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Advanced Self-Cleaning Surfaces
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Hydrophobicity, olephobicity, hemophobicity, amphiphobicity, omniphobicity, icepho-
bicity. In the last fifteen years, an exponentially increasing number of scientific studies
have focused on surface micro- and nano-engineering to develop surfaces capable of re-
pelling liquids (and even solids, in the case of ice) by controlling wetting properties. Such
interest primarily derives from nature observations, as some plant leaves have developed
peculiar wetting properties for self-cleaning purposes, e.g., to remain clean by preventing
the adhesion of particles or bacteria on their surfaces [1]. The classic example is Nelumbo
nucifera, more commonly known as lotus, but other plants such as Colocasia esculenta,
Mutisia decurrens [2] and Salvinia molesta [3] possess similar properties. All these plants
are characterized by superhydrophobicity, which combines high water repellence with
high mobility: these properties are given by a combination of chemistry (leaves are coated
with intrinsically hydrophobic wax) and surface hierarchical topography at the micro- and
nano-scale.

Researchers first tried to replicate synthetic superhydrophobic surfaces, but then also
extended the concept to all type of liquids (oil, low-surface tension fluids, blood) with an
ambitious scientific question: can we design surfaces that can repel any type of liquid,
and thus fabricate the perfect self-cleaning surface? The ambition is not a pure academic
exercise, but it can have a significant impact on a plethora of applications, spanning from
anti-icing to anti-fogging mirrors, low-drag ship hulls, anti-bacterial and anti-viral surfaces,
and food containers.

However, the repelling of liquids is not the only strategy to achieve self-cleaning
surfaces: the superhydrophilic principle has been adopted to produce self-cleaning glass
for building envelopes and photovoltaics, and is already widely diffuse at an industrial
level [4]. This effect originates from photoinduced phenomena, and relies on a combined
surface hydroxylation and degradation of soiling agents [5].

It is thus clear how self-cleaning surfaces can be achieved by a variety of strategies,
materials and technologies, and their applications are as wide as their production methods.

The current interdisciplinary topic, “Advanced Self-Cleaning Surfaces”, has collected
a variety of works dedicated to self-cleaning, from theoretical approaches to small-scale
laboratory experiments and material validation in relevant environments, demonstrating
how tailoring the surface at nano- and micro-meter scale surface phenomena can affect
larger scale phenomena. We believe that joining all aspects of such a multifaceted phe-
nomenon into a single collection of articles will help the scientific community involved in
this field to improve collaboration among diverse disciplines and promote novel insights
across interdisciplinary research fields. On account of its peculiar interdisciplinary char-
acter, this article collection was published across different journals: Materials, Membranes,
Nanomaterials and Coatings. The ten articles included in the topical collection highlight
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diverse material compositions, production methodologies and applications, as discussed in
the following.

Oil–water separation is confirmed to be a hot topic, and has been addressed by several
research works with different approaches. A PVDF/DP8/SiO2 composite honeycomb
membrane was tested for oil separation using five different oil–water mixes, showing high
efficiency and good stability and the reusability of the materials developed [6]. Candle soot
and polyvinylidene fluoride composites deposited on paper or on aluminium substrates
were also evaluated; the materials were considered suitable for such an application due to
their superhydrophobicity and superoleophilicity, and their good behaviour was confirmed
in tests performed on meshes for both heavy and light oil separation. Such surfaces also
proved efficient in protecting stainless steel meshes from concentrated HCl [7]. The specular
concept, i.e., developing a superhydrophilic and underwater superoleophobic surface, was
applied to obtain oil–water separation with a carbon cloth membrane coated with Cu-doped
TiO2 and Ag nanoparticles [8]. Water treatment was the objective of another study, based
on melt-blending an ethylene–vinyl alcohol copolymer and polypropylene to produce
hydrophilic hollow fibres, which were successfully tested for ink separation [9].

In such applications, durability is a key factor to ensure the industrial applicability of
such technologies. Several works, indeed, address this issue, including those previously
mentioned in which cycles of oil–water separation were run to monitor performance
changes. An assessment of surface durability under mechanical abrasion was performed
on dendritic electrodeposited copper surfaces, demonstrating how the precursors affect the
final quality and durability of the superhydrophobic effect [10].

Durability was also central in studies related to antibacterial, antiviral and antifoul-
ing properties of superhydrophobic materials. In this direction, one study reported the
production of electrospun polylactide acid nanofiber filters for face masks: polylactic acid
was used as the fibre material, and Manka oil was added to impart antiviral, antibacterial
and antifungal activity. Durability was assessed by repeated laundering to ensure reusabil-
ity [11]. An analogous aim was challenged with the development of anti-wetting coatings
on PU foams, produced with fluorine-modified silica, able to prevent fouling from bacteria.
Material leaching was then evaluated in both polar and non-polar liquids, representative
of liquids typically present in both medical and food industries, which are their target
application environments: no release was observed in 14 days of immersion, ensuring
the good chemical stability of the coating [12]. Bulk modifications, rather than surface
treatments, were evaluated instead in a study dedicated to increasing the durability of con-
crete through the development of a superhydrophobic concrete mix, which was achieved
through the addition of isobutyltriethoxysilane (IBTES) and commercial waterproofing
agents. Superhydrophobicity in concrete materials is crucial to increase their service life, as
most concrete degradation phenomena are water-related [13].

Finally, two studies delved into more general aspects of self-cleaning. On the one
hand, the wetting transition mechanism at the basis of superhydrophobicity was addressed
in a review work, beginning with the classical theory of static contact angle and then
focusing on the effect of surface morphology through the application of fractal theory and
re-entrant geometries [14]. On the other hand, more practical aspects were tackled in a
research study aimed at understanding the applicability of the ISO 27448:2009 standard for
self-cleaning evaluation to current self-cleaning materials, reviewed in 2020 [15]. Indeed,
such a standard was developed for smooth, photocatalytic self-cleaning materials, thus
making it inapplicable to the increasingly relevant family of superhydrophobic self-cleaning
materials [16].

For further information, readers are encouraged to refer to the complete articles.

Conflicts of Interest: The authors declare no conflicts of interest.

2



Materials 2024, 17, 537

References

1. Diamanti, M.V.; Pedeferri, M.P. Bioinspired Self-cleaning Materials. In Biotechnologies and Biomimetics for Civil Engineering; Pacheco
Torgal, F., Labrincha, J.A., Diamanti, M.V., Yu, C.-P., Lee, H.-K., Eds.; Springer International Publishing: Berlin/Heidelberg,
Germany, 2015; pp. 211–234.

2. Barthlott, W.; Neinhuis, C. Purity of the sacred lotus, or escape from contamination in biological surfaces. Planta 1997, 202, 1–8.
[CrossRef]

3. Barthlott, W.; Mail, M.; Neinhuis, C. Superhydrophobic hierarchically structured surfaces in biology: Evolution, structural
principles and biomimetic applications. Philos. Trans. R. Soc. A 2016, 374, 20160191. [CrossRef]

4. Chabas, A.; Lombardo, T.; Cachier, H.; Pertuisot, M.H.; Oikonomou, K.; Falcone, R.; Verità, M.; Geotti-Bianchini, F. Behaviour of
self-cleaning glass in urban atmosphere. Build. Environ. 2008, 43, 2124–2131. [CrossRef]

5. Watanabe, T.; Nakajima, A.; Wang, R.; Minabe, M.; Koizumi, S.; Fujishima, A.; Hashimoto, K. Photocatalytic activity and
photoinduced hydrophilicity of titanium dioxide coated glass. Thin Solid Films 1999, 351, 260–263. [CrossRef]

6. Zhang, C.; Yang, Y.; Luo, S.; Cheng, C.; Wang, S.; Liu, B. Fabrication of Superhydrophobic Composite Membranes with Honeycomb
Porous Structure for Oil/Water Separation. Coatings 2022, 12, 1698. [CrossRef]

7. Zhang, Y.; Lei, T.; Li, S.; Cai, X.; Hu, Z.; Wu, W.; Lin, T. Candle Soot-Based Electrosprayed Superhydrophobic Coatings for
Self-Cleaning, Anti-Corrosion and Oil/Water Separation. Materials 2022, 15, 5300. [CrossRef] [PubMed]

8. Chen, N.; Sun, K.; Liang, H.; Xu, B.; Wu, S.; Zhang, Q.; Han, Q.; Yang, J.; Lang, J. Novel Engineered Carbon Cloth-Based
Self-Cleaning Membrane for High-Efficiency Oil–Water Separation. Nanomaterials 2023, 13, 624. [CrossRef] [PubMed]

9. Qiu, Z.; He, C. Polypropylene Hollow-Fiber Membrane Made Using the Dissolution-Induced Pores Method. Membranes 2022,
12, 384. [CrossRef] [PubMed]

10. Akbari, R.; Mohammadizadeh, M.R.; Antonini, C.; Guittard, F.; Darmanin, T. Controlling Morphology and Wettability of
Intrinsically Superhydrophobic Copper-Based Surfaces by Electrodeposition. Coatings 2022, 12, 1260. [CrossRef]

11. Karabulut, F.N.H.; Fomra, D.; Höfler, G.; Chand, N.A.; Beckermann, G.W. Virucidal and Bactericidal Filtration Media from
Electrospun Polylactic Acid Nanofibres Capable of Protecting against COVID-19. Membranes 2022, 12, 571. [CrossRef] [PubMed]

12. Cho, D.; Oh, J.K. Silica Nanoparticle-Infused Omniphobic Polyurethane Foam with Bacterial Anti-Adhesion and Antifouling
Properties for Hygiene Purposes. Nanomaterials 2023, 13, 2035. [CrossRef]

13. Luo, J.; Xu, Y.; Chu, H.; Yang, L.; Song, Z.; Jin, W.; Wang, X.; Xue, Y. Research on the Performance of Superhydrophobic
Cement-Based Materials Based on Composite Hydrophobic Agents. Materials 2023, 16, 6592. [CrossRef] [PubMed]

14. Wang, X.; Fu, C.; Zhang, C.; Qiu, Z.; Wang, B. A Comprehensive Review of Wetting Transition Mechanism on the Surfaces of
Microstructures from Theory and Testing Methods. Materials 2022, 15, 4747. [CrossRef] [PubMed]

15. ISO 27448:2009; Fine ceramics (advanced ceramics, advanced technical ceramics)—Test method for self-cleaning performance of
semiconducting photocatalytic materials—Measurement of water contact angle. International Organization for Standardization
(ISO): Geneva, Switzerland, 2009.

16. Peeters, H.; Lenaerts, S.; Verbruggen, S.W. Benchmarking the Photocatalytic Self-Cleaning Activity of Industrial and Experimental
Materials with ISO 27448:2009. Materials 2023, 16, 1119. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

3



Citation: Luo, J.; Xu, Y.; Chu, H.;

Yang, L.; Song, Z.; Jin, W.; Wang, X.;

Xue, Y. Research on the Performance

of Superhydrophobic Cement-Based

Materials Based on Composite

Hydrophobic Agents. Materials 2023,

16, 6592. https://doi.org/10.3390/

ma16196592

Academic Editor: Sergei A. Kulinich

Received: 15 September 2023

Revised: 1 October 2023

Accepted: 5 October 2023

Published: 7 October 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

materials

Article

Research on the Performance of Superhydrophobic
Cement-Based Materials Based on Composite
Hydrophobic Agents

Jie Luo, Yi Xu *, Hongqiang Chu, Lu Yang, Zijian Song, Weizhun Jin, Xiaowen Wang and Yuan Xue
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Abstract: The utilization of a novel monolithic superhydrophobic cement material effectively prevents
water infiltration and enhances the longevity of the material. A method for improving superhy-
drophobic concrete was investigated with the aim of increasing its strength and reducing its cost
by compounding superhydrophobic substances with water repellents. The experimental tests en-
compassed the assessment of the compressive strength, contact angle, and water absorption of the
superhydrophobic cementitious materials. The findings demonstrate that an increase in the dosage
of isobutyltriethoxysilane (IBTES) progressively enhances the contact angle of the specimen, but
significantly diminishes its compressive strength. The contact angle of SIKS mirrors that of SIS3,
with a superior compressive strength that is 68% higher. Moreover, superhydrophobicity directly
influences the water absorption of cementitious materials, with a more pronounced superhydropho-
bic effect leading to a lower water absorption rate. The water absorption of cementitious materials
is influenced by the combined effect of porosity and superhydrophobicity. Furthermore, FT−IR
tests unveil functional mappings, such as -CH3 which can reduce the surface energy of materials,
signifying successful modification with hydrophobic substances.

Keywords: compound hydrophobic agent; contact angle; mechanical properties; water absorption
rate; pore structure

1. Introduction

Within the field of engineering, the majority of structures are designed with a lifespan
of at least 50 years [1]. Nevertheless, the innate hydrophilic properties of cementitious mate-
rials render them vulnerable to the ingress of corrosive agents utilizing water as a medium,
consequently compromising their longevity. The hydrophilic characteristic inherent to
cement-based materials frequently result in various challenges, including the accumulation
of dust [2,3], deterioration due to freeze–thaw cycles [4,5], corrosion caused by chloride
salts [6–8], sulfate-induced corrosion [9,10], and the corrosion of reinforcement [11,12].
Structures situated in specific environments, notably those characterized by high humidity,
exhibit an elevated susceptibility to premature structural failure. Consequently, it is imper-
ative to minimize the infiltration of moisture into these materials. Presently, researchers are
directing their efforts toward the advancement of superhydrophobic surfaces that facilitate
unhindered droplet runoff, preventing their adherence to the material’s surface [13]. This
attribute serves as an effective deterrent against the infiltration of moisture into the inner
regions of cementitious materials.

There are two methods for preparing superhydrophobic cement-based materials: sur-
face modification [14–16] and monolithic modification [17]. Surface modification involves
the application of coatings or impregnation to create a superhydrophobic film on the mate-
rial’s surface. For example, Vanithakumari et al. [18] prepared superhydrophobic coatings

Materials 2023, 16, 6592. https://doi.org/10.3390/ma16196592 https://www.mdpi.com/journal/materials
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using perfluoro octyl triethoxy silane and hexadecyl trimethoxy silane. Wang et al. [19]
prepared superhydrophobic coatings by employing nonfluorinated triethoxyoctylsilane to
reduce the material’s surface energy, while the combination of microscale diatomaceous
earth and sand powders contributed to a hierarchical structure. Wang et al. [20] prepared
a superhydrophobic coating using IBTES. However, it is important to note that super-
hydrophobic coatings are susceptible to environmental damage, which can significantly
reduce their working lifespan. Superhydrophobic coatings can easily fail due to cracking of
the concrete, aging and the peeling of coatings, etc. [21–23]. Therefore, when considering
the long-term protection of concrete buildings, the limited duration of superhydrophobic
coatings should be taken into account.

Integral hydrophobic modification involves the use of different hydrophobic sub-
stances to lower the surface energy and various methods to create micro and nanostructures,
thereby enhancing the material’s hydrophobicity. The integral hydrophobic modification of
a material for superhydrophobicity can provide a comprehensive range of superhydropho-
bic properties, not just on the surface. Even if the surface of the material is damaged, the
material will still retain its superhydrophobic properties internally, which can extend the
effective working time of the material. Several researchers have successfully prepared
superhydrophobic concrete using different hydrophobic substances [24–26]. Xu et al. [27]
utilized stearic acid and paper sludge ash, ground into a hydrophobic powder with a con-
tact angle of 153◦. From an environmental perspective, this powder can replace some of the
silicate cement. Wang et al. [28] prepared hydrophobic concrete by using stearic acid and
further polishing the concrete surface with sandpaper, which results in superhydrophobic
concrete with a contact angle of 153.7◦.

Despite its potential advantages, it is vital to acknowledge that integral hydropho-
bic modification for achieving superhydrophobicity in materials may lead to a notable
reduction in their mechanical properties. Wang et al. [29] conducted research demonstrat-
ing that superhydrophobic modification resulted in a substantial reduction of 30.9% in
compressive strength and 18.1% in flexural strength compared with unmodified materials.
Dong et al. [30] used oil-in-water suspension emulsions to prepare superhydrophobic
concrete, and the compressive strength decreased significantly from 8.7 MPa to 1.4 MPa
as the oil/water volume ratio increased from 1:1 to 4:1. Furthermore, it is worth noting
that some of hydrophobic agents employed in these methodologies are environmentally
unfriendly, containing polluting elements [18] such as fluorine (F). Additionally, these
agents can significantly reduce the strength of cementitious materials, increase costs [31]
and affect their practical application in engineering.

This study aims to prepare an environmentally friendly superhydrophobic cemen-
titious material by utilizing a novel composite hydrophobic agent. The compound hy-
drophobic agent significantly improves the superhydrophobicity of the material, has a low
effect on strength, and can reduce costs. When the contact angles are similar, the composite
hydrophobic agent has a higher compressive strength and lower cost compared with IBTES.
Additionally, this study investigates the influence of IBTES and the composite hydrophobic
agent on the contact angle, mechanical properties and water absorption of the cementitious
material. X-ray diffractometer (XRD) and Fourier transform infrared spectroscopy (FT−IR)
are employed to explore the mechanisms underlying the superhydrophobic properties of
the cementitious material, while mercury intrusion porosimetry (MIP) is used to analyze
the pore structure of the superhydrophobic cementitious material.

2. Materials and Methods

2.1. Materials

Portland cement (P·II 42.5 compliant with GB 175-2007 and equivalent to CEM I 42.5)
from Nanjing Hailu Cement Co., Ltd., Nanjing, China. was used. Nano silica (NS; BET:
200 m2/g, average diameter: 13 nm) was obtained from the Beimo company (Jiaxing, China).
Silica fume (SF; Model 951) was obtained from the Elkem company, Oslo, Norway. Isobutyl-
triethoxysilane (IBTES) was obtained from RHΛWN, Shanghai, China. Polycarboxylic su-
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perplasticizer (water reducing efficiency: 30%) and waterproofing agent (model number:
KLJ®-VI) were obtained from Sobute New Materials Co., Ltd., Nanjing, China.

2.2. Mix Proportion

The test reference ratio was a water/cement ratio (W/C) of 0.5 and a cement/sand
ratio (C/S) of 1:2. The mix proportions are shown in Table 1. The dosages in the table
are all mass fractions. All other substances were added as a percentage of the dosage of
cement. SIS1, SIS2 and SIS3 groups were used to study the effect of different dosage of
IBTES on cement-based materials. To reduce costs, the SIKS were considered compound
hydrophobic agents. SIKS were doped with silane. For the comparison test, the SKS group
contained only KLJ. PC1 and PC2 served as blank control groups for the study. In PC2,
silica fume and silica nanoparticles were used as dopants, while PC1 remained free of any
dosage agent.

Table 1. Matching ratio design (mass fraction %).

Sample Cement/g W/C C/S NS SF IBTES KLJ

PC1 600 0.5 0.5 - - - -
PC2 600 0.5 0.5 2% 6% - -
SIS1 600 0.5 0.5 2% 6% 4% -
SIS2 600 0.5 0.5 2% 6% 6% -
SIS3 600 0.5 0.5 2% 6% 8% -
SIKS 600 0.5 0.5 2% 6% 4% 8%
SKS 600 0.5 0.5 2% 6% 8%

2.3. Superhydrophobic Concrete Preparation

The process of preparing superhydrophobic cement-based materials is shown in
Figure 1. The mass of each raw material was weighed according to the test ratio, and the
mixed solution was prepared by first dispersing the NS in water and stirring for 30 s. Then,
the hydrophobic substance (IBTES, KLJ) was added to a coagulation solution of NS and
water. The above solution was dispersed via ultrasonication at 40 ◦C for 30 min to prepare
a superhydrophobic solution. When forming, cement, sand and SF were put into the mixer
in turn. After stirring for 1 min, the super hydrophobic solution was then added and
stirred for another 4 min to obtain fresh superhydrophobic mortar mixture. Then, the fresh
superhydrophobic mortar mixture was poured into the mold, a nylon net was attached to
the surface of the mold and the mold was demolded after 1 d and put into the maintenance
room (temperature of 20 ◦C and humidity of 80%) for 28 d.

 

Figure 1. The schematic diagram of the fabrication process of superhydrophobic mortar.
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2.4. Test Methods
2.4.1. Wettability Test

Contact angle (WCA) and contact angle hysteresis (CAH) were performed with a
contact angle meter (DSA30, Kruess, Hamburg, Germany) at ambient temperature to
characterize the superhydrophobic property. The volumes of probing liquids were ap-
proximately 5 μL for the contact angle measurement. Each contact angle reported was an
average value of five independent measurements on different spots. The droplet images of
the specimen surface were taken with the digital camera and macro lens that come with
the contact angle measuring instrument.

2.4.2. Compressive Strength Test

The compressive strength test was conducted in accordance with the Chinese national
standard GB/T 17671-2021. All samples were cured for 28 d before testing. The cubic
specimens (40 mm × 40 mm × 40 mm) were prepared to measure the compressive strength.
The final result was determined by averaging the values obtained from three specimens.

2.4.3. Waterproofing Ability Test

The water absorption test was performed with reference to the Chinese national
specification JGJT 70-2009. The test was performed using repeated samples on ordinary and
superhydrophobic cement-based materials, and after the age reached 28 d, these samples
were put into an oven at 80 ◦C, dried to constant weight and then were put into water,
and the distance from the surface of the specimen to the water surface was kept at 3 cm
throughout the process. The weight of the specimen was weighed at regular intervals. The
water absorption rate calculation formula is shown in Equation (1). Three specimens were
taken from each group and the average value was taken after measurement, and the trend
of the water absorption rate of each group was observed with time.

W =
m1 − m0

m0
× 100 (1)

where W is the water absorption of test pieces, m1 is the weight of test pieces at different
times, and m0 is the initial weight of test pieces after drying.

2.4.4. Characterization

The surface morphology of the samples was analyzed using a scanning electron micro-
scope (SEM) model ZEISS Sigma 300, Carl Zeiss Microscopy GmbH, Oberkochen, Germany
and their chemical compositions were investigated using energy-dispersive spectroscopy
(EDS, ZEISS Sigma 300, Carl Zeiss Microscopy GmbH, Oberkochen, Germany). XRD
analysis was used to characterize the specific composition of the sample product. The
identification of phase compositions was conducted using an X-ray diffractometer (XRD,
Rigaku-D/max 2200pc, Rigaku Corporation, Tokyo, Japan) with a Cu Ka (k = 1.54 Å)
incident radiation. The 2θ scanning range was from 5◦ to 90◦ with a scanning speed of
2 ◦/min. The pore structure of the hardened cement paste was analyzed using mercury
intrusion porosimetry (MIP, MicromeritiPC1 AutoPore V 9620, Micromeritics, Norcross,
GA, USA). The analysis of functional groups was undertaken using Fourier transform
infrared spectroscopy (FT−IR, Thermo Scientific Nicolet iS20, Thermo Fisher Scientific,
Waltham, MA, USA).

3. Results and Discussion

3.1. Wettability

Figure 2 illustrates the morphology of the water droplets on a superhydrophobic
surface. This indicates that the superhydrophobic surface was successfully prepared. The
effect of the hydrophobic agent type and dosage on the contact angle is presented in
Figure 3a. Within the single hydrophobic group (SIS1, SIS2, SIS3), evidence is presented
that as the dosage of IBTES increases, the contact angle progressively rises, reaching a
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remarkable 158.3◦. The plain concrete (PC1 and PC2) without hydrophobicity had a contact
angle of less than 90◦. The PC1 and PC2 exhibited hydrophilicity. The KLJ was able to
modify the hydrophobicity of cement-based materials. But the contact angle of SKS was
only 111.1◦, and did not display superhydrophobicity. The composite hydrophobic agents
prepared by using the KLJ and IBTES were effective in the superhydrophobic modification
of cement-based materials.

 

Figure 2. Morphology of the water droplet on superhydrophobic surfaces.

  

Figure 3. Effect of different hydrophobic agents on (a) contact angle and (b) contact angle hysteresis.

Upon comparing the composite hydrophobic agent with the single hydrophobic agent
(SIKS compared with SIS1, SIS2, SIS3), it is evident that the IBTES dosage in the SIKS group
was the same as that in SIS1, but the contact angle increased from 151.5◦ to 158.6◦ (Figure 3a).
These results indicate that the addition of KLJ effectively enhanced the superhydrophobic
modification when combined with IBTES. The superhydrophobicity of the SIKS and SIS3
were similar, with contact angles of approximately 158◦. However, the SIS3 group contained
double the amount of IBTES compared with the SIKS group, and this excessive IBTES
content adversely affected the mechanical properties of cementitious materials. The contact
angles of PC1 and PC2 were less than 90◦, while the contact angles of the other groups
were more than 90◦. This indicates that hydrophobic substances can effectively convert the
gelling material from hydrophilic to hydrophobic. The IBTES and KLJ reduced the surface
energy of the material and modified the material. The contact angle hysteresis of SIS1, SIS2
and SIS3 decreased gradually (Figure 3b). PC1 and PC2 were not superhydrophobically
modified, with a contact angle hysteresis of 29◦ or more. SIKS had a contact angle hysteresis
of less than 10◦. SKS was only hydrophobically modified and had a contact angle hysteresis
of more than 10◦.
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Figure 4 illustrates the wettability of various specimen surfaces. The superhydrophobic
surface exhibited a water droplet in spherical form that swiftly rolled off, leaving no droplets
behind. On the other hand, the hydrophobic surface showed a transition. As the water
droplet increased in size, it gradually became oval and slowly slid off, usually leaving
a mark on the surface. In contrast, the hydrophilic surface behaved differently. With an
increasing volume of the water droplet, the surface gradually became wetted and did not
facilitate the formation of a rolling water droplet.

 

Figure 4. Water droplet wetting diagram on specimen surface: (a–c) superhydrophobic; (d–f) hy-
drophobic; (g–i) hydrophilic.

