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ABSTRACT

With the fast growing of oily contaminants, continuous oil/water separation

with high flux is in demand. Superhydrophilic/superoleophobic composites are

considered as ideal candidates. In this work, the oil–water separation composite

is from superhydrophilic copper mesh coated by robust superhydrophilic/su-

peroleophobic paint based on fluorine-containing epoxy resin. Firstly, a super-

hydrophilic/superoleophobic coating with excellent comprehensive properties

was prepared through hydrophilic epoxy and superhydrophilic/superoleo-

phobic TiO2. Then copper mesh was treated into being superhydrophilic, and

the superhydrophilic/superoleophobic coating was sprayed on the superhy-

drophilic copper mesh to obtain oil–water separation material. As a result, the

oil–water separation efficiency of the separation material is higher than 99.7%,

the water flux is higher than 80,000 L m-2 h-1, and it has excellent mechanical

properties. The oil–water separation material is promising for the applications.

Introduction

With the development of economy and a large

number of oil utilization, a large amount of oily

wastewater is generated [1]. If it is not handled

properly or directly discharged, it will have an irre-

versible impact on the ecological environment [2].

Traditional oil–water separation methods include

flocculation method [3], centrifugation method, air

flotation method [4], etc. These methods have dis-

advantages such as low separation efficiency, high

cost, and poor recovery rate. The development of oil–

water separation materials with special wettability is

of great significance for building an environment-

friendly society [5, 6]. In order to remove oil in water,

filtration materials can be divided into two
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categories, oil-removing material (super-

oleophilic/superhydrophobic material) and water-

removing material (superhydrophilic material or

superhydrophilic/superoleophobic material).

At present, ‘‘oil-removing’’ superoleophilic/super-

hydrophobic materials have been developed [7–9].

For above ‘‘oil-removing’’ wetting materials, oil is

easily sticked on the surface and block the pores of

the wetting material, resulting in low efficiency of

oil–water separation [10, 11]. So far, superhydrophilic

surfaces have attracted much attention in oil–water

separation. Superhydrophilic surfaces exhibit under-

water superoleophobicity and can be used as oil–

water separation materials. Matsubayashi et al. [12]

have prepared a calcium alginate hydrogel (Ca–Alg),

which exhibits superhydrophilicity in air and super-

oleophobicity in water, and can achieve oil–water

separation with high efficiency (above 99.5%) and

high speed (the water flux was as high as 46,979 L

m-2 h-1). Yang et al. [13] prepared a three-dimen-

sional porous Ni–Co–LDH (layered double hydrox-

ide) nanomembrane by solvothermal method, which

was used for the separation of oil/water mixtures

and oil-in-water emulsions. The separation efficiency

is about 99.5%, and the water flux is higher than

70,000 L m-2 h-1. Wang et al. [14] used chitosan and

dopamine to prepare a composite hydrogel with a

rough surface on the surface of cotton fabric, which

was characteristic of superhydrophilicity and

underwater superoleophobicity, and the separation

efficiency of various oil–water mixtures was higher

than 99.5%. Ni et al. [15] deposited tannic acid and (3-

aminopropyl) triethoxysilane on the surface of waste

carbon fibers by a one-pot method to prepare a

superhydrophilic/underwater superoleophobic

membrane, which was able to separate surfactant-

stabilized oil-in-water emulsions. The water flux is as

high as 713 L m-2 h-1, and the separation efficiency

is up to 99.8%. Qu et al. [16] have used montmoril-

lonite, b-cyclodextrin, tannic acid, and sodium algi-

nate to prepare a suspension, and then prepared a

superhydrophilic underwater superoleophobic PVDF

membrane by a simple suction filtration method,

whose separation efficiency for various surfactant-

stabilized oil-in-water emulsions and oil–water mix-

tures is up to 99.6% and 95%, respectively. Also, it

can effectively adsorb organic dyes and heavy metal

ions. Zhou et al. [17] prepared superhydrophilic/

underwater superoleophobic cotton fabrics by

depositing gallic acid (GA) on polyethyleneimine

(PEI), followed by complexation with Cu2?. The

water contact angle is 0�, and the underwater oil

contact angle is 162.2 ± 2.4�. In the case of separation

of surfactant-stabilized oil–water emulsions, the effi-

ciency is above 99.1%. Zeng et al. [18] treated the

stainless steel wire mesh soaked in magnesium

nitrate solution at high temperature to prepare a

superhydrophilic/underwater superoleophobic

stainless steel wire mesh with a coral-like structure.

The oil–water separation efficiency reaches 99.0%, the

flux is 6195 L m-2 h-1, and after using 10 times, and

the oil–water separation efficiency is always as high

as 98.0%.

Although superhydrophilic material is able to sep-

arate oil fromwater, the material can be contaminated

by oilwhen it is notwetted bywater, and in the process

of oil–water separation, the repellency to oil is weak,

resulting in low separation efficiency. In recent years,

‘‘water-removing’’ superhydrophilic/superoleopho-

bic materials are superior to superhydrophilic mate-

rials, and can meet the need of oil–water separation.

