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Fast Formation of Superhydrophobic 

Octadecylphosphonic Acid (ODPA) Coating for 

Self-cleaning and Oil/Water Separation 

Chunai Dai,ab Na Liu,a Yingze Cao,a Yuning Chen,a Fei Lua and Lin Feng*a 

A simple and fast method to prepare robust superhydrophobic octadecylphosphonic acid (ODPA) 

coating on oxidized copper mesh for self-cleaning and oil/water separation is reported here. The 

substrate of the copper mesh was first oxidized by simple immersion in an aqueous solution of 

1.0 M NaOH and 0.05 M K2S2O8 at room temperature for 30 min, which was then covered with 

micro- and nanoscale Cu(OH)2 in the surface. Subsequently, the oxidized copper mesh was 

immersed in 2 × 10
−4

 M octadecylphosphonic acid/tetrahydrofuran (ODPA/THF) solution, an 

ODPA coating prepared. The ODPA coating formation process takes place rapidly, almost in 1 

second, which makes the as-prepared mesh exhibit superhydrophobicity with the water contact 

angle of approximately 158.9° and superoleophilicity with the oil contact angle of 0°. Then the 

as-prepared mesh has self-cleaning effect and can be repeatedly used to separate a series of 

oil/water mixtures like gasoline/water, diesel/water, etc. efficiently. Interestingly, straightforward 

oxidation of a copper substrate produces a “water-removing” type oil/water separation mesh with 

underwater superoleophobicity, and ODPA coating on the oxidized copper mesh produces an 

“oil-removing” type oil/water separation mesh with superhydrophobicity and superoleophilicity. 

This interesting conversion just results from a small amount of ODPA used and takes place so 

rapidly. 

1  Introduction 

Functional solid surfaces are versatile and have many potential 
applications in the fields of non-wetting surfaces, corrosion 
inhibition, lubrication, monolayer lithography, biocompatible 
surfaces, etc.1,5-7 Because of the serious water pollution like oil 
spill accidents, oily wastewater from industries, etc., functional 
solid surfaces with special wetting behaviour used for oily 
wastewater treatment has attracted more attention. In 2004, L. 
Jiang et al.8 for the first time reported a Teflon coated mesh 
with superhydrophobicity and superoleophilicity for separation 
of oil and water. Then it is known that, thanks to the different 
interfacial effects of oil and water, functional solid surfaces 
with special wetting behaviour can be used to design an 
effective oil/water separation process. Since then novel 
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functional solid surfaces with special wettability as oil/water 
separation materials with high efficiency and selectivity have 
been extensively investigated.9-26 Accordingly, two types of 
oil/water separation materials, i.e., the "water-removing" type 
with superhydrophilicity and superoleophobicity as well as the 
"oil-removing" type with superhydrophobicity and 
superoleophilicity have been developed. Various materials such 
as polytetrafluoroethylene (PTFE)-coated mesh,8 kapok,20 
polyelectrolyte gels,10 carbon-based membranes,21 polyurethane 
(TPU) films,22 hierarchical Teflon-coated mesh,23 graphene-
based sponges,24 and collagen-based magnetic 
nanocomposites25 have been developed as oil-removing 
materials which can realize filtration or absorption of oils from 
water. Polyacrylamide (PAM) hydrogel-coated mesh26 and so 
on have been developed as water-removing material which can 
selectively filter water from oil/water mixtures. However, for 
some reasons such as the complicated preparation process or 
unstable coating, these materials still deserve to be further 
researched on for practical use. In addition, the conversion 
between these two kinds of materials is seldom reported. 
Our group has reported the “water-removing” type oil/water 
separation material: straightforward oxidation of a copper 
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substrate produces an underwater superoleophobic mesh. Water 
can selectively penetrate through the mesh whereas oil is 
blocked.27 In the current work, we report that, after facile 
surface functionalization with octadecylphosphonic acid 
(ODPA), the above “water-removing” type mesh can be 
instantly changed to an “oil-removing” type mesh with 
superhydrophobicity and superoleophilicity, which can also be 
used for oil/water separation while oil can selectively penetrate 
through the mesh whereas water is blocked (ESI†). This 
interesting conversion takes place rapidly and therefore has 
greater potential in industrial applications. 