The dynamic bouncing processes of water droplets on the surface of different speci-
mens are shown in Figure 5. A typical water bouncing process could be obtained on the
surface of the superhydrophobic mortar, where the water droplets can leave the surface
completely without leaving any residue. On PC1, PC2 and SKS surfaces, water droplets
could not leave the surface. And water droplets were adsorbed by the surface. The SKS
water bead bounce was higher than PC1 and PC2. This suggests that hydrophobic surfaces
have an effect on dynamic bouncing process. When a water droplet touched the surface of
PC1 and PC2, the droplet was adsorbed directly onto the surface and detached from the
syringe (Figure 6). Water droplets were adsorbed on the surfaces of SIS1, SIS2 and SIS3
and were dislodged from the syringe. This suggests that the Cassie–Baxter state [32] is not
stable enough. In SIKS, the water droplet did not adhere to the surface after contacting
it. Finally, the water droplet adhered to the hydrophobic tip of the syringe and left the
superhydrophobic surface when the syringe rose from the surface. This suggests that the
Cassie–Baxter state is stable under external forces [33].

 

Figure 5. Dynamic bouncing processes of different groups.
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Figure 6. Water droplets touching different surfaces.

3.2. Compressive Strength

The compressive properties of different hydrophobic agents on cement-based materi-
als are depicted in Figure 7. The PC2 showed a higher compressive strength compared with
the PC1 because PC2 is doped with nano-silica and silica fume. With an increase in IBTES
dosage, the compressive strength of each SIS group gradually decreased. In comparison
to the PC1, the addition of IBTES reduced the compressive strength of SIS1, SIS2 and
SIS3 by 4.8%, 20.3% and 35.0%, respectively. Similarly, when contrasted with the PC2,
the compressive strength of SIS1, SIS2 and SIS3 exhibited reductions of 21.9%, 33.1% and
45.4%, respectively. The compressive strength of the singly doped group declined sharply
as the amount of IBTES increased, and when the contact angle reached 158◦ or higher the
compressive strength decreased by more than 35%. In order to enhance the compressive
strength without affecting the superhydrophobicity, a compound hydrophobic agent was
used instead of a single hydrophobic agent. Compared with PC1, the compressive strength
of SIKS improved by 9.3%. The compound hydrophobic agent could improve the com-
pressive strength while maintaining a contact angle above 155◦. Compared with SIS3, the
compressive strength of SIKS increased by 68.0%. The contact angles of SIS3 and SIKS were
close, but the compressive strength of SIKS was higher than that of SIS3. Although the
compressive strength of SKS was higher than that of SIKS, the contact angle of SIKS was
lower than 150◦, which was not superhydrophobic. This suggests that the effect of IBTES
on superhydrophobicity was more important. The KLJ could only hydrophobically modify
mortar, but had a positive effect on strength.

 

Figure 7. Effect of different hydrophobic agents on compressive strength.
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The KLJ exhibited greater strength compared with both PC1 and PC2 due to its ability
to react with cement hydration products, forming insoluble crystals that block concrete
capillaries and enhance concrete density [34]. The KLJ also refined the capillary structure
of concrete, increased its density, and mitigated the adverse effects of IBTES on strength.
The SIKS was enriched with nanomaterials, yielding a positive effect on strength enhance-
ment [35]. Meanwhile, the substitution of a portion of IBTES with KLJ further bolstered the
material’s strength. Nanoparticles and silica fume [36] facilitated cement hydration, conse-
quently enhancing the material’s compressive strength while mitigating the detrimental
effects of hydrophobic agents. Nano-silica and silica fume possessed fine particles capable
of filling mortar pores and micro-cracks, thereby increasing the mortar compactness and
density. Additionally, nano-silica and silica fume can serve as crystalline nuclei, fostering
hydration reactions during cement gel formation [37]. The hydrophobic substance affected
cement hydration and reduced the strength of mortar. The IBTES does not contain element
F and is environmentally friendly, but is expensive. The KLJ replaced some of the IBTES
and can effectively reduce costs. While the contact angle of SIKS closely resembles that of
SIS3, its compressive strength significantly surpassed that of SIS3. This observation implies
that the composite hydrophobic agent can achieve the superhydrophobic modification of
cementitious material with minimal effects on compressive strength.

3.3. Water Absorption Rate

The water absorption rates of the specimens in different groups are shown in Figure 8,
and the water absorption rates of the other superhydrophobic test groups were lower
compared with PC1 and PC2. Initially, the water absorption rates rose rapidly in all groups.
As the water absorption of the specimen reached saturation, the rate of increase of water
absorption gradually slowed down and eventually stabilized at a constant value. In the
first hour, the PC1 group had a water absorption rate of 6.2%. The water absorption of the
PC2 with nanomaterials was much lower, at 3.7%, a reduction of about 40%. After 200 h,
PC1 and PC2 had water absorptions of 7.9% and 7.2%, respectively. In the single dosage
group (SIS1, SIS2, SIS3), as the amount of IBTES increased, superhydrophobicity gradually
increased and the water absorption decreased significantly. In the first hour, the highest
water absorption rate among these groups was only 0.4%, much lower than PC1 and PC2.
Following 200 h, the water absorption rates in the single-doped groups (SIS1, SIS2, SIS3)
were 2.9%, 2.9% and 2.8%, respectively. These values signify a noteworthy decline of 62.9%,
64.0% and 64.4% in comparison with PC1. Superhydrophobic cement-based materials
effectively hindered moisture from infiltrating the material’s interior, which resulted in a
decrease in water absorption rates as superhydrophobicity increased. The SKS exhibited
a 5.5% water absorption rate after 200 h, marking a reduction of 29.9% compared with
PC1. The SKS had a contact angle of less than 150◦, which was not superhydrophobic and
offered limited waterproofing protection inside the material. As a result, it had a higher
water absorption rate than the other superhydrophobic groups. In contrast, the compound
hydrophobic agent (SIKS) yielded promising outcomes and the water absorption rate was
consistently below 1% within the first hour. Over 200 h, the water absorption rate for SIKS
remained below 4%, indicating a substantial 59.3% reduction compared with PC1.

The water absorption rate of PC2 is lower than that of PC1. This difference is due to
the incorporation of nanomaterials in the PC2, which results in material compaction and
a reduction in water absorption. This suggests that filling the pores of the cementitious
material with nanomaterials has a certain effect on reducing water absorption, although
it is not very pronounced. The reduction in water absorption can be attributed to two
factors: the improvement in material densification [38] and the hydrophobic modification
of the material [39]. The water absorption of the test group mixed with hydrophobic
material was significantly lower, at only 4.4%, while the water absorption of the PC1 group
was 7.9%. Achieving a significant reduction in water absorption and improving material
durability required the transformation of hydrophilic materials into superhydrophobic
ones. This transformation fundamentally prevented water infiltration into the material. The
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contact angle of the SKS was below 150◦. This suggests that the single-doped hydrophobic
chemical pore bolus had a lesser effect on material modification when compared with
other test groups. As a result, the water absorption rate in the SKS group exceeded that
of other superhydrophobic test groups. This demonstrated a clear correlation between
the superhydrophobic effectiveness of modification and water absorption. Enhanced
superhydrophobicity led to a decreased rate of water infiltration into the material, which
resulted in reduced water absorption.

 

Figure 8. Variation of water absorption rate of each group with time.

3.4. SEM Analysis

Figure 9 shows the SEM images of the superhydrophobic concrete at different magnifi-
cations. At the 3 μm scale, the structure of PC1 was looser, with many pores and C-S-H
cross-linking each other (Figure 9a). When the magnification was 30 KX, the microscopic
morphology of the PC1 surface was that of inter-crosslinked C-S-H. Flaky C-S-H gels
were generated in PC1, which indicates a high degree of hydration. The morphologies of
SIS1, SIS2 and SIS3 are relatively similar, all being C-S-H gels crosslinked with each other
and featuring numerous nano-silica particles on their surfaces. These silica nanoparticles
created rough structures that significantly enhanced the superhydrophobicity of cement-
based materials. Roughness plays a crucial role in the development of superhydrophobic
surfaces. The internal structure of the superhydrophobic specimen revealed the presence
of numerous micro- and nano-scale bumps. These rough structures facilitated the capture
and retention of air layers, allowing the water droplet to form large contact angles and
effortlessly roll off inclined surfaces [40,41]. As the amount of IBTES dosage increased,
there was a gradual increase in the number of micro-nano structures within the material.
The micro-nano structures further enhanced the superhydrophobic modification effect.
The SIS1 exhibited lower porosity, the SIS2 formed a lamellar C-S-H gel with a higher
degree of hydration, and the SIS3 possessed a looser structure. These characteristics aligned
with their respective compressive strength results. With the increase in IBTES dosage, the
structure gradually became looser, and the pore space gradually expanded. The presence
of hydrophobic substances in the cement paste had a notable effect. The hydrophobic
substance reduced the fluidity of the cement paste, which made it challenging for water
to permeate between the cement particles and hydrophobic substances and affected the
hydration reaction of the cement. The SIKS produced a denser structure of layered C-S-H
gels (Figure 9i). This was consistent with its higher compressive strength results. The
amount of IBTES in SIKS was smaller, so the structure of the SIKS was denser compared
with SIS3. This is consistent with the previous results of compressive strength. The SKS
has many fine particles within it, which fills the pores and makes the structure denser.
Figure 10 shows the elemental analysis of SIKS (Figure 9i, EDS1) and SKS (Figure 9l, EDS2).
The SIKS and SKS contained basically the same elements, mainly elements contained in the
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hydration products of cement, such as Ca, Si, etc. The Ca/Si of SIKS was about 0.5, within
the typical range of C–S–H gel [42]. The Ca/Si of SIKS was about 0.1. This shows that it is
not a C-S-H gel. The C content of SIKS was higher than the SKS. This suggests that there
was more hydrophobic material in the SIKS hydration product.

  

  

  

  

  

  

Figure 9. Micro morphology of different groups.
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Figure 10. EDS spectrum of (a) SIKS and (b) SKS.

3.5. XRD Analysis

XRD is used to analyze the specific chemical composition of the material. The crystal
structures of the different specimens were detected using the XRD technique to determine
their main components. The main components of different specimens were similar, both
containing Ca(OH)2, AFt, SiO2, etc. (Figure 11). This indicates that IBTES and KLJ did not
change the chemical composition of the specimens. The highest peak in the position of 26.6◦
was in accordance with quartz sand (JCPDS No. 46–1045). Peaks at 18.0◦ and 34.2◦ were in
line with calcium hydroxide (JCPDS No. 04–0733) and the peak at 9.0◦ was in keeping with
AFt (JCPDS No. 41–1451). This was similar to the results of reference [43]. The peaks of
Ca(OH)2 in SKS were much higher than the other groups, indicating that IBTES affected
the hydration of cement to produce C-S-H gels. Different hydrophobic substances do not
produce new peaks, which indicates that hydrophobic substances do not contribute much
to the crystal structure [44].

 

Figure 11. XRD patterns of superhydrophobic concrete prepared with different hydrophobic agent types.

3.6. FT−IR Analysis

In addition to the surface morphology, the chemical composition also affects the wettabil-
ity of the material surface. In order to characterize the effect of superhydrophobic modification,
an analysis of functional groups was performed using FT−IR. Figure 12 shows the FT−IR
spectra of the different specimens. A stretching vibration peak of -OH of water was present at
3437 cm−1 for each group. In superhydrophobic concrete, the peak observed at 2945 cm−1

may be the stretching vibration of C-H in hydrophobic substances. Distinct peaks were
observed near 2922 cm−1 and 2850 cm−1 in the SIS1, which confirms the presence of -CH2 and
-CH3 functional groups. The stretching vibration of Si-O was observed at 1111 cm−1 for SIS1,
SIS2, SIS3, SIKS and SKS. The presence of hydrophobic functional groups within the material
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was confirmed by the observed absorption peaks. However, PC1 did not show hydrophobic
functional groups at the same position. These substances were effectively integrated into
the cementitious materials through a sequence of chemical processes involving hydrolysis,
dehydration and condensation [45], which resulted in the development of superhydrophobic
properties within the cementitious materials.

 
Figure 12. FT−IR patterns of superhydrophobic concrete prepared with different hydrophobic
agent types.

The mechanism of superhydrophobicity is depicted in Figure 13. The siloxane group [46]
undergoes hydrolysis to form a silanol group. The silanol group readily undergoes a
dehydration condensation reaction with the hydroxyl group. This process facilitates the
adhesion of low surface energy substances to the material’s surface, effectively reducing the
solid surface energy. According to the Cassie–Baxter theoretical model [32], an increase in
solid surface roughness leads to an increase in the contact angle on a hydrophobic surface.
Merely reducing the surface energy of solids can only modify hydrophilic materials to
hydrophobic materials; it cannot achieve a superhydrophobic effect. Therefore, a rough
structure was introduced on the material surface using a nylon net. This dual action of
low surface energy and rough structure modified the material into a superhydrophobic
state. The SKS group had a higher compressive strength than the other test groups, and its
contact angle was also greater than 90◦. This indicates that the KLJ not only reduced the
surface energy of the material, but also promoted the hydration of the cement and increased
the compressive strength of the material. Composite hydrophobic agents prepared from
KLJ and IBTES had a better effect on superhydrophobicity and compressive strength. The
spectral analysis of SIKS and SKS contained C (Figure 10). Spectral analysis by SIKS shows
that the C-S-H gels contained C. This suggests that IBTES hydrolyzed and cross-linked
with the C-S-H gels.

 

Figure 13. Superhydrophobic modification mechanism of hydrophobic agents.
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3.7. MIP Analysis

The pore parameters of the superhydrophobic cementitious materials prepared with
different hydrophobic agents are shown in Figure 14. The pore volumes of the SIS1, SIS2,
SIS3, SIKS and SKS groups were 0.1124, 0.1129, 0.1258, 0.1000 and 0.1081 mL/g, respectively
(Figure 14a). The pore volume in the compound dosage group (SIKS) was lower than that
in the single dosage group (SIS1, SIS2, SIS3). This suggests that the KLJ contributes to pore
compaction and structural densification. The pore volume steadily rose within the single
dosage group (SIS1, SIS2, SIS3) as the IBTES dosage increased. This phenomenon may be
attributed to the influence of IBTES on hydration, impeding the compact growth of C-S-H.
The difference in pore volumes between the groups was not significant and indicated
that the nanomaterials filled the pores and enhanced material compactness. Mercury
compression measurements show that the SIKS and SKS groups had the lowest porosity,
while the SIS3 group exhibited the lowest water absorption. This indicates that porosity had
an impact on water absorption, but it is important to recognize that superhydrophobicity
also exerts an influence on water absorption. The porosity and superhydrophobicity play a
combined role in determining water absorption in cementitious materials.

  

 

Figure 14. MIP test for pore size distribution: (a) cumulative pore volume; (b) pore structure
distribution; (c) pore diameter distribution.

Related studies have shown that pores with a pore size below 10 nm are gel pores,
capillary pores with a pore size between 10 and 50 nm are mesopores, and pores with
a pore size between 50 and 10,000 nm are referred to as macropores [47]. It is generally
believed that the more pores less than 50 nm, and the fewer the pores larger than 100 nm,
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the better the performance of concrete. The pore distribution maps of different specimens
demonstrated percentages of different pore sizes by 10 nm, 50 nm and 1000 nm (Figure 14b).
The percentages of macropores in the SIS1, SIS2, SIS3, SIKS and SKS groups were 79.61%,
77.92%, 78.32%, 68.56% and 70.83%, respectively. The total porosity in the SIS1, SIS2, SIS,
SIKS and SKS groups are shown in Table 2. The larger the percentage of large pores, the
more unfavorable it is for cementitious materials. Nano-silica and silica fume can densify
the pore space, but the hydrophobic agent will be wrapped on the surface of cement
particles and affect the hydration of cement. The hydrophobic agent affects the gelling of
hydration products and hinders the connection of cement particles to form a continuous
network structure. This, in turn, causes loose hydration products to impact the pore space
within the structure. The volcanic ash effect generates more C-S-H gels, which leads to an
increase in the number of mesopores and gel pores in the cementite. Another important
pore parameter is the threshold pore size, which is closely related to the connectivity of
the pores and the permeability of the cementitious material. The threshold apertures for
the SIS1, SIS2, SIS3, SIKS and SKS groups are shown in Table 2. The SKS had the smallest
threshold apertures. This indicates that the pore connectivity of the SKS group was lower
and the pore structure was denser [48,49]. This was consistent with the results of the SKS
micro-morphology. The SEM picture of SKS had a dense structure with a smaller pore
structure (Figure 9k).

Table 2. Total porosity and the most probable pore diameter for different samples.

SIS1 SIS2 SIS3 SIKS SKS

Total porosity (%) 21.59 21.58 23.33 19.14 20.99
The most probable pore diameter (nm) 136.14 205.17 205.08 108.22 86.37

4. Conclusions

The effects of the composite hydrophobic agent and IBTES on the contact angle,
mechanical properties and water absorption of cementitious materials were investigated.
The mechanism related to the superhydrophobic properties of cementitious materials
was investigated using XRD, FT−IR and other microscopic tests, and the pore structure
of superhydrophobic cementitious materials was studied using MIP, and the following
conclusions can be drawn:

(1) With the increase in IBTES dosage, the superhydrophobicity of the specimen gradually
increased, but the strength decreased significantly. The compressive strength of
composite hydrophobic agent was higher than that of IBTES when the contact angle
was close, and the cost was lower. By using the lower-cost KLJ instead of higher-
cost IBTES, the cost can be reduced and engineering applications will be facilitated.
Hydrophobic substances have a detrimental effect on the compressive strength of
cementitious materials. In the SKS group, the superior effect of compressive strength
is attributed to the promotion of the hydration reaction by the nanomaterials, which
outweighs the inhibition of the hydration reaction by the hydrophobic substances.

(2) The water absorption rates of SIS1, SIS2, SIS3 and SIKS groups after 200 h were less
than 3.1%. Compared with PC1, the water absorption rates were reduced by more than
59%. The water absorption is related to two factors: porosity and superhydrophobicity.
The effect of superhydrophobic modification is directly related to the water absorption
rate. The better the modification effect, the more difficult it is for water to enter the
interior of the material, and the lower the water absorption rate of the material.

(3) FT−IR analysis showed that hydrophobic functional groups were successfully grafted
onto the material. The incorporation of IBTES increased the porosity of the material,
while the LJK facilitated the dense structural pores and reduced the porosity.
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Abstract: In this study, a method for preventing cross-infection through the surface coating treatment
of polyurethane (PU) foam using functionalized silica nanoparticles was developed. Experimental
results confirmed that the fabricated PU foam exhibited omniphobic characteristics, demonstrating
strong resistance to both polar and nonpolar contaminants. Additionally, quantitative analysis
using the pour plate method and direct counting with a scanning electron microscope determined
that the treated material exhibited anti-adhesion properties against bacteria. The fabricated PU
foam also demonstrated a high level of resistance to the absorption of liquids commonly found in
medical facilities, including blood, 0.9% sodium chloride solution, and 50% glycerol. Mechanical
durability and stability were verified through repeated compression tests and chemical leaching tests,
respectively. The proposed coated PU foam is highly effective at preventing fouling from polar and
nonpolar fluids as well as bacteria, making it well-suited for use in a range of fields requiring strict
hygiene standards, including the medical, food, and environmental industries.

Keywords: omniphobic; polyurethane foam; bacteria; antifouling; hygiene

1. Introduction

Recently, with the emergence of the highly contagious novel virus infection, concerns
have been raised about infectious diseases around the world. Cross-contamination, in
which pathogenic bacteria are transferred through contact with an infected person or
material, is a major cause of the spread of such infectious diseases. Medical facilities
try to prevent cross-contamination through the use of disposable items as well as strict
disinfection and cleaning management. For example, the hospital disposables market is
growing, with an average annual growth rate of 9.4% expected until 2026. However, along
with the increased use of disposables, the waste generated is also increasing. Medical
facilities in the United States generate 4 million tons of waste each year [1]. The cost of
disposing this waste accounts for about 20% of the cost of hospital environmental services;
thus, not only environmental pollution caused by the waste but also economic costs are
becoming a problem [2]. In addition to the use of disposable items, cross-contamination
is prevented by methods such as disinfection and cleaning, but for hospital mattresses,
bacterial contamination is a problem, even after disinfection. According to French et al., the
mattresses used by patients infected with methicillin-resistant Staphylococcus aureus (MRSA)
remained contaminated with MRSA even after cleaning, and 43% of uninfected patients
subsequently placed in these beds became infected with MRSA [3]. Furthermore, based on
research conducted by Sharma et al., sulfadiazine antibiotics, which are used as therapeutic
agents to inhibit bacterial growth, have certain limitations in their accurate detection
methods. Moreover, they not only have the potential to impact the ecosystem but also pose
a risk to the human body [4]. These cases suggest that disinfection and cleaning performed
as a method for preventing cross-contamination cannot be a fundamental solution.
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As patients spend the most time in a medical facility in the hospital bed, the materials
most likely to cause infection or the transfer of pathogenic bacteria include mattresses,
pillows, and filling materials on which patients lie [5,6]. Polyurethane (PU) foams, which
are one of the many types of PU, are mainly used for these materials. PU can be used as
a foam, coating, elastomer, or adhesive, depending on the ratio of polyol and isocyanate,
owing to its excellent processability and easily controlled physical properties. Among the
many forms of PU, PU foams are the most commonly used owing to their high surface area-
to-volume ratio, excellent thermal properties, and elasticity [7]. PU foams can be divided
into open-cell foams and closed-cell foams, depending on the internal structure [8]. A higher
open-cell ratio affects softness and volume shrinkage, and most mattresses (almost 100%)
have an open-cell structure that makes them easy to clean [9]. The PU foams of hospital
mattresses with a very high percentage of an open-cell structure have a porous network
structure, and because of this, they have a very high absorbency for various liquids such as
water and oil compared to PU foam with a closed-cell structure. Therefore, for mattresses
used by a large number of patients, oil or body fluids generated from the human body can
easily penetrate into the cells of the PU foam. This creates an environment conducive to the
propagation of biological contaminants such as bacteria, increasing the risk of healthcare-
associated infections due to cross-contamination and bacterial transmission [10].

To prevent cross-contamination and bacterial transfer by PU foam used as a mattress
material, studies on surface antimicrobial coatings have been conducted to analyze the
antibacterial properties of PU foam. A number of studies used antimicrobial agents [11].
For example, Dagostin et al. reported the antimicrobial effect of PU foam treated by
adding 0.5 wt% of zinc pyrithione, an antimicrobial agent [12]. Ashjari et al. prepared
an antimicrobial mattress in which the growth of bacteria was inhibited by adding CuO
to PU foam prepared based on starch [13]. Furthermore, Demirci et al. prepared an
open-cell antimicrobial PU foam using quaternary ammonium compounds that had an
antimicrobial effect with cationic biocides [14]. Additionally, according to Sienkiewicz et al.,
bio-based compounds are utilized to provide effective antibacterial and antifungal effects
in construction, which is another field where polyurethane foam finds widespread use [15].

The PU foams containing the reported antimicrobial agents can prevent cross-infection
by killing bacteria and preventing growth, but the antimicrobial effect decreases over
time because of the exhaustion of the antimicrobial agent. The resistance of bacteria to
antimicrobial agents may also increase, and when bacterial corpses due to antimicrobial
agents form a biofilm on the surface, the antibacterial effect is rapidly reduced, which is
inefficient in the long term. A method of preventing cross-infection and bacterial transfer
that overcomes these disadvantages is to prepare an anti-adhesion or antifouling surface
that prevents bacterial adhesion [16]. The anti-adhesion surface does not kill or inhibit the
growth of bacteria but reduces the surface energy of the material to prevent the adhesion
of bacteria, thereby reducing the possibility of antimicrobial resistance or biofilm forma-
tion [17]. Therefore, to prevent the adhesion of polar contaminants such as bacteria and
fungi, as well as nonpolar contaminants (oil and lipid components), an omniphobic surface
with repellency to both polar and nonpolar substances is essential.

In contrast to superhydrophobic surfaces with a limited antifouling effect that can
only prevent the adhesion of bacteria and polar contaminants, an omniphobic material
surface has the advantage of having antifouling effects against both polar and nonpolar
contaminants [18]. Omniphobic properties can be determined based on the contact angle
between the liquid and the surface; if the contact angles of the surface with water and oil
are both greater than 150◦, it is considered an omniphobic surface. A lot of research on
omniphobic surfaces has been conducted. For example, Pendurthi et al. formed a surface
nanomorphology with a re-entrant structure by using a CO2 laser engraver on the surfaces
of stainless steel, aluminum, and glass to create a surface that is repellent to water and
oil [19]. Li et al. prepared an omniphobic membrane that can be used as a distiller filter by
coating a fluorocarbon surfactant, a fluorinated alkyl silane, and silica (SiO2) nanoparticles
on a polyvinylidene fluoride (PVDF) membrane using a spray coating method [20]. Zhang
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et al. created omniphobic surfaces by slippery liquid-infused porous surfaces (SLIPSs) with
liquid containing ZnO, Co3O4, and SiO2 [21]. Wu et al. fabricated a nanofibrous membrane
on a poly(vinylidene fluoride)-co-hexafluoropropylene (PVDF-HFP) membrane using the
electrospinning method and then fluorinated the surface with a vapor deposition method
to impart omniphobic properties [22]. It is difficult to apply this method to products with
a short replacement period, such as mattresses, because the control of accurate surface
topography is complicated and expensive [23]. In addition, because there is no mention of
an experiment confirming bacterial anti-adhesion, a follow-up study on this is necessary.
Research confirming the antibacterial properties of PU foam with an omniphobic surface
related to the medical field is also required.

