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ABSTRACT 

Superhydrophobic and superoleophilic (SHSO) membranes have found great attention in oil-water 

separation application. We fabricate a SHSO stainless steel mesh-based membrane, using a facile one-

stage dip-coating technique, and investigate the effects of silane alkyl chain, and ratio of micro-to-

nanoparticles in the coating. Silane compounds with short- and long-alkyl functional chains (Dynasylan® 

Sivo 408 and Dynasylan® F8261, respectively) are used as surface energy modifiers. To create 

hierarchical morphology, Aerosil® R812 and SIPERNAT® D13 are employed as the nano and 

microparticles, respectively. The long-silane features a higher water contact angle (WCA) at all solid 

compositions. Increasing ratio of nano-to-microparticles increases the WCA with long-chain silane. 

Maximum WCAs=165.8˚and 164.2˚are attained with the long and short silanes, respectively, when the 

coating solid is composed of 75 wt% nanoparticles and 25 wt% microparticles. Increasing the 

concentration of nanoparticles to 100% decreases hydrophobicity, which is more pronounced for the 

short-chain silane. The WCA decreases to 163.8˚ and 155.5˚ for the coating solutions containing the long 

and short silanes, respectively, with 100% nanoparticles to modify the surface roughness. Flower-like 

hierarchical roughness structures are observed using the coating solution of silanes with only 

nanoparticles. The average pore opening for the mesh decreases from 76 µm in the bare mesh to 48 µm 

for the coated mesh. Analytical surface characterization results (e.g., sliding angle, energy-dispersive X-
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ray spectroscopy (EDX), and Fourier transform infrared spectroscopy (FTIR)) confirm the SHSO 

features of the as-prepared mesh. Except for the exposure to 1.0 M NaOH solution, the membranes are 

stable (WCA>145˚) in H2SO4, NaOH, and NaCl solutions over four weeks. Using the fabricated mesh, 

the macroscopic separation efficiency of kerosene from water is > 99%. The membrane fabrication 

strategy proposed in this study further highlights the importance of the SHSO wetting condition in the 

effective treatment of oily wastewater streams in a variety of food, chemical, and energy industries. 

Keywords: Superhydrophobic, Superoleophilic, Oil/water separation, Contact angle, Mesh 

 

1 INTRODUCTION 

Superhydrophobic and superoleophilic (SHSO) surfaces are commonly used in the form of porous or 

mesh material in oil-water separation applications such as the treatment of oily wastewater and oil spill 

removal. The mesh-based SHSO membranes feature a higher permeability and mechanical strength, and 

a lower pressure drop compared to the porous membranes. Among the metallic mesh substrates, stainless 

steel (SS) and copper materials are commonly used as the base substrate; its wettability is altered to 

SHSO condition by modifying surface morphology and chemistry. In the literature of SHSO SS mesh 

membranes, methods such as acid erosion [1-3], colloidal assembly [4-12], rough polymer film [13, 14], 

crystal growth [15-17], and chemical vapor deposition (CVD) [18-20] are used to create hierarchical 

micro- and nano roughness features. For the SS mesh membranes, chemicals such as fluoropolymers 

[17, 18, 21], silanes [1, 11], stearic acid [2, 5, 6, 9, 12, 15], and thiols [10] are commonly used to adjust 

the surface energy to achieve SHSO wetting.  

In this section, we present a history of SHSO SS mesh membranes that are used in oil-water separation 

application. The first SHSO membrane was fabricated by Feng et al. [4] in 2004 through spray-coating 

a mixture of polytetrafluoroethylene (PTFE) particles, polyvinyl acetate (as an adhesive), polyvinyl 

alcohol (as a dispersant), water (as a thinner), and sodium dodecylbenzylsulfate (as a surfactant) on SS 
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mesh. The coating gel was cured at 350˚C to improve the coating stability; the coated mesh featured a 

water contact angle (WCA) of 156.2˚, an oil contact angle (OCA) of zero, and a sliding angle of 4˚ [4]. 

Since 2004, different facile approaches, including rough polymer films and colloidal assemblies, were 

employed to prepare SHSO membranes [7, 8, 10, 13, 14, 21-40]. For example, Yang et al. [13] coated a 

SS mesh with epoxy/attapulgite (44.4 wt%) through spray-coating, resulting in a WCA of 160˚± 1 and 

98% oil-water separation efficiency. Xiang et al. [7] coated Ni, Fe, and Cu clusters onto a SS mesh, by 

grafting n-dodecyl mercaptan through polydopamine solution, and using electrodeposition process. They 

observed popcorn-like micro- and nano-roughness structures that were obtained by the particle clusters 

[7]. The as-prepared mesh exhibited a WCA of 162 ± 1°, with 98.6% oil-water separation efficiency. 

Cao et al. [9] spray-coated a mixture of phenol formaldehyde and Mg(OH)2 nanoparticles (NPs) in stearic 

acid, onto a SS mesh. They found a WCA of 151.4˚, and oil-water separation efficiency of 94.6% (for 

soy oil) up to 10 separation cycles [9].  Matin et al. [8] spray-coated a suspension of CeO2 NPs (with 

size distribution 100–500 nm) in tetrahydrofuran (THF) onto a SS mesh, following calcination at 200˚C 

(without further chemical modifications). The fabricated SHSO mesh with CeO2 NPs agglomerated on 

the surface showed a WCA of 153˚ and an OCA of 0˚.  Du et al. [2] used HF acid etching, following dip 

coating in a solution of stearic acid and Ag NPs. The SHSO SS mesh featured a WCA of 152˚ with an 

excellent stability against chemicals and hot water; they also observed over 97% oil-water separation 

efficiency (up to 40 cycles). In several studies, carbon nano tube (CNT) has been also used to fabricate 

the SHSO SS mesh [19, 41, 42].  Lee et al. [18] grew vertically aligned multi-wall CNTs on the SS 

surface via CVD in the presence of Al2O3 diffusion barrier. The fabricated SHSO mesh resulted in a 

maximum WCA of 152˚; the mesh also successfully separated oil-in-water emulsions with an oil droplet 

size 3–100 µm, and oil concentration of 5–10 wt.%. Fluorinated (co)polymers such as PTFE or Teflon 