This kind of material repels oil and allows water to

pass through easily,which can avoid clogging byhigh-

viscosity oil. Some superhydrophilic/superoleopho-

bic materials have been prepared. Yang et al. [19, 20]

first used polydiallyldimethylammonium chloride

and sodium perfluorooctanoate to synthesize a

hydrophilic and oleophobic polymer, and then added

silica particles to prepare a coating by spraying. The

contact angle of hexadecaneon its coating reaches 155�,
the coated stainless steel mesh can repeat oil–water

separation under the action of gravity, and the sepa-

ration efficiency is above 99%. Li et al. [21] have pre-

pared superhydrophilic/superoleophobic titanium

dioxide (TiO2) by grafting fluorosurfactant (FS-50) on

the surface of TiO2. The hydrophilic head of FS-50,

combined with TiO2, has a strong affinity for water,

and the tail of the FS-50 fluorine chain shows oil

repellency; a superhydrophilic/superoleophobic

coating is prepared by spraying, which can separate

oil–water mixtures and oil–water emulsions. The

separation efficiency is higher than 98.5%, and the

water flux is 600 L m-2 h-1, which can also purify

pollutants under the irradiation of ultraviolet light. Lu

et al. [22] first synthesized sodium perfluorooctanoate,

and then mixed it with titanium dioxide particles,

bis(3(trimethoxysilyl)propyl)amine (BTMEPA) and

(3-aminopropyl)triethoxysilane (APTES) to obtain the

suspension for spraying. The fluorinated groups (–CF3
and –CF2–) in the coating have repellency to oils, and
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components such as carboxyl groups, quaternary

ammonium groups, and sodium ions have strong

affinity for water, and the as-prepared coating is

superhydrophilic/superoleophobic in both air and

water. Also, copper meshwithout treatment coated by

above suspension can separate the mixture of oil and

water with the separation flux of 2750 L/ (m2 h bar).

At present, some wetting materials have been used

to separate oil–water mixtures, but in the separation

process, the separation materials can withstand a

higher transmembrane pressure, which can provide

higher liquid permeability and maintain a higher

separation efficiency and long life span. Thus, there

are higher requirements on the mechanical property

of the separation material. Epoxy resins have excel-

lent adhesion, chemical stability, and mechanical

stability, and were often used to prepare super-wet-

ting materials in the past. Researchers have prepared

epoxy resins with wetting properties, which are used

in oil–water separation materials. For example, Lu

et al. [23] prepared a single-terminal isocyanate

(NCO) polyurethane (PU) prepolymer with a poly-

ethylene glycol hydrophilic chain segment and graf-

ted it onto an epoxy resin (EP) molecular chain for

hydrophilic modification of the epoxy resin; when the

PU content is close to 70%, the water contact angle

could reach 47.2�. Qian et al. [24] have modified

epoxy resin with polyethylene glycol to obtain a

hydrophilic epoxy resin; when the addition amount

of polyethylene glycol was 20%, the water contact

angle could reach 54�. Through the template method,

a microstructure is constructed on the surface of the

resin, and the water contact angle is 0o (being

superhydrophilic). Ying et al. [25] synthesized a

hydrophilic and oleophobic epoxy resin by the reac-

tion from polyethylene glycol, Zonyl@FSN-100 fluo-

rocarbon surfactant and epoxy resin. Compared with

the original epoxy resin, water contact angle is

reduced by nearly 30�, the contact angle of hexade-

cane is increased by 17�. Li et al. [26] prepared a

superhydrophilic transparent epoxy coating by mix-

ing epoxy resin, amine curing agent, and nonionic

surfactant (Triton X-100) by one-step casting method,

and the contact angle was less than 5�. The coating

has excellent antifog performance, and the oil–water

separation efficiency exceeds 96%.

From above, there are some disadvantages in

superhydrophilic/superoleophobic coatings, such as

low adhesive strength. For the oil–water materials

based on superhydrophilic/superoleophobic

coatings, the performance is not good enough so that

there is much room to improve the oil–water sepa-

ration materials. In the study, the superhy-

drophilic/superoleophobic coating with good

comprehensive properties is in demand at first; in the

next step, the aim is to prepare the oil–water sepa-

ration material based the above coating. The dura-

bility and mechanical stability of wetting coatings

were enhanced by the application of the strategy of

‘‘adhesive?particles.’’ Here, a hydrophilic matrix

material with strong adhesion (hydrophilic fluorine-

containing epoxy) and superhydrophilic/superoleo-

phobic titanium dioxide was chosen for the prepa-

ration of composite. The hydrophilic fluorine-

containing epoxy is from epoxy monomer cured by

the hydrophilic fluorine-containing curing agent,

which is from perfluorooctanoic acid and curing

agent (polyetheramine) through ionic interaction. At

the same time, by the introduction of a large number

of hydrophilic and oleophobic groups on the surface

of the titanium dioxide particles, superhydrophilic/

oleophobic titanium dioxide particles are formed.

The coating from the mixture of hydrophilic/oleo-

phobic fluorine-containing epoxy resin and super-

hydrophilic/superoleophobic titanium dioxide

particles, is expected to be high adhesive strength,

which is not reported.

