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Superhydrophobic PDMS coated 304 stainless-steel mesh for the removal of 
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A B S T R A C T   

The use of microplastics is a global issue that affects the environment, the economy and human health. Here we 
describe a superhydrophobic 304 stainless steel obtained by combining chemical etching and PDMS modifica
tion. Among other techniques, field emission scanning electron microscopy (FE-SEM) and high-resolution X-ray 
photoelectron spectroscopy (HR-XPS) were used to identify the hierarchical structure as well as the chemical 
composition of the surface. The stainless-steel mesh was superhydrophobic (159◦) and superoleophilic (0◦). The 
coating presented high stability against abrasion of SiC abrasive paper as well as in the presence of different pH 
values in acidic or alkaline conditions. In addition, taking advantage of the coating's wetting properties, we show 
that the superhydrophobic surface can also be used to remove high-density polyethylene microplastics from 
water. A surface mechanism promoting the removal or microplastics is also proposed, considering the surface 
properties of the solid pollutants as well as the wetting properties of the superhydrophobic coating.   

1. Introduction 

Today, solid pollutants represent a major issue all over the world, 
exerting a major impact on the economy, the environment and human 
health. Specifically, solid pollutants like microplastics (MP) are 
emerging pollutants that are found worldwide [1–3]. 

Several methods are available for separating MP from water, such as 
air flotation, electrooxidation or sand filtration. However, they are <99 
% efficient and require other techniques to achieve complete removal of 
MP [4,5]. Various technologies have been used to explore innovative 
ways to capture and remove MP from water. The use of BiVO4 and Fe3O, 
combining photocatalytic and magnetic properties, allowed self- 
propelled robots to degrade MP such as polylactic acid and poly
caprolactone [6]. Magnetite nanoparticles have also been used to 
generate a stable twister-like structure under a magnetic field, since a 
colloid layer on the water–air interface provided a magneto movable 
system that allowed the removal of microplastics from the air-water 
interface [7]. In another study an assembled layered double oxide 
made of three-dimensional graphene-like carbon was also used to 
remove polystyrene, and the removal mechanism was identified on the 
basis of the differences in interaction between the material and the 
microplastics [8]. 

In this scenario it is necessary to provide alternatives with extremely 

high efficiencies that ensure complete removal of microplastics, by 
taking into account the phases that surround them: namely, water and 
air. As a result, superhydrophobic materials play a key role in the 
removal of pollutants from water. Superhydrophobicity is defined by the 
water contact angle (WCA) > 150◦, a sliding angle (SA) and a contact 
angle hysteresis (CAH) lower than 10◦ [9,10]. Additionally, in order to 
achieve extremely high contact angles, the surface of materials has to be 
modified to obtain a hierarchical structure, combining micro and nano 
structures, with chemical compounds that tend to reduce the surface free 
energy and change the wetting properties from hydrophilicity to 
superhydrophobicity [11–13]. Among all these compounds, poly
dimethylsiloxane (PDMS) is particularly promising because it is 
completely sustainable, chemically inert, and has good thermal stability 
and low surface free energy (19.8 mN/m at 20 ◦C) [14–17]. Moreover, 
because of its chemical formula (CH3[Si(CH3)2O]nSi(CH3)3) where n =
number of monomers, PDMS presents different molecular interactions 
between silicone and MP such as oleophilic interactions to the water–oil 
interface [18,19] or hydrogen bond interactions, van der Waals forces, 
electrostatic interactions and σ-p and p-p conjugations [20]. For this 
reason, superhydrophobic surfaces are promising materials for the 
removal of different kinds of pollutants such including immiscible sol
vents like oils with low oil contact angles (OCA) [21–23], miscible sol
vents such as ethanol [24,25] or even dyes [26–28]. Specifically, meshes 
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and membranes have been used to separate oil from water [29–31]. 
However, the use of stainless steel (SS) has not been extensively inves
tigated; in the few studies available the type of SS is not reported 
[32–36]. Therefore, despite the fact that meshes allow the removal of 
oils, the separation of solid pollutants such as MP by using superwettable 
materials is still in its infancy. 

Here we describe a superhydrophobic 304 stainless steel mesh coated 
with PDMS (PDMS@304SS) that is effective in removing HDPE micro
plastics from water, taking advantage of its wetting properties. First the 
304 SS mesh was etched to achieve the necessary hierarchical structure, 
and then it was coated with PDMS to reduce the surface free energy of 
the system and to confer superhydrophobicity with a WCA = 159 ± 5◦

and superoleophilicity OCA = 0 ± 1◦. Additionally, the coated surface 
removed HDPE-MP with an efficiency of 99 ± 1 % without leaving solid 
pollutants in water. Moreover, the removal process was attributed to the 
wetting properties of the microplastics and the PDMS@304SS as well as 
the interparticle interactions in water and oil. 