In this study, inexpensive reagents and dip-coating methods that could be scalable
were applied, with the consideration of inexpensive reagents and a mass production
capability for the manufacture of PU foam with omniphobic properties. The aim was an
antifouling effect against bacteria as well as polar and nonpolar pollutants that commonly
occur in medical environments. To confirm the surface properties of PU foam coated
with fluorinated silane-coated silica nanoparticles (FSCSNs), Fourier transform infrared
(FTIR) spectroscopy, contact angle measurement, and scanning electron microscopy (SEM)
were used. Experiments were conducted to confirm the antibacterial properties of PU
foam coated with FSCSNs, in which the Gram-negative bacteria E. coli O157:H7 and
Gram-positive bacteria S. epidermidis were inoculated for the analysis. To confirm the anti-
absorption properties of PU foam coated with FSCSNs for polar and nonpolar contaminants,
polar liquids (sterile deionized (DI) water, 0.9% sodium chloride solution, and blood) and
nonpolar liquids (hexadecane, 50% glycerol solution, and squalene) commonly found
in medical facilities were used. A repeated compression test was performed using a
counterweight to confirm the durability of the PU foam coated with FSCSNs. Finally, a
chemical leaching test was conducted to evaluate the chemical stability. Considering that
PU foam is a material that is in contact with the patient’s body for the longest time in
medical facilities and is highly likely to be exposed to vectors of infectious diseases, the
fabricated PU foam is expected to be used as a hospital material that prevents healthcare-
associated infections due to cross-infection and bacterial transfer through omniphobic
properties achieved using a simple dip-coating method.

2. Materials and Methods

2.1. Preparation of PU Foam Samples

The polyurethane (PU) foam (density of 30.3 kg/m2, tensile strength of 1.25 kg/m2,
elongation of 130%) used in the experiment was purchased from Kumkang Urethan
(Namyangju-si, Republic of Korea). To compare the anti-adhesion effect, untreated PU
foam cubes measuring 2 cm × 2 cm × 2 cm were cut, soaked in ethanol (95%, Daejung
Chemicals, Siheung-si, Republic of Korea) for 5 min, and dried in an oven at 60 ◦C for
20 min.

2.2. Fluorinated Silica Nanoparticles Suspension

First, 300 mg of silica (SiO2; Sigma-Aldrich Co., St. Louis, MO, USA) nanoparticles
with an average diameter of ca. 20 nm were added to 50 mL hexane (Daejung Chemicals,
Siheung-si, Republic of Korea) and suspended for 20 min with a probe-type ultrasonica-
tor. Then, 5 mM of trichloro(1H,1H,2H,2H-heptadecafluorodecyl)silane (HFTCS, Tokyo
Chemical Industry, Tokyo, Japan) was added to the suspension and suspended for another
20 min to obtain FSCSNs. The FSCSNs suspension was left at room temperature for 2 h to
sufficiently react the silica nanoparticles with the silane.

2.3. Dip-Coating

The dip-coating method was used to coat FSCSNs on PU foam. PU foam cut into
2 cm × 2 cm × 2 cm cubes was dipped in the FSCSNs suspension. Dipping in the suspension
for 30 s followed by drying at room temperature for 30 s was repeated five times. The
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coating was performed at a speed of 0.5 cm/s so that the FSCSNs were uniformly coated.
Finally, the PU foam coated with FSCSNs was dried at room temperature for 24 h to obtain
FSCSNs-coated PU foam.

2.4. Surface Characterization

To confirm the chemical interaction and trifluoromethyl (−CF3) functional groups
between HFTCS functionalized silica nanoparticles inside and outside the coated PU foam,
we used FTIR spectroscopy. FTIR spectra were measured using a spectrometer (Nicolet
iS10, Thermo Fisher Scientific, Waltham, MA, USA) and analyzed using OMNIC software
(Thermo Fisher Scientific, Waltham, MA, USA).

To measure the wetting characteristics, the static contact angle of untreated (bare) PU
foam and coated PU foam was measured using the sessile drop technique. The experiment
involved dropping droplets of water and hexadecane of the same volume (5 μL) onto
the foam surface five times at room temperature and then determining the average value
from the measurements. Contact angles were analyzed using ImageJ software (National
Institutes of Health, Bethesda, MD, USA) via the low-bond axisymmetric drop shape
analysis (LBADSA) plugin [24].

Finally, SEM (S-4700s; Hitachi, Tokyo, Japan) was used to check the surface morphol-
ogy of the coated PU foam. To enable the conductivity of the sample during the SEM
measurement, a layer of platinum with a thickness of 20 nm was applied prior to the SEM
analysis. The SEM was operated with a voltage of 20 kV and a current of 10 μA.

2.5. Bacterial Cultures

In this study, two types of bacteria were used: Gram-negative Escherichia coli O157:H7
(ATCC 25922) and Gram-positive Staphylococcus epidermidis (ATCC 12228). E. coli O157:H7
and S. epidermidis were transferred from tryptic soy agar slants (TSA; Becton, Dickinson
and Co., Franklin Lakes, NJ, USA) to a culture tube containing 9.0 mL of tryptic soy broth
(TSB; Becton, Dickinson and Co., Franklin Lakes, NJ, USA) using a loopful (10 μL) and
cultured. The tubes of all strains were incubated aerobically at 37 ◦C for 24 h without
shaking. A second transfer was conducted by transferring a loopful culture to a fresh TSB
culture medium and then incubating under the same conditions. The experiment utilized
final concentrations of the two bacteria ranging from 8.8 to 9.2 log CFU/mL.

2.6. Bacterial Adhesion Assay

To evaluate whether the anti-adhesion effect of the foam persists even after prolonged
exposure to bacteria, bare and FSCSNs-coated PU foam samples were immersed in 9 mL of
a bacterial suspension at room temperature for 1 h and 8 h. After immersion, the samples
were removed from the bacterial suspension quickly and then transferred to a conical tube
containing sterile DI water (9 mL) for a further bacterial adhesion assay. The bacterial
adhesion assay was conducted in a suitable biological safety cabinet with sterile conditions.

The adhesion of bacteria on both the bare and FSCSNs-coated PU foam surfaces was
evaluated using the pour plating method for plate counting, as well as direct counting on
the PU foam surfaces using SEM. For plate counts, PU foam samples that were inoculated
using conical tubes for 1 h and 8 h were each vortexed in sterile DI water for 1 min at
3000 RPM to detach bacteria from the PU foam surfaces. After that, the DI water (1 mL)
containing bacteria detached from the sample was added to 0.1% (w/v) peptone water
(9 mL), serial dilution was performed, and the final solution was spread on a TSA plate.
The bacterial density was counted after 24 h of aerobic incubation at 37 ◦C and refers to
the density of bacteria adhering to the PU foam surfaces. All experiments were replicated
three times.

Counting the number of bacteria attached to the surface of the PU foam using SEM
was performed using PU foam samples immersed in the inoculum for 1 h and 8 h. Before
imaging by SEM, bacteria were inactivated using ethanol, and 20 nm of platinum coating
was applied to ensure electrical conductivity for the SEM measurement. For statistical
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reliability, more than five areas of 100 μm × 100 μm were observed in three samples of
the same type of PU foam. SEM micrographs were analyzed using ImageJ to quantify the
attachment of E. coli O157:H7 and S. epidermidis to PU foam surfaces.

2.7. Absorption Capacity Test

The test method for measuring absorption capacity was based on ASTM F726-99 (i.e.,
the standard test method for the sorbent performance of adsorbents). First, in the nonpolar
liquid absorption comparison test, 1 mL of hexadecane was added to a Petri dish, and the
weighed bare PU foam and FSCSNs-coated PU foam were each immersed in hexadecane
for 1 min. Subsequently, the PU foam was removed and left to dry at room temperature for
5 s. The saturated PU foam was then placed on a pre-weighed Petri dish, and the weight of
the saturated PU foam was recorded by subtracting the weight of the Petri dish. The test
was conducted in the same way using 50% glycerol and squalene, which are other nonpolar
liquids used in hospitals. The absorption comparison tests for polar liquids (DI water,
0.9% sodium chloride solution, and blood), which are often used in hospitals, were also
conducted using a similar method. The absorption capacity of the PU foam was calculated
according to Equation (1), where Md is the initial dry weight of the PU foam, and Mw is
the weight of the saturated PU foam after absorbing the liquid. All absorption tests were
performed under the same conditions at room temperature, and the average absorption
capacity was calculated by repeating three times. In addition, if the result deviated from
the average by 10%, a retest was conducted using a new sample.

Absorption capacity (g/g) =
(Mw − Md)

Md
(1)

2.8. Compression Test

A compression test was performed on FSCSNs-coated PU foam to confirm that the
omniphobic properties were maintained even under repeated stress due to the characteris-
tics of mattresses, which must withstand the weight of the human body for a long period.
The mechanical properties were measured by repeatedly applying the same pressure in the
vertical direction with a 500 g weight connected by string to the FSCSNs-coated PU foam
with a size of 1.5 cm × 1.5 cm × 1.5 cm. The coated PU foam was subjected to a total of
100 compressions, while assessing its ability to repel liquids. To confirm the omniphobic
properties of the foam, droplets of water and hexadecane (5 μL each) were applied five
times each after every ten compressions, and the resulting contact angles were measured
and averaged.

2.9. Chemical Leaching Test

The chemical stability of the FSCSNs-coated foam was determined by checking
whether there was chemical leaching on the surface of the foam over time when the
FSCSNs-coated foam was immersed in a polar or nonpolar liquid. Polar and nonpolar liq-
uids were tested using 0.9% sodium chloride solution and 50% glycerol, liquids commonly
used in hospitals. FTIR spectroscopy, with a detection limit of <1 ppm, was employed as
the analysis method. The immersion condition was set to a maximum of 14 d, and the
results were compared by performing analysis every 7 d.

2.10. Statistical Analysis

The bacterial adhesion assay results were analyzed after log-transformation. The
significance level was set to p < 0.05 in the results of the bacterial attachment analysis. For
this purpose, two-way analysis of variance with Tukey’s post hoc test was used. Statistical
analyses were performed using the Analysis ToolPak in Excel (Microsoft Corp., Redmond,
WA, USA) via statistical packages.
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3. Results and Discussion

3.1. Characterization of FSCSNs-Coated PU Foam Surfaces

Omniphobic PU foam with both superhydrophobic and superoleophobic properties
was manufactured by coating the surface of the PU foam with FSCSNs by silanization
through a condensation reaction between −OH and −Cl groups on the surface of the PU
foam (Figure 1). Bacterial adhesion can be affected when nano or microscopic roughness is
applied to the surface through chemical or physical methods. If the surface roughness unit
is larger than the size of the bacteria, the bacteria penetrate the topography, such as valleys,
edges, and pits between the surface roughness, thereby increasing the contact area with
enhanced bacterial adhesion on the surface as well as bacterial colonization. In addition,
PU foam has a three-dimensional porous structure and a large surface area, allowing air
to enter and exit smoothly and creating a suitable environment for bacteria to inhabit.
Therefore, in this study, FSCSNs were coated on the porous surface of PU foam to lower
the surface energy and to impart nanoscale surface roughness to achieve a high repellency
against contaminants. These properties are due to HFTCS, a fluorinated silane used for
surface modification, and, more specifically, due to the bond between carbon and fluorine
in the chain structure of HFTCS. A carbon–fluorine (C−F) bond is a bond between carbon
with an electronegativity of 2.5 and fluorine with an electronegativity of 4.0, which is a very
strong bond with a large difference in electronegativity. That is, the electron density around
the carbon atom is reduced and that around the fluorine atom is increased to create positive
and negative charges, respectively; the charges cancel each other out so that the net charge
of the perfluorinated molecule is zero. The high electronegativity of fluorine reduces the
polarizability of the bond, limiting its susceptibility to van der Waals interactions (related to
the magnetic susceptibility, which is the ratio of the strength of magnetization of a material
to the strength of a magnetic field), leading to very low surface energies of perfluorinated
materials [25]. FTIR analysis was performed to confirm the presence of trifluoromethyl
functional groups on the inside and outside of the coated PU foam (Figure 2a). Although
no peak was observed in the corresponding wavelength band in the bare PU foam, in the
coated PU foam, a peak was observed at a wavelength of 1050 cm−1 for samples both inside
and outside the treated PU foam, confirming that this corresponded to the C−F stretching
peak. The presence of a peak at approximately 1050 cm−1 confirms the occurrence of C−F
stretching. Furthermore, the observed peak shift of approximately 8 cm−1 towards lower
wavelengths can be attributed to the reduction in C−F bond strength resulting from the
functionalization process involving silica nanoparticles [26]. Additionally, we observed
weak vibrations at 950 cm−1 both inside and outside the regions of the PU foam coated with
FSCSNs. These vibrations were verified to be the result of an asymmetric vibration caused
by Si−OH groups introduced by the presence of SNPs [27]. Therefore, it was confirmed
that the porous surface of the PU foam was coated with FSCSNs [28].

The surface morphology modified by FSCSNs generated on the porous surface of
PU foam and the chemical modification by HFTCS create a synergistic effect for repelling
bacteria [29]. FSCSNs form a hierarchical structure on the PU foam surface. When an air
layer is formed between uniformly aggregated FSCSNs and bacteria adhere to the surface,
the air pocket formed between the surface and the bacteria causes an air-pocket effect,
which causes the bacteria to come into contact with the surface in a nonlinear manner,
eventually affecting the growth of the bacteria [30]. In this study, to compare the wettability
of bare PU foam and PU foam coated with FSCSNs to that of water and oil, the static contact
angle was measured for DI water and hexadecane (Figure 2b). The water contact angle
of the bare PU foam was 123.2◦, indicating hydrophobicity, but the water was observed
to be gradually absorbed into the PU foam over time. Because the hexadecane droplet
was absorbed into the PU foam as soon as it fell, the contact angle for hexadecane was
indicated as <10◦. In contrast, the contact angles of the PU foam coated with FSCSNs
were 153.5◦ and 153.4◦ for water and hexadecane, respectively. As these contact angles
indicate super water repellency and super oil repellency, respectively, the PU foam coated
with FSCSNs had omniphobic characteristics due to the effect of low surface energy and
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nanoscale surface roughness generated by FSCSNs. The contact angle of a surface can be
influenced by various physical factors, including the roughness, texture, and hierarchical
structure. Simultaneously, chemical factors such as surface heterogeneity can also have a
substantial impact on determining the contact angle [31,32].

Figure 1. Schematic illustration of the synthesis of FSCSNs through the silanization of HFTCS and
silica nanoparticles. Fabrication of FSCSNs-coated PU foam with omniphobic properties using
FSCSNs suspension and the dip-coating method.

Figure 2. (a) C−F stretching region from the FTIR spectra of the inside and outside regions of the
FSCSNs-coated PU foam and the bare PU foam. (b) Static contact angle (CA) measurement results for
bare PU foam and FSCSNs-coated PU foam.

Furthermore, an experiment was conducted to confirm whether both the inside and
outside of the coated PU foam had omniphobic properties. Figure 3a shows photographs
taken after dropping DI water (blue) and hexadecane (red) on the bare and coated PU foam
samples to examine the liquid repellency of the inside and outside of the PU foam. As
a result, the liquid dropped on the bare PU foam permeated inside, whereas the liquid
dropped on the FSCSNs-coated PU foam maintained its spherical shape. Figure 3b shows
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the results of measuring the static contact angles of the inside and outside of the coated PU
foam. The results confirmed that the contact angle of both the inside and outside of the
coated PU foam was 150◦ or more, indicating that it had omniphobic properties.

Figure 3. (a) Photographs of polar and nonpolar liquid (DI water: blue, hexadecane: red) on the
inside and outside regions of FSCSNs-coated foam and bare foam. (b) Photographs of the static
contact angle for polar and nonpolar liquids inside and outside the FSCSNs-coated foam.

The surface morphology of PU foam with a porous structure was observed using SEM
(Figure 4). On the surface of the bare PU foam, the entire surface structure had an open-cell
structure, and the surface of the internal network structure was smooth. In contrast, as
shown in the enlarged photograph of the surface of the PU foam coated with FSCSNs,
a hierarchical structure was formed on the surface of the PU foam due to the FSCSNs.
However, despite these coatings, it was confirmed that the surface morphology of the PU
foam coated with FSCSNs also maintained an open-cell structure. The coating did not
affect the characteristics of the mattress, as the softness, volumetric shrinkage, and shock
mitigation of the mattress were determined by the open-cell structure [33].

Figure 4. SEM micrographs of (a) bare and (b) FSCSNs-coated PU foams showing open-cell structures.

3.2. Bacterial Attachment to FSCSNs-Coated PU Foam Surfaces Characterized by
Plating Counting

The bacterial adhesion behavior on the bare PU foam and the PU foam coated with
FSCSNs over time was confirmed using the pour plate method. The plate counting results
of the PU foam samples inoculated with (exposed to) the bacterial suspension for 1 h and
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8 h are quantitatively represented graphically in Figure 5. First, the results of inoculation
for 1 h, as shown in the left graph of Figure 5a, indicate that the mean population of
bacteria adhered to the PU foam inoculated for 1 h in E. coli O157:H7 suspension was 7.3 log
CFU/mL for the bare PU foam and 4.5 log CFU/mL for the PU foam coated with FSCSNs.
In addition, in the results of inoculation with S. epidermidis shown in the right graph, the
mean population of bacteria adhered to the PU foam was 7.4 log CFU/mL for the bare
PU foam and 5.0 log CFU/mL for the PU foam coated with FSCSNs. In other words, as a
result of immersion in the bacterial suspension for 1 h, the bacteria adhering to the coated
PU foam surface were reduced by 98.9%. The trend of the 1 h adhesion test results was
similar for the 8 h test. As shown in Figure 5b, the mean population of bacteria adhered
to the PU foam inoculated for 8 h in E. coli O157:H7 suspension was 7.4 log CFU/mL for
the bare PU foam and 5.8 log CFU/mL for the coated PU foam. In addition, as a result of
inoculation with S. epidermidis, the mean population of bacteria adhered to the PU foam
was 7.5 log CFU/mL for the bare PU foam and 5.7 log CFU/mL for the PU foam coated
with FSCSNs. Similar to the results of inoculation for 1 h, the PU foam coated with FSCSNs
showed a 97.4% decrease in the degree of adhesion after 8 h of bacterial exposure compared
to the bare PU foam. This confirms the antimicrobial properties of the PU foam coated
with FSCSNs; the results of the pour plate method indicated an average of a 1–2 log units
decrease compared to the bare PU foam. The PU foam coated with FSCSNs could prevent
the proliferation of bacteria even during the proper sleeping time (i.e., 8 h), when the body
is in contact with the mattress for a long time.

Figure 5. Comparison of bacterial adhesion between bare PU foam and FSCSN-coated PU foam
through quantitative results after exposure to bacteria for (a) 1 h and (b) 8 h.

3.3. Bacterial Attachment to FSCSNs-Coated PU Foam Surfaces Characterized by SEM

In addition to the pour plate method, the number of bacteria adhered per unit area
was directly counted using SEM to confirm the antimicrobial properties of the treated
PU foam, and the distribution was quantified. After inoculating with the bacteria for 1 h
and 8 h, the bacteria adhered to the two types of PU foam surfaces were compared. As
shown in Figure 6, a large number of bacteria of both types adhered to the surface of the
bare PU foam. In contrast, on the surface of the PU foam coated with FSCSNs, adhered
bacteria could not be identified, and only uniform and hierarchical structures generated
by FSCSNs could be identified. The number of bacteria adhered to the PU foam samples
inoculated with E. coli O157:H7 for 1 h was 6.1 log cells/mm2 for the bare PU foam and
4.5 log cells/mm2 for the PU foam coated with FSCSNs, showing a 97.4% decrease. The
number of S. epidermidis bacterial cells adhered to the PU foams was 6.1 log cells/mm2 for
the bare PU foam and 4.3 log cells/mm2, showing a 98.3% decrease.
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Figure 6. SEM micrographs of (a) E. coli O157:H7 attached to bare PU foam, (b) S. epidermidis attached
to bare PU foam, (c) E. coli O157:H7 attached to FSCNSs-coated PU foam, and (d) S. epidermidis
attached to FSCNSs-coated PU foam after 1 h exposure to bacteria.

After immersing the two types of PU foam in the bacterial suspension for 8 h, reflective
of the sleeping time, the number of adhered bacteria was also counted. Looking at the
results shown in Figure 7, the number of bacteria adhered to the PU foams inoculated with
E. coli O157:H7 for 8 h was 6.2 log cells/mm2 for the bare PU foam and 4.7 log cells/mm2

for the coated PU foam, showing a 96.7% decrease. The number of S. epidermidis bacteria
adhered to the PU foams was 6.1 log cells/mm2 for the bare PU foam and 4.5 log cells/mm2

for the coated PU foam, showing a 97.4% decrease. Therefore, as a result of analyzing
the bacterial adhesion properties, the PU foam coated with FSCSNs had excellent anti-
adhesion properties, having a significant (p < 0.5) reduction of 1–2 log units or more for
Gram-negative and Gram-positive bacteria. As a result of indirect counting using the pour
plate method described in Section 3.2 and direct counting using SEM, when omniphobic PU
foam coated with FSCSNs was exposed to bacterial suspensions containing E. coli O157:H7
and S. epidermidis for 1 h and 8 h, it exhibited anti-adhesion properties against bacteria,
with smaller numbers of bacteria adhered to the surface than for the bare PU foam. This
phenomenon can be explained by the wetting transition of the PU foam surface from the
Wenzel state to the Cassie–Baxter state caused by the FSCSN coating [34]. The transition of
the PU foam surface to the Cassie–Baxter state means that the real contact area is reduced
by air pockets generated when hydrophilic bacteria come into contact with the PU foam
surface [35]. In other words, the anti-adhesion effect can be explained by hydrophilic
and hydrophobic effects [36,37]. The surface layer of E. coli O157:H7 and S. epidermidis
has a hydrophilic property at a water contact angle between 16◦ and 57◦ [38,39]. When
bacteria with such a hydrophilic cell surface come into contact with a nonpolar surface,
intermolecular interactions repel them, thereby hindering bacterial adhesion [40].
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Figure 7. SEM micrographs of (a) E. coli O157:H7 attached to bare PU foam, (b) S. epidermidis attached
to bare PU foam, (c) E. coli O157:H7 attached to FSCNSs-coated PU foam, and (d) S. epidermidis
attached to FSCNSs-coated PU foam after 8 h exposure to bacteria.

3.4. Anti-Absorption Test of FSCSNs-Coated PU Foam

An absorption test was conducted to confirm the ability of the fabricated PU foam
to prevent contamination by polar and nonpolar liquids. The absorption capacities for
the liquids were calculated using Equation (1), and the results are shown in Figure 8. As
for the polar liquids, the average absorption capacity of DI water was 4.2 (g/g) for the
bare PU foam and 0.1 (g/g) for the coated PU foam. The average absorption capacity of
sodium chloride solution was 5.8 (g/g) for the bare PU foam and 0.1 (g/g) for the coated
PU foam. Finally, the average absorption capacity of blood was the highest at 8.7 (g/g)
for the bare PU foam and 0.1 (g/g) for the coated PU foam. From these results, the PU
foam coated with FSCSNs showed a very high average reduction rate of the absorption
capacity of polar liquids of more than 99%. Absorption capacity tests for nonpolar liquids
also showed similar results. The average absorption capacity of hexadecane was 7.1 (g/g)
for bare PU foam and 0.1 (g/g) for coated PU foam. The average absorption capacity of
glycerol solution was 14.9 (g/g) for bare PU foam and 0.1 (g/g) for coated PU foam. Finally,
the average absorption capacity of squalene was the highest at 26.5 (g/g) for the bare PU
foam and at 0.1 (g/g) for the coated PU foam. In other words, PU foam coated with FSCSNs
also showed an average absorption reduction rate of more than 99% for nonpolar liquids,
confirming excellent water and oil absorption prevention capabilities. Therefore, as the
elasticity of the PU foam did not decrease due to the absorption of liquid contaminants, it
could be used as a mattress material for a long period of time [41,42].
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Figure 8. Absorption capacity of bare and FSCSNs-coated PU foams for (a) polar liquids (DI water,
0.9% NaCl, and blood) and (b) nonpolar liquids (hexadecane, 50% glycerol, and squalene).

The liquids used in the absorption experiment are all commonly found in medical
facilities. Body fluid consists of 1% sodium chloride and various salts and organic com-
ponents, and body sebum contains an average of 6% to 13% squalene, although there are
differences according to gender and age [43,44]. Therefore, a mattress that comes in close
contact with the body must have properties that prevent the absorption of such body fluids.
In addition, glycerol is a low-toxicity substance that is used in the food, medicine, and
cosmetic industries and is the most effective and widely used optical clearing agent among
various types of alcohol [45,46]. According to a study by Lai et al., medical facilities use a
50% glycerol solution that is safe for skin application in vivo as a light scattering attenu-
ator. Based on the literature, the concentration of glycerol was set to 50% for absorption
experiments [47].

3.5. Mechanical Durability of FSCSNs-Coated PU Foam

Coated omniphobic PU foam is a mattress material, and due to its nature, it must
maintain the omniphobic property of high water and oil repellency even under frequent
pressure for a long period of time. Therefore, in this study, repeated compression tests
were conducted to confirm the mechanical durability of the PU foam coated with FSCSNs.
The weights and sizes of the samples used in the experiment were selected with reference
to previous studies showing that the average interfacial pressure applied to a mattress
by an adult male weighing 80 kg is 4 kPa to 8 kPa [48]. Based on this, the size of the PU
foam coated with FSCSNs was set to 1.5 cm × 1.5 cm × 1.5 cm, and a pressure similar
to that described in the literature was applied by placing a 500 g weight. As shown in
Figure 9, to confirm whether the omniphobic properties were maintained after applying
pressure for a certain number of times, the contact angles for water and hexadecane were
measured every 20 cycles, and the results were summarized in a graph. The contact angles
for water and hexadecane showed a high repellency of more than 150◦ throughout the
experiment. The contact angle measured after applying pressure 100 times was 154.6◦
for DI water and 153.7◦ for hexadecane, confirming that the omniphobic properties were
maintained. The porous ratio and depth present in polyurethane foam do not affect its
resilience property [49]. Therefore, an omniphobic PU foam with a high proportion of an
open-cell structure maintains its resilience related to mechanical durability. As a result, it
retains the performance and omniphobic characteristics even under repeated compression.
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Figure 9. (a) Sequential photos showing the water contact angle and oil contact angle after multiple
iterations of a compression test. (b) The contact angle measurements graph of FSCSNs-coated foam
during the cyclic compression test.