AF® have high chemical, thermal, and mechanical stabilities (against abrasion) that are naturally 

hydrophobic and oleophilic. With adding hierarchical micro- and nano roughness structure, the condition 
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of SHSO can be achieved. Wu et al. [17] used hierarchical rod- and flower-like roughness features of 

ZnO (1–2 µm) onto SS mesh, and coated it with Teflon AF®.  ZnO was first seeded onto a SS mesh, by 

spraying 0.2 M zinc acetate solution.  Using hydrothermal method, the hierarchical features were grown. 

The SHSO mesh had a WCA of 157˚ and the mesh was used for oil-water separation [17]. Varshney et 

al. [3] employed a mixture of hydrochloric acid and nitric acid to create microstructure surface 

roughness, and then applied lauric acid to adjust the surface energy. The as prepared mesh was SHSO 

with a WCA of 171˚, and a sliding angle of 4˚; over 99% oil-water separation efficiency was achieved 

in their work [3].  

Dip-coating into a colloidal solution combines the surface morphology and surface energy modification 

steps in one step when fabricating the SHSO membranes [43, 44]. This technique is simple, controllable, 

and reliable in which high-quality thin films with thickness 0.1–100 µm can be achieved [45]. Using 

mixtures of microparticles (MPs) and nanoparticles (NPs) in the coating solution increases surface 

roughness heterogeneity, and improves mechanical stability of the coated meshes [24, 46]. Despite 

extensive investigations on developing SHSO membranes for oil-water separation, the effect of size 

distribution of solids (MPs and NPs) in the colloidal coating solution has been overlooked in previous 

research studies.  Zhang et al. [47] examined the effect of roughness by adding micro- and nanoparticles 

of CaCO3 solids. They employed a two-step coating method where the surface roughness was first 

created and then treated with stearic acid. They used spin-coating to first deposit the rough features from 

a suspension of solids in poly(vinylpyrrolidone) onto a glass slide; after the film was dried, the glass 

slide was dipped into 20 mM stearic acid in n-hexane for a period of 10 days to change the surface 

energy. It was found that the optimum concentration of solids is 40 wt% and that the best 

superhydrophobicity is achieved using 2 wt% MPs and 38 wt% NPs (meaning that 95% of the solid is 

NP).  Zhang et al. [47] concluded that among all compositions tested, only one solid composition satisfies 

the sliding angle<10° condition for the hydrophobic surfaces [47,48]. One issue with the experimental 
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methodology is that the centrifugation force is expected to cause heterogeneity in the size of solid 

aggregates deposited onto the glass slide; larger particles will be pushed away from the rotation center.  

A simple one-step coating procedure is employed in this study where the surface roughness features 

(MPs and NPs of silica) and surface modification chemicals (two different organoalkylsilanes with short- 

and long alkyl-chains) are simultaneously present in the coating solution. We use Dynasylan® F8261 as 

long silane, and Dynasylan® SIVO 408 as the short silane; there is no study in the literature on SHSO 

SS mesh membranes using the shorter silane. Organoalkylsilanes with a longer fluorinated alkyl chain 

are known to be more hydrophobic. However, fluorine (F) is harmful to the environment and it is desired 

to use less F in the coating solution. One practical implication from our research is that it is possible to 

use a shorter silane and to compensate for its lower hydrophobicity by controlling the surface 

morphology—through adjusting the ratio of micro- and nanoparticles in the coating solution. We also 

conduct systematic long-term stability of SHSO membranes in concentrated alkaline, acidic and brine 

solutions. 

The structure of the paper is designed as follows. After the introduction part in Section 1, materials and 

methods for fabricating and characterizing the superhydrophobic and superoleophilic membranes are 

discussed in Section 2. Advantages and disadvantages of the proposed experimental approach are 

summarized in Section 3. The results and discussions are provided in Section 4 where the results of 

WCA, sliding angle, transmission electron microscopy (TEM), scanning electron microscope (SEM), X-

ray diffraction (XRD), Fourier-transform infrared spectroscopy (FTIR), energy-dispersive X-ray 

spectroscopy (EDX), and separation efficiency analyses are presented. Finally, in Section 5, the key 

conclusion remarks are summarized. 
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2 MATERIALS AND METHODS 

2.1 Materials  

Stainless steel 316 meshes (woven, 34% open area and 75 µm opening, and 53.3 µm wire diameter) are 

purchased from McMaster-Carr. Sulfuric acid (H2SO4, 98 wt%) is purchased from Caledon Laboratory 

Ltd. Hydrochloric acid (HCl, 37 wt%), hydrogen peroxide (H2O2, 30 wt%), and acetone (99.5 wt%) are 

obtained from ACP Chemicals. Dynasylan® F8261 solution (long-chain alkyl silane), Dynasylan® SIVO 

408 (short-chain alkyl silane), hydrophobic SiO2 nanoparticles (NPs) of AEROSIL® R812 (7 nm), and 

microparticles (MPs) of SIPERNAT® D13 (10.5 µm) are provided from Evonik Industries AG. Acetone 

and ethanol (> 99.5 wt%) are utilized for cleaning. Kerosene is purchased locally, and is used in oil-

water separation tests. All chemicals are used without any purification. Compressed air is used for pre-

drying. Deionized water (DI, 18.2 M.cm) is produced in the lab (RODI-C-12A, Aqua Solution®). 

2.2  Fabricating SHSO mesh 

The fabrication process includes four main stages of a) cleaning, b) activation, c) solution preparation, 

and d) coating, as shown in Figure 1. 