2. Experimental procedure 

2.1. Superhydrophobic mesh 

An AISI 304 stainless-steel mesh (304 SS) with the following 
composition (%): C ≤ 0.08, Si ≤ 1.00, Mn ≤ 2.00, P ≤ 0.045, S ≤ 0.030, 
18.0 ≤ Cr ≤ 20.0, 8.0 ≤ Ni ≤ 11.0, a hole size of 0.4 mm2 and 0.2 mm of 
filament diameter was used as a substrate 2 × 2 cm2 in size (Fig. S1). The 
experimental procedure involved four steps for conferring super
hydrophobic properties to the mesh (Fig. 1). The substrates were ground 
with SiC P180 abrasive paper and rinsed in deionized water (DI) and 
then in ethanol to remove the impurities. After this, the substrates were 
etched using a 2 M FeCl3 in DI water, HCl 37 % (w/w) and H2O2 5 % (w/ 
w) in 15:1:1 proportion solution (all reactants purchased from Scharlau) 
for 10 min at room temperature. Next, the mesh was cleaned with DI 
water and dried in the oven at 60 ◦C for 1 h. Then, the oxidized sub
strates were immersed in a 1 % w/w PDMS (purchased from Sylgard 184 
Silicone Elastomer) solution in THF (purchased from Riedel-de Haël) for 

30 min at room temperature. After this, the samples were dried and 
cured at 55 ◦C in the oven for 20 h. 

2.2. Durability tests 

The durability of the superhydrophobic PDMS@304SS mesh was 
evaluated by two methods: first, by keeping in contact aqueous solution 
droplets at different pH values in acid or alkali solution (pH = 0, 1, 4, 7, 
9, 12 and 14) using HNO3, CH3COOH, H2O, NH3 and NaOH respectively 
with the mesh surface for 10 min; and second, by means of an abrasive 
grinding paper test in order to study the durability under severe abrasive 
conditions. The superhydrophobic PDMS@304SS mesh was placed in 
contact with SiC P1200 grinding paper and was moved 20 cm across, 
while a constant load of 5 kPa was applied. After each cycle, the surface 
was cleaned with forced air and then both the WCA and the SA were 
measured three times at the same place where the abrasion was 
performed. 

2.3. Microplastics removal 

High density polyethylene (HDPE) MP (purchased from Abifor) with 
a size = 133 ± 34 μm were used for removal from a 3.5 % w/w NaCl 
aqueous solution (pH = 7.00). Then, 30 mL of the aqueous solution was 
prepared for the further addition of 20 mg of MP. After this, 5 mL hexane 
(coloured with Red O biological stain, both purchased from Scharlab) 
were added to the mixture and stirred. The separation was carried out in 
a lab-made system that consisted of a dropping funnel in which the so
lution containing both phases (organic and aqueous) was poured at 3.0 
mL/s (the stopcock was completely opened), 1.5 mL/s and 1.0 mL/s (the 
stopcock was partially open and let the MP pass through it); an inverted 
Claisen adapter where the superhydrophobic PDMS@304SS mesh was 
located with a tilt of 1◦ corresponding to a sliding angle and two beakers 
to collect the two separated phases. After this, the mesh was dried in the 
fume hood (55 ◦C) to further weigh the retained MP mass and the 
collected mass of HDPE-MP in the beaker. This procedure was repeated 
three times washing the superhydrophobic substrate with ethanol after 

Fig. 1. Experimental procedure for obtaining the superhydrophobic PDMS@304SS mesh for the removal of HDPE-MP.  
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each test. A reusability test was also carried out to determine how the 
removal process would affect the wetting properties of the super
hydrophobic surface. The method described was repeated several times 
and after each reuse, the surface was cleaned with absolute ethanol until 
there was no evidence of any remaining oil or HDPE-MP. Finally, the 
process was repeated. 

