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Super-hydrophobic copper mesh was fabricated by liquid oxidation using K2S2O8 as 
oxidant and followed by vapor silylation with hexamethyldisilazane (HMDS). The 
preparation process was optimized with respect to four factors. The samples were 
characterized by Water Contact Angle (CA), XRD, FTIR, respectively as well as evaluated 
by oil-water separation test. The obtained optimum preparation condition is a K2S2O8 
concentration of 0.145 mol·L-1, a oxidation time of 60 min, a calcaination temperature of 
300 °C and a silylation temperature of 190 °C, under which the highest CA can achieve 
154°. XRD and FTIR characterizations demonstrate the reaction result of the oxidation of 
CM to form OCM and of the silylation of OCM to form SOCM, respectively. CM, OCM 
and SOCM are shown to be low hydrophobicity, hydrophilicity and high hydrophobicity 
(CA = 154°), respectively. Three samples possess a oil-water (methylbenzene-water) 
separation ratio of 45.6%, 3.3% and 99.9%, respectively. The reusing experiments for 
methylbenzene, chloroform and kerosene indicate that SOCM can be utilized for 30 cycles 
and retains an oil-water separation efficiency of at least 98% for any one oil. It suggests 
that SOCM has an excellent hydrophobicity, which results from the vapor silylation as a 
vesatile method for modifying the copper mesh. 
 
(Received January 26, 2023; Accepted April 24, 2023) 
 
Keywords: Copper mesh, Liquid oxidation, Vapor silylation, Super-hydrophobicity,  
         Oil-water separation 
 
 
1. Introduction 
 
In the past decades, the expanding water pollution has seriously threatened the human 

health and ecological environment. The pollution cases were mainly from the frequent oil spill 
accidents, as well as ever-increasing industrial oily wastewater discharge [1]. For example, in 2010, 
the explosion of BP’s Deepwater Horizon oil rig resulted in 210 million gallons of crude oil being 
released into the Gulf of Mexico [2]. The cost of the oil spill, including the damage to the coastal 
ecosystem and the loss of an entire fishing and tourism season, is still being tabulated [3]. 
Especially, the failure to prevent crude oil from reaching sensitive areas increased damages and 
drew widespread public attention. Accordingly, the need for new technological approaches to oil 
spill remediation is highly desired. 
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In general, traditional techniques including floating [4], adsorption [5], in situ burning [6], 
biological treatment [7], chemical oxidation [8], and chemical degradation [9] have been widely used 
for handling oil spills. However, any one method still has more or less disadvantages such as high 
cost, low separation efficiency, and/or secondary pollutant production [1]. Therefore, it is of great 
importance to develop novel means or advanced materials to separate oil-water mixtures in a 
selective, highly-efficient, and green manner.  

Recent years, oil-water separation with superhydrophobic materials as an effective method 
to treat wastewater has been paid much more attention. This technique is often preferred because it 
allows for the proper disposal of oil and does not cause secondary pollution [10]. The first excellent 
example of oil-water separation was being reported by Jiang et al. using a mesh coated with 
hydrophobic and oleophilic materials [11]. Following this work, the removal of oil from water by 
hydrophobically modified, oil-selective meshes had been reported several times previously [12-18]. 
In these literature, the use of superhydrophobic meshes have been shown to create efficient 
separation of water–oil mixtures by allowing oils to fall through the pores in the mesh whilst 
retaining the water on the surface. It has been demonstrated that superhydrophobic effect comes 
from the combination of a special rough structure and lower surface energy on such surfaces. To 
achieve a superhydrophobic surface, two conditions, namely low surface energy [19] and higher 
roughness [20], must be satisfied [21]. In the case of higher roughness, several techniques including 
top down approaches such as lithography, templating, and micromachining and bottom up 
approaches such as chemical deposition assemblies of colloids, layer by layer methods, and 
electrospinning, have been reported for improving the roughness to fabricate the superhydrophobic 
surface [20,21]. However, most of these techniques require expensive chemicals, harsh conditions, 
multifabrication steps, or special equipment [21]. Comparatively speaking, the method by grafting 
the particular materials with low surface energy onto the mesh surface is simple, involves minimal 
steps, and is cost-effective for preparing superhydrophobic surfaces [21]. In the previous literature, 
poly dimethylsiloxane (PDMS) and fluorinated silanes were utilized to reduce the surface energy 
[1,22].  