In order to obtain the oil–water materials with

good comprehensive properties, multiple structural

combination is applied, including superhydrophilic

copper mesh and superhydrophilic/superoleophobic

coating with high adhesive strength (the coating was

spraying on the superhydrophilic copper mesh),

which is not reported. The oil–water separation

material with good comprehensive properties is

promising for the applications.

Materials and methods

Chemicals and materials

Epoxy resin (E51) was purchased from Shanghai

Fanxiao Chemical Technology Co., Ltd. Bromocresol

green indicator solution (99.7%), methylene blue

(99.7%), and castor oil (99.7%) were purchased from

Shanghai McLean Biochemical Technology Co., Ltd.

Perfluorooctanoic acid (99.7%) (PFOA) and bis-(3-

trimethoxysilylpropyl)amine (99.7%) were purchased

from Shanghai Dibo Biotechnology Co., Ltd.
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Polyetheramine (D400, 99.7%) was purchased from

Changzhou Runxiang Chemical Co., Ltd. Titanium

dioxide (0.2–0.4 lm) was purchased from Aladdin

Biochemical Technology Co., Ltd. Ammonium per-

sulfate (99.7%), sodium hydroxide (99.7%), ethylene

glycol (99.7%), isopropanol (99.7%), ethanol (99.7%),

and tetrahydrofuran (99.7%) were purchased from

Shanghai Titan Technology Co., Ltd. Concentrated

hydrochloric acid (content: 36–38%) was purchased

from Sinopharm Chemical Reagent Co., Ltd. Soybean

oil and sesame oil were purchased from Yihai Kerry

Food Marketing Co., Ltd. The olive oil was purchased

from Hangzhou Oriel Import and Export Trading

Co., Ltd. Diesel (0 #) was purchased Shanghai

Petrochemical Co., Ltd. Hexadecane (99.7%) was

purchased from Shanghai Zhanyun Chemical Co.,

Ltd. Copper mesh (700 mesh) was purchased from

Shanghai screen filter cloth manufacturers.

Preparation of fluorine-containing curing
agent

PFOA (0–6 wt%), polyetheramine (D400), and

tetrahydrofuran (20 wt%) were added into a flask

with magnetically stirring until the solution became

clear, and then the flask was heated up to 40 �C in an

oil bath. Subsequently, the reaction was carried out in

a closed environment for 0.5 h to obtain a fluorine-

containing polyetheramine curing agent. The sche-

matic diagram of the reaction is shown in Fig. 1.

Surface treatment of copper mesh

The 700-mesh copper mesh was ultrasonically

cleaned with acetone and deionized water in turn,

and soaked in a mixed aqueous solution of 2.5 M

sodium hydroxide and 0.13 M ammonium persulfate

for 0.5–20 min at room temperature. After the copper

mesh was taken out of the above solution, it was

rinsed with deionized water and was dried under

nitrogen.

Preparation
of superhydrophilic/superoleophobic
coatings

Preparation of superhydrophilic/superoleophobic

suspension is according to reference [27]: 0.1 mL of

bis-(3-trimethoxysilylpropyl)amine and 0.1 mL of

3-aminopropyltriethoxysilane were added to 15 mL

of ethanol with magnetically stirring to form a

homogeneous solution, named as solution A. 0.5 g

PFOA and 0.05 g sodium hydroxide (NaOH) were

added to 15 mL of ethanol with magnetically stirring

for 2 h to fully react to obtain a sodium perfluo-

rooctanoic acid solution. Then 3 g of TiO2 nanopar-

ticles was ultrasonically dispersed in the ethanol

solution of sodium perfluorooctanoic acid to form

solution B, and solution A was added dropwise to

solution B, mixed and stirred for 3 h.

Taking out the above superhydrophilic/super-

oleophobic suspension, 0 g, 1 g, 2 g, or 3 g of epoxy

resin and corresponding mass of fluorine-containing

curing agent were added into it, respectively. Sub-

sequently, the mixtures were magnetically stirred for

15 min. The suspension was sprayed on the surface

of the copper mesh with a compressed air of 0.3 MPa

at the distance of 20 cm, and the spraying time was

about 1 min. The sprayed copper mesh was cured in

an oven at 100 �C for 2 h. The preparation process of

the coating is shown in Fig. 2.

Characterization

The morphology of the copper mesh surface and the

coating on the copper mesh were observed by field

emission scanning electron microscope (SEM, S-4800,

Hitachi Corporation, Japan), and the surface elements

of the coating were characterized by X-ray energy

dispersive spectrometer analysis (EDS, QUANTAX

400-30, Bruker AXS GmbH, Germany). During the

test, the sample was adhered by the use of the con-

ductive adhesive, and the surface was sprayed with

gold. At ambient temperature, the water contact

angle (WCA) and oil contact angle (OCA) of the

coating were measured by a contact angle tester

Figure 1 The schematic diagram for the preparation of fluorine-

containing curing agent.
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(JC2000D2, Shanghai Zhongchen Digital Technology