3. Characterization techniques 

In order to fully understand the role of reactants and the morphology 
obtained, several characterization techniques were used to determine 
the structure and the chemical composition. The surface of the super
hydrophobic PDMS@304SS mesh was characterized on a JEOL J-7100 
field emission scanning electron microscope (FESEM) in order to study 
its detailed morphology, while EDS microanalysis was used to determine 
the semiquantitative elemental composition in three different positions 
of each sample. The roughness (RMS, root mean square) was determined 
on the surface with the Leica DCM3D confocal microscope, using a white 
beam as the light source. To establish the chemical composition of the 
coating obtained, infra-red spectroscopy was also used to determine the 
presence of PDMS; for this purpose, Attenuated Total Reflectance 
Fourier Transform Infrared Spectroscopy (ATR-FTIR) was used in the 
range 4000–525 cm− 1 at a resolution of 4 cm− 1 with an instrument 
(Fourier Bomem ABB FTLA). Additionally, High-Resolution X-Ray 
Photoelectron Spectroscopy (HR-XPS) was used on a PHI ESCA-5500 
using a monochromatic X-ray source (Kα(Al) = 1486.6 eV and 350 W) 
and Multipak (9.8) was used for the deconvolution analysis. The wetting 

properties were also carefully studied by determining the static water 
contact angle (WCA), contact angle hysteresis (CAH) and sliding angle 
(SA) using the sessile method involving a Levenhuk digital microscope 
and 3.5 μL of DI water at room temperature. The same method was used 
to measure the oil contact angle (OCA) with hexane (purchased from 
Panreac). In the case of HDPE-MP the contact angle measurements were 
performed as follows: microplastics were sprinkled over a glass slide 
containing an adhesive before being flattened by another glass slide to 
prevent roughness effects, and the excess powder was removed. The 
ImageJ software was used to measure water and oil contact angles. The 
reported values are the average of three measurements of droplets at 
different parts on the surface. 

4. Results and discussion 

4.1. Surface characterization 

The FESEM microscope analysis was used to show the semi
quantitative elemental composition as well as the surface morphology 
throughout the process (Fig. 2): before the surface modification (first 
column), after the chemical etching (second column) and followed by 
PDMS coating (third column). As can be seen in the first row (Fig. 2 a–c) 
and their magnification (Fig. 2 d–f) the unmodified mesh (Fig. 2 a and d) 
was smooth and did not present any kind of cavity or roughness. 
Additionally, the EDS (Fig. S2) as well as the EDS mapping (Figs. 2 g and 
S2) present the main elements of the alloy (Fe and Cr) and a low Si peak 
that was assigned as minor element of the 304 SS. After chemical etching 

Fig. 2. FESEM micrographs of the 304 SS mesh during the surface modification process: a) unmodified 304 SS mesh, b) after chemical etching, and c) coated with 
PDMS; d–f) are respectively their magnifications, and g–i) EDS compositional maps after each step as described previously. 
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the 304 SS surface morphology changed abruptly and showed cavities 
throughout the surface (Fig. 2 b and e) and the presence of Si increased 
slightly (Fig. 2 h), indicating that the surface was etched as it also 
showed an increase in O signal in the EDS and its map (Fig. S3). Once the 
surface was coated with PDMS (Fig. 2 c and f) the morphology of the 
cavities changed with dif6pferent sizes at the microscale, and these 
cavities presented themselves to different nanocavities, leading to the 
well-known hierarchical structure necessary to confer super
hydrophobic properties. Additionally, the EDS map (Fig. 2 i) showed an 
increase in Si signal that was also showed in the EDS (Fig. S4) and also an 
increase in C and O in its corresponding EDS map (Fig. S4). The 
roughness (RMS) of the mesh was also measured after each step. 
Initially, it was smooth (RMS = 0.52 ± 0.1 μm) while after chemical 
etching it increased up to 1.62 ± 0.5 μm, indicating that the surface was 
clearly etched and several cavities were formed, in agreement with the 
FESEM micrographs. Finally, once the surface was coated with PDMS 
the RMS also increased to 2.54 ± 0.1 μm, generating larger cavities 
formed by the combined roughness achieved after chemical etching and 
PDMS coating. 