3.6. Chemical Leaching Test

Because PU foam is used in an environment where there is frequent contact with the
body, such as a mattress in a medical facility, the potential toxicity of the PU foam coating
must be evaluated. Therefore, chemical leaching should not occur due to the separation
or decomposition of fluorine groups on the surface of silica nanoparticles functionalized
with HFTCS. Therefore, in this study, leaching experiments were conducted using FTIR for
two types of liquids to confirm the chemical stability of the PU foam coated with FSCSNs
(Figure 10). The graph in Figure 10a shows the results of leaching after immersing the
coated PU foam in a 0.9% sodium chloride solution, a polar liquid often used in medical
facilities, for up to 14 d. When compared with the FSCSN suspension as the control group,
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unbound FSCSN molecules exhibited a C−F stretching peak around 1050 cm−1. However,
no peak was observed for at least 14 d in the 0.9% sodium chloride solution in which
the coated PU foam was immersed. When a saline solution containing Na and Cl ions
is present, each ion causes a specific arrangement of water molecules, impacting the OH
stretching band, which is primarily observed around 3300 cm−1. Consequently, no peak is
observable for the 0.9% NaCl solution within the measured wavelength range of 850 cm−1

to 1250 cm−1 [50].

Figure 10. FTIR spectra of aliquots collected from samples of the FSCSNs-coated foam that had
been immersed for up to 14 d in (a) 0.9% NaCl and (b) 50% glycerol, showing the absence of C−F
stretching.

The graph in Figure 10b shows the results of an experiment confirming chemical
stability using a 50% glycerol solution, which is a nonpolar liquid. Except for the C−O−C
stretching peak of the 50% glycerol solution around 1103 cm−1, no peaks were observed,
including a C−F stretching peak around 1050 cm−1. This means that no chemical leaching
occurred in the 50% glycerol solution in which the PU foam coated with FSCSNs was
immersed [51]. Furthermore, glycerol-containing water exhibits primary and secondary
hydroxyl groups within the range of 1000−1100 cm−1, leading to observable peaks at those
specific wavelengths [52]. Moreover, the C−F stretching shows a strong peak at 1050 cm−1,
attributed to the overlap between the Si−O−Si bond and the −CF3 symmetric stretching.
However, the influence of NaCl and glycerol on the C−F stretching is minimal, as no
significant changes were observed [53]. No chemicals were detected within the detection
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limit of 1 ppm for at least 14 d in either liquid used, indicating that the fabricated PU foam
is chemically stable in both polar and nonpolar liquids.

4. Conclusions

To solve the problem of cross-contamination, which has become more important due
to the emergence of infectious diseases, this study aimed to prevent the contamination of
mattresses that come in close contact with the human body in medical facilities. The surface
of PU foam, the main material used in such mattresses, was coated with silica nanoparticles
functionalized with fluorinated silane to reduce surface energy and form nanoscale surface
roughness. The key results were the following: (1) The treated PU foam exhibited high
repellency to liquids such as water and oil; (2) the adhesion of harmful bacteria such as
E. coli O157:H7 and S. epidermidis was reduced by more than 90% per unit area (1–2 log
units) compared to untreated PU foam; and (3) a high antifouling effect against polar and
nonpolar liquid pollutants common in medical facilities was observed. The durability of
the prepared PU foam was confirmed through repeated compression experiments. The
experiment was conducted considering the average interfacial pressure applied to the
mattress by adults, and as a result, the omniphobic properties were maintained even after
repeated compression up to 100 times. Furthermore, to confirm the chemical stability,
leaching experiments were conducted under the conditions of a 0.9% sodium chloride
solution and a 50% glycerol solution. Peaks corresponding to carbon and fluorine bonds
could not be identified in the two solutions for up to 2 weeks. Based on the findings of this
study, the PU foam coated with FSCSNs has a high antifouling effect due to water and oil
repellency as well as anti-adhesion properties against bacteria. Moreover, the proposed
coating method is simple and scalable and employs inexpensive reagents. In addition to
the medical field, it is expected to be applicable to various industries that require hygiene,
such as food, electronics, and textiles.
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Abstract: A novel engineered carbon cloth (CC)-based self-cleaning membrane containing a Cu:TiO2

and Ag coating has been created via hydrothermal and light deposition methods. The engineered
membrane with chrysanthemum morphology has superhydrophilic and underwater superhydropho-
bic performance. The cooperativity strategy of Cu doping and Ag coating to the TiO2 is found to be
critical for engineering the separation efficiency and self-cleaning skill of the CC-based membrane
under visible light due to the modulated bandgap structure and surface plasmon resonance. The
CC-based membrane has excellent oil–water separation performance when Cu is fixed at 2.5 wt% and
the Ag coating reaches a certain amount of 0.003 mol/L AgNO3. The contact angle of underwater
oil and the separation efficiency are 156◦ and 99.76%, respectively. Furthermore, the membrane
has such an outstanding self-cleaning ability that the above performance can be nearly completely
restored after 30 min of visible light irradiation, and the separation efficiency can still reach 99.65%
after 100 cycles. Notably, the membrane with exceptional wear resistance and durability can work in
various oil–water mixtures and harsh environments, indicating its potential as a new platform of the
industrial-level available membrane in dealing with oily wastewater.

Keywords: CC-based membrane; doping and coating; oil–water separation; self-cleaning ability; oily
wastewater treatment

1. Introduction

The oil–water mixture as a pollutant with wide sources causes a lot of economic losses
and induces a huge hazard to our living environment [1–6]. Some important procedures
including gravity separation, coagulation, air flotation and demulsification have been pro-
vided for separating oily wastewater [7,8]. These methods, however, have some drawbacks
such as low separation efficiency, secondary pollution and high cost [9–11]. Therefore,
the practical work for solving the oily wastewater problem is an essential and urgent
challenge [12–14]. Superwettability materials, particularly superhydrophilic and under-
water superoleophobic materials, have become a popular topic in recent years [15]. This
kind of material with low surface energy usually has high separation efficiency. However,
due to oil adhesion from constant use, they are readily polluted and obstructed by oil
droplets [16–21]. Hence, the investigation of materials with excellent self-cleaning ability
has been undertaken, and some materials including CC, metal mesh, filter membrane, etc.,
have been proposed [22]. Because of its higher flexibility, good mechanical properties and
long-term viability, the CC membrane is an excellent choice for oil–water separation [23–26].
As an excellent catalyst material, TiO2 has excellent catalytic performance under ultraviolet
(UV) light irradiation and can realize self-cleaning pollutants on the membrane surface
during the process of oil–water separation [27–29]. However, its application is limited
because it only responds to ultraviolet light (5% of sunlight) [30,31]. Therefore, it has
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great significance to developing its self-cleaning performance with visible light respon-
siveness. The strategies of doping and coating are both effective techniques for modifying
the optical band gap of the materials in the visible region and can even enhance catalytic
performance [32–34]. The transition metal of d-states Cu doping can generate intermediate
energy states between the host material’s valence and conduction bands, preventing the
recombination of electron–hole (e−/h+) pairs effectively [35,36]. The stable emission in the
visible region may be obtained by Cu doping as well as in the near-IR region for various
optical materials. When Ag is encapsulated into the TiO2 system, either Ag clusters or their
cations can serve as active sites in catalytic reactions to construct highly efficient catalysts
because of its special effect on the separation of photogenerated e−/h+ when exposed to
visible light [37–40]. Additionally, the deposition of precious metals shows obvious plasma
resonance and broadens the absorption range of visible light. Therefore, it is believed that
the cooperativity strategy of Cu doping and Ag coating in the CC@TiO2 system may induce
the desired performance in oil–water separation application.

According to the information presented above, a novel engineered CC-based self-
cleaning membrane for highly efficient oil–water separation is constructed by assembling
Cu:TiO2 and Ag coating to modify the CC via hydrothermal and light deposition methods.
The synergistic design for the engineered membrane can possess an outstanding oil–water
separation capability; additionally, it can realize an excellent self-cleaning ability under
visible light irradiation. For practical applications in industry, the harsh environment test
of the engineered membrane is also analyzed in depth.

2. Experimental

2.1. Materials and Synthesis

The used CC was created by annealing the cotton fiber supplied by Xitaotao Trading
Co., Ltd. Tetrabutyl titanate (C16H36O4Ti), silver nitrate (AgNO3), copper nitrate trihy-
drate (Cu(NO3)2·3H2O), Sudan III (C22H16N4O), methylene blue (C16H18ClN3S·3H2), 1,
2-dichloroethane (C2H4Cl2) and n-hexane (C8H14) were purchased from Sinopharm Group
Chemical Co., Ltd. Beijing Chemical Plant supplied the hydrochloric acid (HCl) and toluene
(C6H5CH3). For the oil–water test, various oils were prepared to form the oil–water mix-
tures. Aladdin Industrial Corporation provided petroleum ether (boiling point 90~120 ◦C).
Soybean oil was bought at a nearby supermarket. The experiment employed deionized
water as the experimental water, and all chemical reagents were of an analytical degree.

The preparation process of the engineered CC-based membranes was shown as follows.
First, the cotton fibers were divided into the same size of 3 cm × 3 cm and washed 3~5 times
with ethanol and deionized water, and then the cleaned cotton fiber cloth was dried in
an oven at 80 ◦C for several hours. Second, the dried cotton fiber cloth was carbonized
in a nitrogen atmosphere at 500 ◦C for 2 h, heated at a rate of 5 ◦C/min. The CC was
produced after carbonization and rinsed three times with deionized water and 6 wt%
hydrochloric acid, respectively. The washed CC was then dried in a drying oven at 80 ◦C
for 2 h. Third, the cleaned CC was soaked in alcohol for 10 min for further use. Fourth,
20 mL of concentrated hydrochloric acid, 20 mL of deionized water, 2.5% Cu(NO3)2·3H2O
(Cu:Ti = 2.5 wt%, the ratio that was the best in our previous report) and 2.5 mL of tetrabutyl
titanate were mixed, and then a light-yellow mixed solution was formed. Following that,
the hydrothermal reaction was carried out and the above solution as well as the prepared
CC were removed into a PTFE reactor at 150 ◦C for 5 h. After cooling the PTFE reactor to an
ambient temperature, the CC-based membrane containing Cu:TiO2 was cleaned and then
dried in an oven at 80 ◦C. Finally, the above membrane was soaked in 30 mL of 0.001 mol/L,
0.002 mol/L, 0.003 mol/L, 0.004 mol/L, 0.005 mol/L and 0.006 mol/L AgNO3 under
ultraviolet light. After cleaning and drying, the novel engineered CC-based membranes
with different Ag contents were synthesized. For convenience, these membranes were
named CC@Cu:TiO2@AgY (Y = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6).
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2.2. Characterizations

A contact angle instrument was used to measure the contact angle (CA) of the
CC@Cu:TiO2@AgY membranes (JC2000CD, AC 220 V and 50 Hz). The membrane structure
was determined using an X-ray diffractometer (XRD, Rigaku-D/max-2500, Tokyo, Japan).
The morphology, valence and composition state of the membranes were observed by a
scanning electron microscope (SEM, JSM-7800F, Osaka, Japan), an energy dispersive spec-
trometer (EDS, 51-XMX1112, London, UK) and an X-ray photoelectron spectrometer (XPS,
VGESCALAB 250×, Mark II, London, UK).

3. Results and Discussion

The XRD patterns of the CC, CC@TiO2, CC@Cu:TiO2 and CC@Cu:TiO2@AgY (Y = 0.1,
0.2, 0.3, 0.4, 0.5 and 0.6) membranes are shown in Figure 1. Compared to the original CC in
the inset, some strong diffraction peaks appear in the patterns of Figure 1a–h. For CC@TiO2
in Figure 1a, the peaks are located at 27.76◦, 36.43◦, 39.26◦, 41.53◦, 44.26◦, 54.64◦, 56.87◦,
62.12◦, 64.43◦, 69.23◦ and 70.13◦, which correspond to the diffraction of rutile TiO2 crystal
planes (110), (101), (200), (111), (210), (211), (220), (002), (310), (301) and (112) [41–43]. It
means that the rutile TiO2 is effectively formed on the CC. Compared to the CC@TiO2, the
Cu-doped membranes in Figure 1 lack any diffraction peaks for Cu ions (b-h), indicating
that Cu ions may be doped into the TiO2 matrix. Moreover, the position of the main
diffraction peaks of the Cu-doped membranes has a slight shift to a smaller angle compared
with the CC@TiO2 in Figure 1a, illustrating that the lattice parameters of the Cu-doped
membranes are a little larger than those of the undoped ones. By fitting the XRD data with
the least squares method, the lattice parameters of the two membranes for CC@TiO2 and
CC@Cu:TiO2 are calculated. The calculated results of the former (a = 4.593 nm, c = 2.959 nm)
and the latter (a = 4.613 nm, c = 2.963 nm) indicate that Cu ions have been incorporated
into the TiO2 lattice and may have replaced the Ti ion sites due to the larger ionic radius of
Cu ions (R(Cu+) = 0.096 nm and R(Cu2+) = 0.072 nm) [44–48]. For the CC@Cu:TiO2@AgY
membranes shown in Figure 1c–h, the peaks at 32.24◦ and 46.27◦ belong to AgCl, and the
peak at 63.83◦ belongs to Ag [49]. In addition, it is found that the intensity of the peak
related to the Ag element is enhanced gradually with the increase in Ag content, indicating
the successful coating of the Ag element on the surface of the CC@Cu:TiO2 membrane.

Figure 1. XRD patterns of (a) CC@TiO2, (b) CC@Cu:TiO2 and (c–h) CC@Cu:TiO2 @AgY (Y = 0.1, 0.2,
0.3, 0.4, 0.5 and 0.6) membranes, and the inset shows the XRD pattern of CC substrate.

The results of the SEM test are shown in Figure 2 to investigate the morphology of
the membranes. In Figure 2a, the original CC is composed of fibers interlaced with each
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other to form the 3D network structure. When the TiO2 nanomaterials grow on the CC,
the original CC surface cannot be seen on the CC@TiO2, indicating that the CC is fully
covered by numerous TiO2 nanorods and that these nanorods with diameters of 150~200 nm
are arranged closely. Because the original CC fibers are not the planar construction, the
nanorods on the CC grow in a flower morphology (the CC@TiO2 membrane in Figure 2b).
After Cu doping, it is found that the flower structure is more evident, and a chrysanthemum-
like structure on the original basis is formed for the CC@Cu:TiO2 as a result of the Cu-O-Ti
in the crystal lattice shown in Figure 2c. The Cu-O-Ti groups hindering the crystal growth
are formed during the initial growth process, and then some Ti ion sites might be replaced
by the Cu ions to evoke the interfacial energy of the nanorod seeds, which results in
the nanorods becoming denser on the flower structure. Therefore, the chrysanthemum-
like structure of the membrane is eventually formed with Cu doping in our case [50]. The
morphology of the CC@Cu:TiO2@AgY membranes has been slightly modified for additional
Ag coating. It is found that some Ag particles with diameters of 200~250 nm are attached
to the chrysanthemum surface, and the amount of Ag particles are gradually increased by
increasing the Ag content shown in Figure 2d–i.

Figure 2. SEM images of (a) CC, (b) CC@TiO2, (c) CC@Cu:TiO2 and (d–i) CC@Cu:TiO2@AgY (Y = 0.1,
0.2, 0.3, 0.4, 0.5 and 0.6) membranes.

In Figure 3, the XPS spectrum of the CC@Cu:TiO2@Ag0.3 membrane is used to in-
vestigate the composition and chemical state of these elements. In the CC@Cu:TiO2@Ag
membrane, six elements including Ti, O, C, Cl, Cu and Ag are shown in Figure 3a. The
C element comes from the original CC, the Ti and O elements come from TiO2, and
Cu(NO3)3H2O and AgNO3 are the sources of the Cu and Ag elements. In Figure 3b of
the Ti 2p spectrum, the peak of Ti 2p3/2 is located at 458.9 eV and Ti 2p1/2 is located at
464.6 eV, which is consistent with the position of Ti4+ in the oxide [51]. In Figure 3c of O1s,
the peak of O1s can be fitted to OTi-O at 530.1 eV, OO-H at 532.1 eV and adsorbed O2 at
533.7 eV [52]. The Cu 2p has two peaks at 934.1 eV (Cu 2p3/2) and 953.8 eV (Cu 2p1/2) in
Figure 3d [53], which confirms the existence of Cu2+ ions. The peak of Ag 3d in Figure 3e
can be fitted to two peaks at 367.8 eV (Ag 3d5/2) and 373.9 eV (Ag 3d3/2), respectively, and
these values indicate that Ag exists in the form of Ag0 and Ag+ in the CC@Cu:TiO2@Ag0.3
membrane [54,55]. Based on the presence of Cl− in the membrane from the XPS and XRD
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results, it is assumed that Ag and AgCl are formed from the same Ag source. In our case,
the Cl− is thought to be associated with the CC. To demonstrate this, the XPS spectrum
of a CC@TiO2 membrane is shown in Figure 3f for comparison. From this spectrum, the
four elements of Ti, O, C and Cl appear in the membrane, and it confirms that the Cl− is
from the synthesized process of the CC. For researching the distribution of these elements,
the EDS mappings of the CC@Cu:TiO2@AgY (Y = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) membranes
are given in Figure 4. From the mappings, it is found that the elements, especially the Cu
and Ag, are all uniformly distributed in these membranes, indicating the uniformity of Cu
doping and Ag coating. When these membranes with different Ag contents are compared,
it is clear that the Ag content increases as the AgNO3 content increases. It shows that the
Ag coating on the membranes gradually increases, which corresponds to the XRD results.

Figure 3. XPS spectra of (a–e) CC@Cu:TiO2@Ag0.3 and (f) CC@Cu:TiO2 membranes.
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Figure 4. SEM images and the corresponding EDS mappings of (a) CC@Cu:TiO2@Ag0.1, (b)
CC@Cu:TiO2@Ag0.2, (c) CC@Cu:TiO2@Ag0.3, (d) CC@Cu:TiO2@Ag0.4, (e) CC@Cu:TiO2@Ag0.5, (f)
CC@Cu:TiO2@Ag0.6 membranes.

The underwater oil contact angle determines the membrane’s wettability (U-OCA).
Compared to the original CC, the wettability of the CC@TiO2, CC@Cu: TiO2 and
CC@Cu:TiO2@AgY (Y = 0.1, 0.2, 0.3, 0.4, 0.5 and 0.6) membranes changes significantly.
The U-OCA of CC and the CC@TiO2 membranes are 0◦ and 122.5◦, shown in Figure 5,
respectively. When doping Cu ions into a TiO2 host, the U-OCA of the CC@Cu:TiO2
increases to 150◦. In addition, the U-OCA of the CC@Cu:TiO2@AgY also varies with in-
creasing the Ag content from 0.1 to 0.6, and these values are 150◦, 153◦, 156◦, 151◦, 148◦
and 146◦, respectively. Among them, the CC@Cu:TiO2@Ag0.3 membrane has the largest
U-OCA. Cu doping and Ag coating are thought to take part in promoting the U-OCAs of
the membranes. On the one hand, when the membrane is wet, a hydration layer forms on
the outside of the membrane due to capillary tension. The water molecules adsorbed on
the membrane surface can interact with the membrane’s Cu ions to create more hydroxyl
radicals. On the other hand, the coating of Ag may mix with the water’s electrons to
generate OH- and further form the hydroxyl radicals reacting with H2O. These hydroxyl
radicals on the CC@Cu:TiO2@AgY membranes will improve membrane hydrophilicity,
eventually enhancing membrane oleophobicity. In our case, Cu doping and Ag coating can
change the U-OCA. However, the U-OCA of the CC@Cu:TiO2@AgY membranes decreases
when the value of Y increases to 0.4 due to the blocked microstructure by superfluous
Ag. Figure 6 depicts the hydrophilicity of the CC@Cu:TiO2@Ag0.3 membrane in air, the
oleophobicity of the membrane in water and its dynamic oleophobic diagram. According
to this figure, the water contact angle (WCA) of the CC@Cu:TiO2@Ag0.3 membrane in
the air is 0◦, indicating that water can easily pass through the membrane. That is to say,
the membrane has the superhydrophilicity. In addition, an oil droplet can potentially not
leave any residue on superoleophobic surfaces even when the oil droplet is deformed
and has contacted the membrane surface multiple times, indicating the low oil adhesion
of the membranes. The membrane with the lowest oil adhesion is shown by an external
force. All of the foregoing investigations show that the constructed CC@Cu:TiO2@Ag0.3
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membrane has good antifouling performance as well as superhydrophilicity/underwater
superoleophobicity, implying that it has a bright future in oil–water separation.

Figure 5. The U-OCA of CC@TiO2, CC@Cu:TiO2 and CC@Cu:TiO2@AgY (Y = 0.1, 0.2, 0.3, 0.4, 0.5
and 0.6) membranes.

Figure 6. The hydrophilicity of CC@Cu:TiO2@Ag0.3 membrane in the air, the oleophobicity of
CC@Cu:TiO2@Ag0.3 membrane in the water and its dynamic oleophobic diagram.

The oil–water separation test of the membranes is carried out to confirm the initial
analysis further and look into the effectiveness of separation and self-cleaning. Figure 7
shows the oil–water separation equipment (a). The tested membranes are clamped onto
the two PTFE flange ends with an inner diameter of 18 mm, as illustrated in the oil–water
separation device, and the two quartz tubes with a diameter of 15 mm are then placed into
the end of the PTFE flange. The produced membranes should be moistened before the
separation experiment, and then the mixture of 5 mL of oil and 5 mL of water is poured
into the separation device. Briefly, 5 mL of deionized water is colored blue with methylene
blue (MB), and 5 mL of oil is colored red with Sudan III for simple observation. When
the oil–water mixture is poured into the device, the water barrier generated by the wet
membrane prevents the oil from passing through the CC-based membrane. Still, the water
can move through the membrane quickly using gravity alone. Figure 7b,c shows that the
separation efficiency of the CC@TiO2 membrane without doping and coating is 86.71%,
and that of the CC@Cu:TiO2 membrane is boosted to 99.54% due to the larger U-OCA
mentioned above, indicating that Cu doping plays a crucial role in oil–water separation
efficiency. Moreover, the separation efficiency of the doped and coated membranes of
CC@Cu:TiO2@AgY first increases and then decreases as the Ag content increases, and
the value reaches 99.76% when the Ag content is fixed at 0.003 mol/L. The water flux
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of the prepared membranes gradually decreases due to the block gap of the CC when
incorporating the Cu and Ag ions. Based on the above analyses, the CC@Cu:TiO2@Ag0.3
membrane is thought to have the best oil–water separation. In order to further research
the significance of the role of Ag, the long cycle oil–water separation experiment for the
CC@Cu:TiO2 and CC@Cu:TiO2@Ag0.3 membranes is performed as shown in Figure 8. In
this experiment, the membranes are tested for 100 cycles, and every 25 cycles is set as a
big cycle. After a big cycle, the membranes are put into 30 mL of deionized water and
irradiated with visible light for 15 min and 30 min, respectively. For the first big cycle shown
in Figure 8a, the separation efficiency and the water flux for the two membranes both have
minor drops from 99.54% to 98.20%, 10524 Lm−2h−1 to 10010 Lm−2h−1 (CC@Cu:TiO2),
99.76% to 98.77% and 11274 Lm−2h−1 to 10422 Lm−2h−1 (CC@Cu:TiO2@Ag0.3), respectively.
The minor drop may be caused by the oil residue attached to the membrane after multiple
oil–water separation tests. Before the next big cycle, the membrane is given the self-cleaning
treatment at the same irradiation time of 30 min as mentioned above. It is found that the
separation efficiency of the CC@Cu:TiO2 and CC@Cu:TiO2@Ag0.3 can be restored to 99.32%
and 99.65%, and the water flux can be restored to 10530 Lm−2h−1 and 11127 Lm−2h−1,
respectively. The above values after 100 cycles can even reach 99.12% and 10522 Lm−2h−1

(CC@Cu:TiO2), and 99.65% and 11074 Lm−2h−1 (CC@Cu:TiO2@Ag0.3), demonstrating the
superior stability and repeatability of the membranes (Figure 8b). Importantly, the above
performance of the CC@Cu:TiO2@Ag0.3 membrane after a short irradiation time of 15 min
is also much better than that of the CC@Cu:TiO2 membrane under a longer irradiation
time of 30 min (Figure 8c). It indicates that the CC@Cu:TiO2@Ag0.3 membrane has the best
self-cleaning performance that can be restored in a short time due to the Ag coating. Two
reasons can account for it, and the self-cleaning mechanism can be seen in Figure 9. For
one reason, the membrane’s visible light response can be enhanced by incorporating Ag
due to the surface plasmon resonance (SPR) effect [56]. Another reason is that the catalytic
degradation performance of the membranes can also be improved to some extent due to the
adjusted bandgap structure. In the self-cleaning process, the photo-induced photons can be
absorbed by the trap sites of Ag, and subsequently, some electrons are produced under the
influence of visible light. The electrons from SPR are partially injected into the conduction
band of TiO2 because of the higher Fermi energy level of Ag. The growth of the conjugate
structure also enables certain electrons in the TiO2 conduction band to transfer quickly
onto the CC surface, enhancing electron–hole separation. Moreover, the O2 molecules on
the TiO2 surface can be converted into O2

− by capturing the electrons [57]. Therefore, the
degradation ability of pollutants will be effectively enhanced by a certain amount of Ag
coating for the CC@Cu:TiO2@Ag0.3 membrane. Thus, the CC@Cu:TiO2@Ag0.3 membrane
has excellent self-cleaning performance, and the Ag coating plays a main role in it.