 

(a) 

 

(b) 

https://www-sciencedirect-com.qe2a-proxy.mun.ca/topics/chemistry/acetone
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(c) 

 

(d) 

Figure 1. Schematics of the experimental procedures for (a) stainless steel mesh cleaning, (b) mesh activation, 

(c) coating solution preparation, and (d) mesh coating. 

 

Cleaning: SS mesh samples (1 cm wide, 5 cm long) are cut and rinsed with DI water. The 

organic contaminants on the SS mesh surface are first ultrasonically cleaned (for 30 min) in acetone, 

rinsed with DI water, ultrasonically cleaned (for 30 min) in ethanol, and rinsed with DI water again, as 

shown in Figure 1(a). The mesh is pre-dried with compressed air and dried on hot plate at 120˚C for 30 

min [49].  

Activation: The old oxide layers on the SS mesh are replaced with fresh and reactive hydroxyl groups. 

We activate the cleaned mesh using piranha solution (see Figure 1(b)). A 3:1 (by volume) mixture of 

H2SO4 (98 wt%) and H2O2 (30 wt%) is prepared for activation. The cleaned meshes are placed in the 

piranha solution heated to 80˚C for 30 min, while continuously stirred the piranha solution under a hood. 

The piranha solution is extremely reactive and requires extreme safety cautions. After this stage, we 

remove the mesh from the solution, and submerge it in DI water. Then, the activated mesh is rinsed with 

the DI water, pre-dried with compressed air, and dried on a hot plate at 120˚C for 30 min. Some studies 

used a 1:1 mixture of acetone and ethanol for chemical cleaning [5].  

https://www-sciencedirect-com.qe2a-proxy.mun.ca/topics/physics-and-astronomy/contaminants
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Coating solutions: Different coating solutions are prepared as depicted in Figure 1(c). The prime 

solution contains ethanol, silane, H2O, and HCl at concentrations 90, 1, 8.8, and 0.2 wt%, respectively. 

The prime solution is mixed at room condition, using a magnetic stirrer at 900–1200 rpm to obtain a 

homogeneous solution.  In this study, we use two different types of silanes, namely Dynasylan® F8216 

(long-chain), and SIVO 408 (short-chain). Other coating solutions are prepared, by adding 1% solid 

(MPs and NPs) to the prime solutions. For NPs and MPs, Aerosil ® R812 (hydrophobic, 7 nm diameter) 

and SIPERNAT® D13 (hydrophobic, D50 = 10.5 µm), respectively, are utilized.  After adding solids, the 

coating solution is mixed in a vial placed on a magnetic hot plate at 1000 rpm for 30 min, and 

ultrasonically dispersed for 30 min.  12 coating formulations are obtained as summarized in Table 1. All 

coatings contain 1 wt% silane in the prime solution. For the samples containing solids, the overall solid 

concentration (NP, MP, or both) in the prime solution is 1 wt%.  

 

Table 1. Coating formulations with different silanes and solid particles. 

Coating 

Formulation 

Silane Type 

(Dynasylan®) 

Solid Composition (wt%) 

Aerosil® R812 (7 nm) SIPERNAT® D13 (10.5 m) 

F1 (Prime) 

Dynasylan® 

SIVO 408 

(short-silane) 

0 0 

F2 0 100 

F3 25 75 

F4 50 50 

F5 75 25 

F6 100 0 

F7 (Prime) 

Dynasylan® 

F8261 

(long-silane) 

0 0 

F8 0 100 

F9 25 75 

F10 50 50 

F11 75 25 

F12 100 0 

 

Mesh coating procedure: We use dip-coating method to fabricate the SHSO mesh (see Figure 1(d)). 

This SHSO coating technique has been employed by other researchers in oil-water separation 

applications [11, 15, 24, 45, 50-52]. The coating solution is ultrasonically dispersed for 30 min, and the 

mesh samples are dipped into the coating solution for 2 min. The excess coating solution is allowed to 
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drain under gravity. The coating solution is dried with air, and placed on the top of a heat plate to be 

cured at 120˚C for 1 h. The curing improves the coating stability [53]. 

The reaction mechanism between the hydroxyl groups on activated stainless steel mesh and silane is 

given in a series of reactions [54], namely, hydrolysis, condensation, adsorption, and covalent bonding 

(grafting), as given in Figure 2. First, the silane (Dynasylan® R8261) undergoes the hydrolysis reaction 

in the presence of an acid (HCl in our study) to produce silanol and three moles of ethanol. Then, three 

silanol molecules condense, and two moles of water is produced. The condensed silanol molecules 

adsorb onto the activated SS mesh surface; in this stage, hydrogen bonds form between the oxygen and 

hydrogen molecules on hydroxyl groups and those on the adsorbed silanol molecules. Finally, upon 

heating, covalent bonds are formed (grafted) between the silane and SS surface. The fluorinated 

functional group [–(CF2)5–CF3] are exposed on the surface of SS mesh, providing it with a hydrophobic 

property.  
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 2. Mechanism of bonding between silane (Dynasylan® R8261) and activated stainless steel mesh (modified 

after Mostafaei et al. [53]). In this figure, different steps are given: (a) hydrolysis, (b) condensation, (c) adsorption 

through hydrogen bonding, and (d) covalent bonding (or, grafting). 

 

2.3 Characterizing the SHSO mesh 

We characterize the SHSO mesh, using static contact angle, sliding angle, stability analysis, transmission 

electron microscopy (TEM), scanning electron microscope (SEM), X-ray diffraction (XRD), Fourier-

transform infrared spectroscopy (FTIR), energy-dispersive X-ray spectroscopy (EDX), and oil-water 

separation tests. Except for the static contact angle measurements, other characterization tests are 

conducted on the mesh samples coated with F12 (see Table 1). All experiments are conducted at ambient 

conditions. We measure WCA and OCA on dry mesh in the presence of air (OCA 15EC, DataPhysics 

Instruments GmbH, Germany). First, two pictures are taken from the top and front views to assure that 

the mesh is held straight and that the mesh openings are not stretched in any directions. Water droplets 
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of 10 μL are dispensed, using a Hamilton® syringe with a 20-gauge needle. For each mesh sample, we 

dispense three drops on different parts of the mesh, and report the average contact angle for each mesh. 