These results clearly show that the surface of the 304 SS mesh was 
completely coated with PDMS; after coating the etched surface, the 
presence of silicon, carbon and oxygen, as main elements of PDMS, 
increased. These results can be attributed to the fact that after chemical 
etching the oxidized surface presents hydroxyl groups (–OH) at the 
surface level, which improves the interaction with the used solution 
(PDMS in THF) and promotes the formation of a PDMS coating layer at 

the surface level of the 304 SS mesh [37]. In order to measure the PDMS 
coating thickness, the size of the filament mesh was measured at three 
different positions before the surface modification treatment (179 ± 5 
μm), after the chemical etching (150 ± 6 μm), and finally after PDMS 
surface modification (155 ± 3 μm). These results show that the 304 SS 
mesh was firstly etched, and its diameter decreased, but that after the 
PDMS modification it increased slightly, obtaining a PDMS thickness of 
2.5 ± 9 μm. FESEM micrographs showed that the 304 SS mesh surface 
was notably etched, while the EDS revealed the constituents of the mesh 
as well as the presence of oxygen and silicon from PDMS. The chemical 
etching caused the formation of an oxidized layer corresponding to the 
micro and nanocavities observed, leading to a hierarchical structure 
which, combined with the presence of PDMS coating, reduces the sur
face free energy and confers superhydrophobicity on the modified mesh. 

4.2. Chemical characterization 

In order to determine the presence of PDMS at the surface level of the 
mesh obtained, ATR-FTIR and HR-XPS techniques were used to establish 
the chemical composition of the samples. Fig. 3 a corresponds to the 
ATR-FTIR PDMS coated mesh with PDMS and shows a wide band be
tween 3700 cm− 1 and 3100 cm− 1 corresponding to vO-H of the oxide 
layer and ca. 3000 cm− 1 the band assigned to vasCH3. Between 1600 
cm− 1 and 1700 cm− 1 there was a weak band attributed to δO–H [38]. A 
very intense peak ca. 1100 cm− 1 was assigned to vSi–O while bands 
found ca. 1250 cm− 1 and ca. 800 cm− 1 were assigned to δSi–C and 

Fig. 3. Surface chemical composition: (a) ATR-FTIR of the superhydrophobic mesh revealing the presence of PDMS and HR-XPS analysis corresponding to (b) C-1s, 
(c) O-1s and (d) Si-2p. 
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vSi–C respectively [39]. HR-XPS was used to confirm the presence of 
the chemical compounds found in the ATR-FTIR characterization. In the 
C-1s (Fig. 3 b) the signal was deconvoluted into two peaks at 286 eV and 
287 eV assigned to C–O and C––O respectively [40,41]. In the case of O- 
1s (Fig. 3 c) there were two different deconvolutions at 531 eV assigned 
to PDMS-O [41,42] and 534 eV the from O–Si–O bonds in PDMS 
[41,43]. Finally, in the case of Si-2p (Fig. 3 d) two deconvolutions were 
found at 103.55 eV relative to O–Si–O-quartz [41,44,45] and 104.55 
eV related to the silicate form (Si–O4) [41,46]. 

Overall, the combination of ATR-FTIR as well as the HR-XPS char
acterization techniques at the surface level led to the identification of 
the main chemical compound at the surface level that corresponds to the 
PDMS generation a coating layer throughout the 304 SS mesh. In fact, it 
is the presence of this compound that causes a decrease in the surface 
free energy of the coating and, combined with the hierarchical structure 
as observed in the FESEM micrographs, promotes the superhydrophobic 
properties. 

4.3. Wetting properties 

It is well known that the contact angle measurements are a key 
parameter for defining the wettability properties of a surface. Here, we 
determined the WCA, SA, CAH as well as the OCA of the PDMS modified 
304 SS mesh. Additionally, the WCA and the OCA for the HDPE-MP were 
also measured. The WCA for the etched 304 SS was 37 ± 2◦, showing 
hydrophilic properties, while after the PDMS modification it was 159 ±
5◦, clearly indicating superhydrophobicity (Fig. 4 a) with a SA = 1 ± 1◦

and a CAH 1 ± 1◦ and exhibiting self-cleaning properties (Fig. S5). In the 
case of the superhydrophobic mesh, the OCA = 0 ± 1◦ showed super
oleophilic properties (Fig. 4 b). With regard to the HDPE-MP, the mea
surements were WCA = 136 ± 2◦ and for the OCA = 1◦ with instant 
absorption, showing hydrophobicity and superoleophilicity respectively 
(Fig. 4 c and d). 