In order to make the separation environment more suitable for polluted wastewater,
the oil–water separation performance of the CC@Cu:TiO2@Ag0.3 membrane has been tested
by using various oils such as toluene, petroleum ether, soybean oil and 1, 2-dichloroethane.
Soybean oil, petroleum ether, toluene and 1, 2-dichloroethane have separation efficiencies
and water fluxes of 99.35% and 7020 Lm−2h−1, 99.38% and 7429 Lm−2h−1, 99.51% and
8221 Lm−2h−1 and 99.6% and 8502 Lm−2h−1, respectively, as illustrated in Figure 10a.
The separation efficiency of various oil–water mixtures with the CC@Cu:TiO2@Ag0.3 mem-
brane may vary. The separation efficiencies are all over 99%, indicating that the prepared
membrane with the higher oil–water performance perhaps can be used in various oil–
water mixture treatments. Figure 10b,c shows the viability tests of the CC@Cu:TiO2@Ag0.3
membrane in acidic, alkaline and high-salt environments. The separation efficiency of the
CC@Cu:TiO2@Ag0.3 membrane in the above environments is above 96% in our case, illus-
trating that the CC@Cu:TiO2@Ag0.3 membrane exhibits the ability to separate an oil–water
mixture under harsh acidic, alkaline and high-salt environments of with 2 mol/L.
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Figure 7. (a) The oil–water separation devices, (b,c) the separation efficiency and the water flux of
n-hexane/water mixtures for CC@TiO2, CC@Cu:TiO2 and CC@Cu:TiO2@ AgY (Y = 0.1, 0.2, 0.3, 0.4,
0.5 and 0.6) membranes.
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Figure 8. (a) The separation efficiency and water flux of the CC@Cu:TiO2 and CC@Cu:TiO2

@Ag0.3 membranes after 25 cycles, (b) the separation efficiency and water flux of CC@Cu:TiO2

and CC@Cu:TiO2 @Ag0.3 membranes in 75 cycles (irradiation time of 30 min), (c) the separation
efficiency and water flux of CC@Cu:TiO2 and CC@Cu:TiO2 @Ag0.3 membranes after 100 cycles
(irradiation time of 15 min). The n-hexane/water mixture was used in the experiment.

Figure 9. The self-cleaning mechanism of the CC@Cu:TiO2@Ag membrane.
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Figure 10. (a) The separation efficiency and the water flux of various oils (soybean oil, petroleum ether,
toluene and 1, 2- dichloroethane) for the CC@Cu:TiO2@Ag0.3 membrane, (b) The separation efficiency
and water flux of acid–base salt for CC@Cu:TiO2@Ag0.3 membrane and (c) their separation pictures.

Next, the stability and repeatability tests of the CC@Cu:TiO2@Ag0.3 membrane have
been conducted. Figure 11 shows the morphology of the CC@Cu:TiO2@Ag0.3 membrane
before and after all of the oil–water separation experiments mentioned above. Compared
with the SEM image before oil–water separation, the overall appearance of the membrane
after oil–water separation is unchanged. The original CC is still covered by the Cu:TiO2@Ag
structure and a chrysanthemum-like structure can be seen on the original basis. It shows
that the prepared membrane not only has an extremely high separation efficiency but
also has excellent stability and repeatability. Folding and abrasion tests have also been
carried out to prove the mechanical strength of the CC@Cu:TiO2@Ag0.3 membrane, shown
in Figure 12. It can be observed that the separation efficiency can still reach 99.6% after the
membrane is folded 500 times. Notably, when the CC@Cu:TiO2@Ag0.3 membrane, attached
underneath a weight of 25 g using sandpaper as the base, is pulled for 12 cm and then
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back to its starting point (every 24 cm named as one cycle), the U-OCA of this membrane
is still 153◦ after abrading for five cycles. It demonstrates that the engineered CC-based
membrane has high durability.

Figure 11. (a,b) SEM images of CC@Cu:TiO2@Ag0.3 membrane before oil–water separation at
5000 magnification and 8000 magnification, (c,d) SEM images of CC@Cu:TiO2@Ag0.3 membrane after
oil–water separation at 5000 magnification and 8000 magnification.

Figure 12. (a1,a2) The flexibility test and (a3,a4) durability test of the CC@Cu:TiO2@Ag0.3 membrane.

The oil–water separation mechanism is presented to illustrate the separation process.
In this experiment, the membrane is first wetted by the water and then 1, 2-dichloroethane
(dyed by Sudan III) is poured into the oil–water separation device until the oil droplets
penetrate the membrane completely. The intrusion pressure (PI) is a pressure threshold
for the maximum height of an oil column that the membrane can withstand. Through
the formula of PI = ρghmax (ρ means the density of 1, 2-dichloroethane, and g means the
gravitational acceleration) [55], the intrusion pressure is measured on the membrane surface
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at the maximum allowable liquid height. The maximum liquid column of hmax for the
membrane is roughly 13.5 cm, as seen in Figure 13; hence, PI is computed to be 1.663 kPa.
When the liquid pressure is less than 1.663 kPa, the oil cannot pass through the membrane.

Figure 13. The oil–water separation mechanism of CC@Cu:TiO2@Ag membrane and the intrusion
pressure of oil.

4. Conclusions

These hydrothermal and photodeposition methods are used to create a novel engi-
neered CC-based membrane. Cu doping and Ag coating have been found to be beneficial
for the excellent oil-separation efficiency and self-cleaning ability of membranes with
superhydrophilicity/underwater superoleophobicity due to increased hydroxyl radical
generation and enhanced visible light responsiveness. The CC@Cu:TiO2@Ag0.3 membrane
shows the best performance when the underwater oil contact angle is 156◦ and the separa-
tion efficiency is up to 99.76%. Additionally, the membrane’s ability to separate oil from
water can be almost recovered under visible light driven for 15 min, indicating that the
membrane has excellent self-cleaning ability. Importantly, the membrane can be worked
with high separation efficiency in various oils and corrosive environments and even has
good durability and wear resistance. The advantages of the simple preparation method
and the excellent performance mentioned above indicate that the membranes will have a
wide range of practical wastewater treatment applications.
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Abstract: Various industrial surface materials are tested for their photocatalytic self-cleaning activity
by performing the ISO 27448:2009 method. The samples are pre-activated by UV irradiation, fouled
with oleic acid and irradiated by UV light. The degradation of oleic acid over time is monitored
by taking water contact angle measurements using a contact angle goniometer. The foulant, oleic
acid, is an organic acid that makes the surface more hydrophobic. The water contact angle will thus
decrease over time as the photocatalytic material degrades the oleic acid. In this study, we argue that
the use of this method is strongly limited to specific types of surface materials, i.e., only those that
are hydrophilic and smooth in nature. For more hydrophobic materials, the difference in the water
contact angles of a clean surface and a fouled surface is not measurable. Therefore, the photocatalytic
self-cleaning activity cannot be established experimentally. Another type of material that cannot be
tested by this standard are rough surfaces. For rough surfaces, the water contact angle cannot be
measured accurately using a contact angle goniometer as prescribed by the standard. Because of these
limitations, many potentially interesting industrial substrates cannot be evaluated. Smooth samples
that were treated with an in-house developed hydrophilic titania thin film (PCT/EP2018/079983)
showed a great photocatalytic self-cleaning performance according to the ISO standard. Apart from
discussing the pros and cons of the current ISO standard, we also stress how to carefully interpret the
results and suggest alternative testing solutions.

Keywords: photocatalytic self-cleaning coating; titania thin film; ISO 27448:2009; industrial
self-cleaning materials; self-cleaning surfaces

1. Introduction

Photocatalytic self-cleaning materials no longer only refer to self-cleaning glass [1–3].
In the construction sector, self-cleaning tiles, wallpaper, paint, window blinds, concrete and
asphalt are being produced as well [4–6]. Moreover, self-cleaning coatings are quintessential
for solar cells and photovoltaic panels to keep their yield as high as possible [2,7]. Addi-
tionally, more and more indoor self-cleaning materials such as self-cleaning paints [8] and
fabrics [9,10] are being used. Even photocatalytically self-cleaning membranes for water
purification have been made to battle fouling in (waste) water treatment and membrane
distillation [11,12]. To put this into numbers, a quick screening of the scientific and patent
research is performed. The first photocatalytic self-cleaning applications appeared in the
1990s, eight decades after the photocatalytic degradation reaction was first described [13,14].
The number of scientific papers mentioning photocatalytic self-cleaning surfaces has in-
creased steadily ever since, but it is far outnumbered by the scientific papers on other
photocatalytic applications, specifically for water and air treatments [15]. Additionally, the
number of patents concerning photocatalytic applications has grown steadily since the
1990s, with a steep increase in annual new patents in 1995–2000 and a levelling off after
2000, possibly indicating the maturation of the technology. Here, the number of photocat-
alytic water and air treatments heavily outweigh the number of patents on photocatalytic
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self-cleaning surfaces. On a cumulative basis, self-cleaning surfaces account for about 9% of
them, water treatment accounts for 38% of them and air treatment accounts for 53% of the
patents for these applications from 1990 to 2007 [15]. For the readers interested in a patent
overview, specifically of air treatment patents, we recommend the review by Paz [15], while
specific companies and commercial applications are summarised by Mills and Lee [1].

When we are looking more in detail at photocatalytic self-cleaning materials (‘photo-
catalysis’, ‘photocatalytic material’ and ‘self-cleaning’) using Google Patents search engine, the
oldest patents actually do not mention the term ‘self-cleaning’ explicitly in the patent text.
The first patent mentioning any self-cleaning action comprises an electrochemical cell with
Ti4O7 as a photoanode material for the dissociation of water, and it claims the self-cleaning
of both the anode and cathode made from a bipolar material by reversing the current
(US4422917A, 1981 [16]). With the wide variety of results for these search terms on Google
Patents (56,122 in October 2022), of which many appeared to not consider self-cleaning
materials, another patent database was used. In the public database Espacenet by the Euro-
pean Patent Office (EPO), 1343 results (in October 2022) were found for the search terms
“self-cleaning” AND “photocatalytic”. The oldest documents treat photocatalytic-binder
compositions for various applications including self-cleaning paints and waxes and the
removal of contaminants from a fluid stream such as air or water, earliest priority 1990 and
1993, published in 1997 and 1995 respectively (US5616532A, WO9511751A1 [17,18]). After
these descriptions for binders, more and more patents for (hydrophilic) coatings covering
a variety of materials have been published since 1995 [19]. Selected examples include
a washing tank, window glass, cover glass, glass/ceramic/vitroceramic-based substrates,
a cover for a solar battery, a lamp/luminaire and a handrail [20–26]. The mentioned pho-
tocatalyst, when it is specified, is in most cases TiO2, but also, ZnO and SnO have been
used. The more recent patents are more advanced, describing personal apparatus for
air disinfection by UV with a photocatalytic self-cleaning coating, including an antiviral
effect and a carbon negative self-cleaning inorganic coating [27,28]. The general increasing
trend in the number of annually filed patents is not declining thus far, supposing that the
2020–2021 dip can be attributed to the global recession due to the COVID-19 pandemic, as
shown in Figure 1.

Figure 1. Patents found with Espacenet, EPO’s free patent database (worldwise.espace.com), when we
were using the search terms “self-cleaning coating” OR “self-cleaning surface”) AND “photocatalytic”
on 10 October 2022.

The benefits of self-cleaning surfaces speak for themselves. Chemicals/cleaning
products, water, energy and labour time are saved. On top of this, the solar energy control
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can improve, and thus, the energy savings can increase by using self-cleaning surfaces for
applications such as photovoltaic panels and smart windows. This is an obvious economic
advantage that increases the user’s comfort and benefits the environment [2]. The added
benefit of photocatalytic self-cleaning materials is that only light is needed to activate the
material. After their activation, the materials break down the fouling agents by generating
reactive oxygen species (ROS), on the one hand, and make the photocatalytic surface
superhydrophilic/superwettable on the other hand. This way both organic foulants (CH-
compounds) can be completely degraded to CO2 and H2O, while inorganic residues can
be easily washed off by the sheeting of water (vide infra) [2]. In order to make the surface
photocatalytically active, a photocatalyst is obviously needed. A photocatalyst is typically
a semiconductor that is activated by light with sufficient energy to overcome the band gap
(Eg). The most commonly used photocatalyst is titanium dioxide (TiO2), as mentioned
earlier, because this semiconductor is affordable, non-toxic, (photo)chemically stable and
easily activated. The incident light wavelength needed to activate the semiconductor
corresponds to ≤388 nm for anatase, with a band gap of about 3.2 eV, implying that
(near-)UV light is required for the activation. The large band gap enables TiO2 to effectively
perform many redox reactions, but it is also its largest shortcoming since the solar spectrum
at the surface of the Earth only exists for up to 5% of the UV light. Given the importance of
an efficient photocatalyst, several strategies to improve the photocatalytic activity of TiO2
have been proposed. For the interested reader, we gladly refer the reader to specialised
review articles on TiO2 photocatalysis (e.g., one by Verbruggen [29]).

Objectively comparing different photocatalytic self-cleaning materials is not an easy
task, since the photocatalytic activity depends on various parameters, such as irradiation
intensity, catalyst loading, foulant concentration, temperature and relative humidity, etc.
Hence, there is a clear need for a standardised protocol. This protocol should homogenise
the testing method by setting fixed values for the parameters that influence the photocat-
alytic efficiency. The International Standard Organisation (ISO), which was founded in
London in 1946, is an independent, non-governmental organisation that publishes such
international standards [30]. The first ISO standard for photocatalytic materials was pub-
lished in 2007: ISO 22197-1:2007—Fine ceramics (advanced ceramics, advanced technical
ceramics)—Test method for air-purification performance of semiconducting photocatalytic
materials—Part 1: Removal of nitric oxide. Soon, other standards for photocatalytic semi-
conducting materials were published for the removal of other gases (from ISO 22197-2 to
-5), for antibacterial activity (ISO 27447:2009), for self-cleaning activity (ISO 27448:2009), for
water purification performance (ISO 10676:2010), for photocatalytic activity in aqueous me-
dia (ISO 10678:2010), for the UV light source to be used when testing (ISO 10677:2011) and
for antifungal, antiviral and antialgal activity (ISO 13125:2013, 18061-1:2014 and 19635:2016
resp.). In recent years, a true increase in the number of standards has taken place with the
publishing of seventeen standards in only four years, and there are two more standards
under development. The increase in the number of standards takes the use of different light
sources and environments into account (e.g., LED lights and indoor lighting environments),
as well as newer, safer (revised standards) and more accurate testing methods for different
photocatalytic materials (e.g., in situ FTIR spectra analysis with a recirculating air flow
photoreactor for building/construction materials). In this article, we will focus on ISO
27448:2009-Fine ceramics (advanced ceramics, advanced technical ceramics)-Test method
for self-cleaning performance of semiconducting photocatalytic materials-Measurement
of water contact angle. This standard was first published in 2009, and it was last revised
and confirmed in 2020. The photocatalytic self-cleaning activity is measured through the
hydrophilicity of the self-cleaning material after being fouled with oleic acid and irradiated
with UVA light. More details on the protocol are stated in Section 2. In this study, it is our
intention to use the ISO 27448:2009 standard to compare the photocatalytic self-cleaning
activity of a variety of industrial self-cleaning surfaces, hygienic materials and materials
with an experimental self-cleaning coating. By doing so, we will reveal the benefits and
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the (unfortunately many) limitations of the standard, highlight the importance of data
interpretation, and provide alternative testing procedures.

2. Materials and Methods

All samples were tested according to ISO 27448:2009 Test method for self-cleaning
performance of semiconducting photocatalytic materials—Measurement of water contact
angle [31]. The method describes the testing of five identical samples. Square-shaped
samples of 50 mm by 50 mm were used. After a pre-treatment under UVA light for 24 h
at an intensity of E = 2.0 mW cm−2 to eliminate traces of organic fouling from the surface,
the samples were fouled with oleic acid using the dip coating method. The samples were
submerged in 0.5 v% oleic acid (Sigma-Aldrich, USA, MI, Saint Louis, 90%) in n-heptane
(Chem-Lab NV, 99+ %) and withdrawn at a withdrawal speed of 60 cm min−1. After
drying them for 15 min in an oven of 70 ◦C and cooling them down to room tempera-
ture (23 ± 5) ◦C, the samples were ready for testing. The samples were irradiated using
a Philips fluorescence S 25W UV-A lamp, E = 2 mW cm−2 for wavelengths λ < 400 nm, ad
measured using a calibrated spectroradiometer (Avantes Avaspec-3648-USB2). At certain
time intervals (t), five water droplets of 4 μL for each sample were measured using a contact
angle goniometer (Ossila) starting at t = 0 min, before the irradiation. For each droplet,
a video of 10 s at 5 frames per second was captured from the moment right before the droplet
touched the sample surface, and it was analysed using the Ossila contact angle software.
The equilibrated water contact angle of each droplet was calculated from the last ten frames
of each video. The mathematical average of the last three measuring points with a relative
error of lower than 10% was defined as the final contact angle (θf). A simplified scheme
of the experimental set up is given in Figure 2. The samples tested in this study made up
a wide variety of materials: kitchen countertops (further denoted as ‘Surface materials’
A and B), kerbs (samples ‘SaniCoat’ and ‘CleanRock’ produced by PolySto), titania-treated
carpet tiles and luxury vinyl tiles (LVT) (denoted as ‘Carpet tile ref’, ‘Carpet tile treated’,
‘LVT ref’ and ‘LVT treated’), roofing material (‘Roofing material’), architectural panels (‘Ar-
chitectural panel’ A and B) and a self-cleaning coating developed by our research group ap-
plied on glass (‘DuEL TiO2’) and on architectural panels (‘DuEL Architectural panels’ A and
B). The in-house developed self-cleaning coating was patented (PCT/EP2018/079983) [32],
and its specifications have been described in detail elsewhere [3]. The commercial materials
listed above were provided by a variety of companies from different industries. Since
these materials are either still under development, and/or are patented by the respective
companies, we are not allowed to report all of the company names, nor are we allowed to
reveal the basic characterization data of the samples, other than the experimental results of
the ISO test, due to legal and confidentiality issues. Therefore, most of the materials are
labelled with a generic name, as summarised in Table 1.

Figure 2. Experimental scheme of ISO 27448:2009 where the water contact angle of a clean sample is
measured, the sample is fouled with oleic acid via dip coating, measured again for its water contact
angle and irradiated with UV-A light alternatively until the final angle is reached.
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Table 1. Overview of the water contact angles of the clean, pre-treated, unfouled surface (θclean), the
oleic-acid-fouled surface before UV irradiation (θ0), the final contact angle after UV irradiation (θf)
and irradiation time needed. A dash (-) is used for values that could not be measured.

Sample θclean (◦) θ0 (◦) θf (◦) tf (min)

DuEL TiO2 20 ± 7 71 ± 20 16 ± 4 20
DuEL Architectural panel A 5 ± 4 52 ± 2 20 ± 4 360
DuEL Architectural panel B 3 ± 2 52 ± 2 23 ± 1 3000
SaniCoat 88 ± 5 46 ± 4 49 ± 1 360
CleanRock 71 ± 17 64 ± 16 50 ± 1 420
Architectural panel B 43 ± 6 53 ± 1 51 ± 1 2520
LVT treated 70 ± 13 78 ± 5 61 ± 8 1680
Roofing material 57 ± 3 61 ± 6 67.7 ± 0.5 120
Surface material B 78 ± 8 87 ± 8 81.0 ± 0.4 360
Surface material A 77 ± 7 79 ± 8 82 ± 2 360
LVT ref 93 ± 7 87 ± 5 87 ± 1 1710
Carpet tile treated - ± - - ± - - ± - -
Carpet tile ref - ± - - ± - - ± - -

3. Results

As mentioned above, since most of the samples are confidential industrial materials,
no characterisation other than the water contact angle measurements were allowed to
be performed. The only exception is the in-house developed titania coating (DuEL) on
Borofloat® glass, which was fully characterised in our previous study [3]. An example of
the evolution of the water contact angle of a typical smooth, hydrophilic, photocatalytic
self-cleaning surface is given in Figure 3, with images of a water droplet for the clean, pre-
treated, unfouled surface (θclean), the fouled surface with oleic acid before UV irradiation
(θ0) and the final contact angle after UV irradiation (θf).

Figure 3. Example of the typical evolution of the water contact angle for a smooth, hydrophilic,
photocatalytic self-cleaning surface, in this case, it is DuEL TiO2. The blue line is the clean surface
angle with blue dashed lines as error bars. The black dots show the degradation of the deposited
oleic acid as the surface regains its hydrophilicity over time.

An overview of the water contact angles of the clean, pre-treated, unfouled surface
(θclean), the fouled surface with oleic acid before UV irradiation (θ0) and the final contact
angle after UV irradiation (θf) and irradiation time that needed to be reached θf (tf) are
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given in Table 1. A dash (-) in the table means that the sample could not be measured
according to the guidelines specified by the standard. These cases are discussed in more
detail below. Figure 4 shows the evolution from θ0 to θf, and it also summarises tf for all of
the samples.

Figure 4. Overview of the evolution the water contact angle from the oleic-acid-fouled surface before
UV irradiation (θ0) to the final contact angle after UV irradiation (θf) and the corresponding required
irradiation time (tf) in minutes. The samples can be divided into three groups: the photocatalytically
active samples (green arrows), the semi-active samples (blue arrows) and the inactive samples (red
arrows). The grey bars represent the experimental error.

It should be clear that the clean contact angle varies greatly depending on the mate-
rial’s surface. The more synthetic materials show rather hydrophobic angles, whilst the
samples treated with the DuEL coating (DuEL and DuEL Architectural panels A and B) are
characterised by hydrophilic to superhydrophilic angles. The contact angle logically de-
pends on the surface chemistry (e.g., coating) of the investigated material. Yet, there is also
a clear noticeable influence of the underlying substrate, as evidenced by the different clean
contact angles of DuEL Architectural panel A and B samples and the DuEL TiO2 sample.

In Figure 3, the samples are arranged by their final angles. First, a very important
point that needs to be stressed here is that a large final angle does not necessarily imply
that the sample is not photocatalytically active, since the water contact angle also strongly
depends on the hydrophilicity or -phobicity of the original sample’s surface and not only
on the remaining amount of oleic acid. Hence, a photocatalytically active surface of
a synthetic (hydrophobic) substrate will thus show a larger, hydrophobic, clean and final
water contact angle, allowing it to appear that little to no oleic acid has been removed, while
in practice, it can simply not be measured. Based on the results of the ISO standard test, the
samples can be divided into three groups: the photocatalytically active samples (green),
the semi-active samples (blue) and the (seemingly) inactive samples (red). This arbitrary
division is based on the difference in the water contact angles before and after irradiation,
θ0 and θf, respectively. When a substantial difference is found (θ0/θf > 2), the sample is
categorised as active. When the difference is less significant, but the final angle is still lower
than the initial angle and not within the range of error of the measurement (θ0/θf > 1 and
θ0/θf < 2 with θf < (θ0—standard deviation [sd])), the sample is categorised as semi-active.
When the difference is insignificant (θ0/θf = 1), the final angle is larger than the initial angle
(θ0/θf < 1) or the final angle falls within the error margin of the initial angle (θf > (θ0—sd)),
the sample is categorised as photocatalytically inactive according to this standard. The three
samples categorised as active all have the patented titanium dioxide coating by DuEL. The
difference in the photocatalytic activity between these samples might not actually be visible
when we are looking at the final angle. Only when we are also comparing the irradiation
times needed to reach these final angles, a clearer difference can be seen. The DuEL coating
on the Borofloat® glass (DuEL TiO2) required only 20 min to reach the final angle, whereas
the DuEL-treated samples, DuEL Architectural panels A and B, required 360 min and
3000 min, respectively, thus the times are one and two orders of magnitude longer. Out of
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the other samples, only the LVT sample treated with titanium dioxide shows photocatalytic
activity, but not to the same extent as the previously mentioned samples. These differences
might be due to the influence of the substrate or certain steps in the fabrication process that
may have had adverse effects on the photocatalytic properties, e.g., thermal polarisation
effects upon heat treatment or the doping of the coating by contaminants from the substrate,
leading to excessive charge recombination. Despite the smaller final angles of the SaniCoat
and CleanRock samples and the Architectural panel B ref sample compared to that of
the treated LVT sample, these samples do not show any photocatalytic activity, as θf is
within the margin of uncertainty, or it is even larger than θ0, as is the case for the samples
with larger final angles: the Roofing material, the Surface materials A and B and the LVT
reference, which can seen on the bottom halves of Table 1 and Figure 4. The samples at the
very bottom of the table are the samples that could not be measured, which are represented
here with a dash.

Only a few accounts in the literature report on test results obtained with the ISO
27448:2009 method. TiO2 sol-gel-coated industrial ceramic tiles required 25 or 50 h reach a
final angle of below 20◦ at 2 mW cm−2 using the same light intensity as that which was used
in this research [33]. Commercial glazed ceramic tiles functionalised with a micrometric
TiO2 layer required 77 h to approach their clean angle of 12.6◦ at half of the light intensity
as that which we used [34]. Transparent TiO2 and ZnO thin films for polymeric sheets even
needed 120 and 180 h of irradiation, respectively, to achieve a final angle of below 5◦ at
1 mW cm−2 [35]. In contrast, the most active DuEL-coated sample in the present study only
required 20 min of irradiation to reach the final angle of (16 ± 4)◦. Even the example given
in the standard protocol itself reports an irradiation time of 70 h before the final angle is
reached, clearly confirming the superior performance of our DuEL-coating as a smooth,
hydrophilic self-cleaning photocatalytic layer.

4. Discussion

A first and very important observation is that the ISO 27448:2009 method is not
applicable to any given sample. Firstly, the method is unsuited to test samples with
a very high surface roughness value, as illustrated in Figure 5. Hence, the carpet tiles with
a bristle-like surface could simply not be measured using this ISO test, as no water droplets
are formed on top of the bristles. Secondly, other samples that are excluded by this standard
include water-permeable substrates, highly hydrophobic, powderous or granular materials
and visible light-sensitive photocatalysts [31]. For the hydrophobic samples with a contact
angle of the clean, pre-treated, unfouled surface (θclean) that is larger than the initial contact
angle (θ0 after fouling and before UV irradiation), this test will always be inconclusive.
In this case, the degradation of oleic acid cannot be measured by the recuperation of
hydrophilicity of the material, since the material is not hydrophilic to start with, or at least
it is less hydrophilic than the fouled material, which is also visualised in Figure 5. The
other disadvantages of this standard are the exclusion of visible light active photocatalysts,
and the free choice between the two different methods for applying the oleic acid layer
(dip coating versus manual application). Each method comes with a different required
irradiance, but without any explication on how or why to choose a given method, which
was also pointed out by Mills and Banerjee [36,37]. Another difference between both of the
methods of application is that for the dip coating method, there is no intension to quantify
the applied amount of oleic acid. The standard does not prescribe measuring a reference
sample (e.g., a non-active sample (plain glass) fouled with oleic acid and irradiated in the
same way) to account for the possible photodegradation of the oleic acid. Additionally, the
volume of the droplet for the water contact angle analysis is not defined, which accounts
for that the fact that different articles report different droplet volumes over a range of a few
μL. Despite these drawbacks, the standard also has some benefits. Besides the benefits of
any standardised protocol to accurately compare the samples under the same conditions,
the main benefit of ISO 27448:2009 is its simplicity. The equipment needed for this standard
is also not very expensive. An automatic goniometer setup is convenient, and it comes in
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different price ranges, but nowadays, even smartphone cameras are of high enough quality
to take an accurate picture, which can be analysed using freely available software.