Also, for each drop, the right and left contact angles are measured and the average value is reported. For 

the sliding angle tests, the mesh holder assembly is tilted until the droplet starts to roll-off; receiving and 

advancing contact angles at the sliding state are measured at 34 fps.  

For the stability tests, the SHSO mesh samples (coated with F12 formulation) are aged in 0.1 M and 1 

M H2SO4, NaOH, and NaCl solutions for a period of up to four weeks. For each week, there are five 

replicated mesh samples in a sealed bottle, containing a chemical.  The tests for 1 M chemicals are 

analyzed for one week. 

The morphology and elemental analysis are characterized using FEI MLA 650FEG SEM equipped with 

Bruker EDX.  In the SEM and EDX tests, we gold-sputter the coated mesh samples, and use a double-

side carbon tape to attach them to an aluminum stub. The XRD patterns for the cleaned, silanized, and 

coated mesh samples (with F12) are conducted, using Rigaku Ultima-IV (40 kV and 44 mA). The scan 

starting angle and angle step are 30˚ and 0.02˚, respectively. The FTIR test is performed, using a Tensor 

II spectrometer (Bruker Instruments, Karlsruhe, Germany).  We scratch the cured coating gel F12 of the 

mesh samples, and use it for the FTIR analysis.  

The oil-water separation test is conducted according to Figure 3. A 1.27 cm ID (1/2 inch) mesh tube is 

functionalized with F12 coating solution, and is employed to separate free-oil from an oil-water mixture 

under gravity. The mesh is supported on a Swagelok® reducer fitting and is sealed with Teflon® shrink 

tube and a clamp. A 0.635 cm OD (¼ inch) tube is attached to the reducer fitting, and is passed through 

a rubber stopper that seals the bottom of a 2.54 cm (1 inch) glass tube.  A valve is connected to the 

bottom of the separator. The hollow space between the tube mesh and the glass tube is filled with known 

amounts of kerosene and water with the valve closed. Then by opening the valve, oil is drained in the 
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coated mesh tube. By comparing the weights of the initial oil and collected oil, the separation efficiency 

is determined. 

(a) (b) 

 
 

Figure 3. Oil-water separation experimental set up using SHSO mesh tube: (a) schematic picture, and (b) actual 

set up. Oil is shown in brown and water is shown in light blue color.  

3 ADVANTAGES AND LIMITATIONS  

This section further highlights the advantages of this experimental study as follows: 

• This study introduces a fast and straightforward membrane fabrication method where the mesh 

surface chemistry and morphology are modified simultaneously.  

• The SHSO coated mesh features a high stability in harsh conditions including strong alkaline and 

acid solutions, and highly aqueous saline solution; this highlights the quality of the coating 

obtained using an inexpensive one-step technique.  

• Static oil-water separation using, a tubular mesh leads to more contact area/interface for the oil 

phase permeation through the SHSO surface. The excellent separation performance of the SHSO 

mesh obtained in the current study can be scaled up for large scale applications.  
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There are some drawbacks with our SHSO membranes as listed below: 

• The silane coatings used for the surface modification might cause environmental concerns during 

membrane development and disposal.   

• The roll welding of the stainless steel mesh may create weak points in terms of homogeneity of 

pore sizes that block water phase. This limits high operating pressures and flow rates as the larger 

pores (or fractures created during roll welding) cease water breakthrough.  

• The SHSO coated mesh, with ~75 micron (nominal size) pore opening is not efficient for 

separating emulsified oil from an oil-water mixture where the oil droplets are smaller than the 

pore opening. 

 

4  RESULTS AND DISCUSSIONS 

This section reports wettability and stability assessments through contact angle measurements, surface 

characterization using TEM, SEM, XRD, FTIR, and EDX as well as oil-water separation efficiency. 

4.1 Mesh wettability analysis 

The activated SS mesh samples are coated with 12 different coatings F1–F12 (see Table 1). In all cases, 

the same SS mesh material is used. The oil (hexane) perfectly wets the mesh, giving a contact angle of 

zero. The effects of silane chain-length and solid (NPs and MPs) composition are investigated. The 

results of static WCA in the presence of air are demonstrated in Figure 4, as an average WCA for three 

drops repeated on three different mesh samples (a total of nine drops). The x-axis of Figure 4 shows the 

solid composition in the coating solution. The WCA results for the prime coatings F1 and F7 (0% NPs 

and 0% MPs) are also highlighted in Figure 4. The blue bars and gray bars represent the WCA results 

for the long-chain silane (Dynasylan® F8261) and the short-chain silane (Dynasylan® SIVO 408), 

respectively. WCA=124.3˚2.8˚and 134.2˚1.8˚ for the coatings with short silane (F1) and long silane 

(F7), respectively, are found. This observation is in agreement with findings in the literature that 
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hydrophobicity increases with the length of the silane functional chain [55, 56]. According to Figure 4, 

with increasing the fraction of the NPs in the coating within the range 0–75 wt%, the WCA increases. 