The wetting properties of the water droplet on the PDMS@304SS 
mesh correspond to a low adhesion state where the cavities from the 

hierarchical structure were filled with air instead of water what is 
clearly assigned to the Cassie-Baxter [47], while CAH measurements 
showed that the surface presents a wetting mode assigned to the lotus 
leaf effect [48,49]. In contrast, in the presence of hexane, the cavities 
were filled with the organic solvent instead of air, generating the 
superoleophilic properties with instant oil sorption. Additionally, the 
WCA and the OCA measurements of HDPE-MP showed more affinity to 
hexane than to water because of the intrinsic hydrophobicity of poly
meric materials due to their low surface free energy, which in turn is 
caused by their chemical composition and in particular by the presence 
of long chains of C–H bonds from the (CH2-CH2)n polymer [50]. Apart 
from determining the contact angles it was also interesting to study the 
durability of the superhydrophobic PDMS@304SS mesh in different 
aqueous media. At different pH values (pH = 0, 1, 4, 7, 9, 12 and 14) the 
WCA measurements did not change and were above 150◦ in the whole 
range of pH values. This behavior shows that the superhydrophobic 
mesh was resistant to corrosive media, revealing that pH has no effect on 
the wetting properties of the surface, and it is because the high chemical 
stability of PDMS against different solutions because there were non- 
ionizable functional groups at the coating surface. 

One of the most challenging issues of superhydrophobic surfaces is 
their durability against abrasion. For this reason, the superhydrophobic 
PDMS@304SS mesh was also studied with an abrasive paper test [51]. 
As seen in Fig. 5, the surface was slightly affected because some parts of 
the upper layers of the superhydrophobic surface were removed (Fig. 5 a 
and b) or were smoother than the surface observed before the abrasion. 
After observing the damage caused by the abrasive test we wanted to 
study the chemical composition of the PDSM@304SS and to determine 
how the test affected the surface. Fig. 5 c shows the ATR-FTIR spectrum 
of the surface after the abrasion. It can be seen that between 3700 cm− 1 

and 3100 cm− 1 the band corresponds to vO–H of the oxide layer and ca. 
3000 cm− 1 there is the vasCH3, while there is an intense band ca. 1100 
cm− 1 assigned to vSi–O and ca. 1250 cm− 1 assigned to δSi–C. These 
bands are characteristic of the PDMS used to coat the surface and indi
cate that, despite the damage suffered during the abrasion, the PDMS 

Fig. 4. Contact angle measurements: a) PDMS@304SS mesh with a WCA = 159 ± 5◦ and b) OCA ~0 ± 1◦. For the HDPE-MP particles, c) WCA = 136 ± 2◦ and d) the 
OCA = 0 ± 1◦ with instant and total absorption. 
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coating remained adhered to the 304SS mesh and the chemical 
composition at the surface level remained unaltered. Additionally, the 
EDS of the surface after the abrasive test presented a slight decrease in 
the Si peak revealing that a small quantity of PDMS had been removed 
(Fig. S6). Durability was determined by measuring the WCA and SA 
during the abrasive paper test (Fig. 5 d). The results showed that the 
WCA remained constant throughout the experiment while the SA 
increased from 1 ± 1◦ to 8.5 ± 1.5◦. In fact, in the variation of the SA 
measurements three different stages could be identified during which 
the adhesion of water droplets changed. Firstly, the SA remained con
stant up to 500 mm of the abrasion test, indicating that the surface was 
clearly coated with PDMS and still presented the necessary hierarchical 
structure to show high water repellency and low water adhesion. In this 
case, the surface presented a similar morphology to those previously 
described after the chemical etching and the PDMS coating. Then, the SA 
increased from 1 ± 1◦ to 3.5 ± 1◦ and remained constant until 1400 mm. 
In this second stage where the measurements revealed that the water 
adhesion increased, the upper areas of the PDMS coating were shown to 
be removed slightly by the abrasive paper but the polymer and the hi
erarchical structure were still present despite the observation of some 
larger cavities (Fig. 5 a). After this, the SA rose to 8.5 ± 1.5◦ until 2000 
mm of abrasion. As seen, this final evolution indicates that the PDMS 
layer as well as the hierarchical structure obtained were clearly 
damaged (Fig. 5 b) but the surface still presented superhydrophobicity 
(WCA = 151 ± 1.5◦). Additionally, the roughness of the PDMS@304SS 
mesh after abrasion was compared to the RMS achieved after the surface 
modification process. In this regard, the RMS decreased from 2.54 ± 0.1 
μm to 1.31 ± 0.2 μm after the abrasion, revealing that the surface was 
affected by the abrasive paper test and was then reasonably smooth. If 

the RMS results are compared to the WCA and SA, it can be seen that 
although the hierarchical structure was affected, and because of its 
homogeneous chemical composition the WCA was also slightly affected, 
as the roughness decreased the SA increased, indicating that the water 
adhesion properties after 2000 mm decreased slightly during the abra
sive paper test. 