However, fluorinated compounds have also been identified as a source of toxic pollutants 
which persist in the environment [23]. PDMS has been considered as an environmentally friendly 
grafting agent, but considerable CH3Si(OH)2 groups will not completely react with the surface 
active sites, which leads to remain hydrophilic Si-OH groups and decrease the hydrophobicity [1,21]. 
Therefore, it is necessary to develop a preferred technique that can obtain the hydrophobic surface 
by an both easy and cost-effective method as well as using green agents. 

In the present work, a super-hydrophobic copper mesh was prepared via oxidation by 
K2S2O8 and vapor silylation of HMDS. We also systematically explored the influence of oxidation 
and silylation conditions on the contact angle of the mesh surface to optimize the preparation 
process. The super hydrophobic mesh surface was obtained and exhibited an excellent 
performance in oil-water separation. 
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2. Experimental 
 
2.1. Materials 
Copper mesh (200 mesh size, AR) was purchased from Anping County Bolin Wire Mesh 

Co., Ltd. Potassium persulfate (K2S2O8, AR) was purchased from Tianjin Kaitong Chemical Agent 
Co., Ltd. Hydrochloric acid (HCl, AR) was supplied by Luoyang Haohua Chemical Agent Co., Ltd. 
Sodium hydroxide (NaOH, AR), Absolute alcohol (EtOH, AR) and Hexamethyl disilylamine 
(HMDS, AR) are supplied by Sinopharm Chemical Reagent Co., Ltd. Deionized water (H2O, AR) 
was prepared by Xuchang University. 

 
2.2. Sample preparation 
2.2.1. Pretreatment of copper mesh  
Copper mesh was cut into many pieces (1cm × 3cm), and subsequent ultrasonically 

cleaned with hydrochloric acid solution (0.10 mol·L-1, 30 min), absolute ethanol (30 min), and 
deionized water (30 min), respectively to remove the surface dirt and finally dried in the air. The 
obtained mesh was denoted as CM and stored in a desiccator for the following use. 

 
2.2.2. Oxidation and calcination of copper mesh 
CM was put into a mixture solution consisting of K2S2O8 (0.065 to 0.185 mol·L-1) and 

NaOH (4.50 mol·L-1) in water [24]. A water bath was utilized to control the solution temperature. 
The oxidation reaction was carried out at 60 ℃ within a defined time (15 to 75 min). The oxidized 
copper mesh was washed with water, dried in the air and calcinated at a specified temperature 
(from 150 to 350 ℃) for 2 h. After calcination, the obtained copper mesh was denoted as OCM. 

 
2.2.3. Vapor silylation of copper mesh 
The vapor silylation process was carried out on a quartz tube reactor. The typical 

procedure is as follows [25]. Firstly, OCM was put into a quartz tube and nitrogen flow (150 ml/min) 
was passed through the OCM mesh holes at 200 °C for 2 h. After this nitrogen treatment, OCM 
reacted with the HMDS vapor in nitrogen flow at a defined temerature (130~250 °C) for 2 h. 
Finally, the silylated OCM was washed and dried using nitrogen flow at 150 °C for 2 h. The 
obtained copper mesh was final product and denoted as SOCM. 

 
2.3. Characterization of samples 
The X-ray diffraction (XRD) analysis was conducted using an X-ray diffractometer (X’ 

pert Pro MPD, Netherlands) with Cu Κα radiation. Fourier transform infrared (FT-IR) spectra were 
obtained by a FT-IR spectrometer (Vector 33, Germany). The surface morphologies of as-prepared 
copper mesh samples were observed by a scanning electronic microscope (SEM, EVOLS-15) from 
Zeiss company in Germany.  