2  Experimental 

2.1  Chemicals 

All the chemicals used for the experiments were standard 
commercial grade. They were used as received without any 
further purification. The copper mesh substrate used was 
cleaned with deionized water and acetone. Sodium hydroxide 
(NaOH, analytical grade) was obtained from Beijing Chemical 
Co. Ltd of China. Potassium peroxydisulfate (K2S2O8, 99.99%), 
methanol, octadecylphosphonic acid (CH3(CH2)17PO(OH)2, 
ODPA) and tetrahydrofuran (THF) were from Alfa Aesar, 
Tianjin, China. 

2.2  Substrate preparation 

The original mesh used as substrate was knitted from copper 
wires. The mesh was of a 400 mesh size and ultrasonicated 
sequentially in deionized water and acetone, and then dried at 
room temperature. Pre-cleaned copper mesh was immersed in 
an aqueous solution of 1.0 M NaOH and 0.05 M K2S2O8 at 
room temperature for 30 min. Then the oxidized mesh was 
taken out and washed with deionized water. The obtained mesh 
turned to blue from the original shiny red colour. 

2.3  ODPA coating preparation 

ODPA coating on copper surface was produced by liquid phase 
reaction. The ODPA/THF solution of 2 × 10−4 M was made by 
dissolving ODPA powder into THF solvent (ODPA/THF 
solution had to be ultrasonicated in order to completely dissolve 
the powder). The oxidized copper mesh was immersed into 
ODPA/THF solution at room temperature under ambient 
condition for 1 second. Then the as-prepared copper mesh was 
taken out and dried at room temperature. 

2.4  Oil/water separation experiment 

The as-prepared mesh was fixed between two Teflon fixtures. 
Both of the fixtures were attached with a glass tube and placed 
with a tilt angle of about 15°. The diameter of the glass tube 
was 30 mm. The oil/water mixture (30 v/v%) was poured onto 
the mesh. The separation was achieved driven by gravity. The 
blocked water was collected and the oil content in the water 
was determined by an infrared spectrometer oil content analyser 
(CY2000, China). 

2.5  Instruments and characterization 

SEM was performed on a field emission scanning electron 
microscope (Hitachi S4800, Japan). Infrared spectra were 
obtained with a Spectrum 100 FTIR spectrometer (Perkin-
Elmer, United States). Contact angles were measured on an 
OCA20 machine (Data-Physics, Germany) at ambient 
temperature. The X-ray photoelectron spectra (XPS) were 
acquired by a Scanning X-ray Microprobe (PHI Quantera, 
ULVAC-PHI, Japan) using an Al Kα X-ray source (1486.7 
eV). 

3  Results and discussion 

3.1  Proposed mechanism of ODPA coating formation on 

alkaline-oxidized copper mesh 

Scheme 1 is the schematic description of ODPA coating 
formation on alkaline-oxidized copper mesh. The substrate of 
the copper mesh was first oxidized by simple immersion in the 
aqueous solution of 1.0 M NaOH and 0.05 M K2S2O8 at room 
temperature for 30 min. The copper mesh was covered with 
Cu(OH)2 by alkaline oxidation. The formation of Cu(OH)2 on 
copper mesh occurs through a simple chemical oxidation 
process: 

Cu + 2NaOH + K2S2O8 = Cu(OH)2 + Na2SO4 + K2SO4(1) 

Then the oxidized mesh was immersed in 2 × 10−4 M 
ODPA/THF solution. The polar solvent THF is appropriate 
vehicle for delivery of ODPA on the oxidized copper mesh 
because ODPA can be dissolved in THF and the oxidized 
copper mesh surface is easily wetted by the solution. According 
to references, the reactive molecule ODPA is a type of self-
assembled organic molecule which consists of active head 
group phosphonic acid that can be chemically adsorbed on the 
oxidized copper mesh surface and the ODPA coating is a kind 
of self-assembled monolayer (SAM).28-45 ODPA interacts with 
Cu(OH)2 probably through the formation of robust Cu-O-P 
bonds: 

CH3(CH2)17–PO–(OH)2 + –Cu–OH →                               

                    CH3(CH2)17–(OH)OP–O–Cu + H2O       (2) 

 
Scheme 1  Schematic description of ODPA coating formation on alkaline-oxidized 

copper mesh. 
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Fig. 1  (a)Chemical structure of ODPA; (b) monodentate, bidentate, and 

tridentate bonding for ODPA reacted with Cu(OH)2-covered copper mesh. 

