increase the 
surface conductivity of the nylon mesh.

The EDS elemental mapping of the modified nylon 
mesh in Fig. 3b clearly shows a homogeneous distribution 
of the C, N, O and Si elementals onto the surface of whole 
modified nylon mesh.

The synthesis procedures of Bz and its polymer are 
illustrated in Fig. 4. The chemical structure of the Bz was 

confirmed by 1H NMR spectroscopy as shown in Fig. 5.

Fig. 1. Modification process of the superhydrophobic–superoleophilic nylon mesh.
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Fig. 2. Surface SEM images of (a) original nylon mesh, (b) modified nylon mesh, (e) SiO2 NPs. Cross-sectional SEM images of 
(c) original nylon mesh and (d) modified nylon mesh. The insets show the corresponding high magnification image of each sample.
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Fig. 3. EDS analysis of (a) original and (b) modified nylon mesh. The inset in (b) shows the EDS elemental mapping images of 
modified nylon mesh.
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Fig. 4. The synthesis procedure of pendant aliphatic chain-substituted benzoxazine monomer and its polymer.

Fig. 5. 1H NMR spectroscopy of the benzoxazine monomer (δ = 0.89 (t, 3H; –CH2–(CH2)10–CH3), 1.25 (m, 18H; –CH2–CH2–(CH2)9–CH3), 
1.53 (m, 2H; –CH2–CH2–(CH2)9–CH3), 2.73 (t, 2H; –CH2–(CH2)10–CH3), 3.99 (s, 2H; Ar–CH2–N, oxazine ring), 4.86 (s, 2H; O–CH2–N, 
oxazine ring), 6.76 (d, 1H), 6.85 (t, 1H), 6.96 (d, 1H), and 7.11 (t, 1H).(b,d,f,g in Fig. S1 represent impurity)).
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The FTIR spectrum of Bz in Fig. 6a shows characteris-
tic absorption bands at 930.61 cm–1 (stretching vibration of 
O–C–N), 1,047.34  cm–1 (symmetric stretching of C–O–C), 
1,239.44  cm–1 (asymmetric stretching vibration of C–O–C), 
and 1,372.51 cm–1 (wagging, oxazine, CH2) assigning to the 
oxazine ring. This spectrum is very similar to the reported 
one by Zhang et al. [34]. The results confirm the chemical 
constitution of Bz. Benzoxazine polymer (PBz) was obtained 
after thermal curing at 200°C for 1 h. Upon curing at 200°C, 
the in situ polymerization of Bz monomers leads to the for-
mation of the Mannich bridge cross-linked structure, and 
finally generating a cured thermosetting PBz layer on the 
fiber surface. It is noticed that the out-of-plane O–C–N bend-
ing vibration at 930.61  cm–1 and the symmetric stretching 
vibration of C–O–C bond at 1,047.34  cm–1 is not observed 
in the FTIR spectrum of PBz (Fig. 6b), which confirms the 
opening of the oxazine ring and the polymerization reac-
tion. In addition, the appearance of a very weak absorption 
band at 1,240.21  cm–1 (asymmetric stretching, C–O–C) in 
Fig. 6b may due to the incomplete polymerization reaction.

The successful modification was also examined by 
the FTIR spectrum of pristine and modified nylon mesh. 
Compared with Fig. 6c of the pristine nylon mesh, Fig. 6d 
shows new absorption bands appeared at 1,106.94  cm−1 
assigning to characteristic absorption bands of SiO2 (asym-
metric stretching, Si–O–Si, Fig. 6e), and 1,241.13  cm−1 
assigning to incompletely polymerized PBz (asymmetric 
stretching, C–O–C).

3.2. Wettability

To investigate the surface wettability of the original 
and modified nylon mesh, the WCA of each nylon mesh 
was measured. Fig. 7 displays the morphology of water 
droplets on different nylon meshes. The WCAs of original 
and modified nylon meshes are 118.2° and 154.3°, respec-
tively. The increased degree of contact angle (CA) demon-
strates a superhydrophobic property of the modified  
nylon mesh.

In general, both surface rough structure and low 
surface free energy chemical composition are beneficial 
for a superhydrophobic surface. In terms of this modifica-
tion procedure, silica nanoparticles increase the roughness 
of the nylon mesh surface and polybenzoxazine decreases 
the nylon mesh surface energy. The synergistic effect conse-
quently results in the enhancement of hydrophobicity.