 
2.4. Hydrophobicity test 
2.4.1. Water contact angle 
The water contact angle (CA) value was measured at ambient temperature by a contact 

angle measurement instrument (C60, USA KINO) equipped with a high speed video camera. For 
each CA measurement in the air, a water droplet of 3 μL was directly placed on the sample surface 
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in the air using a micro-syringe. Three measurements were made using three drops of water at 
three different spots on each sample. The final CA value of each sample was the mean of three 
measurements. 

 
 
2.4.2. Oil-water separation 
The as-prepared copper mesh was fixed between two glass tubes, reinforced by a stainless 

steel clip. Three oils including methylbenzene, chloroform and kerosene were used in this study. 
The selected oil was mixed with deionized water (stained with methylene blue). The oil-water 
mixture (50 mL) was poured into a test tube after the mesh prewetted by water. The separation 
process was recorded by a digital camera built-in a mobile phone (Huawei, China). The oil-water 
separation efficiency (E) was defined to be the mass ratio of the selected oil after and before 
separation. 

The oil-water separation reusability of mesh sample was evaluated with five same 
experiments. In a typical resue case, the five separation tests were consecutively taken and the 
accumulative mixture (250 mL) was collected. The oil-water separation efficiency (E) was 
calculated based on the above-mentioned definition [1].  

 
 
3. Results and discussions 
 
3.1. Preparation 
3.1.1. Concentration of K2S2O8 in solution 
The experiments were carried out to investigate the effect of K2S2O8 concentration in 

solution on the CA value of the final copper mesh sample [24]. The concentrations of K2S2O8 range 
from 0.065 to 0.185 mol·L-1 with a step of 0.02 mol·L-1. The other parameters are fixed as 4.5 
mol·L-1 of NaOH concentration, 45 min of oxidation time, 250 °C of calcination temperature and 
190 °C of silylation temperature, respectively. The results are displyed in Fig. 1. At the lowest 
concentration of 0.065 mol·L-1, the CA value is 140°. Then, the CA value increases with increasing 
the concentration of K2S2O8 and reaches a maximum of 153° at that of 0.145 mol·L-1. Obviously, 
this law can be explained by the fact that high concentration K2S2O8 will lead to produce more 
Cu(OH)2 species, which can graft more trimethylsil groups (-Si-(CH3)3) to enhance the surface 
hydrophobicity of copper mesh. The surface reactions may be illustrated as in equations (1), (2) 
and (3) [26]. 

 
Cu+2NaOH+K2S2O8 → Cu(OH)2（blue）+K2SO4+Na2SO4                   (1) 

 
Cu+NaOH+0.5K2S2O8 → CuOH+0.5K2SO4+0.5Na2SO4                      (2) 

 

2Cu-OH + HDMS → 2Cu-O-Si(CH3)3                             (3) 
 
However, the CA value declines after the concentration of K2S2O8 being beyond 0.145 

mol·L-1. It is because that higher K2S2O8 concentration results in the transformation of Cu(OH)2 to 
Cu2O and make fewer Cu-OH species react with trimethylsil to reduce the surface hydrophobicity. 
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The following equations (4) and (5) can describe the above mentioned results and mechanism. 
 

Cu(OH)2 → CuO (black) + H2O                               (4) 
 

CuOH → 0.5Cu2O + 0.5H2O                               (5) 
 
Meanwhile, during the oxidation reaction, we find the solution becoming baby blue and 

copper mesh changing from yellow to black. This phenomenon also confirms the corresponding 
inference reaction with regards to the results and mechanism. 
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Fig. 1. Relationship between the CA value and the concentration of K2S2O8 solution. 
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Fig. 2. Relationship between the CA value and the CM oxidation time. 
 

3.1.2. Time of oxidation treatment 
The second groups of experiments for optimizing the oxidation time were conducted under 

a condition of 4.5 mol·L-1 of NaOH concentration, a K2S2O8 concentration of 0.145 mol·L-1, a 
changed oxidation time from 15 to 75 min, a calcination temperature of 250 °C and a silylation 
temperature of 190 °C. As shown in Fig. 2, the CA value increases with increasing oxidation time 
and reaches 154° as a top value at 60 min. However, it decreases with continuing the increase of 
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the oxidation time beyond 60 min. As a result, 60 min is an best oxidation time, for which the 
highest CA value reaches 154°. The reason for the result may be that the oxidation treatment can 
affect the production of Cu-OH species, which accord with the explanation for the effect of the 
concentration of K2S2O8 in solution. 