CH3(CH2)17–(OH)OP–O–Cu + –Cu–OH → 

                            CH3(CH2)17–OP–O2–Cu2 + H2O       (3) 

And in accordance with bonding mechanisms reported in the 
literature,1 a tridentate reaction is plausible. When an ODPA 
molecule with both OH groups and the O group is bound to the 
Cu(OH)2-covered copper mesh via monodentate, bidentate, and 
tridentate bonding, there exist three configurations (Fig. 1). 
ODPA, when fully extended in the trans zigzag conformation, 
is a linear-shaped lipid molecule with a length of 2.5 nm.28 If all 
three oxygen atoms of the phosphonic acid group are attached 
to the oxidized copper surface, the alkyl chains of the ODPA 
must be tilted from the surface normal because of tetrahedral 
bonding angles around P and geometric considerations 
(assuming that the alkyl chain remains in the fully extended 
trans zigzag configuration). In ODPA coating, the terminal 
methyl groups of the alkyl chains are oriented outward, 
reducing the access of the water drop to the oxidized copper 
mesh surface. Then the as-prepared mesh showed 
superhydrophobicity and superoleophilicity, which can be used 
for oil/water separation. 

3.2  Morphology and composition characterization 

Fig. 2 shows the SEM images of the copper mesh substrate, the 
alkaline-oxidized copper mesh, and the ODPA coated alkaline- 
oxidized copper mesh. The typical image of copper mesh 
substrate that is knitted by copper wires with pore diameter of 
approximately 40 µm is shown in Fig. 2a, which indicates that 
the original mesh has a smooth and clear surface. Fig. 2b is the 
image of the oxidized mesh showing that the frame of the mesh 
is wrapped thickly and uniformly by Cu(OH)2 hairy nanowires. 
Fig. 2c and d are the images of the ODPA coated oxidized 
mesh. It can be shown that the ODPA coating does not affect 
the roughness of the Cu(OH)2 nanowire-haired copper mesh. 
FTIR was employed to explore the possible mechanism. Fig. 3a 
shows the transmission FTIR spectra in the range from 900 to 
4000 cm-1 for copper mesh substrate (line Ⅰ), oxidized copper 
mesh (lineⅡ) and ODPA-coated oxidized copper mesh (line Ⅲ
). Fig. 3b shows the infrared spectrum of the C-H stretching 
region of the ODPA-coated oxidized copper mesh. In Fig. 3a, 
the peaks at 3298-3303 and 3571-3572 cm-1 are ascribed to the  

 

Fig. 2  SEM images of (a) copper mesh as substrate, (b) alkaline-oxidized copper 

mesh, (c) ODPA coated oxidized copper mesh and (d) ODPA coated oxidized 

copper mesh with a scale bar of 10 um. 

OH vibration of Cu-OH and absorbed H2O in the sample, 
which result from alkaline oxidation of the copper mesh. For 
ODPA coating, generally the ordering of alkyl groups can be 
assessed from the infrared spectrum using the position of CH2 
stretch. For completely disordered structure, it is close to that of 
a liquid alkane (νa ~ 2924 cm-1). For well-ordered structure, it is 
shifted to lower wavenumber approaching this for crystalline 
alkane (νa ~ 2915-2918 cm-1).46 As shown in Fig. 3a and b, the 
peak frequencies of νs(CH2) and νa(CH2) for the ODPA coating 
prepared on the copper mesh are found to be 2851 and 2924 
cm-1 respectively, indicating that ODPA coating is not well 
ordered (νa = 2924 cm-1) probably due to the short immersion 
time. And because of the small amount of ODPA in the mesh 
surface, the peaks of 2961, 2971 and 2883 cm-1 representing the 
out-of-plane, in-plane asymmetric methyl stretching mode  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 3  FTIR spectra of (a) copper mesh substrate (line Ⅰ), oxidized copper mesh 

(line Ⅱ) and ODPA coated oxidized copper mesh (line Ⅲ); (b) methylene 

stretching region of ODPA coated oxidized copper mesh; (c) P-O stretching 

region of ODPA coated oxidized copper mesh, and (d) solid ODPA. 
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Fig. 4  XPS spectrum conducted on the as-prepared mesh  

Table 1  Atomic percent concentration (at%) for the elements Cu, O, C and P 
and the elemental ratio of C/P quantified from the XPS multiplex of Cu2p3, 
O1s, C1s, and P2p 