Equipment Co., Ltd, China). Use a quantitative syr-

inge to drop 5 lL deionized water drops or oil drops

on the surface of the sample, take five different points

on the surface of the sample for testing, and average

the values to obtain the contact angle (CA). X-ray

photoelectron spectroscopy (Thermo Scientific Esca-

lab 250Xi, Massachusetts, MA, USA) and fourier

transform infrared spectroscopy (Nicolet 6700,

Thermo Fisher, Waltham, MA, USA) were used to

analyze the elements and functional groups. The

amine value of the fluorine-containing curing agent

was determined by hydrochloric acid–ethanol titra-

tion (according to ASTM D2074-07). Firstly, 0.5 M

hydrochloric acid-ethylene glycol-isopropanol solu-

tion was prepared. Accurately weigh about 3 g of the

sample and place it in a 250 mL conical flask, add

50 mL of ethylene glycol and isopropanol as solvent

(1:1 by volume), shake the flask continuously to dis-

solve the samples, add three drops of bromomethyl

green indicator, and 0.5 M hydrochloric acid-ethy-

lene glycol-isopropanol standard solution was used

for titration, and turning point that the solution

changed from blue to yellow was set as end point.

Calculate the total amine value using formula (1).

Total amine value ¼ MV� 56:1

W
ð1Þ

M: the concentration of the standard solution of

hydrochloric acid; V: volume of consumed standard

solution; W: the mass of the sample; 56.1: the

molecular weight of potassium hydroxide.

Separation of oil–water mixture

Select a copper mesh (700 mesh) coated with a

superhydrophilic/superoleophobic coating to

separate the oil–water mixture, which was placed in

the middle of the separator, and clamp it with a

clamp (see Fig. 13). Oil–water mixtures were includ-

ing the mixture of soybean oil and water, diesel oil

and water, castor oil and water, olive oil and water,

hexadecane and water, sesame oil and water. Pour

the oil–water mixture into the upper tube of the

separation unit, with gravity as the only driving

force. During the separation process, the water is

collected after infiltrating the copper mesh, and the

oil is excluded above the copper mesh. The separa-

tion efficiency g is calculated according to formula

(2), and the water flux F is calculated by formula (3).

g ¼ m1

m
� 100% ð2Þ

where m, m1 are the mass of oil before and after the

separation process.

F ¼ V

S � t
ð3Þ

where V is the volume of permeated water; S is the

effective area of the oil–water separation material,

and the effective separation area is about 19.63 cm2;

t is the time required to complete the oil–water sep-

aration process.

Results and discussion

Structure and properties of fluorine-
containing curing agent

Figure 3 is FT-IR spectrum of perfluorooctanoic acid,

polyetheramine (D400), and fluorine-containing

polyetheramine (F-D400). In the FT-IR spectrum of

fluorine-containing polyetheramine, two absorption

peaks at 1688 and 1456 cm-1, correspond to the

Figure 2 The preparation procedure for the oil–water separation material.
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vibration of the -C=O group of the amide I band; the

absorption peaks located at 2673.8 and 2575.7 cm-1

belong to the symmetry of N?H3 primary ammonium

salts and asymmetric stretching, indicating that

polyetheramine (D400) has been transformed into the

ammonium salt of polyetheramine [28].

The epoxy monomer was cured by fluorine-con-

taining polyetheramine (F-D400) to prepare fluorine-

containing epoxy resin (FEP). Figure 4c is the XPS

total spectrum of fluorine-containing epoxy resin

(FEP) with C, O, N, and F elements. According to the

XPS data, the proportions of C, O, N, and F were

83.52%, 14.57%, 1.78%, and 0.14%, respectively. Fig-

ure 4a is a high-resolution C 1 s spectrum, and the

peaks of C=O (289.00 eV), C–O (286.40 eV) and C–C

(284.8 eV) can be detected. Figure 4b is the high-res-

olution spectrum of N 1 s, and there are two fitting

peaks, assigning to the N?H3 primary ammonium

salt (401.21 eV) and the NR3 tertiary amine group

(399.19 eV), indicating the formation of primary

ammonium salt and tertiary amine groups on the

surface of the sample, being contributable to the

hydrophilicity.

The contact angles of FEP are shown in Table 1.

The contact angle of fluorine-containing epoxy resin

(FEP) is reduced with the increase in the PFOA,

indicating that the hydrophilicity of epoxy resin was

gradually enhanced. The contact angle of the original

epoxy resin is 75.3�; with the addition of 3 wt%

PFOA, the contact angle is down to 60.3�; when the

addition amount of PFOA is above 3 wt%, the contact

angle decreases more gently. With the further

increase in the dosage of perfluorooctanoic acid, the

water contact angle of FEP will not be greatly

reduced, and the amino group of the polyetheramine

will be consumed too much, which will affect the

curing of the epoxy resin. At the same time, fluoro-

containing long chain is helpful for the improvement

of the superoleophobicity. Therefore, 5 wt% PFOA

was chosen to modify D400 (the curing agent of

epoxy resin) (The total amine value of F-D400 is

232.3 mg KOH/g, while that of the original D400 is

between 220 and 273 mg KOH/g, so F-D400 did not

affect the curing degree of the epoxy resin).