Fig. 8a shows the time-lapse images of a water droplet 
contacting the modified nylon mesh in air. An about 8 μ L 
water droplet deposited on the modified mesh can be easily 
picked up by a microsyringe, and the suspended droplet can 
move up and down in between the tip of the syringe and 
the nylon mesh for many cycles, indicating a superhydro-
phobic property of the modified mesh. Fig. 8b shows the 
time-lapse images of an oil (chloroform) droplet contact-
ing the modified nylon mesh. The droplet was absorbed by 
the mesh and quickly spread and then permeated through 
it within 0.1  s with a water CA of about 0°, indicating a 
superoleophilic property of the modified nylon mesh.

Furthermore, the surface wettability of nylon meshes 
was investigated using visual images. In order to observe 
clearly, water was dyed using methylene blue (blue), while 
oil was dyed using oil red O (red). Fig. 9 shows apparently 
that the droplets of oil spread out on both the original and 
modified nylon mesh surface, while water droplets stay 
steady on the surface of both the original and modified 
nylon mesh. It is also observed that the water droplet on 
the modified nylon mesh is more spherical than that on 
the original nylon mesh, which proves the assumption 
that the modification alters the mesh properties to be 
superhydrophobic. In addition, the color changes of pris-
tine nylon mesh from white to yellow suggests the coverage 
of yellowish PBz on its surface.

3.3. Water intrusion pressure

For an effective oil-water separation process, the liquid 
(water) intrusion pressure is one of the important require-
ments in order to avoid the water passage. The intrusion 
pressure (Pmax) of the nylon mesh was calculated using the 
following equation [35]:

Pmax = ρghmax	 (3)

where ρ is the density of the water, g is the acceleration of 
gravity, and hmax is the maximum height of water that mesh 
can support.

Fig. 6. FTIR spectra of (a) Bz, (b) PBz, (c) pristine nylon mesh, 
(d) modified nylon mesh and (e) SiO2 NPs.

 
Fig. 7. WCA of different nylon meshes: (a) original and 
(b) modified.
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The maximum bearable height of the modified nylon 
mesh is found to be about 15  cm (Fig. 10). The calculated 
intrusion pressure is 1.15  kPa, under which water cannot 
flow through the mesh. On the contrary, the maximum 
bearable height of the unmodified nylon mesh is about 
5 cm, which is three times lower than that of the modified 
nylon mesh. It indicates that the modified nylon mesh has 
excellent separation ability since oil can permeate through 
it within 0.1 s.

3.4. Separation efficiency and reusability

Pristine nylon mesh did not show satisfactory water 
resistance and oil-water selectivity as water could perme-
ate gradually through it. Hence, the separation of oil-water 
with the modified nylon mesh was carried out. Chloroform 
was used as an exemplar of oil rather than some other 
oils since chloroform-contained wastewater is commonly 
discharged from industry [20,21,36,37].

The oil-water separation experiment procedure is 
shown in Fig. 11. Oil quickly permeate through the modi-
fied nylon mesh and flow into the beaker underneath due 
to the superoleophilicity. Meanwhile, water is unable to 
penetrate the sample and remain at the top because of the 

Fig. 8. (a) Water droplet making and losing contact with a modified nylon mesh and (b) time-lapsed snapshots of chloroform droplets 
contacting with a modified nylon mesh.

Fig. 9. Optical image of drops of water (blue color) and oil 
(red color) deposited on nylon meshes.

Fig. 10. Water-intrusion pressure of the modified nylon mesh 
(water was dyed with methylene blue).



445H.Shi et al. / Desalination and Water Treatment 204 (2020) 438–448

superhydrophobic. After the separation process, the water 
content in the separated oil was measured, which was sim-
ilar to the solubility of water in chloroform (560  ppm at 
25°C). The calculated separation efficiency value reaches 
99.8%  ±  0.1% and corresponding flux is 1.77  ×  104  ±  100  L/
(m2  h). These values are much greater than a few recently 
developed superhydrophobic membranes that separate 
chloroform/water mixture. For instance, a cellulose/layered 
double hydroxide membrane achieved the separation effi-
ciency and flux of 95.0% and 4,986 L/(m2 h), respectively [7,35].