Cu O C P C/P 

20.94 42.17 34.73 2.16 16.08 

 
[νa(CH3)] and the symmetric methyl stretching mode [νs(CH3)] 
are very small in Fig. 3b.47 For phosphonic acid, the IR stretch 
values in the P-O region, which correspond to 1300-950 cm-1, 
can provide information about the type of bonding of the head 
group with the substrate. Fig. 3d shows the P-O stretching 
region of the FTIR spectrum of solid ODPA. IR bands at 1225 
and 947 cm-1 are assigned to νP=O and νP-OH respectively and 
the bands at 1076 and 1010 cm-1 are assigned to the symmetric 
and asymmetric stretch of νPO3. However, because the amount 
of ODPA on the oxidized copper mesh is small, these peaks 
cannot be clearly presented in P-O stretching region of the 
FTIR spectrum of the ODPA-coated oxidized copper mesh 
(Fig. 3c), and then the exact binding mode of the ODPA to the 
oxidized copper mesh cannot be concluded only from the FTIR 
spectra. 
So we measured the chemical composition of the as-prepared 
mesh with XPS to further confirm the successful modification. 
The basic elements including copper (Cu), oxygen (O), carbon 
(C), and phosphorus (P) were surveyed by scanning bonding 
energy from 0 to 1200 eV (Fig. 4). Peaks at 934, 530, 284 and 
133 eV labelled in Fig. 4 represent Cu2p3, O1s, C1s and P2p 
respectively. The chemical surface composition (at%) and 
elemental ratio (C/P) quantified from the high-resolution core 
level XPS multiplex performed on the as-prepared mesh are 
summarized in Table 1. The phosphorus detected in Fig. 4 and 
Table 1 is an indication of the presence of phosphonate 
molecule on the mesh surface. In Table 1, the elemental ratio of 
C/P is 16.08, which approaches the expected value of 18. The 
small negative deviation from the theoretical ratio value 
probably stems from the disordered alkyl chains. 

3.3  Contact angles measurement 

The wettability of the functional solid surface is evaluated 
through the contact angle (CA). As we reported before, 
Cu(OH)2 is a common substance with high surface free-energy, 
which can easily be wetted by water. After the copper mesh 

 

Fig. 5  Wettability of the as-prepared mesh: (a) the photograph of a water 

droplet (3 μL) on the mesh with a contact angle of 158.9 ± 1.7°; (b) the 

photograph of an oil droplet (1, 2-dichloroethane, 3 μL) spreading and 

permeating quickly on the mesh. 

being oxidized, Cu(OH)2 with nanoscale structure is 
introduced, and then the oxidized copper mesh exhibits 
superhydrophilicity and superoleophilicity in air.38 Herein, we 
report the wettability change of the oxidized copper mesh after 
ODPA being coated. Actually, it was impossible to measure the 
water CA of the as-prepared mesh with the sessile method 
because the ODPA surface showed a low adhesion to water. 
Water droplets either bounced or rolled on the surface, and the 
latter occurred when there was a slight tilt of 4.8 ± 0.8°, 
indicating that the surface has a very good superhydrophobicity 
and a small sliding angle of 4.8 ± 0.8°. Fig. 5a shows the 
photograph of a water droplet (3 µL) on the as-prepared copper 
mesh. It can be shown that the water CA, a value of 158.9 ± 
1.7° was observed. By contrast, an oil droplet (1,2-
dichloroethane, 3 µL) with a low surface tension spread quickly 
on the surface and permeated it thoroughly, exhibiting highly 
oleophilic property with an oil CA of 0° (Fig. 5b). As we know, 
the wettability of a solid surface is governed by its chemical 
properties and microstructure. That the superhydrophobic 
ODPA coating can be formed fast is thought to be the result of 
a combination of the long alkyl chains of ODPA and the 
roughness of Cu(OH)2 covered. 
We investigated the stability of the superhydrophobic ODPA 
coating. After the as-prepared mesh was rinsed with methanol 
for 5 min, no change was observed in the water contact angle. It 
indicates that the ODPA coating on the alkaline-oxidized 
copper mesh is robust to some extent.40 However, it can be 
easily understood that the as-prepared mesh is not resistant to 
strong acid and strong alkali because the superhydrophobic 
ODPA layer itself results from the acid ODPA and the alkali 
Cu(OH)2. 