Structure and properties of fluorine-
containing epoxy-based coatings

The structure of modified titanium dioxide

Figure 5 is FT-IR spectra of pristine titanium dioxide

particles and modified titanium dioxide particles. In

Fig. 5, the broad absorption peak at 3447 cm-1 is

attributed to -OH on the surface of titanium dioxide,

indicating that the original titanium dioxide is

hydrophilic. For TiO2 modified by bis-(3-

trimethoxysilylpropyl)amine and PFOA, there are

new absorption peaks at 1440 and 1370 cm-1, corre-

sponding to –CF3 and –CF2– of PFOA, respectively

[27]. The new absorption peaks at 1685 and

1562 cm-1 correspond to the -C=O group stretching

vibration of the amide I band in the spectrum of

modified titanium dioxide, which is the proof that

PFOA was successfully grafted on the surface of TiO2

[27]. The absorption peaks at 3421, 2915, and

2852 cm-1 are mainly associated with the N-H,

-CH3, and -CH2- groups of bis-(3-trimethoxysilyl-

propyl)amine [27].

Structure and properties of fluorine-containing epoxy-

based coatings

The mass ratio of fluorine-containing epoxy resin

(FEP) and modified titanium dioxide particles (set

3 g) in the suspension was set as 0:3, 1:3, 2:3, 3:3. The

above suspensions were sprayed on the glass slides,

respectively, and the coatings were obtained after

drying (named as B1 (0:3, the blank sample), B2 (1:3),

B3 (2:3), B4 (3:3), respectively). The wetting proper-

ties were evaluated by the spreading of water and

Figure 3 FT-IR spectra of perfluorooctanoic acid (PFOA),

polyether amine (D400), and fluorine-containing polyetheramine

(F-D400).
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low surface tension oils (including soybean oil, diesel

oil, and hexadecane) on the coating surface. The

results are shown in Fig. 6 and Table 2.

From Table 2, the contact angles of water, soybean

oil, diesel oil, and hexadecane on the coating B1 are

0�, 152.3 ± 0.6�, 154.3 ± 1.5�, 142.1 ± 1.8�, respec-

tively. The coating B1 is characteristic of superhy-

drophilicity and superoleophobicity, so it is believed

that the modified titanium dioxide has superhy-

drophilicity and superoleophobicity, which is called

superhydrophilic/superoleophobic titanium dioxide.

When the mass ratio of fluorine-containing epoxy

resin (FEP) (the mass is 1 g) and modified titanium

dioxide particles is 1:3, the contact angles of water,

soybean oil, diesel oil, and hexadecane on the coating

B2 are 0�, 150.8 ± 0.7�, 151.6 ± 1.3�, 136.8 ± 0.9�. The

contact angles of the coatings to oil are slightly

reduced compared to those without the addition of

fluorine-containing epoxy resin (FEP). When the

mass ratio of fluorine-containing epoxy resin (FEP)

and modified titanium dioxide particles is 2:3 and 3:3,

respectively, the oleophobic angle of the coating is

greatly reduced to about 80�. This is because the

superhydrophilic/superoleophobic TiO2 particles

were encapsulated by fluorine-containing epoxy

resin (FEP), and the fine rough coarse surface

disappears.

The state of different liquid drops on coating B2 of

the glass slide is shown in Fig. 6a. The water stained

with methylene blue spreads rapidly on the surface

of the coating, and soybean oil, hexadecane, and

diesel are spherical on the surface of the coating,

Figure 4 a High-resolution C 1 s spectrum, b high-resolution N 1 s spectrum, and c XPS total spectrum of the cured FEP.

Table 1 The effect of the

content of perfluorooctanoic

acid on the contact angle of

Content 0 1 wt% 2 wt% 3 wt% 4 wt% 5 wt% 6 wt%

WCA(�) 75.3 ± 1.5 67.0 ± 0.6 65.1 ± 1 60.3 ± 0.7 58.5 ± 0.5 57.4 ± 0.3 55.4 ± 0.4
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which is superhydrophilic and superoleophobic in

air. As shown in Fig. 6b, the silver mirror phe-

nomenon occurs when the coating is immersed in

soybean oil. This is because the surface is super-

oleophobic (there is an air layer between the droplet

and the rough surface), and the light is reflected on

the air layer, resulting in a mirror phenomenon. As

shown in Fig. 6c–f, when coating was formed on the

substrates (c) glass fiber cloth, (d) filter paper,

(e) foam, (f) copper mesh, sesame oil, olive oil, castor

oil, soybean oil drops were spherical, being

superoleophobic.

SEM images of coating B1, B2, B3, and B4 were

shown in Fig. 7. When no fluorine-containing epoxy

resin (FEP) is added, as shown in Fig. 7a–b, the

coating B1 is completely composed of particles, and

the coating is flat. The particle size of titanium diox-

ide particles is about 0.2 um, and holes and protru-

sions with a about 1 um are formed by spraying and

stacking. This micro-nanostructure makes the coating

oleophobic. As the adhesion of the coating comes

from the interaction between bis-(3-trimethoxysilyl-

propyl)amine and the hydroxyl groups on the surface

of the substrate, the mechanical properties of the

coating are poor and the coating is easy to be fallen

off. When applied to the oil–water separation, it is

Figure 5 FT-IR spectra of original titanium dioxide and modified

titanium dioxide.