 
 
3.1.3. Temperature of calcination 
As we all know, the purpose of the calcination treatment is to control the concentration 

and distribution of Cu-OH species and ultimately improve the surface hydrophobicity by 
increasing the grafted trimethylsil quantity. In order to afford an appropriate surface to facilitate 
vapor silylation reaction, the copper mesh after oxidaiton was calcined at 150~350 °C. Meanwhile, 
the other parameters were kept as 4.5 mol·L-1 of NaOH concentration, 60 min of oxidation time 
and 190 °C of silylation temperature, respectively. Fig. 3 displays the effect of the calcination 
temperature on the CA value of the final copper mesh. The result shows that the CA value 
increases at low calcination temperatures while decreases at high temperatures and reaches a top 
value of 154° at 300 °C. It may be because that the calcination at higer temperature (but not 
beyond 300°C) can result in more Cu-OH species, however, the calcination at the temprature 
beyond 300 °C might lead to form more CuOCu species and to reduce Cu-OH ones. 
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Fig. 3. Relationship between the CA value and the calcination temperature. 
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Fig. 4. Relationship between the CA value and the vapor silylation temperature. 
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3.1.4 Temperature of vapor silylation 
Among the preparation steps, vapor silylation of HMDS on copper mesh is an significant 

procedure. Generally, three factors, namely temperature, time and HMDS concentration, play 
important roles in affecting the silylation efficiency [25]. For instance, a long silylation time (e.g 2h) 
or a high HMDS concentration can afford an excess HMDS dosage to achieve a thorough 
silylation reaction. Accordingly, silylation temperature become a crucial factor and worth 
optimizing. As shown in Fig. 4, the changing law of the CA value with the temperature of vapor 
ilylation is as analogous as that with other thee factors. The CA value increases with temperature at 
low silylation temperatures while decrease after the temperature above the top of 190 °C. It can be 
evidenced by the fact that Cu-OH reacts with HDMS to form Cu-O-Si(CH)3 as shown in the 
equation (3) at the temperatures ranging from 130 to 190 °C. However, at high temperatures 
beyond 190 °C, HDMS will decompose to produce SiO2, NOx and COx, which discharge taken by 
the nitrogen flow. Accodingly, higher temperature reduces the silylation efficiency. 

 
3.2. Characterization 
3.2.1. XRD 
Fig.5 displays XRD patterns of CM, OCM and SOCM, respectively. CM exhibits an 

intense peak at 2θ = 43°, two moderately intense peaks at 2θ = 50° and 73°, ascribed to (111), (200) 
and (220) lattice planes of Cu, respectively. OCM and SOCM retain the three characteristic peaks 
besides appearing two newly weak peaks at 2θ = 36° and 39°, assigned to (002) and (100) lattice 
planes of CuO, respectively [26,27]. It suggests the real occurrence of the oxidation reaction and the 
absence of damage to CuO crystalline phase by silylation reaction. Meanwhile, the peak intensity 
of SOCM is slightly lower than that of OCM. It is maybe owing to the fact that the silylation 
reaction reduces the concentration of Cu-O species. 

 

     
Fig. 5. XRD patterns of CM (a), OCM (b) and SOCM (c). 
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Fig. 6. FTIR spectra of CM, OCM and SOCM. 

 
3.2.2. FTIR 
As shown in Fig. 6, a groups of FTIR spectra of CM, OCM and SOCM express a clear 

evidence of the presence or absence of surface species. CM and OCM exhibit two analogous 
spectra except the peak at 3400 cm-1 of OCM is broader and stronger that of CM maybe due to the 
presence of more OH groups in OCM surface. Obviously, SOCM gives four peaks at 2361, 2854, 
2927 and 2963 cm-1 asssigned to stretch vibration of Si-C bond and C-H bond [18]. Meanwhile, 
most of the Cu-O species peaks are weakened. It is justified that the silylation reaction has been 
introduced the trimethylsil group onto the OCM surface and most Cu-OH species have been 
transformed to Cu-OSi(CH3)3 groups. 