Figure 5. Water droplets on top of different surfaces: a surface fouled with oleic acid (a), a clean,
smooth and hydrophilic surface (b), a clean and hydrophobic surface (c) and a clean and rough
surface (d). For rough surfaces, the water contact angle cannot be measured, and for the hydrophobic
surface, the standard cannot be used, which is indicated by the red color and crosses. The green color
and checks indicate that hydrophilic, smooth surfaces are suitable for this standard.

We need to stress again here that the fact that because some samples cannot be
evaluated using this standard, it does not mean that they are not photocatalytically active.
An alternative test for the photocatalytic activity can be performed instead. When we
are looking at the available ISO standards, ISO 10678:2010, which tests the photocatalytic
activity in an aqueous medium by the degradation of methylene blue, could provide
a first alternative. For this test, the initial water contact angle does not matter, and thus,
more hydrophobic samples can be measured as well. However, given the high adsorption
capacity of the samples with high surface roughness values, this standard does not seem
to be the best option for, e.g., the carpet tile samples. The high adsorption capacity can
lead to an apparent degradation of methylene blue since this compound is removed from
the solution by adsorption onto the surface of the material rather than being degraded
photocatalytically. To prevent this, an adsorption period is prescribed by the standard.
However, given the extremely high adsorption capacity of the carpet tiles, the adsorption
phase would become so long, that the test is no longer practical. Another ISO test that could
be performed is ISO 22197:2016 for photocatalytic air purification by the removal of different
gaseous compounds. It is important to mention that these standards can be used to indicate
the photocatalytic activity of a material, but they are not suited to measure the photocatalytic
self-cleaning activity. In the mid-1990s of the previous century, a different method for the
evaluation of the photocatalytic self-cleaning activity of glass was proposed by Paz and
colleagues [38]. In this method, a thin film of stearic acid, a model compound for organic
fouling that is rather similar to oleic acid used in ISO27448, is spin coated onto the self-
cleaning samples. Using Fourier Transform Infrared spectroscopy (FTIR), the photoactivity
of the samples is calculated by the rate of decrease in the integrated absorbance of C-H
stretching vibrations between 2700 and 3000 cm−1. An important condition for this testing
method, is that the test samples need to be IR transparent, which unfortunately excludes
most of the commercial applications. More recently, another alternative test method has
been proposed using smart inks to test the photocatalytic activity of surfaces. In 2009, when
ISO 10678:2010, which is used to assess the photocatalytic activity in aqueous media by
methylene blue degradation, was under development, Zita, Krýsa and Mills cooperated on
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the development of an alternative testing method for photocatalytic films. They employed
an ink containing the redox dye resazurin as a smart ink that changes color when it is
exposed to a photocatalytic reaction. Rather than degrading the dye such as in the case
of methylene blue, resazurin changes the color from blue to pink by titania-sensitised
reduction. Later on, two more photocatalytic activity indicator inks were introduced:
Basic Blue 66 (from blue to colorless) and Acid Violet 7 (from pink to colorless). Given
the strong correlation in the photooxidation rates between methylene blue and resazurin
oxidation and the high repeatability and reproducibility on top of the faster (less than
10 min), easier and cheaper use of the smart ink test, this (semi-)quantitative method shows
great potential. It could boost rapid quality assurance, correct fitting, marketing and in
situ assessment to identify ‘fake’ or photocatalytically inactive products quickly [39]. The
method was developed for self-cleaning glass, but also, photocatalytic paints and tiles have
been tested [8,40,41]. Since then, several publications have made successful use of this
method to measure the photocatalytic activity of self-cleaning materials [39,40,42–45]. In
2018, ISO adapted this method, establishing a new standard ISO 21066:2018 [46].

A second important remark is that a surface that does not show any photocatalytic
activity is also not necessarily not self-cleaning. As a matter of fact, there are two main
strategies to produce a self-cleaning surface. Either one can make the surface photocat-
alytically active and hydrophilic, as the materials suitable for the performed ISO standard-
or render the surface (super)hydrophobic [2]. The latter method makes use of the water-
repelling effect of (super)hydrophobic surfaces, where the formed water beads trap the
foulants and carry them off the surface. For this, an inclination angle of at least 10◦ from
the horizontal plane is needed. On top of this, it is harder for the pollutants to stick to the
material since the polymers and resins used to make the surface hydrophobic smoothen
out the microscopically pitted and pocked surface [2]. A material is categorised as hy-
drophobic when it has a water contact angle of typically 104◦ or greater. To be categorised
as a hydrophilic material, the water contact angle needs to be below 90◦. The different
self-cleaning mechanisms are illustrated in Figure 6.

Figure 6. The self-cleaning mechanisms for a photocatalytic, hydrophilic coating on the left and
a superhydrophobic coating on the right.
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It is equally important to realise that a material that is not self-cleaning is therefore
not, by definition, unhygienic. According to a review by Midtdal and Jelle, most of the
hydrophobic materials mentioned above actually show a poorer self-cleaning action than
the uncoated float glass does. Real-life conditions of outdoor hydrophobic self-cleaning
glass hardly ever provide the necessary high impact pressure of water droplets (rain)
needed to evacuate the fouling particles. Yet, the hydrophobic coating can reduce and
help the cleaning process of the material, since the smoothened surfaces make it harder for
foulants to attach to it. These materials can thus be labelled as ‘easy-to-clean’, rather than
‘self-cleaning’ [2]. More recently, also, superhydrophobic coatings based on the self-cleaning
properties of the Lotus leaf, ‘the Lotus Effect’, have been developed. To be categorised as
superhydrophobic, a surface needs a water contact angle of 150◦ or more and a roll-off angle
of less than 10◦ [47,48]. Here, rough surface structures and very low surface energies, which
are often achieved by silane-based surface modifications, make it hard for the contaminants
to adhere to the surface. Instead, the foulants will adhere to water droplets and roll off the
surface together. More specifically, the stronger capillary effect compared to the adhesion
effect enables contaminant removal. However, water, mostly in the form of rain, is necessary
to obtain the self-cleaning activity, as well as the ‘easy-to-clean’ property. These surfaces
can also show anti-icing, anti-corrosion, drag reduction, anti-biofouling, antifogging, self-
healing, UV and thermal resistance properties [47,48]. Superhydrophobic self-cleaning
surfaces have spread to applications far beyond construction materials, and they are also
employed, for example, in display devices [7]. Special attention should be given to the
durability of hydrophobic coatings, especially when they are applied by the customer
themselves in DIY kits. A lifetime of between 3 and 4 years is expected, whereas a lifetime
of 10 years is promised by some producers when the coating is applied by professionals.
Photocatalytic self-cleaning coatings are usually applied during the production process,
and they are fused with the material, giving them an expected lifetime of up to 30 years for
self-cleaning glass, which is the same lifetime as the substrate, e.g., a window itself [2].

5. Conclusions

When one is performing ISO 27448:2009 on a variety of industrial samples and an in-
house developed titania coating (DuEL) both on Borofloat® glass and architectural panels,
only the DuEL-coated samples show actual photocatalytic self-cleaning activity, according
to this standard. The Roofing material treated with titania shows some photocatalytic
self-cleaning activity, but the final water contact angle after fouling and irradiation remains
large. All of the other tested materials failed to show any activity according to the standard
because their surface was either too rough or too hydrophobic. It is our conclusion that
ISO 27448:2009 is not necessarily the best test to evaluate the photocatalytic self-cleaning
activity of materials. Only a very specific subset of materials is suitable for this test,
namely non-powdery, non-granular, hydrophilic materials with surfaces that are smooth
enough to support water droplets and the ability for us to perform reliable water contact
angle measurements as described by the standard. For substrates that are not hydrophilic,
a different test for measuring the photocatalytic activity should be performed. A good
candidate test would be the color change measurement using smart inks such as resazurin,
Acid Violet 7 or Basic Blue 66. This test can be performed on various substrates and
under various conditions, whereas the standard for methylene blue degradation (ISO
10678:2010) evaluates the photocatalytic activity in aqueous media. The proposed method
using smart inks is also faster, easier and cheaper for testing the photocatalytic activity
than the current ISO standards that are mentioned above are. On the other hand, is it
important to mention that a surface that is not photocatalytically active according to the
standard is therefore not self-cleaning or unhygienic. While there used to be a lack of proof
of the self-cleaning activity of hydrophobic surfaces, recent research into superhydrophobic
surfaces might actually achieve a non-photocatalytic self-cleaning function besides self-
healing, anti-icing, antibiofouling, anti-corrosion, drag reduction, anti-fogging, UV and
thermal and chemical resistance properties, which call the attention of various industries.
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The previously mentioned hydrophobic surfaces can be labelled as ‘easy-to-clean’, and
they can reduce the frequency of cleaning procedures. For the complete degradation of
organic contaminants, photocatalytic self-cleaning coatings are, for now, still the best option,
since these coatings actually mineralise the foulants instead of only rinsing them off upon
exposure to water.
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Abstract: Due to the low separation efficiency and poor separation stability, traditional polymer
filtration membranes are prone to be polluted and difficult to reuse in harsh environments. Herein,
we reported a nanofibrous membrane with a honeycomb–like pore structure, which was prepared
by electrospinning and electrospraying. During the electrospraying process, the addition of poly-
dimethylsiloxane and fumed SiO2 formed pores by electrostatic repulsion between ions, thereby
increasing the membrane flux, subsequently reducing the surface energy, and increasing the surface
roughness. The results show that when the content of SiO2 reaches 1.5 wt%, an ultra–high hydropho-
bic angle (162.1◦ ± 0.7◦) was reached. After 10 cycles of oil–water separation tests of the composite
membrane, the oil–water separation flux and separation efficiency was still as high as 5400 L m−2 h−1

and 99.4%, and the membrane maintained excellent self–cleaning ability.

Keywords: superhydrophobic; oil/water separation; electrospraying; electrospinning

1. Introduction

A large amount of industrial oily wastewater was discharged everywhere, which
has become a serious environmental problem and has endangered our environment [1–3].
Currently, how to treat polluted water efficiently and quickly has become a problem and
challenge. Several common treatment methods such as the physical separation method,
chemical separation method, biological separation method, and so forth were applied
to address this issue [4–6]. However, these methods have complicated operations, make
processes cumbersome, show a poor separation performance, and are prone to generating
toxic gas and causing secondary pollution [7,8]. Hence, the membrane separation method
has become a hot topic in both industry and academia because of its simple operation, low
energy consumption, and high separation efficiency [9–12].

Hydrophobic materials are effective in treating oily sewage, therefore the preparation
of superhydrophobic surfaces is the most critical step. A superhydrophobic surface is
defined as a surface carrying a water contact angle greater than 150◦ and low contact angle
hysteresis [13–15]. The preparation of superhydrophobic surfaces is in two basic principles:
(1) Reduce the surface energy by changing the chemical composition of the compound.
(2) Reduce the surface energy by changing the surface roughness. Accordingly, how to prepare
a hydrophobic surface with low surface energy is the key to solving the problem [16–19].

Recently, PVDF has been widely used in the field of oil–water separation due to its
superior mechanical strength and its hydrophobic groups [20–23]. Due to the hydrophobic-
ity of the polyvinylidenefluoride (PVDF) membrane itself, it is easily contaminated when
separating oil–in–water emulsions, which reduces the service life of the membrane and
increases the cost of oil–water separation [23–25]. Endowing the superhydrophobicity of
the film can improve the antifouling performance of the film. In recent years, the blending
of inorganic nanoparticles in polymer membranes has attracted attention. It has been
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demonstrated that the blending of the inorganic filler has led to an increase in membrane
permeability and better control of membrane surface properties [26–28]. Nano SiO2 is a new
type of non–toxic, odorless, and pollution–free new ultrafine inorganic material that has a
small particle size, high aspect ratio, large specific surface area, and good dispersibility [29].
The abundant hydroxyl groups on the surface enhance the surface effect, have good com-
patibility with the membrane material and produce a hierarchical structure, which greatly
improves the flux and separation efficiency. Yang et al. [24] successfully prepared PVDF
rough nanofiber composite membranes by one–step electrospinning technology, with a
water contact angle of 135◦ and an oil–water separation efficiency of 93.9%. Gao et al. [30]
used electrospinning and electrostatic spraying to prepare PVDF–SiO2 nanofiber mem-
branes with surface microsphere structure, the water contact angle reached 152◦, and the
oil–water separation efficiency was as high as 97%. Although their contact angles are
quite high, their flux has a huge drop in 10 oil–water separation cycles, and drops from
7000 to 4000 L m−2 h−1 after 10 oil–water separation cycle experiments. The reason is
that the surface morphology of the composite membrane is composed of electrospinning
micropores and microspheres, which are easily polluted and blocked during the oil–water
separation process. In order to solve the self–cleaning problem, researchers usually add
hydrophobic groups to reduce the surface energy and modify the surface morphology of the
membrane [31–34]. Generally, groups containing F and Si elements can reduce the surface
energy of the film and increase the hydrophobicity of the film [35–37]. However, to prevent
the secondary pollution caused by the F element in the oil–water separation process, a long
section of siloxane to the membrane is preferred to achieve the superhydrophobic surface.
Polydimethylsiloxane (PDMS) is a fluorine–free polymer. Due to its low surface energy and
stable chemical properties, it is suitable for preparing various hydrophobic membranes [38–40].
In this study, we used the hydrosilylation reaction to introduce the rigid group with phenol
into the polysiloxane to synthesize a new type of polydimethylsiloxane (DP8) with the
long chain segments, and finally prepared a composite film by electrospinning and the
electrospray technology with a honeycomb porous structure [41]. In combination with
nano SiO2 and siloxane segments together for modifying the PVDF, superhydrophobicity
and self–cleaning were achieved. The oil–water separation performance, stability, and
reuse rate of PVDF/DP8/SiO2 composite membrane for oils of different densities were
investigated.

2. Experiments

2.1. Materials

PVDF was purchased from National group chemical reagent Co., Ltd. (Beijing, China).
1,1,3,3–Tetramethyldisiloxane (TMDS) and octamethyl cyclotetrasiloxane (D4) were purchased
from Aladdin Technology Co., Ltd (Shanghai, China). The DP8 was synthesized according to
our published protocol [41]. Hydrophobic SiO2 were purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). Methyl blue stain, Sudan III stain, 4,4’-dihydroxydiphenyl, K2CO3,
bromopropane, methylene chloride, n-hexane, chloroform, carbon tetrachloride, petroleum
ether, N,N-dimethylformamide (DMF), tetrahydrofuran (THF), acetone, anhydrous ethanol
were obtained from Beijing Chemical Industry (Beijing, China).

2.2. Preparation of Membranes

Synthesis of DP8 is through the silyl–hydrogen reaction of TDMS and D4 to form
2H–PDMS–10, while 4,4’–dihydroxydiphenyl, K2CO3 and bromopropene generate inter-
mediate products, then through Claisen rearrangement reaction to generate 3,3′–diallyl–
biphenyl–4,4′–diol(DABP), and finally through polymerization reaction to generate long
chain polymer, DP8 (Scheme 1) [41]. The PVDF/DP8/SiO2 membranes were fabricated
via simple electrospinning and electrospray technology. Then, 1 g PVDF was dissolved in
10 mL of mixed solvents of DMF and acetone (v/v = 2:3), the blend solutions were subse-
quently electrospun at a feeding rate of 0.5 mL h−1 with 16 kV applied voltage between the
working and collecting electrode (receiving distance was set to 12 cm). The synthesized
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PVDF nanofiber membrane was placed in a vacuum oven and dried for 24 h, as shown
in Scheme 2.

Scheme 1. Synthesis of DP8.

Scheme 2. Electrospinning and electrospraying schematic diagram.

The different weight proportions of SiO2 (0, 0.5%, 1.0%, 1.5%, 2.5%, 4%), 2 wt% PVDF
and 2 wt% DP8, were dissolved in mixed solvents of DMF and THF (v:v = 6:4) and stirred
at room temperature until completely dissolved, and then the membrane was fabricated
by electrospinning. Here are the parameters of electrospinning: applied voltage of 18 kV,
receiving distance of 12 cm, feeding rate of 0.4 mL/h, temperature 20 ◦C, humidity below
30%. Finally, we took out the double–layer membranes and dried them at 50 ◦C for 24 h.
The obtained membrane was noted as DP8–X, where X presents the concentration of SiO2
in a mixed solution.
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2.3. Characterizations

The surface chemical structure of DP8–X composite membrane was analyzed by
Fourier transform infrared (FT–IR) spectra ranging from 4000 to 400 cm−1 with a FT–IR sys-
tem (Nexus 670. Nicolet, WI, USA). Observing the surface morphology of the PVDF/DPn
composite membrane with scanning electron microscopy (SEM, FEI XI,30 ESEM FEG). The
surface of the sample was sprayed with gold for three minutes, in order to increase the
conductivity of the sample. The thermal stability of PVDF/DPn/SiO2 composite membrane
analysis was evaluated by Differential Scanning Calorimeter (DSC) (Q20 thermal analyzer,
TA, New Castle, PA, USA) and Thermogravimetric measurement (TGA, Perkin–Elmer,
Waltham, MA, USA). DSC and TGA experiments were carried out under nitrogen protec-
tion, heated with about 3–5 mg DSC sample from 60 to 240 ◦C at a rate of 10 ◦C min−1.
TGA was heated from 30 to 800 ◦C (10 ◦C min−1). Obtained water contact angles were
analyzed with a Drop Shape Analyzer (DSA100, Kruss, Hamburg, Germany) by dropping
deionized water perpendicularly with a 2 μL syringe onto the PVDF/DP8/SiO2 membrane
surface at room temperature. Each membrane was measured five times and the average
value recorded.

2.4. Oil–Water Separation

To measure the oil–water separation performance of PVDF/DP8/SiO2 membranes,
the PVDF/PD8/SiO2 membrane was placed in the separation device, and the separation
device was placed vertically. The effective separation area of the membrane was calculated
to be 4.41 cm2. We poured 60 mL of a mixture of dichloromethane and water (v:v = 1:1) into
the glass container above and used gravity as the driving force to separate oil and water.
To ensure the separation was complete, the system was maintained for 5–10 min, and two
barrels were used to collect oil and water. The equation of separation efficiency was as
follows [42,43]:

Φ = V1/V2 (1)

where Φ is the separation efficiency, and V1 and V2 are the volume of oil before and
after separation (mL), respectively. The equation of the oil–water separation flux was as
follows [44,45]:

Flux = V/At (2)

where V is the volume of oil phase passing through the membrane (L), At is the effective
area of separation membrane (m2), and t is the separation time (h).

3. Results and Discussions

3.1. Preparation of PVDF/DP8/SiO2 Composites

After adding DP8 and SiO2 to the electrospray solution, DP8 and PVDF were ran-
domly distributed in all parts of the PVDF fiber. Figure 1 shows the FTIR spectra of pure
PVDF nano-fiber membrane, PVDF/DP8 composite membrane, and the PVDF/DP8/SiO2
nanofiber membranes with different content additives (DP8–X). The PVDF nanofiber mem-
branes show obvious C–H vibration peaks and C–F vibration peaks at 1400 and 1168 cm−1,
respectively. When the copolymer DP8 was added, the –CH3 and Si–CH3 bend vibration
peaks and Si–O–Si stretching vibration peaks at 2963, 1280, and 1168 cm−1 are observed,
which indicates that DP8 was successfully added to the PVDF fiber. In the membrane,
when SiO2 nanoparticles were added to PVDF/DP8, Si–O stretching vibration peaks be-
came more obvious, and then –CH3, Si–CH3, and C–F bending vibration peaks gradually
disappeared because the coated SiO2 nanoparticles on the surface of PVDF/DP8 after the
increasing content of SiO2 weakened the intensity of these peaks. Furthermore, this also
confirms that SiO2 nanoparticles were successfully doped into PVDF/DP8.
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Figure 1. FTIR of pure PVDF nanofiber membrane and DP8–X fiber membrane.

The represented element distribution of PVDF/DP8/SiO2 composite film (DP8–1.5)
was analyzed by EDS (Figure 2). The C, O, and F elements were evenly distributed on the
surface of the film, and the distribution of Si had a slight reunion. This is because with
the increase in the SiO2 content, the phenomenon of reunion between inorganic ions and
polymers, and the performance of the membrane are also affected by this phenomenon [30].

 
Figure 2. EDS analysis of DP8–1.5 layered membrane: C, O, F, Si element distribution.

3.2. Thermal Performance Analysis of PVDF/DP8/SiO2 Composite Membranes

The thermal stability of the composites was studied by thermogravimetric analy-
sis [46–48]. Thermal stability has always been the key to long–term stable use of oil–water
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separation membranes [49–51]. Figure 3a shows the thermal weight loss curve of pure
PVDF, PVDF/DP8, and DP8–X composite nanofiber membranes. The thermal decompo-
sition process of all membranes was completed in one step, with decomposition begin-
ning at 393 ◦C and reaching Tmax at 457 ◦C, and the final Char residues at 800 were 23%.
Figure 3b shows the DSC curves of pure PVDF, PVDF/DP8, and DP8–X composite nanofiber
membranes. All the films showed a broad endothermic peak at about 160 ◦C, which is the
melting point of the film. After adding SiO2 nanoparticles, all the endothermic peaks did
not move significantly, indicating that the addition of SiO2 nanoparticles did not reduce
the melting point of pure PVDF. Taking the TGA and DSC results together, the addition
of SiO2 nanoparticles and siloxane chain segments did not affect the thermal stability of
the membranes.

Figure 3. (a) TGA and (b) DSC curves of pure PVDF nanofiber membrane and DP8–X fiber membranes.

3.3. PVDF/DP8/SiO2 Composite Membrane Water Contact Angle Test and Self–Cleaning Ability Test

Hydrophobicity is an important parameter of oil–water separation performance [52,53].
The water contact angle is tested under dry equilibrium conditions. Figure 4 shows
the water contact angles of pure PVDF, PVDF/DP8, and DP8–X composite nanofiber
membranes. The water contact angle of the pure PVDF nanofiber membrane was only
121.9◦ ± 0.7◦. However, when the electrospray process fabricated the PVDF/DP8 micro-
spheres on the PVDF nanofiber substrate, the hydrophobic angle of the separation mem-
brane increased from 121.9◦ ± 0.7◦ to 145.3◦ ± 0.8◦. This is mainly attributed to the addition
of Si-CH3 to reduce its surface energy, and the microsphere structure to increase the sur-
face roughness [36,41], thus improving the hydrophobicity. The hydrophobic angles of
DP8–0.5, DP8–1.0, DP8–1.5, and DP8–4.0 were 159.3◦ ± 2.3◦, 159.5◦ ± 1.7◦, 162.1◦ ± 0.7◦,
153.6◦ ± 2.6◦, and 150.4◦ ± 1.8◦, respectively. The hydrophobic angles of the membranes
were significantly increased and all the angles reached the values of superhydrophobicity,
after incorporating the hydrophobic gas phase SiO2. When the amount of hydrophobic
gas phase SiO2 nanoparticles reached up to 4%, the hydrophobic angle was significantly
reduced. This is because the interface compatibility between the hydrophobic gas phase
SiO2 nanoparticles and PVDF becomes worse, and the agglomeration forms on the surface
when the content of SiO2 nanoparticles is too high [43].
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Figure 4. WCAs of pure PVDF nanofiber membrane and DP8–X fiber membranes.

3.4. Oil–Water Separation Test of PVDF/DP8/SiO2 Composite Membrane and Self–Cleaning
Ability Test

According to the above analysis, the PVDF/DP8/SiO2 membrane showed excellent
hydrophobicity. We used the DP8–1.5 composite membrane for the oil–water separation
experiment to further evaluate the oil–water separation performance of the membrane.
As shown in Figure 5, 30 mL of water (methyl blue stain) and 30 mL of dichloromethane
(Sudan III stain) were configured to form a 60 mL oil–water mixture and placed in a beaker.
The DP8–1.5 composite membrane was fixed in the middle of the separation device, and the
mixture was slowly poured into the upper funnel. When the oil–water mixture contacted
the DP8–1.5 composite membrane, the oil–water mixture was selectively passed through
due to the hydrophobic and lipophilic properties of the membrane. Dichloromethane
quickly penetrated and passed through the DP8–1.5 superhydrophobic membrane, and
finally the oil droplets were collected in the lower beaker. Without any external force, water
did not pass through the DP8–1.5 composite membrane, and the separation process was
rapid. In order to ensure that all oil droplets could pass through the DP8–1.5 composite
membrane, the oil–water separation performance measurement was performed after the
entire separation process was maintained for 10 min. Figure 6 shows that the honeycomb
porous structure membrane exhibited excellent oil flux and oil–water separation efficiency
in the oil–water separation process. The measured oil flux and oil–water separation
efficiency could reach up to 5000 L m−2 h−1 and 99.95%. It is obvious that the flux and
separation efficiency was the best when the SiO2 concentration was 1.5%. As shown in
Figure 6, the PVDF/DP8/SiO2 composite membrane was used as the separation membrane
to carry out 10 cycles of oil–water separation repeatability test. Then the membrane
was soaked in absolute ethanol for 5 min and then cleaned and subjected to ultrasonic
treatment for 10 min to test the repeatability. Through the above test, it was found that the
hydrophobicity of the membrane was not reduced and the superhydrophobic state could
be maintained. Within 10 cycles of testing, the oil fluxes of all PVDF/DP8/SiO2 composite
membranes remained above 4500 L m−2 h−1.