Figure 6 a The photograph of water and oil on coating B2 b silver mirror phenomenon of coating B2 in soybean oil, c and f different oils

on the B2 coating of different substrate surfaces c glass fiber cloth, d filter paper, e foam, f copper mesh.

Table 2 The contact angles of water and oil on coatings B1, B2,

B3, and B4

CA (�) Water Soybean oil Diesel oil Hexadecane

B1 0 152.3 ± 0.6 154.3 ± 1.5 142.1 ± 1.8

B2 0 150.8 ± 0.7 151.6 ± 1.3 136.8 ± 0.9

B3 0 87.2 ± 1.2 74.0 ± 2.0 72.7 ± 1.7

B4 0 88.1 ± 1.5 74.4 ± 1.5 70.3 ± 0.9
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easy to lose superoleophobicity under the impact of

water flow due to the broken coating.

When the mass ratio of fluorine-containing epoxy

resin (FEP) and titanium dioxide particles is 1:3, as

shown in Fig. 7c and d, a part of the titanium dioxide

particles is covered by the fluorine-containing epoxy

resin, and some of the titanium dioxide particles are

bonded with fluorine-containing epoxy resin on the

surface. The coating with numerous cavities can store

air and be superoleophobic. At the same time, the oil

contact angle of the coating is slightly lower than that

without the addition of fluorine-containing epoxy

Figure 7 SEM images of

coatings with the mass ratio of

fluorine-containing epoxy

resin (FEP) and modified

titanium dioxide particles of 0:

3, 1: 3, 2: 3, and 3: 3, a-b, c-d,

e-f, and g-h are coatings B1,

B2, B3, and B4, respectively.
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resin. This is because the oleophobicity of fluorine-

containing epoxy resin is not as good as that of the

modified titanium dioxide particles. However, the

mechanical properties of the coating are better than

those of the coating without fluorine-containing

epoxy resin (B1).

When the mass ratio of fluorine-containing epoxy

resin (FEP) and titanium dioxide particles is 2:3 and

3:3, as shown in Fig. 7e–h, the titanium dioxide par-

ticles are almost covered by epoxy resin. The coating

has large cavities and protrusions, most of which are

in the tens of microns. The contact angle of oil is

small, but the mechanical properties of the coating

are good.

The chemical composition of the surface of B2

coating was analyzed by EDS and XPS (see Fig. 8). It

was shown that that the B2 coating contains C, O, F,

Ti, Si elements, and these elements are uniformly

distributed on the surface. The F element content of

coatings cured with F-D400 is higher than that of

D400 cured coatings (the composition is the same as

that of B2 coating), indicating that fluoroepoxy (FEP)

enhances the oleophobicity of the coating.

Figure 8e shows the XPS total spectrum of B2

coating (fluorine-containing epoxy resin (FEP):

Figure 8 EDS mapping a curing with original D400, b curing with fluorine-containing D400, c high-resolution C 1 s spectrum, d high-

resolution F 1 s spectrum, and e XPS total spectrum of B2 coating.
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modified titanium dioxide particles = 1:3), indicating

the presence of C, O, F, Ti, and N elements.

According to XPS data, it can be revealed that the

proportions of C, O, F, Ti, and N are 57.4%, 19.99%,

17.43%, 1.31%, and 3.88%, respectively. Figure 8c is a

high-resolution C1s spectrum, which is assigned to

CF3 (294.31 eV), CF2 (291.96 eV), C=O (288.12 eV), C–

O, C–N (286.40 eV), C–C, and C–H (284.8 eV) peak.

Figure 7d is the high-resolution spectrum of F 1 s, in

which two fitted peaks correspond to CF3 (689.42 eV),

CF2 (688.58 eV).

It can be seen from the XPS spectrum that the

content of F element on the surface of the superhy-

drophilic/superoleophobic coating B2 is 17.43%,

being in the form of CF2 and CF3. The fluorine ele-

ment is derived from perfluorooctanoic acid and

fluorine-containing epoxy resin on the surface of

titanium dioxide particles in the coating. At the same

time, the content of Ti element on the surface of the

coating is only 1.31%, indicating that the fluorine-

containing epoxy resin covers most of the coating

surface, resulting in excellent adhesive strength and

mechanical property of the coating.

The mechanical stability of coating B2 was inves-

tigated by tape peeling, water rinsing, and finger

pressing experiments (see Fig. 9). After 50 times of

tape stripping, water rinsing (rinse time 1 h), and

finger pressing experiments, the soybean oil drops

are still spherical on the coating surface, and the

contact angle is basically unchanged, showing the

coating is still superhydrophilic and superoleopho-

bic. Also, after the coating was placed outdoors for 60

d, the static contact angle of water is 0�, and that of

soybean oil is 156�, which is the proof that the

superhydrophilic/superoleophobic coating also has

long-term stability.

Structure and properties of copper meshes
coated
with superhydrophilic/superoleophobic
coatings (coating B2)

Wetting properties and structure of copper mesh

In order to obtain oil–water separation material with

good comprehensive properties, multiply structural

combination was utilized by spraying the coating B2

on the superhydrophilic copper mesh. Here, the

optimal treatment for copper mesh is in demand. The

copper mesh was soaked in solution, and soaking

Figure 9 Coating stability test a tape peeling test, b water impact test, and c finger pressing test.