3.4  Self-cleaning effect 

Functional surfaces with very high static water CA and very 
low sliding angle, similar to the lotus leaf, are well known to 
have an important application in the field of self-cleaning. To 
investigate the self-cleaning effect, the as-prepared mesh was 
contaminated with graphite powders obtained from pencil lead. 
As shown in Fig. 6, the water droplet adsorbed graphite 
particles as it moved over the surface from left to right. 
Contaminants were removed from the surface, demonstrating 
the lotus leaf-like self-cleaning effect of the as-prepared 
mesh.48
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Fig. 6  Demonstration of the self-cleaning effect of the resultant superhydrophobic mesh through the removal of graphite particles from the surface using a moving 

water droplet (3 μL)

3.5  Oil/Water Separation 

Owing to the robust superhydrophobicity and superoleophilicity, 
the as-prepared mesh has great potential to separate oil/water 
mixtures. A series of studies were performed to test the 
oil/water separation capacities of the as-prepared mesh. The 
oil/water separation experiment procedure was performed as 
shown in Fig. 7a and b.49 The mesh was fixed between two 
Teflon fixtures. Both of the fixtures were attached with glass 
tubes. Since the density of the tested oil petroleum ether is 
lighter than water, petroleum ether will stay above water. The 
device was placed obliquely so that petroleum ether could come 
into contact with the mesh. As pouring the mixture of 
petroleum ether (dyed with oil red) and water, petroleum ether 
passed through the mesh with the driving force of gravity, 
while water was blocked and kept in the upper glass tube. 
After the first separation of a petroleum ether/water mixture, 
the mesh was thoroughly washed with deionized water and 
performed to successfully separate mixtures of hexane/water, 
diesel/water, gasoline/water and vegetable oil/water. The 
separation efficiency of the as-prepared mesh for the series of 
oil/water mixtures is shown in Fig. 7c, which was calculated by 
the oil rejection coefficient (R (%)) according to 

 
Fig. 7  Oil/water separation studies of the as-prepared mesh: (a) before 

separation; (b) after separation; and (c) separation efficiency of the mesh for a 

series of oil/water mixtures; and (d) separation efficiency after 20 times use by 

taking petroleum ether as an example. 

R�%� � �1 � �	/��� � 100                        (4) 

Where ��  and �	  are the oil concentration of the original 
oil/water mixtures and the collected water after separation, 
which were measured using the infrared spectrometer oil 
content analyser. As shown in Fig. 7c, the separation efficiency 
of the as-prepared mesh for the series of oil/water mixtures is 
above 99% except for vegetable oil/water. The separation 
efficiency for vegetable oil (95.95 ± 0.16%) is a bit lower than 
the others because of its complex composition and high 
viscosity.  
Because the superhydrophobic layer is robust, the as-prepared 
mesh can be recycled. The recycling ability was also 
investigated by taking the petroleum ether/water mixture as an 
example. After the first separation of a petroleum ether/water 
mixture, the as-prepared mesh was washed and then used for 
the same separations. We collected and analysed the samples 
after 10 and 20 uses. As shown in Fig. 7d, the stability of the 
as-prepared mesh after 20 uses remained unchanged. In 
comparison with our former meshes,27,49 this facile and fast 
prepared “oil-removing” mesh likewise has high separation 
efficiency and good recycling ability, which demonstrates that 
the as-prepared mesh is another good candidate in industrial 
oil-polluted water treatment and oil-spill cleanup. Of course, 
due to its acid and alkali nonresistance, acidic or alkaline oil-
polluted wastewater should be neutralized before being treated 
with the mesh. 

4  Conclusions 

In this paper, an alkaline-oxidized copper mesh substrate coated 
quickly with ODPA after immersion in 2 × 10−4 M ODPA/THF 
solution for 1 second is reported. The ODPA coating was 
characterized by SEM, FTIR, XPS and contact angle 
goniometry. It can be verified that the alkyl groups of ODPA 
layer is not well ordered because the layer forms quickly and 
the resulting mesh surface exhibits superhydrophobicity with a 
water CA of 158.9º and superoleophilicity with an oil CA of 0º. 
Owing to the wetting behaviour, the self-cleaning effect of the 
mesh was demonstrated and a series of oil/water mixtures such 
as petroleum ether/water, hexane/water, diesel/water and 
gasoline/water were performed to be separated by the mesh, the 
separation efficiency remaining high even after 20 uses. The as-
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prepared mesh has great potential in industrial oil-polluted 
water treatment and oil-spill cleanup. 
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Simple and fast method to prepare superhydrophobic octadecylphosphonic acid 

(ODPA) coating on oxidized copper mesh for oil/water separation. 
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