At the same level of wt%, the surface covered by the NPs (m2 rough area/m2 smooth area) is expected 

to be higher in the case of NPs. The hierarchical roughness pores can trap air to promote the condition 

for superhydrophobicity [24]. The increase in the WCA with the percentage of NPs (in the solid part) is 

more pronounced in the case of long-chain silane. For the short silane, the difference in the WCA within 

the range of NPs 0–50 wt% is statistically insignificant. There is a maximum WCA at the solid 

composition of 75% NPs and 25%  MPs (see Figure 4). In all coatings that include solid, there is 1 wt% 

solid in the prime solution. At 75% NPs and 25% MPs solid composition, the WCA on the coating 

containing the short silane (F5) is 164.2˚2.2˚ and that on the long silane (F11) is 165.8˚2.0˚. By 

conducting a statistical t-test, it appears that the difference between the maximum contact angle achieved 

in long- and short-chain silanes (at 75% NPs and 25% MPs) is not statistically significant at 95% 

confidence level. 

By increasing the NPs contribution in the solid to 100%, the contact angle on the coating with short 

silane (F6) decreases considerably, to 155.5˚2.2˚, and that for the long silane (F12) decreases slightly, 

to 163.8˚1.8˚. Therefore, among the solid concentration levels tested, the case containing 75% NPs and 

25% MPs provides the highest hydrophobicity. Similarly, we conduct a t-test analysis at 95% confidence 

level on differences between the means of the two populations (for both silanes), to assess whether the 

optimality in the WCA on the coating with 75% NPs and 25% MPs is statistically different from that 

with 100% NPs only. Although the WCA difference is statistically significant (at 95% confidence) for 

the case of short-chain silane, it is not significant for the case of the long-chain silane. One problem in 

using a mixture of MPs and NPs in the dip-coating method is the likelihood of gravity settling for the 

larger particles. This may bring the concern with the coating homogeneity in terms of the solid particles 

on the mesh surface. Therefore, we use the coating solution F12 (with only NPs) for the remaining of 
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analysis to achieve a more homogeneous coating [57]; the long-chain silane also provides a slightly 

better hydrophobicity for which the difference between the WCAs on the coatings F11 (75% NPs) and 

F12 (100% NPs) is not statistically significant.  

 

Figure 4. Static WCA on coated stainless steel mesh in the presence of air at ambient condition. The wt% of the 

NPs and MPs in the solid are given on the x-axis. The contact angle results are averaged for three replicates. 

 

The results for the sliding angle measurements are shown in Figure 5. Right before water droplet sliding 

(see Figure 5(a)), the advancing and receding contact angles are measured at 155.9°±3.3° and 

148.1°±3.0°, respectively.  Therefore, contact angle hysteresis at the sliding condition is 7.7°±0.8° which 

satisfies the condition <10° for the hydrophobic surfaces [48].  
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Figure 5.  Snapshot of the water droplet starting to slide on an SHSO mesh (coated with F12) by increasing the 

inclination angle. The sliding starts in the frame (b). 

 

4.2 Surface characterization analysis  

Transmission electron microscopy (TEM): In this subsection, we present the TEM results from the 

NPs, MPs, and a 3:1 mixture of NPs to MPs (corresponding to 75 wt% NPs and 25 wt% MPs) as shown 

in Figure 6. A 5 wt% solution of solids in ethanol is prepared, following by 10 mins sonication for sample 

preparation. The TEM pictures are taken using Secnai Spirit TEM (FEI Company), using field 

emission electron of 80 kV, equipped with 4 Mega pixel AMG digital camera. The pictures demonstrate 

the morphology of the aggregates in Figure 6 for (a) NPs (alone), (b) MPs (alone), and (c) a 3:1 mixture 

of NPs and MPs (corresponding to 75% NPs in the solid compartment). 

 

 

Figure 6. Transmission electron microscopy (TEM) pictures from solids used in the coating solution: (a) NPs 

(Aerosil® R812), (b) MPs (SIPERNAT® D13), and (c) mixture of NPs+MPs. 
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Scanning electron microscopy (SEM): We use SEM to visualize the morphology of the SHSO mesh 

membranes, coated with long-chain silane and a mixture of NPs and MPs.  In Figure 7, the SEM pictures 

are shown for four characteristic coating solutions at 1,000X magnification; the bar scale is 100 (m). 

The SEM picture in Figure 7(a) is for the SHSO mesh coated with the prime solution F7 (without any 

solids for roughness). Figure 7(b) depicts the SEM picture for the mesh with coating solution F8, 

containing 100% MPs in the solid part. Figure 7(c) includes the SEM picture for the coating solution 

F11 where the solid mixture contains 75% NPs and 25% MPs. As observed in Figure 4, the coating 

shown in Figure 7(c) gives the maximum WCA. The SEM picture for the mesh coated with solution 

F12, containing 100% NPs, is given in Figure 7(d). Among the four coating characteristic solutions, the 

coating solution F12 with 100% NPs provides flower-like hierarchical surface roughness with an 

extended surface area (see Figure 7). Referring to Figure 7(d), the fractures, which are observed within 

this flower-like surface roughness, have occurred during the drying and curing processes. The fractures 

provide regions of high capillary pressure for the oil (as the wetting phase), which are suitable for 

capturing smaller oil droplets from water when they are brought in contact with these high capillary 

regions. However, such a hierarchical surface roughness may cause membrane vulnerability to the fluids 

shear and impact by the solid contaminations in the liquid. As clear from Figure 7(b), the coating solution 

F8 with only MPs in the solid mixture does not uniformly cover the entire surface of the mesh material 

as some parts of the mesh are not covered with the rough solids. Because the MPs are heavier than the 

NPs, their faster sedimentation from the suspension solution might be the main reason for the lack of 

enough roughness on the mesh surface over a two-minute dip-coating. However, with additional surface 

roughness caused by the MPs, the WCA is increased from 134.2˚1.8˚ (F7) to 152.9˚1.8˚ (F8); the 

difference is statistically significant at a 95% confidence level.  This increased contact angle with the 

added roughness is expected [51]. Moreover, Figure 7(c) reveals that the coating solution F11 with 75% 
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NPs and 25% MPs provides more roughness on the surface, compared to Figure 7(b). According to 

Figure 4, a statistically significant increase in the WCA values are observed because of the hierarchical 

roughness induced by the mixture of MPs and NPs in the coating. The WCA for the mesh shown in 

Figure 7(b) increases from 152.9˚1.8˚ to 165.8˚2.0˚ for the mesh corresponding to Figure 7(c). 