It is worth noting that no external force was employed 
during the fast separation process (within 8 s), but only with 
its own weight. The results indicate that the modified nylon 
mesh is a promising candidate in industrial oil-polluted 
water treatments and oil spill clean-up.

Another important consideration of selective separation 
application is reusability. To examine the reusability of 
the modified nylon mesh, the separation test mentioned 
above was repeated for 30 cycles. During the tests, the 

mesh was recovered by water-rinsing and drying at 100°C 
for 30 min. The mesh retained an ultrahigh oil permeation 
flux (1.8  ×  104  ±  100  L/(m2  h)) and high separation effi-
ciency (above 99.5% ± 0.1%) after the 30-cycle tests (Fig. 12), 
implying the outstanding stability of the resultant nano-
sphere coating. SEM micrograph showing no obvious 
changes in the skeleton and abundant nanospheres on 
the nylon mesh surface further demonstrates the stability 
of the nanosphere coating.

In addition, the stability of the modified nylon mesh 
was investigated in different solutions with pH 4, 7 and 
10. The WCA of the modified nylon mesh after immersing 
is shown in Fig. 13. After 24 h, the WCAs of the modified 
nylon meshes decreased to 151.9°, 152.3° and 149.6° in pH 
4, 7 and 10, respectively. Despite the slight decrease of 
the WCA, all of the immersed nylon meshes still exhibit 
hydrophobic. This result implies that the modified nylon 
mesh can effectively function in the acidic, alkaline and 
neutral environments for a relatively long time (24  h), 

 
Fig. 11. Photographs of the oil-water separation process for the modified nylon mesh.
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Fig. 12. Reusability of modified nylon mesh. The inset shows the SEM image of the modified nylon mesh after 30-cycle tests.
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and the SiO2 NPs can be coated stably onto the surface of  
nylon mesh.

3.5. Mechanical property

Generally, the mechanical behavior of oil-water separa-
tion membranes is closely related to the intrinsic strength 
of the materials. Fig. 14 presents the tensile stress-strain 
curves of the nylon mesh before and after modification. 
The tensile strength of the original nylon mesh is observed 
to be 50.6  MPa. Due to the high temperature during the 
modification process, the tensile strength has been reduced 
sharply to 13.7 MPa. However, it should be pointed out that 
this mechanical strength value is still adequate for filtration 
application.

The robust flexibility of both pristine and modified 
nylon mesh is proved by a facile bending examination, 
showing no crack during the operation in Fig. 15.

4. Conclusions

A facile and cost-effective generalized strategy using 
environmentally friendly polybenzoxazine and silica 
nanoparticles has been employed for the engineering of 
nylon mesh for oil-water separation. The modified nylon 
mesh exhibited a high water contact angle of 154.3° and a 
low oil contact angle of 0°. The superhydrophobic-superoleo-
philic nylon mesh decorated via this strategy can effectively 
separate the oil-water mixture by gravity with ultrahigh 
flux (1.77 × 104 ± 100 L/(m2 h)) and high separation efficiency 
(99.5% ± 0.1%) in 30-cycle tests. Consequently, it is believed 
that this strategy can be utilized as a convenient and pow-
erful tool to engineer superhydrophobic-superoleophilic 
materials for practical applications.
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Symbols

A	 —	 Effective area, m2

g	 —	 Acceleration of gravity, m/s2

hmax	 —	 Height, m2

J	 —	 Flux, L/(m2 h)
Pmax	 —	 Pressure, Pa
t	 —	 Time, h
V	 —	 Volume, L
Va	 —	 Volume of collected oil, L
V0	 —	 Volume of original oil, L
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Fig. 13. Static WCAs of the modified nylon mesh in different pH 
value. The inset images show the shape of the water droplet on 
each sample.

Fig. 15. Optical photographs show the robust flexibility of 
pristine and modified nylon mesh.

Fig. 14. Stress-strain curves of nylon mesh before and after 
modification.
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Greek

ρ	 —	 Density, kg/m3

η	 —	 Separation efficiency, %

Subscripts

a	 —	 Collected
max	 —	 Maximum
o	 —	 Original
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