 

Figure 5. Dichloromethane–water mixture oil–water separation process diagram.
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Figure 6. (a) Oil–water separation flux (b) efficiency of PVDF nanofiber membrane and DP–X
layered membrane.

In order to study the oil–water separation performance of the DP8–1.5 superhydropho-
bic composite membrane more comprehensively, five different types of dichloromethane–
water, n–hexane–water, chloroform–water, carbon tetrachloride–water and petroleum
ether-water were applied for the oil–water mixing system and oil–water separation test.
We used the same experimental method for separating the mixture, and the results are
shown in Figure 7. When the density of oil was less than the density of water, we tilted the
instrument at 45◦, similar to n–hexane and petroleum ether. When five different mixtures
were separated by the DP8–1.5 honeycomb porous structure membrane, it was found that
all the oil fluxes and separation efficiencies were similar. The oil fluxes were 5552, 5498,
5511, 5489, 5545 L m−2 h−1, respectively. When the content of SiO2 was 1.5%, it showed
a high oil flux to the different oils. The separation efficiency for different oils could be
maintained at more than 99.94%. It can be seen that the DP8–1.5 composite membrane had
an excellent oil–water separation performance for different oil–water mixtures.
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Figure 7. (a) Separation fluxes and (b) efficiencies of DP8–1.5 layered membrane for different oils.

3.5. Stability Test of PVDF/DP8/SiO2 Composite Film

The long–term stability of the membrane is very important to the oil–water separation
performance [54–57]. The membrane’s water pollution resistance and self–cleaning ability
were tested. In total, 4 μL deionized water was slowly and vertically dropped from
the needle tube onto the DP8–1.5 composite membrane. When the water contacted the
membrane surface in a large area, the water droplets were slowly lifted. Figure 8a clearly
shows that the water droplets bounced off the surface, and the shape of the water droplets
did not change during the entire experiment, did not fall off the needle under greater
force, and did not adsorb to the surface, which shows that the modified film had a good
anti–water adhesion and self–cleaning ability. As shown in Figure 8b, when the surface of
the membrane was sprayed with water contaminated by methyl blue, the water rebounded
and separated from the surface of the membrane, leaving no traces on the surface of
the membrane. In addition, the methyl blue powder and sand grains were scattered
on the surface of the membrane, and then the water was sprayed onto the surface of
the membrane and rolled down the surface immediately. Moreover, the pollutants were
taken away without leaving any traces and stains. In comparison, pure PVDF nanofiber
membrane is easily contaminated under the same test [24,30].

 

 

Figure 8. Self–cleaning ability of DP8–1.5 fiber membrane. (a) Water droplet drop experiment.
(b) Water rebounds on the surface of an ultra–hydrophobic surface. (c) Methyl blue was removed by
water droplets. (d) Sand grains were removed by water droplets.
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To further study the stability of the membrane, the DP8–1.5 composite membrane was
soaked in an acid–base salt solution for 24 h, and then the contact angle of the membrane
was tested. Figure 9 shows the water contact angle (WCA) values immersed in the different
solutions for different times. When immersed in an acid–base salt solution for 4, 8, 16,
and 24 h, the contact angle of DP8–1.5 superhydrophobic composite film still showed
superhydrophobicity. This shows that the DP8–1.5 layered structure membrane still showed
excellent oil–water separation performance under different acid–base salt conditions.

 
Figure 9. WCA test of DP8–1.5 layered membrane immersed in acid–base salt solution.

3.6. PVDF/DP8/SiO2 Composite Film Surface Appearance and Mechanism Analysis

The structure of PVDF/DP8/SiO2 was investigated by SEM. SEM images in Figure 10
showed the evolution of morphology of electrospun PVDF and electrospray DP8–X with
different SiO2 content. It is evident from a2–g2 of Figure 10 that the electrospun composite
membrane had a distinct hierarchical structure. From Figure 10b1–g1, when SiO2 and DP8
were added to the surface of the PVDF nanofiber matrix, microspheres with a hierarchical
structure were obtained with the nanometer structure. It can be seen in Figure 10 b1 that
the surface of the microspheres formed by PVDF/DP8 is smooth. When SiO2 was added,
the surface of the microspheres was obviously wrinkled because SiO2 was added to the mi-
crospheres. It can be seen from FTIR (Figure 1) that because DP8 itself ha phenolic hydroxyl
groups, the phenolic hydroxyl groups themselves can be ionized. During electrospraying,
the uncured microspheres formed an obvious honeycomb structure due to the interaction
between the Coulomb force [41]. When the content of SiO2 continued to increase to more
than 2.5%, the surface honeycomb structure obviously disappeared (Figure 10b–e) which
directly affected the performance of the membrane. As shown in WCA (Figure 6) test, with
the increase in SiO2 content, the oil flux increased significantly, mainly because the addition
of SiO2 can also form a good honeycomb structure, forming more oil channels. However,
when the content of SiO2 increased to 4%, the flux of the membrane was significantly
reduced. When the higher content of SiO2 was added, the hydrophobic gas phase SiO2
nanoparticles coated the surface of the polymer and the phenolic hydroxyl functional
groups of DP8 were covered. Hence, the uncured microspheres were not charged and could
not generate Coulomb force, resulting in the disappearance of the honeycomb structure
and reducing the oil channels and reducing the flux of oil–water separation during the
electrospraying process.
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Figure 10. SEM of pure PVDF nanofiber membrane DP8 composite membrane and electrosprayed
DP8–X with different SiO2 content. (a–a2) PVDF, (b–b2) DP8, (c–c2) DP8–0.5, (d–d2) DP8–1.0,
(e–e2) DP8–1.5, (f–f2) DP8–2.5, (g–g2) DP8–4.0.
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The hydrophobic model of the composite membrane is shown in Figure 11. PVDF
was applied as the electrospinning substrate, and DP8 and SiO2 were sprayed on the
composite membrane by electrospraying. The Si–CH3 bond in DP8 reduced its surface
energy, and meanwhile, a honeycomb–like through–hole structure was formed due to the
effect of electrostatic repulsion. This provided more channels and volume for conveying
oil, thereby increasing oil flux. Moreover, the surface of the microspheres was coated with
SiO2 nanoparticles with a low surface energy, which increased the surface roughness of the
membrane, and finally formed a composite membrane with a hierarchical structure and a
honeycomb porous structure, which greatly enhanced the hydrophobicity.

Figure 11. Hydrophobic model of PVDF/DP8/SiO2 composite membrane.

3.7. Conclusions

This article mainly studies the preparation of PVDF/DP8/SiO2 composite membranes
with hierarchical structure and their performance in oil–water separation. During the
electrospraying process, the addition of long segment polydimethylsiloxane and fumed
SiO2 formed pores through electrostatic repulsion between ions, thereby increasing the
membrane flux, reducing its surface energy, and increasing its surface roughness. When the
new polydimethylsiloxane DP8 and SiO2 nanoparticles were added, the hydrophobicity
of the film was greatly improved, and the hydrophobic WCA reached 162◦ ± 0.7◦, which
is much higher than pure PVDF. After 10 cycles of oil–water separation experiments,
the separation efficiency of the composite membrane was still maintained above 99.94%.
Because of the chemical composition, low surface energy, and honeycomb structure of
the membrane, it has an ultra–high oil flux (>5400 L m−2 h−1), separation efficiency, and
self–cleaning ability.
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Abstract: Electrodeposition is an effective and scalable method to grow desired structures on solid
surfaces, for example, to impart superhydrophobicity. Specifically, copper microcrystals can be grown
using electrodeposition by controlling deposition parameters such as the electrolyte and its acidity,
the bath temperature, and the potential modulation. The aim of the present work is the fabrication of
superhydrophobic copper-based surfaces by electrodeposition, investigating both surface properties
and assessing durability under conditions relevant to real applications. Accordingly, copper-based
layers were fabricated on Au/Si(100) from Cu(BF4)2 precursor by electrodeposition, using cyclic
voltammetry and square-pulse voltage approaches. By increasing the bath temperature from 22 ◦C to
60 ◦C, the growth of various structures, including micrometric polyhedral crystals and hierarchical
structures, ranging from small grains to pine-needle-like dendrite leaves, has been demonstrated.
Without any further physical and/or chemical modification, samples fabricated with square-pulse
voltage at 60 ◦C are superhydrophobic, with a contact angle of 160◦ and a sliding angle of 15◦. In
addition, samples fabricated from fluoroborate precursor are carefully compared to those fabricated
from sulphate precursor to compare chemical composition, surface morphology, wetting properties,
and durability under UV exposure and hard abrasion. Results show that although electrodeposition
from fluoroborate precursor can provide dendritic microstructures with good superhydrophobicity
properties, surfaces possess lower durability and stability compared to those fabricated from the
sulphate precursor. Hence, from an application point of view, fabrication of copper superhydrophobic
surfaces from sulphate precursor is more recommended.
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1. Introduction

In recent years, the use of water-repellent surfaces has increased in industrial applica-
tions due to their application as self-cleaning, antibacterial and anticorrosion surfaces, as
well as drag reduction in marine applications [1–4]. Water repellence is achieved by mini-
mizing the contact area between the surface and the water drop, and can be understood by
studying the static contact angle θS [5]. As argued by Cassie and Baxter, surface hydropho-
bicity is correlated to the surface texture and to the material’s intrinsic hydrophobicity [6–8],
which is determined by the chemical composition. According to the Cassie-Baxter model,
air pockets trapped inside the surface textures can prevent liquid from penetrating grooves,
increasing water repellency and reducing drop–substrate adhesion. Specifically, complex
hierarchical structures with micro- and nanometer features have been found to be ideal
for stable superhydrophobicity [6,9,10]. To assess surface wetting properties in addition
to static contact angle, θS, a study on the wetting hysteresis in quasi-static conditions is
also crucial for investigating the wetting state of a solid surface. The wetting hysteresis (H)
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is defined as the difference between the largest and lowest contact angles of the drop on
the solid surface, i.e., the advancing (θAdv) and the receding (θRec) contact angles, respec-
tively (being H = θAdv − θRec). In the definition of a superhydrophobic sample from an
application view, the sliding angle (SA), which is defined as the minimum tilting angle of
surface where the water drop easily slides on the surface, is also important. According to
literatures [5,6,9,10], H and SA should ideally be lower than 10◦.

Among the different surface-fabrication methods, electrodeposition is an effective and
scalable method for the fabrication of textured surfaces with micrometric crystals of conduc-
tive materials, including metals, for example, copper for water-repellent surfaces [11,12]
and cobalt–nickel alloy for anticorrosion application [13] and conductive polymers for
porous structures [14]. Furthermore, electrodeposition is a cost-effective, scalable, and
relatively fast method, which is already widely used in several industrial sectors for surface
treatment and finishing. Indeed, electrodeposition can be used to control the surface rough-
ness and morphology for the discovery and development of novel nanostructured materials
with good mechanical properties [15,16]. Surface structures, spanning from 1D needles
and fibres to 2D ribbons and sheets, and 3D hollow spheres, dendrites, and flower-like
structures, can be used in many applications such as microelectronics, optoelectronics,
lithium batteries, and biomedical applications [16–18]. In electrochemical deposition, also
referred to as electrodeposition and electroplating, the electrolyte cell contains a working
electrode (i.e., substrate), a counter electrode, and a reference electrode, immersed in an
ionic conductor electrolyte solution (see schematic in Figure 1). Metal electrodeposition on
the substrate occurs through the electrochemical reduction of ions from the electrolyte by
applying an electric potential between the cathode (i.e., working electrode) and the anode
(i.e., counter electrode). The potential drives the positive ions to migrate toward the extra
electrons near the negatively charged cathode. During the deposition, metal ions are re-
duced and form a crystalline structure on the substate surface. The layer thickness is mainly
determined by the electrodeposition conditions, including electrolyte chemical composition,
bath temperature, deposition time, current, voltage, and modulation method [17,19–22].
Increasing the electrodeposition time in a highly reactive environment, for example, by
increasing the number of deposition cycles in the cyclic voltammetry, or increasing the
number of pulses in the pulse-voltage electrodeposition, results in a more intense and rapid
deposition, which can increase the growth of more complex and vertical structures on
the surface [17]. According to studies relating wettability to surface roughness [6,9,10,23],
surface morphology, combined with the surface chemistry, has a significant influence on the
wettability. Briefly, an increase in surface roughness enhances the surface properties, and
thus can make a hydrophobic surface even more hydrophobic. Higher roughness can be
achieved by increasing the deposition time, and eventually reaching superhydrophobicity.

Figure 1. A schematic of an electrodeposition cell for depositing copper from an electrolyte containing
copper sulphate or copper tetrafluoroborate solutions. A counter electrode repulses copper ions to
the substrate. A reference electrode controls the reaction.
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Since copper is widely used in several industrial networks, including water and elec-
tricity networks, solar energy and transportation [24–26], adding superhydrophobicity to
the copper-based industrial surfaces will apply self-cleaning capability to these surfaces
and increase the durability of the surfaces under wet conditions. To create copper-based
layers using electrodeposition, various precursors are used in the industry, including sul-
phates, fluoroborates, acetates, alkyls and chlorides [17,27–30]. Previous studies have
shown that the required potential for copper electrodeposition from the acid solution is
less than that from alkaline solution, due to the higher conductivity and lower electrode
polarization [17,30]. Hence, electrode polarization can be neglected for low current den-
sities in acidic solutions, where the deposition rate is relatively higher. For the specific
target of the fabrication of superhydrophobic copper-based surfaces, evidence is needed
to identify which copper precursor provides better performances in controlling surface
wetting properties. Among all, fluoroborate and sulphate precursors have the highest ap-
plication potential for a variety of reasons: fluoroborate can lead to thicker layers; sulphate
leads to homogeneously shaped layers and is abundant in the mineral residues. Thus, since
the acidity of copper fluoroborate is higher than other acidic copper precursors such as
sulphates, it does not require addition of acids to increase the electrochemical activity of
the electrolyte [17]. By using copper fluoroborate solution dissolved in dodecylbenzene
sulphonic acid sodium salt (DBSA) and poly(vinylpyrrolidone) (PVP), which act as ion
stabilizer in the electrolyte solution, Ko et al. [31] reported the fabrication of various copper
architectures such as pyramids, cubes, and multipods. Tetrahedral pyramids were grown
in the ratio of 1:3 from copper and DBSA solution [31]. By decreasing the ratio to 1:2, the
created crystals on the surface converted to free-standing cubes [32], whereas multipods
were observed for copper solution in PVP [33]. PVP acts as a capping surfactant reagent,
which is adsorbed differently on various crystal surfaces and leads to a competitive growth
between different copper crystal facets, and results in shape variation of the final crystal
shape. According to the literature [31,34–37], some of possible reactions in an aqueous
solution of copper during the electrodeposition are as follows:

Cu2+ + 2e− → Cu (s) (1)

Cu2+ + e− → Cu+ (2)

Cu+ + e− → Cu (s) (3)

2Cu++2OH− → Cu2O (s)+ H2O (4)

Cu2++2OH− → CuO (s)+ H2O (5)

The application of a negative voltage between the counter electrode and the substrate
can convert Cu2+ ions to Cu deposits on the substrate (Equation (1)) if the absolute value
of voltages is higher than the reduction potential. For an absolute value of voltages lower
than the reduction potential, there is also a possibility of a two-step reduction in the Cu2+

ions to Cu: firstly, Cu2+ converts to Cu+, and then Cu+ absorbs an electron and reduces
to Cu deposits on the substrate, following Equations (2) and (3), respectively. A third
reduction mechanism is based on partial reaction of copper ions with hydroxide ions in
the electrolyte following Equations (4) and (5). These conditions can lead to an increase in
the copper oxide content of the deposited layer in the higher temperatures. In addition,
the reactivity and wetting of the as-prepared copper layers from aqueous solution can also
increase the amount of adsorbed oxygen on the layer surface, which can be higher in highly
rough-structured layers [28,29,38].

The present study first conducts a systematic investigation of the electrodeposition
of fluoroborate precursors, using both cyclic voltammetry and square-pulse voltage in an
aqueous solution. All samples from fluoroborate precursors (referred to as fluoroborate
samples or fluoroborate surfaces for brevity) are characterized by goniometry, profilometry,
scanning electron microscopy, and X-ray diffraction, to correlate electrodeposition parame-
ters to surface morphology and wettability. The aim of the present work is the fabrication
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of superhydrophobic copper-based samples and investigating its surface properties and
durability for real applications. Thus, following our previous studies on samples from cop-
per sulphate precursor [27–29,38] (referred to as sulphate samples or sulphate surfaces for
brevity), a comparison between the use of the two precursors is presented here to provide
an overall assessment of surface morphology, chemistry, hydrophobicity, and durability.

2. Materials and Methods

2.1. Electrodeposition Conditions

An aqueous solution from 0.1 M copper (tetra-)fluoroborate precursor (Sigma Aldrich,
St. Louis, MI, USA) with pH = 3.15 was prepared to deposit copper and copper oxides
on Au/Si(100) substrates using both cyclic voltammetry and square-pulse voltage at bath
temperatures of 22, 45, and 60 ◦C (see [27,29,38]). The electrochemical system included
an Autolab potentiostat of Metrohm with three connected electrodes: (i) a 150 nm Au
on Si(100) wafer as working electrode, (ii) a carbon rod as counter electrode, and (iii) a
saturated calomel (SCE) as reference electrode. In the squared-pulse voltage deposition
(referred to as “pulse” for convenience), each deposition cycle consisted of 10 s deposition
at a fixed working voltage of EW = −0.3 V and subsequently 2 s relaxing at 0 V, following
our previous studies [27–29,38]. Deposition cycles were repeated 8 or 12 times at three bath
temperatures. In cyclic voltammetry deposition (referred to “CV”), cycles were repeated
3 or 5 times at three bath temperatures, with voltage in the range [−0.3, 0] V and a scan
rate of 20 mV/s. The prepared samples were washed in distilled water and dried for one
week in a sealed glass box in ambient conditions before characterization.

2.2. Surface Characterization

A Wyko NT1100 optical microscope (Bruker) with high-magnification vertical scanning
interferometry (VSI), a field of view 0.5X, objective 50X, and scan size 239 × 182 μm was
used to measure the average surface roughness (Ra,O). Ra,O is measured noncontact using
optical interferences. Since there is a divergence between roughness numbers measured by
stylus and optical methods (see [39–41]), specially in highly rough and dendrite surfaces,
the roughness measured in this article is named as Ra,O to indicate the measurement
method. Surface morphology was imaged by scanning electron microscopy (SEM) machines
including 6700F JEOL and Vega TS5136 XM Tescan microscopes. A Philips XRD X’pert MPD
diffractometer (Cu Kα radiation, 1.54 Å) with a step size of 0.02◦ and count time of 1 s per
step in 2θ, ranging from 10◦ to 80◦, was used to provide X-ray diffraction (XRD) patterns
of the samples. The wetting properties of the samples were measured using a DSA30
goniometer (Krüss) as well as an in-home contact angle measurement set-up consisting
of a high-speed camera (PHOTRON-NOVA FASTCAM S6, 1:1 Tokina AT-X M100 PRO
D lens, 20 μm pixel size) with 2 to 7 μL water drops (γLV = 72.8 mN/m), repeating the
measurement in at least three different positions for each sample. The drop size for sliding-
angle (SA) measurements was 5 μL. The contact angle images and videos were analyzed
using Dropen, an open-source in-house-developed software [42]. A low-intensity UV oven
(SHAREBOT UCB), 405 nm wavelength, 120 W power, with ~20 cm lamp–sample distance,
was used for surface cleaning in periods of 5 to 150 minutes. Abrasion tests were performed
using a dedicated test setup consisting of sandpaper, a weight, and a ruler. As shown in
the side view in Figure 2 the back side of the sample was attached to a glass slide using
an adhesive tape and placed on P1500 SiC sandpaper. A 100 g weight was placed on the
glass to increase the contact and pressure between the sample and the sandpaper. The test
was performed by pulling the sample on the sandpaper along different distances, up to
30 cm. After every 3 cm of abrasion, the static and quasi-static (i.e., advancing and receding)
contact angles were measured.
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Figure 2. A schematic of the abrasion test setup used in this paper. It consisted of sandpaper, weight,
and ruler. As shown in the side view, the sample was attached to a glass slide from its backside and
placed on the sandpaper. The test was performed by pulling the sample on the sandpaper along
different distances, as a 100 g weight was placed on the sample. After every 3 cm, the wetting state of
the sample was examined.

3. Results

The results of the electrodeposition of copper from 0.1 M copper (tetra-)fluoroborate
at 22, 45, and 60 ◦C using square potential pulse and cyclic voltammetry methods are
presented, including XRD spectrum, contact angle values, roughness, and SEM images to
visualize surface morphology.

3.1. Square Pulse

Chemistry and morphology of the prepared samples using the square-pulse method
have been investigated to find the influence of the surface characteristics on the hydropho-
bicity. The XRD measurements show that Cu and Cu2O facets in (111) direction are the
only components in the deposited layer (see Figure 3). According to the results, the amount
of copper is decreased by increasing the bath temperature while the amount of copper
oxide is increasing, whereas at 60 ◦C, copper and copper oxide have similar intensities. A
similar behaviour is observed in the sulphate samples [38]. Previous studies [23,27,38] have
shown that due to high reactivity of copper structures especially in noncrystalline, highly
rough, and fine-grained wet surfaces, it is expected that highly rough copper surfaces
partially react with air under the ambient conditions after deposition while they are still
wet and reactive. Hence, a slight change in the surface chemical composition towards more
oxidation is considerable in this condition.

 
Figure 3. A comparison between the main Cu and Cu2O peaks (both in (111) direction) in XRD
spectrum of the prepared samples by pulse method using sulphate and fluoroborate precursors.
The relative intensities are reported in % in comparison to the largest XRD peak of the substrate
(i.e., Au (111)).

Figure 4a,b show that with every 15 ◦C increase in the deposition temperature, surface
roughness increases by an order of magnitude. Hence, the roughness at 22, 45, and 60 ◦C
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is around 20 nm, 200 nm, and 1 μm, respectively. In addition, wetting measurements
(see Figure 4a,b) show that θS increases by increasing the surface roughness as well as the
number of pulses. In addition, the highest θS is observed in samples of 60 ◦C, reaching
156◦ in 8 pulses, and increasing to 160◦ in 12 pulses with five times larger roughness. This
large roughness and superhydrophobic behaviour indicate the formation of a complex
hierarchical structure, which causes the improvement of the surface water repellency,
according to the Cassie–Baxter equation [6]. This is confirmed by SEM images, Figure 5.

Figure 4. A comparison in contact angle and roughness of prepared samples from sulphate and
fluoroborate solutions using pulse method in (a) 8 and (b) 12 numbers of deposition pulses. θS of the
uncoated substrate is 85◦.

Figure 5. SEM images of the samples prepared from fluoroborate precursor using pulse method.
(a) 22 ◦C, 8 pulses, nominal grain size (Dg) ≈ 300–500 nm; (b) 22 ◦C, 12 pulses, Dg ≈ 200–400 nm;
(c) 45 ◦C, 8 pulses, Dg ≈ 60–200 nm; (d) 45 ◦C, 12 pulses, Dg ≈ 1–1.3 μm; (e1) 60 ◦C, 8 pulses,
Dg ≈ 500 nm–1.2 μm; (e2) a larger view of e1 with fractal trees of around 15 μm; (f1) 60 ◦C, 12 pulses,
Dg ≈ 300–600 nm, presented in a larger view in (f2) with fractal trees with different lengths from 3 to
20 μm. A schematic pattern of hierarchical structures is shown in f1.

According to Figure 5a, the structure formed at 22 ◦C is an accumulation of crystallites,
a few hundred nm in diameter, with flat facets in various tetrahedron shapes. The size and
out-of-plane growth of the structures are decreased by increasing the number of pulses
(Figure 5b). In addition, although most of the crystal facets are tetrahedrons in 8 pulses,
they are more likely to be broken triangles (i.e., hexahedron) in 12 pulses. Thus, the
ability to follow the growth regime is weakened by increasing the number of deposited
layers. At 45 ◦C, initially, in 8 pulses, a similar structure to 22 ◦C is grown (Figure 5c). By
increasing the deposition pulses (Figure 5d), the size of crystals is increased significantly
contradictory to the deposition in ambient temperature. This has led to the formation of
micrometric octahedral crystals with deep valleys in between and increases θS to 147◦. At
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60 ◦C, changes in the surface structure are more prominent where different dendrite and
hierarchical structures are formed on the sample (see Figure 5e1,e2), which is a result of
instabilities in the solvent at this temperature due to approaching the boiling temperature
of the solution. According to our experiments, the deposition rate in fluoroborate solution
is considerably low in bath temperatures higher than 60 ◦C. The formed structures include
(1) standing fractal leaves in 15μm length, longer than our previous samples prepared
by copper sulphate precursor [28,38]; (2) Step-like hierarchical structures formed upon a
larger crystal with an average diameter of 1 μm; (3) 3D octahedral pyramids with diameters
ranging from 300 to 500 nm, similar to [29]. The formation of this complex structure leads
to a sharp increase in surface roughness, resulting in an increase in θS to 155◦ for 8 pulses.
However, the drop remains stuck on the surface and the sample is not superhydrophobic, an
intermediate state between Wenzel and Cassie–Baxter [9], possibly due to the heterogeneity
of surface roughness. By increasing the deposition to 12 pulses, partially ordered pine-like
structures with lengths of 3 to 20 μm are observed on the surface (see Figure 5f2). Therefore,
increasing the number of sharp vertical needles and more ordering and hierarchy in the
small crystals formed between large structures, as well as critically larger roughness, lead
to an increase in θS to 160◦, where the water drop rolls down from the surface by tilting the
surface to 15◦ for a 5 μL drop.

3.2. Cyclic Voltammetry

To study the changes in the surface hydrophobicity by electrodepositing copper from
the fluoroborate solution, samples prepared by cyclic voltammetry are investigated through
the chemical and physical characteristics. According to Figure 6, the cyclic voltammetry
samples are covered by Cu(111). The amount of Cu2O in the samples is negligible. Accord-
ing to the last observations [27–29,38], the very high intensity for Cu at 60 ◦C in respect to
the lower temperature could be a result of the formation of a significantly thicker layer.