 

 

 

 

 

 

 

 

 

 

Figure 7. Scan electron microscopy of four SHSO mesh samples at 1,000X magnification: (a) silanized (F7), (b) 

F8 coating with 100% MPs, (c) F11 coating with 75% NPs and 25% MPs, and (d) F12 coating with 100% NPs, 

and (e) with magnification of 10,000X. The long-chain silane is used in all coatings. The nominal size of the mesh 

opening is 75 m. 

 

Comparing Figure 7(c) and 5(d), the flower-like roughness features are only observed for the coating, 

containing only NPs as solids (see Figure 7(d)). A better mechanical stability (against shear and impact) 

is expected from the coating solution F11 compared to F12; spray coating is expected to be a better 

option when coating the activated mesh with F11. Despite the significant differences in the apparent 

surface roughness features in Figure 7(c) and (d), the difference in the WCA for these two mesh samples 

(a) (b) (c) 

(d) (e) 
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is not statistically significant at a 95% confidence level; however, the roughness shown in Figure 7(d) 

can facilitate the separation of disperse oil-in-water droplets.  

In Figure 8, we demonstrate approximate size analysis of the flower-like surface roughness for a given 

part of the mesh sample with eight mesh openings, coated with F12 solution. For comparison, we also 

show the 200 m scale bar. This SEM picture is obtained at the 500X magnification level. We fit a circle 

to the mesh pore opening without considering the coating, which is shown with dashed yellow circles 

(see Figure 8). For each mesh opening, another circle is also indicated with solid white color that is fitted 

to the available pore opening at the condition corresponding to the breakthrough of the non-wetting 

phase.  Figure 8 depicts (approximate) uncoated mesh opening diameter of 75.4 m – 77.7 m with an 

average of (76.4±0.6) m that is reduced to 45.5 m – 50.5 m for the coated mesh, with an average 

diameter of (48.3±1.7) m.  

 

Figure 8. A schematic of the flower-like roughness features of the SHSO mesh (coated with F12). The dashed 

yellow circles are approximately fitted to the mesh opening, and the white circles are fitted to the pore opening, 

corresponding to the breakthrough condition for the non-wetting phase. The numbers in the figure show diameter 

in m. 

 

X-ray diffraction (XRD): Figure 9 shows an overlay of the XRD patterns for three cases, including 

cleaned mesh, silanized mesh (coating solution F7), and coated mesh (coating solution F12). The main 
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diffraction peaks are located at 43.4˚, 44.7˚, 50.9˚, and 74.7˚ which can be attributed to   (111),  (110), 

 (200), and  (220), respectively; furthermore, there are two minor peaks at 64.9˚and 82.4˚that can be 

attributed to   (200) and  (211) [58]. The locations of the diffraction peaks are in agreement with those 

obtained in XRD spectrum of AISI 316 grade SS plate from Qin et al. [58]. As it is clear in Figure 9, the 

silane solution F7 and the coating solution F12 do not shift the position of diffraction peaks, while there 

are some minor effects on the intensity of peaks. It means that both coating solutions (F7 and F12) neither 

diffract the X-ray nor affect the crystalline structure of the AISI 316 SS. These similarities between the 

peaks of AISI 316 SS (bare mesh) and coated mesh (F12) confirm the amorphous structure of the mesh 

coating, including the solid particles that are used to alter the surface roughness. Hence, this observation 

also confirms that the silica nanoparticles (Aerosil R812), utilized in coating solution F12, are 

amorphous; they do not affect the crystallinity of the bare mesh. 

 

 

Figure 9. Overlay of XRD patterns for the clean mesh (blue), silanized mesh (red), and mesh coated with F12 

(black);   and  are atheneite and martensite steel phases, respectively.  

 

Energy-dispersive X-ray spectroscopy (EDX): In Figure 10, we show the EDX analysis of the mesh 

coated with F12 formulation. The weight percent of the elements and standard deviation () are also 
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reported in Figure 10; the highest detected element counts and X-ray energy belongs to Si with 56.11 

wt% of the detected sample area at an energy level of 1.74 keV. For the EDX analysis, we choose an 

area-of-interest on the coated mesh wires and dismiss the mesh empty area that has no coating. The wt% 

of Si in the long-chain silane is less than 3 wt%. The NPs are fumed silica (SiO2) for which their surface 

area is functionalized with hexamethyldisilazane (HMDS).  The ratio of Si/F in the coating is much 

higher than that in the silane, confirming that the NPs are successfully bonded onto the mesh surface. 

 

Figure 10.  EDX analysis of the SHSO mesh coating (F12). 

 

Fourier-transform infrared spectroscopy (FTIR): The FTIR transmittance for the SHSO mesh coated 

with F12 solution is demonstrated in Figure 11 in the wavelength range 400 cm-1 to 4000 cm-1. A large 

band with a strong peak is observed at 452 cm-1, which is due to Si-O-Si rocking [59]. The absorption 

band at 807 cm-1 corresponds to the Si-O-Si bending; the O-Si-O bending gives an IR peak at about 475 

cm-1 [60]. The strong absorption at 1060 cm-1 is due to the stretching of the Si-O-Si bond [61]. These 

three intense absorption peaks at 452, 807, and 1060 cm-1 are due to the silica NPs on the coated mesh 

surface. The peak around 700 cm-1 is due to the vibration of the –CH2 groups for the silane-modified 

silica NPs, and the absorption peak at 895 corresponds to the deformation of Si-OH bonds [62]. 