Taking into account the durability measurements, it is important to 
stress that because the PDMS@304SS mesh had a highly homogeneous 
chemical composition the surface was strongly robust in this abrasive 
condition [52]. In fact, the reason why the durability was very high is 
because there were no pinning sites introduced to the hierarchical 
structure and the cavities of the superhydrophobic coating were still 
filled with air when it was in contact with water instead of being filled 
with the liquid phase, which would notably increase its water adhesion 
and consequently decrease the WCA [53]. In fact, the durability of the 
coating is directly related to the adherence and abrasion durability of the 
composite oxide/PDMS layer. If the composite coating is completely 
removed (or only the PDMS layer) the surface would not present 
superhydrophobic properties and its WCA would fall dramatically to a 
hydrophilic state (WCA < 90◦). 

4.4. Microplastics removal 

In order to evaluate further the ability of the superhydrophobic mesh 
to remove HDPE-MP, a lab-made device was designed, as shown in Fig. 6 
a. Here, once the aqueous phase containing microplastics (Fig. 6 b) was 
put in contact with the organic phase (hexane) in the dropping funnel, 
the HDPE-MP migrated from water to the water-oil interface under 
stirring. Then, the two phases were separated and while the water slid 

Fig. 5. Durability test of the PDMS@304SS mesh: a and b) FESEM micrograph showing two different parts where the surface was affected by the abrasive paper, c) 
ATR-FTIR spectra showing that after abrasion the PDMS coating was present and d) evolution of the WCA and SA after 2000 mm. 
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through the superhydrophobic mesh because of the SA (1 ± 1◦), the 
organic phase containing the HDPE-MP was collected in the mesh as 
well as in the beaker (Fig. 6 c) leaving a pure aqueous phase without 
presence of either oil or HDPE-MP (Fig. 6 d). In fact, while the organic 
phase was in contact with the PDMS@304SS mesh two mechanisms 
could be observed: Initially, the hexane containing HDPE-MP 
completely permeates the surface while the solid pollutants spread 
through the whole surface, as hexane does. After this, once the mesh was 
saturated with the organic phase, the oil droplets containing HDPE-MP 
fell into the beaker driven by gravity force. It should be borne in mind 
that because of the superoleophilic properties of the PDMS@304SS mesh 
a small quantity of oil as well as HDPE-MP remained adhered to the 
surface, but this did not reduce the ability to remove these pollutants as 
neither the oil nor the HDPE-MP moved to the aqueous phase. Addi
tionally, the HDPE-MP size was not affected by the use of the organic 
solvent and remained constant at 133 ± 35 μm throughout the separa
tion process (Fig. 6 e–f) showing that the solid pollutants did not break 
down or swell when hexane was used; this is particularly important 
because some wastewater treatments operate under high water pressure, 
and MP often break down into smaller nanoplastics and may be poured 
back into the natural waters or even consumption water. Furthermore, 
to evaluate the ability of the superhydrophobic mesh to remove HDPE- 
MP, the removal efficiency (η) described as Eq. (1) could be used: 

η (%) = mMP/mtotal⋅100 (1)  

where mMP is the HDPE-MP mass collected in the beaker as well as in the 
mesh and mtotal is the total mass of HDPE-MP added in the dropping 
funnel. The process completely removed the HDPE-MP as well as the 
organic phase with a η = 99 ± 1 %, removed 2.8 mg HDPE-MP per 1 mL 
of hexane, and completely removed the organic solvent. Moreover, the 
removal of MP using the PDMS@304SS and other types of oils can also 
be carried out, exhibiting high efficiencies for petroleum ether (η = 98 
± 1 %) or xylene (η = 99 ± 2 %). These results show that the super
hydrophobic/superoleophilic character of the PDMS@304SS mesh 
promotes the separation of HDPE-MP into different kinds of oils and that 
the wetting properties are the main reason for removing the solid pol
lutants. The flux of the system was also studied at 3.0 mL/s, 1.5 mL/s 
and 1.0 mL/s. It was found that the difference in pouring flux did not 
interfere with the efficiency of the pollutant removal and, as seen in case 
of the highest flux (3 mL/s), the removal efficiency was 99 ± 1 % for 1.5 

mL/s and 1.0 mL/s. 
In addition to determining this new application of superhydrophobic 