Table 3 Water contact angle

of copper mesh after being

soaked in solution for different

time

Time

(min)

0 0.5 1 5 7 10 20

WCA (�) 142.5 ± 1.3 100.6 ± 0.7 81.4 ± 1.2 0 0 0 0
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time has an effect on the wetting property of the

copper mesh. The water contact angle of the soaked

copper mesh is shown in Table 3. The original copper

mesh is hydrophobic (WCA: 142.5 ± 1.3�) with a

pore size of about 30 lm. After being soaked in

sodium hydroxide and ammonium persulfate for

0.5 min, WCA of the copper mesh is down to

100.6 ± 0.7�; being soaked for 1 min, the copper

mesh is hydrophilic, and WCA was 81.4 ± 1.2�; when

the time exceeds 5 min, the copper mesh becomes

superhydrophilic, water can spread on the surface of

Figure 10 SEM images of

copper mesh with different

soaking time a original copper

mesh, b soaking for 1 min,

c and d soaking for 5 min,

e and f soaking for 7 min,

g and h soaking for 10 min.
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the copper mesh instantly, and the water contact

angle is 0�.
Figure 10 shows the SEM images of copper mesh

samples after soaking in NaOH and (NH4)2S2O8

aqueous solutions for (a) 0 min, (b) 1 min, (c and d)

5 min, (e–f) 7 min, (g-h) 10 min. After being soaked

in alkaline aqueous solution, the color of the copper

mesh surface gradually changes to light blue, blue,

dark blue to black with time. The surface of the

copper mesh is rapidly oxidized to Cu2? by the oxi-

dant (NH4)2S2O8, forming Cu(OH)2 nanorod array,

which gradually changes from hydrophobicity to

hydrophilicity. The principle is shown in formula (4).

Cuþ 4NaOHþ NH4ð Þ2S2O8

! Cu OHð Þ2þ2Na2SO4 þ 2NH3 " þ2H2O ð4Þ

As shown in Fig. 10a, the copper wire diameter

and voids of the original 700-mesh copper mesh are

about 30 lm, and the surface of the copper mesh is

smooth and hydrophobic. After being soaked for

1 min, as shown in Fig. 10b, arrays of nanorods

appeared on the surface of the copper mesh, making

the diameter of the copper wires a little larger and the

voids smaller. The surface of the copper mesh

becomes rough and is hydrophilic. As shown in

Fig. 10c and d, with the prolongation of soaking time,

after being soaked for 5 min, the length of the surface

nanorods exceeds 10 lm and the voids of the copper

mesh become smaller, being superhydrophilic. After

the copper mesh has been soaked for 7 min, as shown

in Fig. 10e and f, the nanorod array almost com-

pletely blocked the original gap, and nano-flower

was grown above the nanorod array, microflowers,

and nanorod arrays form a layered structure. When

the soaking time is up to 10 min, as shown in

Fig. 10g–h, the nanorods gradually transformed into

nano-micro-flowers, the length of the nanorods was

reduced, and the diameter of the copper wire became

similar to that of the original copper mesh. As the

soaking time is varied, the copper mesh can be from

intrinsic hydrophobicity ? (oxidation and roughness

increase) ? intrinsic hydrophilicity ? (continuously

increasing roughness) ? superhydrophilicity.

Structure and properties of copper meshes covered with B2

coating

The coating B2 was sprayed on the copper mesh with

being soaked for 0, 1, 5, 7, and 10 min in the treat-

ment solution to obtain oil–water separation materi-

als. The change of the contact angle of oil–water

separation material is shown in Fig. 11. When coating

B2 was sprayed to the unsoaked copper mesh, the

contact angles of the coating to water, soybean oil,

diesel oil, and hexadecane were 0�, 142.3 ± 1.1�,
136.1 ± 1.5�, 123.3 ± 0.9�, respectively, slightly

smaller than the contact angle sprayed on a glass

slide. This is because the copper mesh has voids and

the resulting surface coating is less dense than that on

a glass slide. When B2 coating was sprayed onto the

copper mesh that had been soaked for 1, 5, and

7 min, the contact angles of soybean oil, diesel oil,

and hexadecane on the copper mesh are gradually

larger due to the increase in the roughness of the

copper mesh.

When sprayed to the copper mesh with the treat-

ment time of 7 min, the contact angles of water,

soybean oil, diesel oil, and hexadecane on the copper

mesh are 0�, 153.5 ± 1.4�, 151.4 ± 1.2�, and

139.5 ± 1.2�, respectively. Since the nanorods on the

surface of the copper mesh are almost fluffy at this

time, the surface roughness of the coating can be

improved, resulting in high oleophobicity. When

sprayed onto the copper mesh soaked for 10 min, the

contact angle becomes smaller again.