Furthermore, the peaks at 1240 cm-1 and 1150 cm-1 are attributed to the C-F asymmetric stretching 
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vibrations for the -CF2- and –CF3 groups, respectively [63]. The peak at 1190 cm-1 may be assigned to 

the symmetrical stretching of the CF-F bonds [64]. The absorption peak for the stretching of bond Si-

CH3 (in NPs) is not observed at ~1297 cm-1 (detected in the FTIR spectra of the NPs) [61], implying that 

the NPs are completely hydrolyzed in the final coating. The broad (but weak) absorption band in the 

range 2890–3680 cm−1 is a characteristic of the O-H stretching from water vapor [65]; the weak band 

around 1482 cm-1 is also attributed to the adsorbed water [62]. 

 

Figure 11.  FTIR spectra of the SHSO mesh (coated with F12) in wavelength range 400 to 4000 cm-1.  

 

4.3 Mesh chemical stability analysis 

The stability of the SHSO mesh against chemicals can be assessed by WCA measurements, after aging 

the coated mesh in harsh environments. The static contact angle results for the SS mesh coated with the 

solution F12 are provided in Figure 12 for which the samples are aged over a 4-week period in 0.1 M 

acid (H2SO4), 0.1 M alkaline (NaOH), and 1 M brine (NaCl) solutions. The contact angle measurements 

reported in Figure 12 are the average of five replicates (mesh samples); onto each mesh sample, we 

dispense three drops. Prior to aging in acid, alkaline, and brine solutions, the WCA=163.8˚1.8˚. After 

one week, the WCA is not significantly affected for the sample aged in 1 M NaCl solution; however, the 

WCA is dropped to 153.9˚1.8˚ for 0.1 M H2SO4-aged mesh and to 154.4˚0.8˚ for 0.1 M NaOH-aged 

mesh sample. There is not a remarkable change in the surface wettability upon exposure to the acid, after 
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this early effect on the coating. For instance, the WCA after four weeks is marginally reduced to 

151.6˚1.2˚, considering the variability in the measurements. The WCA for the mesh samples aged in 

the brine slightly decreases over time (e.g., the contact angle for the brine-aged mesh is 159.2˚0.8˚ after 

four weeks). The effect of alkaline solution on the mesh coating is the most significant such that 

WCA=145.9˚1.7˚ after four weeks of aging. In agreement with the literature [66], the hydrophobicity 

of the silica-based surfaces declines in strong alkaline solutions due to its effect on the Si-O-Si bonding. 

 

Figure 12. Chemical stability analysis through WCA measurements. The SHSO mesh samples are aged at room 

temperature in H2SO4 (0.1 M, shown in blue), NaOH (0.1 M, shown in red), and brine (1 M, shown in black) 

solutions over four weeks. The markers indicate the average of contact angle values for five replicates. 

 

We also examine the chemical stability analysis in extremely concentrated acid and alkaline solutions 

where the concentration is 1 M. Similar to the chemical stability tests using 0.1 M chemicals, five 

replication samples of the mesh are considered where three water droplets are placed on each mesh (on 

different locations). A significant effect by 1 M NaOH solution on the mesh coating is observed; after 

one week, the WCA drops to 93.4˚6.2˚. Not only the contact angle is considerably altered by the 1 M 

alkaline solution, the variability in the WCA measurements is also drastically increased. If the water-

mesh contact is influenced by concentrated NaOH solution, a loss of hydrophobicity is observed, 

resulting in WCA reduction. We observe a high standard deviation of S=10.9˚ for the mesh samples aged 
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for one week in 1 M NaOH solution, which is significantly higher than S<1˚ attained for the samples 

aged in 0.1 M NaOH solution (after one week). When the mesh samples are placed in 1 M H2SO4 

solution, the strong acid does not affect the mesh coating; after 1-week aging, WCA=152.5˚1.0˚ is 

observed. The standard deviation for the mesh samples aged in 1 M acid solution is one order of 

magnitude lower. Therefore, the mesh coating is not significantly influenced by highly concentrated 

acid.  

The difference in the chemical stability of the SHSO mesh against 1 M acid and 1 M alkaline solutions 

is also confirmed by the SEM pictures, as depicted in Figure 13. 

 

(a) H2SO4 (1.0 M) (b) NaOH (1.0 M) 

  

Figure 13. Scanning electron microscopy pictures (at 500X magnification) of the SHSO mesh exposed 

to: (a) 1.0 M H2SO4, and (b) 1.0 M NaOH for one week. 

 

The SEM images shown in Figure 13 are obtained at 500X magnification, and the scale bar is 200  m.  

There are some differences between the flower-like roughness features (compared to those in Figure 

7(d)), due to handling and reaction with the concentrated acid solution. Although the change in surface 

roughness affects the capillary pressure for the retention of the wetting phase (oil), it does not 

considerably alter the contact angle. On the contrary, the mesh sample aged in 1 M NaOH solution 
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experiences significant dissolution of the coating in strong alkaline solution (see Figure 13(b)), which is 

in agreement with the WCA measurements.  

Strong alkaline solutions (pH>13) with active OH- ions can have detrimental effects on silica aggregates 

with poor crystallinity [67]. For our coating, such a potential is possible for the micro-nanoparticle 

aggregates of amorphous silica. Also, the OH- ions in strong alkaline solution can attack the Si-O-Si 

bonds that connect adjacent silane groups, weakening the 3D network of silane functional groups. 

Moreover, the OH- ions can remove the fluorinated functional groups from the mesh surface by breaking 

the Si-O bonds that are attached to the mesh surface (see Figure 2), causing partial de-hydrolysis [67]. 

Therefore, the coated mesh loses its superhydrophobicity strength due to possible reactions between the 

silicon and a strong alkali.   