surfaces and also its efficiency, it is worth noting that the PDMS@304SS 
mesh and the process itself can be reused up to 20 times without loss of 
either superhydrophobicity or removal efficiency. During the reusability 
test, the WCA, the SA and the OCA remained relatively constant near 
159 ± 7◦, 1 ± 1◦ and 0 ± 1◦ respectively. This shows clearly that the 
superhydrophobic PDMS@304SS coating was not affected or dissolved 
after 20 rounds of the removal process, underlining the chemical sta
bility of PDMS. As for removal efficiency, it also remained constant (99 
± 1 %) and the whole quantity of HDPE-MP as well as organic solvent 
used was removed after each step. These results showed that the 
superhydrophobic PDMS@30SS mesh presents long-term stability and 
so can be repeatedly reused without losing its wetting properties and 
maintains high durability against different oils, pH and abrasion. 

With regard to the wetting properties of HDPE-MP described above, 
it is necessary to consider the behavior of these persistent solid pollut
ants at the interface between water/air and water/oil so as to identify 
the mechanism driving the separation. As shown, the superhydrophobic 
PDMS@304SS mesh could be used to remove oil and HDPE-MP from 
water with extremely high efficiencies. But the reason why these 
persistent solid pollutants can be easily removed by this method remains 
to be elucidated. One explanation for the oil/water separation con
taining HDPE-MP might be obtained by considering the well-known 
Young–Laplace equation [54,55] (Eq. (2)): 

ΔPit = − 4γ (cosθ)/d (2)  

where ΔPit is the intrusion pressure, γ is the oil/water interfacial tension, 
θ is the contact angle of the liquid (oil or water) with the solid surface 
(PDMS@304SS mesh), and d the mesh hole size. Considering that γ =
0.25 mN/m for the system hexane/water and the hole diameter was 0.7 
mm, it can be deduced that the Laplace pressure is positive for a WCA =
154◦ and negative for OCA = 0◦. This indicates that water cannot pass 
through the PDMS@304SS mesh, while hexane may permeate the solid 
completely and pass through the mesh, leading to oil/water separation 
[56]. 

The MP themselves can be considered as colloids and so their 
physicochemical properties such as wetting can be attributed to the 
coating surface interaction between particles as well as their chemical 
composition [57,58]. From a surface point of view, the removal could be 

Fig. 6. Separation process of HDPE-MP: a) the lab-made device for MP removal, b) the aqueous phase containing HDPE-MP, c) the oil phase (red) where HDPE-MP 
were collected, d) pure water collected after the separation. Optical micrographs comparing the MP: e) before and f) after the removal. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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explained by considering two different interactions between the 
PDMS@304SS mesh and the HDPE-MP, namely the interparticle in
teractions and the binding energy of the HDPE-MP to the solid-liquid 
interface. On the one hand, the interactions between particles in water 
are caused by the dissociation of organic functional groups found at the 
surface of polymers such as hydroxyls or carboxylates which causes a 
certain negative polarization of the MP surface (–COOH → –COO− / 
–OH → –O− ). As this phenomenon is repeated on each particle surface, 
it increases the repulsion between MP and prevents their aggregation, 
thus making their removal from water difficult. On the other hand, the 
binding energy of MP indicates that as the size of the particles decreases, 
their wetting properties tend to be more hydrophilic because the binding 
energy decreases, making the removal of the solid pollutants from the 
water more difficult [59–62]. Taking both these factors into account, it 
can be deduced that when they are combined in an aqueous phase, the 
MP tend to be located in water and so it is very difficult to remove them 
by using surface procedures. In this scenario and from a surface point of 
view, it is necessary to change the surrounding media of MP in order to 
remove them from water. When the liquid phase that surrounds the MP 
is an oil, the functional groups cannot dissociate in the organic media, 
and so the negative electronic charge present in water is no longer 
present at the MP surface. Then, in the absence of this repulsion, they 
can easily aggregate rather than disperse because the binding energy is 
more favorable in the organic medium than in the aqueous one. Once the 
HDPE-MP migrate to the oil phase, due to a better affinity with the 
organic solvent (OCA = 0 ± 1◦) than with water (WCA = 136 ± 2◦), at 
the surface of PDMS@304SS mesh, the aqueous phase is replaced by the 
organic phase and the latter completely fills all the pockets of the hi
erarchical structure, thus increasing the capillary forces between the MP 
and the PDMS surface pockets. In the coating surface, there is no 
dissociation of surface functional groups and so the HDPE-MP cannot be 
repealed by electrostatic interactions between the pollutants and the 
coating surface. At this point, as the HDPE-MP are found in the oil phase 
and because of the superoleophilic properties of the PDMS coating, 
hydrogen bond interactions between the solid pollutants and the PDMS 
are also present (Fig. 7). In fact, these interactions are formed repeatedly 
through the completely coated surface and the HDPE-MP between the 
hydrogen atom from the HDPE and the oxygen from the PDMS [63]. 