 

 

 

Fig. 7. SEM emages of OCM (upper, left 300×, right 2700×) and SOCM (lower, left 300×, right 1990×). 
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3.2.3. SEM 
SEM images in Fig. 7 show that OCM and SOCM almost have same surface 

morphologies. Both of two surfaces display tiny sharp bulges and some lumps. It suggests that the 
silylation treatment does not significantly affect the surface appearance of OCM. The result also 
indicates that the hydrophobicity of SOCM does not originate from the surface micro-nano 
structure but originates from the OSi(CH3)3 groups after silylation reaction. 

 

 
 

Fig. 8. The surface wetting illustration and the corresponding CA value of CM (a), OCM (b) and  
SOCM (c), respectively. 

 
 
3.3. Hydrophobicity test 
3.3.1. Water contact angle 
Fig. 8 presents the CA test results of CM, OCM and SOCM, respectively. Apparently, the 

water droping onto CM surface turns into a flat one, which indicates the CA value is less than 90°. 
In the case of OCM, the surface is soaked and the water drop immediately spreads showing a CA 
of almost 0°. However, when using SOCM as test sample, the form of the water drop hardly 
change and as a result, the measured CA reaches 154°. It suggests a hydrophobicity sequence of 
SOCM > CM > OCM. The findings can be explained that Cu-OH species resulting from oxidation 
treatment makes OCM surface hydrophilic and trimethylsil groups arising from vapor deposition 
dramatically boosts the hydophobicity of SOCM. 

 
 
 
 
 
 
 
 

CA=154° c a b a 
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Fig. 9. The SOCM reusing performance for oil-water separation within 30 cycles. 

 
 

3.3.2. Oil-water separation 
Firstly, methylbenzene-water mixture was taken as the test object for the oil-water 

separation. The measured oil-water separation efficiency of CM, OCM and SOCM are 45.6%, 3.3% 
and 99.9%, respectively, which accords with the above mentioned CA results. To further evaluate 
the separation performance of the as-prepared meshes, the separation efficiency for methylbenzene, 
chloroform and kerosene with 30 reusing cycles were determined as shown in Fig. 9. The 
efficiency for methylbenzene, chloroform and kerosene slowly decines from 99.8% to 99.1%, 99.2% 
to 98.5% and 99.1% to 98.1%, respectively. The minute differences among them may origin from 
the different oil polarity. In all of three cases, every separation efficiency is still kept in a high level 
(~98%) until 30 cycles. 

 
 
4. Conclusions 
 
The water contact angle (CA) of each copper mesh sample increases with increasing the 

K2S2O8 concentration, the oxidation time the calcination temperature and silylation temperature, 
respectively, and reaches a top value while the CA value decrease with continuing the increment of 
each factor. The obtained optimum preparation condition is a K2S2O8 concentration of 0.145 
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mol·L-1, a oxidation time of 60 min, a calcaination temperature of 300 °C and a silylation 
temperature of 190°C, under which the highest CA can achieve 154°. XRD and FTIR 
characterizations demonstrate the reaction result of the oxidation of CM to form OCM and of the 
silylation of OCM to form SOCM, respectively. CM, OCM and SOCM are shown to have low 
hydrophobicity, hydrophilicity and high hydrophobicity (CA = 154°), respectively. Three samples 
possess a oil-water separation ratio of 45.6%, 3.3% and 99.9%, respectively. The reusing 
experiments for methylbenzene, chloroform and kerosene indicate that SOCM can be utilized for 
30 cycles and retains an oil-water separation efficiency of at least 98% for any one oil. It suggests 
that the SOCM has an excellent hydrophobicity, which results from the vapor silylation as a 
vesatile method for modifying the copper mesh. 
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