 

4.4 Oil-water separation test  

The oil-water separation is conducted according to the process flow diagram shown in Figure 3(a). The 

actual picture of the set-up is given in Figure 3(b). Kerosene is used to simulate a free oil in water mixture 

that permeates through the fabricated SHSO mesh tube. The oil phase remains as a free phase over the 

water surface. The water phase is expected to be blocked from permeating through the SHSO membrane 

at pressures lower than the breakthrough capillary pressure of the water phase. As soon as the water wets 

the mesh tube, it starts draining out of the glass tube through the mesh. The oil is collected in the beaker 

with an excellent separation efficiency > 99%, whereas the water is blocked around the tube mesh. The 

permeation of the water into the mesh under gravity drainage is not observed. Capillary pressure contrast 

between the oil-air and water-air phases is one of the important mechanisms (and driving forces) in 

governing the efficiency of oil-water separation process through SHSO membranes. The capillary 

pressure between the wetting and non-wetting phases is calculated using the Young-Laplace equation: 
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                                                                 ∆𝑃 =  −4𝛾𝑐𝑜𝑠𝜃/𝑑                                                           (1)  

where ∆𝑃 (N/m2) is the intrusion pressure, the excess pressure required for the water/oil phase to wet the 

SHSO mesh tube; 𝛾 resembles the interfacial tension (N/m) of fluid pairs; θ is the WCA of the SHSO 

mesh; and 𝑑 represents the pore size diameter (m). The positive intrusion pressure (θ > 90°) indicates 

that the water as the non-wetting phase requires an extra pressure to pass through the mesh pores, 

conversely the oil phase as the wetting phase with a negative intrusion pressure (θ < 90°) requires no 

extra pressure to wet the SHSO mesh tube [68]. In the separation tests, we repeat the experiments with 

kerosene four times, and the separation efficiency is (99.0±0.6) % in a period of 1 min. In a follow-up 

study, we can systematically investigate the dynamics of oil-water separation in the same mesh shown 

in Figure 3(b), where the effects of flow rate, oil-to-water ratio, and oil dispersion are assessed. We also 

use the effect of vacuum on the permeate phase to accelerate the oil permeation. For the case of kerosene, 

the gravity-based separation is fast; however, for more viscose oils (crude oil or vegetable oil), the oil 

permeation rate through the membrane will dictate the size of the separation unit.  

 

5 CONCLUSIONS  

We fabricate a superhydrophobic-superoleophilic (SHSO) stainless steel mesh-based membrane through 

a facile dip-coating technique, and use the membrane for oil-water separation application. The effect of 

silane alkyl-chain length by using a short-chain silane (Dynasylan® Sivo 408), and a long-chain silane 

(Dynasylan® F8261) on the water contact angle (WCA) is studied. We also investigate the influence of 

solid composition in the coating (1 wt% solid in liquid coating solution) with hydrophobic nanoparticles 

(NPs, Aerosil R812) and microparticles (MPs, SIPERNAT® D13) on the wetness characteristic of the 

mesh. A total number of 12 coating formulations are tested by varying the silane and solid compositions. 

The following conclusions are drawn based on the research outputs:  
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• The WCA results show that at all solid compositions, the long silane generates a more 

hydrophobic surface than the short silane. 

• A maximum in the WCA is observed with both silanes for a solid mixture, containing 75 wt% 

NPs and 25 wt% MPs.  The maximum WCA for the long silane is 165.8˚±2.0˚, which is not 

statistically different from that for the short silane. By increasing the contribution of the NPs to 

100%, the WCA decreases for both silanes; however, this reduction is more significant for the 

short silane. Therefore, it is possible to achieve a similar hydrophobicity with a shorter silane 

that contains less F atoms (less harmful) by adjusting the composition of the solid part of the 

coating.  

• According to the SEM images, the flower-like hierarchical micro- and nano-roughness with a 

high capillary pressure for the coating solution that contains only NPs (1 wt% in the coating) is 

attained.  

• The 4-week stability tests exhibit an excellent chemical resistance of the SHSO mesh to H2SO4 

(0.1 and 1 M), NaCl (1 M), and NaOH (0.1 M), where WCA>145˚ after four weeks. The alkaline 

solution affects the coating more; the majority of the changes to the hydrophobicity occurs during 

the first week in all cases. However, loss of hydrophobicity is observed after 1-week exposure to 

1 M NaOH.  

• The as-fabricated SHSO mesh separates kerosene from an oil-water mixture with an efficiency 

of greater than 99%. 

• The proposed fabrication of the SHSO mesh is simple, facile, low-cost, and effective that has 

applications in selective oil-water separation.  
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The recommendations for the future research investigation are: 1) it might be a good recommendation 

to conduct surface modification tests using non-chemical techniques, such as laser or 3D printers, and 

then compare the magnitudes of contact angles attained from different approaches; 2) continuous and 

dynamic oil-water separation tests using SHSO mesh tubes are suggested to meet the demand in treating 

industrial oily wastewater. The effects of flow rate, oil concentration, oil dispersion, and surfactant in 

the mixture can be also studied; 3) we suggest a follow-up study to scale up the oil-water separator 

through a horizontal shell-and-tube configuration. The allocation of the permeate (oil) phase to either 

shell or tube side is a design decision that appears to be interesting; 4) applying a vacuum to the permeate 

phase can accelerate the continuous oil-water separation; and 5) the study of water-based solid 

contaminations and fouling performance of the SHSO mesh is of high interest for several researchers in 

the field of water and wastewater treatment. It is expected that the fine solid particles suspended in the 

water phase to be retained in the aqueous phase away from the surface of the mesh tube, since water 

cannot wet the surface of the coated mesh.   
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Variables/Symbols 

𝑑  Pore size diameter  m 

P  Pressure N/m2 or Pa 

 

Greek Letters 

Δ𝑃  Pressure difference N/m2 or Pa 

𝛾  Oil/water interfacial tension    N/m 

θ  Contact angle (°) 
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