Figure 12 is SEM images of copper mesh coated

with coating B2, in which the copper mesh was

soaked for 0, 1, 5, 7, and 10 min. As shown in Fig. 12a

and b (the coating is sprayed on the original copper

mesh), the copper mesh itself has large voids, and the

copper wire in mesh is covered by the paint. During

the process of oil–water separation, oil is easy to

Figure 11 Effect of soaking time on contact angle of copper mesh

coated by superhydrophilic/superoleophobic paint.
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filtrate from the large voids, resulting in low sepa-

ration efficiency. In Fig. 12c and d (coating B2 was

sprayed on the copper mesh soaked for 1 min), the

copper mesh gap is still large, and the coating

sprayed on the surface can cover the nanorods. From

Fig. 12e and f (coating B2 was sprayed on the copper

mesh soaked for 5 min), the nanorod array of the

copper mesh is dense enough and the void is small;

the sprayed coating solution can mostly stay on the

copper mesh; some rods are also long enough to be

exposed on the surface of the coating. When coating

B2 was sprayed on the copper mesh soaked for

7 min, its structure was shown in Fig. 12g and h, the

copper mesh gap was basically covered by nanorods,

and the structure was fluffy. According to the Wenzel

model, the increase in the roughness of surface can

increase its wettability, and the existence of nanorod

arrays enhances the superhydrophilic/superoleo-

phobic properties of the coating to a certain extent. In

the process of oil–water separation, when water

passes through the coating surface, the nanorod array

exposed on the coating surface can form a siphon

effect, so that the water can pass through quickly,

thereby the increase in water flux. SEM image of

coating B2 on the copper mesh soaked for 10 min is

shown in Fig. 12i and j. Most of the nanorod arrays

on the surface of the copper mesh become nano-mi-

cro-flowers composed of nanosheets. The coating

sprayed onto the surface of the copper mesh will

cover most of the nanoflowers, the diameter of the

copper wire also becomes similar to the diameter of

the original unsoaked copper mesh, and voids

appear. The coating cannot completely cover the

surface after spraying, nor can it block the passage of

oil well in the application of oil–water separation.

Application of coating

As shown in Fig. 13, the above optimal copper mesh

coated by coating B2 was chosen as the oil–water

separation material, and placed in the separator,

clamped with a clamp. Pour 100 mL of water and

100 mL of the oil-insoluble mixture over the device.

The water is able to penetrate the separation material

very quickly, and the oil is left on top of the separa-

tion material, in which the separation process is dri-

ven only by gravity.

Mixtures of various oils (soybean oil, diesel, cetane,

castor oil, olive oil, and sesame oil) with water were

poured in the device to evaluate the oil–water sepa-

ration efficiency. As shown in Fig. 14a and b, the

separation efficiency of all oils was higher than

99.7%, and the water flux was higher than 80,000 L

m-2 h-1, and the highest was 91,719 L m-2 h-1. This

bFigure 12 SEM images of copper mesh coated with

superhydrophilic/superoleophobic coating B2, in which the

copper mesh was soaked for 0, 1, 5, 7, and 10 min. a, b 0 min,

c, d 1 min, e, f 5 min, g, h 7 min, i, j 10 min.

Figure 13 Oil–water

separation device diagram.
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is because the nanorod array on the surface of the

copper mesh by immersing for 7 min is exposed on

the surface of the coating, which enhances the

hydrophilicity of the surface, and the water is

instantly wetted when it contacts the surface of the

coating, and the siphon effect of the columnar

nanorods can also make the water pass quickly. As

shown in Fig. 14c and d, after 20 cycles, the separa-

tion efficiency is still higher than 90%, and the water

flux is still 18,343 L m-2 h-1, which has excellent oil–

water separation ability. In this work, a superhy-

drophilic separation substrate was composited with a

superhydrophilic/superoleophobic coating to pre-

pare a separation material with high oil–water sepa-

ration ability, whose separation water flux and

separation efficiency are superior to some previous

studies [21, 29, 30].

Conclusion

We have used perfluorooctanoic acid and poly-

etheramine to prepare fluorine-containing poly-

etheramine curing agent, which was cured with

epoxy monomer to prepare fluorine-containing

epoxy resin (FEP), and then mixed with superhy-

drophilic/superoleophobic titanium dioxide particles

to prepare coating suspension. The oil–water sepa-

ration material was prepared by spraying on the

superhydrophilic copper mesh with rough structure.

The superhydrophilic/superoleophobic supension

containing fluorine-containing epoxy resin (FEP) and

titanium dioxide particles with a mass ratio of 1: 3

was sprayed onto the copper mesh soaked for 7 min

to prepare the oil–water separation material with the

best comprehensive performance. The contact angles

of soybean oil, diesel oil, and hexadecane on the

surface of the oil–water material are 0�, 153.5 ± 1.4�,

Figure 14 a Water separation flux of different oil–water mixtures, b separation efficiency of different oil–water mixtures, c separation

efficiency change of water separation times, and d variation of water flux with separation times.

J Mater Sci (2023) 58:11044–11061 11059



151.4 ± 1.2�, 139.5 ± 1.2�, respectively. The separa-

tion efficiency of oil was higher than 99.7%, and the

water flux was higher than 80,000 L m-2 h-1, and the

highest was 91,719 L m-2 h-1. After 20 consecutive

cycles, the separation efficiency was still higher than

90%, and the water flux was still 18,343 L m-2 h-1,

showing excellent oil–water separation capacity.
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