In general terms, the organic phase plays a key role in the removal of 
solid pollutants like HDPE-MP by using superhydrophobic surfaces. In 
fact, the oil phase presents three different advantages over other MP 
traditional methods: i) it causes the MP to migrate from the aqueous 

phase to the organic one because of their intrinsic oleophilic properties; 
ii) it promotes the aggregation of microplastics because there is no 
surface charge and because the binding energy is more favorable while 
there are also hydrogen bond interactions between the MP and the 
surface; iii) the organic phase can be completely removed and con
taining MP onto the superhydrophobic surface. 

Today various methods are available for removing MP from water. 
They can be divided into conventional and innovative technologies. This 
classification is not related to their efficiency but to their current use in 
wastewater treatment plants (WWTP). In fact, as shown in Table 1, 
conventional techniques (effluents, coagulation, disc filtration or 
membrane bioreactor) present a wide range of efficiency, from 73 % in 
case of the use of effluents to 99 % for membrane bioreactor (MBR). 
Moreover, technologies that are not commonly used in WWTP such as 
magnetic extraction also present a wide range of efficiency which may 
limit their application, or entail that they need to be used in combination 
with other kinds of methods. In fact, membrane-based methods in 
WWTP are the ones that present the highest removal efficiency of MP, 
above 99 %, due to their small pore size [4,5]. Despite the extremely 
high efficiencies of these membranes, they suffer from fouling; this 
limits their use and means that they have to be changed or treated [64]. 

The use of a superhydrophobic mesh such as the PDMS@304SS mesh 
described here achieves complete removal of microplastics by 
combining the best technologies for this purpose, such as filter tech
nology, and the use of a superhydrophobic surface without fouling and 
with self-cleaning properties. 

5. Conclusions 

By combining chemical etching with a FeCl3/HCl/H2O2 solution in a 
304 stainless steel mesh, followed by PDMS modification, a super
hydrophobic (WCA = 159 ± 5◦, SA = 1 ± 1◦ and CAH 1 ± 1◦) and 
superoleophilic (OCA = 0 ± 1◦) coating was obtained. Characterization 
techniques (FESEM, ATR-FTIR and HR-XPS) showed that the 304 
stainless steel mesh was completely coated with PDSM as a main com
pound which reduced the surface free energy of the coating. The dura
bility of the PDMS@304SS mesh was also studied in an abrasion test 
until 2000 mm as well as at different pH values and in all cases, it shows 
high durability with few changes in the WCA. This is because the 
chemical composition of the PDMS@304SS mesh is highly 
homogeneous. 

In addition, the coating was also used to separate oil and HDPE-MP 
from water with an efficiency of 99 ± 1 %, and removed 2.8 mg of 
HDPE-MP per 1 mL of hexane. Finally, the reason why the surface could 
remove microplastics was established: it is due to the migration of the 
solid pollutants from the aqueous phase to the organic phase because of 
their intrinsic oleophilic properties and also because of the interparticle 

Fig. 7. Hydrogen bond interaction between the PDMS@304SS mesh and 
HDPE-MP in the oil phase. 

Table 1 
Summary of currently available methods for removing MP (PE: polyethylene, PS: 
polystyrene, PCL: polycaprolactone and PVC: polyvinyl chloride).  

Method Microplastics Efficiency Reference 

Effluents H2O2/Fe (III)/ 
H2SO4 

PP and PE 73 % [65] 

Magnetic extraction Nano-Fe3O4 PE, PS, and 
PP 

>80 % [66] 

Coagulation Al/Fe-based PE 85 % [67] 
Disc filtration Polyester 

mesh (18 μm 
pore size) 

PE, PS and 
PVC 

89.7 % [68] 

Magnetic extraction HDTMS@Fe PE and PS >90 % [69] 
Electrooxidation Boron-doped 

diamond 
anode 

PS 89 ± 8 % [70] 

MBR Biological 
reactors 

PE, PS and 
PP 

99 % [71] 

Superhydrophobicity PDMS@304SS HDPE 99 ± 1 % This work  
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interactions between the HDPE-MP in the organic phase and with the 
PDMS coating such the hydrogen bond interaction with the solid 
pollutants. 
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