Figure 6. A comparison between the main Cu and Cu2O peaks (both in (111) direction) in XRD spec-
trum of the prepared samples by CV method using sulphate and fluoroborate precursors. The relative
intensities are reported in % in comparison to the largest XRD peak of the substrate (i.e., Au (111)).

Figure 7a,b show that the roughness is increased significantly by increasing the bath
temperature and the number of deposition cycles. In ‘60 ◦C, 5 cycles’, the roughness reaches
the maximum of ~2μm due to creation of complex hierarchical structures. According to the
θS results, the hydrophobicity in the samples follows the roughness changes and increases
by increasing the bath temperature and the number of deposition cycles. Hence, the wetting
in CV samples is in the Wenzel state and reaches 137◦ at maximum roughness.
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Figure 7. A comparison in contact angle and roughness of prepared samples from sulphate and
fluoroborate solutions using CV method in (a) 3 and (b) 5 numbers of deposition cycles. θS of the
uncoated substrate is 85◦.

The surface of the ‘22 ◦C, 3 cycles’ sample shown in Figure 8a consists of submicron
octahedral crystallites with flat facets formed between smaller flat crystals, 1μm in di-
ameter. The size of the small structures formed between large structures is increased by
further deposition at the same bath temperature, i.e., ‘22 ◦C, 5 cycles’, whereas the number
and the size of the upper flat crystals are reduced (see Figure 8b). Thus, the growth of
large structures and their out-of-plane growth were intensively increased by increasing
the number of deposition cycles. Crystallites twice the size are grown at ‘45 ◦C, 3 cycles’
compared to the samples fabricated in 22 ◦C (Figure 8c) while the shape of the crystallites is
almost similar in these two bath temperatures. The size of structures and their out-of-plane
growth are increased significantly by increasing the number of deposition cycles in 45 ◦C,
whereas larger crystals ~5 μm in diameter and deeper and wider valleys are formed on
the surfaces fabricated in 5 cycles (Figure 8d). The growth regime of the surface structure,
i.e., the growth of micrometric surface crystallites with flat facets, as well as an increase in
the size and the out-of-plane growth of crystallites by increasing the bath temperature and
the number of deposition cycles, are followed at ‘60 ◦C, 3 cycles’ (Figure 8e1,e2), whereas
the size of the crystals is ~4 times larger than ‘45 ◦C, 3 cycles’. Thus, increasing the bath
temperature prepares good conditions for the growth of large microcrystals and increases
the crystallinity of the sample, in agreement with the previous observations [43–46]. More-
over, due to the increase in the mobility of copper ions towards the substrate at 60 ◦C, a
temperature close to the boiling point of the electrolyte solution, some vertical aggregated
structures are also observed in a larger view to the surface of ‘60 ◦C, 3 cycles’, Figure 8e2.
By increasing the number of deposition cycles at 60 ◦C, the vertical growth was expanded
and became the prominent surface growth regime. Thus, vertical leaves with a length of
~3–10 μm are effectively grown in ‘60 ◦C, 5 cycles’ (Figure 8f1,f2). This dendritic growth
is due to the increase in the formation of air bubbles at 60 ◦C, close to the boiling point of
the solution, and subsequent instability in the electrochemical conditions of the deposition.
The surface between the leaves is covered with an aggregation of broken flat crystallites
(Figure 8f1), which is smaller than the pulse samples (see Figure 5f1). The shape of the
surface structures in ‘60 ◦C, 5 cycles’, including the dendrite vertical leaves with sharp tips
and the broken pyramids between the leaves, is substituted into Figure 8f2.
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Figure 8. SEM images of the samples prepared from fluoroborate precursor using CV method.
(a) 22 ◦C, 3 cycles, Dg: 200–700 nm on 1–1.2 μm grains; (b) 22 ◦C, 5 cycles, Dg ≈ 1–1.6 μm; (c) 45 ◦C,
3 cycles, Dg ≈ 1.5–2.5 μm; (d) 45 ◦C, 5 cycles, Dg ≈ 4–5 μm; (e1) 60 ◦C, 3 cycles, Dg ≈ 3–5.5 μm; (e2) a
larger view of (e1); (f1) 60 ◦C, 5 cycles, with average tip sizes of 0.3–2 μm, in a larger view in (f2) with
fractal trees length >10 μm, and a schematic pattern of the grown structure on the surface.

3.3. Wetting Durability
3.3.1. Under UV Exposure

To investigate the durability of wetting on the prepared copper thin layers, three
samples with different surface structures, including micrometric crystals, dendrites, and
hierarchical structures, were chosen (details in Figure 9).

Figure 9. SEM image of the samples chosen for the comparison between samples prepared by sulphate
and fluoroborate precursors: (a) ‘CuSO4, 15 ◦C, 7 cycles’, Cu(111) = 0.93%, Cu2O (111) = 0.48%,
Ra,O = 806 ± 41 nm, crystal size < 1 μm, θS = 142◦; (b) ‘CuSO4, 60 ◦C, 12 pulses’, Cu(111) = 2.33%,
Cu2O (111) = 3.23%, Ra,O = 5260 ± 387 nm, crystal size < 1 μm, θS = 160◦, SA = 22◦; (c) Cu(BF4)2,
60 ◦C, 12 pulses, Cu(111) = 0.92%, Cu2O in (111) = 0.99%, Ra,O = 5877 ± 747 nm; crystal size < 0.6 μm,
θS = 160◦, SA = 15◦.

As discussed in our previous papers [23,27–29,38], hydrophobicity of the copper
samples increases by aging in a sealed glass bottle. This change in contact angle could be
a result of the contamination of sample with hydrocarbons in air, which is higher in the
more-structured surfaces, i.e., dendrite and hierarchical surfaces, while the contact angle
of as-prepared ‘CuSO4, 15 ◦C, 7 cycles’, ‘CuSO4, 60 ◦C, 12 pulses’, and ‘Cu(BF4)2, 60 ◦C,
12 pulses’ samples are 142◦, 160◦, and 160◦, respectively (see Figure 9). Among these three
samples, only ‘CuSO4, 60 ◦C, 12 pulses’ shows good superhydrophobicity, and the water
drop bounces on it (see Figure 10). Accordingly, during 200 ms after dropping a water drop,
1.36 mm in diameter, on the surface from 2.28 mm distance, the drop bounces six times
before depositing on the substrate.
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Figure 10. Six cycles of bounding, rebounding, bouncing of water drop on ‘CuSO4, 60 ◦C, 12 pulses’
surface. Needle distance from the surface = 2.28 mm. Drop diameter = 1.36 mm.

According to the previous studies [47–49], superhydrophobicity in some metals is a
result of the hydrocarbon adsorption on the surface from air and is not an intrinsic property.
Hence, it is expected that UV irradiation cleans the surface from contaminations [50,51]
and reduces its hydrophobicity. To study this effect, the wettability evolution under
UV exposure is tracked up to 150 minutes and the results are shown in Figure 11. The
highly hierarchical ‘CuSO4, 60 ◦C, 12 pulses’ sample is still superhydrophobic even after
150 minutes: the contact angle is reduced from 160◦ to 145◦ during the initial 30 minutes
of UV exposure and subsequently remains constant. As such, the surface is intrinsically
superhydrophobic, and hydrocarbon adsorption does not play any role on the observed
wetting behaviour of such surfaces. Differently, on ‘CuSO4, 15 ◦C, 7 cycles’ and ‘Cu(BF4)2,
60 ◦C, 12 pulses’ the contact angle is reduced to ~125◦ in the first 70 minutes of UV
exposure, and then remains constant. Thus, the samples are still hydrophobic, but not
superhydrophobic anymore, suggesting that on these two surfaces hydrocarbon adsorption
partially plays a role in conferring the initially observed superhydrophobicity. In order
to study the wetting hysteresis in the exposed samples, advancing and receding contact
angles of these samples were also measured.

According to Figure 12, the contact angle in ‘CuSO4, 15 ◦C, 7 cycles’, ‘CuSO4, 60 ◦C,
12 pulses’, and ‘Cu(BF4)2, 60 ◦C, 12 pulses’ is increased from 123◦, 142◦, and 128◦ just
after the irradiation to 128◦, 160◦, and 142◦ after one week rest in the sealed glass bottle,
respectively. Meanwhile, two less hydrophobic samples show a large hysteresis with a
very low receding contact angle (i.e., 20◦ < θRec < 30◦), while ‘CuSO4, 60 ◦C, 12 pulses’
is highly nonwettable with 6◦ wetting hysteresis. As a result of this study, the ‘CuSO4,
60 ◦C, 12 pulses’ sample with a highly textured hierarchical surface is intrinsically superhy-
drophobic and is not highly affected by environmental contamination and UV irradiation.
However, in the two less-structured surfaces, superhydrophobicity is less stable after clean-
ing with UV light, and superhydrophobicity in these two samples could be a result of the
surface contamination.

90



Coatings 2022, 12, 1260

Figure 11. Changes in contact angle after UV exposure with 150 W power at 20 cm distance. Dotted
lines show a power fitting to the data in reduction regime. Dash-dot lines represent the almost
constant contact angles after reduction regime.

Figure 12. Static, advancing, and receding contact angles of the selected samples two days after UV
exposure.

3.3.2. Abrasion Tests

In order to evaluate the stability of wetting in the selected highly rough fluoroborate
and sulphate samples (i.e., ‘Cu(BF4)2, 60 ◦C, 12 pulses’ and ‘CuSO4, 60 ◦C, 12 pulses’)
under abrasion with sandpaper, the following test based on the ASTM D4060 standard [52]
was performed.

As discussed in the supplementary of [38], the size of surface grooves after abrasion
depends on the hardness of the surface structure, which influences the wetting stability of
the sample in real harsh environments such as car or aircraft outside surfaces. According to
Figure 13, after 30 cm hard abrasion, deep grooves with 6 and 18 μm width on average are
created on the sulphate and fluoroborate samples, respectively. In a real application, the
static contact angle and wetting hysteresis (i.e., H = θAdv − θRec) are important.
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Figure 13. SEM images of (a1,a2) ‘Cu(BF4)2, 60 ◦C, 12 pulses’; and (b1,b2) ‘CuSO4, 60 ◦C, 12 pulses’,
after 10-cycle abrasion with P1500 SiC sandpaper.

As shown in Figure 14, while the wetting state in the sulphate sample after a hard
abrasion for 10 cycles is changed by 20◦ with maximum 6◦ hysteresis and is still highly
hydrophobic, the fluoroborate sample faces a reduction in contact angles of ~40◦. Moreover,
while the sulphate samples remain constant in abrasion lengths larger than 12 cm, the
wettability of the fluoroborate sample decreases even after 30 cm abrasion. Therefore,
although the metal oxide surface will be destroyed after a hard abrasion with SiC sandpaper
on the sulphate sample, the surface is still hydrophobic and shows a good wear resistance
and is still reliable for practical applications under harsh environmental conditions.

Figure 14. Changes in the advancing, receding, and static contact angles of (a) ‘CuSO4, 60 ◦C,
12 pulses’ and (b) ‘Cu(BF4)2, 60 ◦C, 12 pulses’ samples under a hard abrasion for 10 cycles.

3.4. A Comparison between the Sulphate and Fluoroborate Samples

According to the present and our previously published works [29,38] on the fabrica-
tion of superhydrophobic copper surfaces using the electrodeposition method, the surface
structures formed in the electrodeposition of copper using sulphate and fluoroborate pre-
cursors include (a) 3D crystals with flat facets in triangular, square and hexahedron shapes;
(b) 100 nm balls grown on a coverage of micrometric octahedral crystals; (c) 10 to 20 μm
fractal leaves with complex shapes and multiple branches and trunks, particularly with
sharp octahedral crystals at the branch tips; and (d) a hierarchical micrometric combination
of the previous structures. Accordingly, a comparison between the copper fluoroborate
and sulphate prepared samples can be conducted as follows. Our experiments show that
the maximum applicable bath temperature for aqueous solution is 65 and 90 ◦C [29] in
fluoroborate and sulphate, respectively. Through the roughness curves, Figures 4 and 7, it
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could be concluded that the deposition rate of sulphate is higher than fluoroborate. A more
careful study on both the lateral and vertical surface morphology is needed to approve this
hypothesis. In the sense of chemical composition, a partial creation of the oxide grains after
deposition under the air exposure due to higher porosity of the samples prepared in higher
temperatures results a near decrease in the height of Cu(111) and increase in Cu2O(111) by
increasing the bath temperature in the samples prepared by the square-pulse method from
sulphate and fluoroborate precursors, while the amount of copper oxide is still significantly
lower than copper (Figure 3). Contrary to pulse samples, in cyclic voltammetry samples
the XRD patterns (Figure 6) show the stability of copper in the system and the height of
the Cu(111) peak is effectively increased by increasing the bath temperature, which could
be a sign of the rapid increase in the layer thickness. Surface morphology and wetting
studies show that increasing the bath temperature in the pulse voltage method increases the
roughness and porosity rapidly by growing hierarchical and dendrite leaves on the surface
of the copper samples, whereas the surface reaches the optimum structure and shows
superhydrophobicity with θS > 150◦ and SA < 25◦ in an optical roughness (i.e., Ra,O) of
around 5000 nm at 60 ◦C in both the sulphate and fluoroborate precursors (see Figure 4a,b).
Nonetheless, the rapid increase in the roughness happens at 45 and 60 ◦C in sulphate
fluoroborate samples, respectively. SEM images (Figure 7 of [38] and Figure 5) confirm the
increase in the surface complexity in samples prepared from the both precursors, while
the growth of a fully hierarchical surface structure with sharp tips and very low solid
fraction in contact with the water drop in samples prepared at 60 ◦C provides enough
qualifications for the creation of Cassie–Baxter conditions on the surface. The evolution rate
of the surface structure in fluoroborate samples by increasing the bath temperature is lower
than the sulphate samples. While the roughness and the contact angle in the fluoroborate
samples prepared by cyclic voltammetry method has a similar trend, in samples prepared
from sulphate precursor, the sample with higher roughness shows a lower contact angle
(Figure 7) due to the powdery nature of the sample, and the water spreads over powder
particles on the surface.

Durability tests of the samples on UV exposure and hard abrasion show the instability
of the wetting state in the fluoroborate sample and its changes in the various environmental
conditions, including UV light exposure and hard abrasion (Figures 11 and 14). Thus, the
wetting state of the sulphate and fluoroborate samples is different, although these samples
show a similar static contact angle and sliding angle in the as-prepared samples. This
result emphasizes the importance of quasi-static wetting studies and systematic durability
investigations in the superhydrophobic samples, which are going to be more noticed by
scientists [53].

4. Conclusions

The present paper is an experimental study on the fabrication of robust superhy-
drophobic surfaces from copper-based precursors using electrodeposition. Specifically,
both square-pulse voltage and cyclic voltammetry methods from copper fluoroborate pre-
cursor at different bath temperatures have been used. It has been observed that Cu and
Cu2O content on the deposited layer was affected by both the deposition temperature and
the applied method. The increase in the bath temperature increased the roughness and
water contact angle on the surface. Superhydrophobicity, with a contact angle of 160◦ and
a sliding angle of 15◦, was observed in the most structured surface fabricated by using
pulse electrodeposition at 60 ◦C with 12 pulses: such sample has a hierarchical structure,
including fractal leaves and submicron crystals. This sample was compared with a super-
hydrophobic sample fabricated from copper sulphate precursor, at the same deposition
conditions, to investigate their durability under UV exposure and hard abrasion. It has been
observed that on fluoroborate samples superhydrophobicity is not sustained, suggesting
that hydrocarbon spontaneous adsorption from the atmosphere (which is removed by UV
exposure) partially plays a role in conferring the initially observed superhydrophobicity.
Differently, surfaces from sulphate precursor can sustain both UV exposure and hard abra-
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sion, suggesting that they are intrinsically superhydrophobic, with no effect of hydrocarbon
adsorption, and they can thus be more robust for industrial applications.
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Abstract: The interest in candle soot (CS)-based superhydrophobic coatings has grown rapidly in
recent years. Here, a simple and low-cost process has been developed for the fabrication of CS-based
superhydrophobic coatings through electrospraying of the composite cocktail solution of CS and
polyvinylidene fluoride (PVDF). Results show that the superhydrophobicity of the coating closely
relates to the loading amount of CS which results in coatings with different roughnesses. Specifically,
increasing the CS amount (not more than 0.4 g) normally enhances the superhydrophobicity of the
coating due to higher roughness being presented in the produced microspheres. Further experiments
demonstrate that the superhydrophobicity induced in the electrosprayed coating results from the
synergistic effect of the cocktail solution and electrospray process, indicating the importance of
the coating technique and the solution used. Versatile applications of CS-based superhydrophobic
coatings including self-cleaning, anti-corrosion and oil/water separation are demonstrated. The
present work provides a convenient method for the fabrication of CS-based superhydrophobic
coatings, which is believed to gain great interest in the future.

Keywords: superhydrophobic coatings; electrospraying; candle soot; self-cleaning; anti-corrosion;
oil/water separation

1. Introduction

Candle soot (CS), traditionally deemed as a source of unwanted air pollution, has
received increasing attention in recent years [1–3]. Fresh CS collected from the inner flame
is superhydrophobic (water contact angle, WCA ≥ 150◦) [4], but pristine CS is fragile
and oxidation during aging causes the soot to become hydrophilic [5]. To obviate these
problems, researchers have proposed numerous approaches that can be classified into the
following three major categories: (1) substrate pretreatment before CS deposition, either
through coating polydimethylsiloxane (PDMS) mixtures [6–8] or paraffin wax [9] on the
raw substrate, or making the substrate much rougher (e.g., via electrodeposition [10] or
other methods [11,12]); (2) reinforcement after CS deposition, mainly via covering the CS
layer with PDMS mixtures [13,14] or some specific polymer solutions [15]; and (3) mixing
CS with polymer for solution deposition of superhydrophobic coatings [16–18].

Among them, the method of mixing CS with polymer is much simpler and more
flexible in the selection of both polymer materials and deposition methods. The materials,
such as PDMS, polyurethane (PU), and polyvinylidene fluoride (PVDF), and the deposition
methods, such as spray coating, spin coating, and gelation technique, can be used for
making superhydrophobic polymer/CS composite coatings. Literature suggests that spray
coating has been widely adopted by many researchers. Sutar et al. reported the use of
the spray technique to deposit PDMS/CS composite for self-cleaning superhydrophobic
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coating [19]. Li et al. employed the spray technique to fabricate superhydrophobic PU/CS
coatings for oil–water separation [16]. The spray coating was also used for the scalable
fabrication of superhydrophobic PVDF/SiO2 membranes for gravitational water-in-oil
emulsion separation [20]. Compared with the conventional spray coating, electrospraying
(electrohydrodynamic spraying, a process utilizing the electric field alone rather than
additional mechanical energy to generate fine droplets with charge) allows for better
control and higher deposition efficiency of the atomized charged droplets to self-disperse
in smaller sizes [21]. The technique of electrospraying has been intensively studied in the
synthesis of micro/nano materials [22,23] and mass spectrometry [24,25]. To the best of our
knowledge, electrospraying of CS-based superhydrophobic coatings are seldom reported,
although recent works utilized this technique to deposit functionalized CS particles and
carbonaceous nanoparticle layers [26,27].

In this work, CS-based superhydrophobic coatings were demonstrated through elec-
trospraying of the composite cocktail solution of CS mixed with PVDF (a commercially
available fluoropolymer with low surface energy, 25 dynes/cm). The synergetic effect
and the main factors influencing the hydrophobicity of the coatings were investigated,
and the typical applications in self-cleaning, anti-corrosion, and oil/water separation
were presented.

2. Experimental

Polyvinylidene fluoride (MW ~ 625,000) in powder form was purchased from Shanghai
Sensure Chemical Co., Ltd. (Xi’an, China). Analytically pure N, N-dimethylformamide
(DMF), and acetone were obtained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai,
China) and used as received. Candles and substrates including glass slides, stainless
steel and copper meshes, cotton fabrics, printing paper, iron sheets, wood panels, and
cobblestones were purchased from local supermarkets. The superhydrophobic CS was
collected from the middle zone of candle flame as described previously [18,28]. Specifically,
by placing a stainless steel plate above the outer flame of the burning candle for 1 min, a
thick layer of CS particles was obtained on the plate, which could be further scraped and
transferred for use.

A standard electrospray apparatus was utilized to deposit PVDF-CS composite coat-
ings, where the solution flow rate was controlled by a precision syringe pump (NE-300,
New Era Pump Systems Inc., Farmingdale, NY, USA). The cocktail solution was prepared
by continuously stirring the mixture of 0.3 g CS (if not stated otherwise) with a PVDF
solution that was formed by dissolving 0.2 g PVDF powders in 6 mL DMF and 4 mL
acetone. Before the electrospraying process, the cocktail solution was degassed to remove
air bubbles. During the electrospraying experiments, the applied voltage was set at 7.0 kV,
the solution feed rate was 500 μL/h, and the needle tip-to-collector distance was 10 cm. All
experiments were performed under an air atmosphere with a relative humidity between 55
and 60%.

The surface morphology of the as-prepared samples was observed by a scanning
electron microscope (SEM, SU70 and SU5000, Hitachi, Tokyo, Japan). The hydropho-
bicity characterization was conducted on a contact angle analyzer (JC2000D3, Shanghai
Zhongchen Digital Technology Equipment Co., Ltd., Shanghai, China) by placing water
droplets of 9 μL on the coatings. The contact angle data were figured out based on the ellipse
fitting method, and the final result was averaged from five measurements per specimen.

The self-cleaning property was evaluated by sprinkling the chalk powder on a tilted
coated substrate and slowly dropping water droplets on it. The oil/water separation was
performed by pouring oil/water mixtures into the coated copper mesh that was tailed
into a “Taylor cone” container, where hexadecane and chloroform were used as light and
heavy oils, respectively. The anti-corrosion was tested by soaking stainless steel mesh (both
uncoated and coated) in concentrated HCl solution.
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3. Results and Discussion

Figure 1 illustrates the hydrophobicity and morphology of the electrosprayed coatings
on paper and Al foil substrates with different loading amounts of superhydrophobic
CS. As shown in Figure 1A, with the loading of CS into PVDF solution, all PVDF/CS
composite coatings either on paper or on the Al foil substrate show visible improvement
in hydrophobicity (as compared with the pure PVDF coatings), although there are some
differences. When 0.05 g CS is loaded, the coated paper already becomes superhydrophobic
(average WCA ~ 153◦) and the coated Al foil sample is also close to superhydrophobic
(average WCA ~ 145◦). Further increasing the CS loading allows the composite coatings
to further improve in superhydrophobicity. The highest WCA obtained in our repeated
experiments was about 168◦ for the coated paper when a higher amount of CS (e.g., 0.4 g)
was loaded. The representative WCA photos of the corresponding curves in Figure 1A
are demonstrated in Figure 1B, where the arrow indicates the increasing direction of CS
content.

Figure 1. Effect of CS content on the hydrophobicity and surface morphology of electrosprayed
paper and Al foil substrates: (A) water contact angle (WCA) varied with CS content; (B) typical WCA
photos of the curves from (A) (the arrow indicates the increasing direction of CS content); (C–F) SEM
images of electrosprayed samples with CS contents of 0 g and 0.3 g on paper (C,E) and Al foil (D,F),
respectively (insets are the enlarged images of each samples).

Surface morphologies of the pure PVDF coatings and the typical PVDF/CS coatings on
both substrates are shown in Figure 1C–F. It is observed that electrosprayed coatings from
pure PVDF solution are chiefly composed of smooth nanospheres (200~300 nm), although
with some ultrafine fibers (Figure 1C,D). In contrast, the coatings electrosprayed with the
PVDF/CS cocktail solution present rough microspheres in large numbers (Figure 1E,F).
That is why the electrosprayed coatings using the low surface energy materials of PVDF and
CS show better hydrophobicity than the coatings using the pure PVDF. On the other hand,
from the results shown in Figure 1A, it is reasonable to infer that increasing the CS loading
enhances the roughness of the coatings, and therefore a better hydrophobicity is normally
obtained. However, it should be noted that when the loading amount of CS reaches 0.4 g,
continuous loading has little contribution to the enhancement of hydrophobicity.

Besides the hydrophobicity, the “stickiness” of the coatings is also significant from the
application point of view. Figure 2A1,A2 shows that pure PVDF coatings (either on the Al
foil or paper substrate) are very sticky, as evidenced by the observation of semi-spherical
water droplets on the coatings at a tilt of 180◦. This highly sticky hydrophobic coating was
reported to be the result of the pseudo-hydrogen bonding effect of the polarized C-H bonds
in each repeating unit of PVDF polymer chains [29]. Unlike pure PVDF coatings, PVDF/CS
composite coatings show different stickiness behaviors for the substrate. The composite
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coatings on paper allow the water droplet to roll off at a tilt of 45◦ (Figure 2B2), whereas
the coatings on the Al foil still show water-stickiness (Figure 2B1) although not so strong
as the pure PVDF coatings in Figure 2A1,A2. Thus, the loading of CS into PVDF solution
during the electrospraying process not only enhances the coating hydrophobicity, but also
reduces the “stickiness” of the coatings, which is useful for potential applications in the
field of self-cleaning and anti-corrosion.

Figure 2. Wetting behavior and regime of the electrosprayed coatings: (A1,A2) and (B1) water
droplets hanging on the coatings at a tilt of 180◦; (B2) water droplet rolling off the coatings at a tilt of
45◦; (A3,B3) schematics of the Wenzel model and the combined Cassie–Baxter/Wenzel model for the
corresponding coatings, respectively.

According to the surface morphology of the coatings (Figure 1C–F) and their wet-
ting behavior (hydrophobicity (Figure 1A) and “stickiness” (Figure 2A1,A2,B1,B2), it is
reasonable to state that hydrophobic electrosprayed PVDF coatings follow the total wet-
ting Wenzel state (Figure 2A3), and superhydrophobic electrosprayed PVDF/CS coatings
follow the combined Cassie–Baxter/Wenzel state (Figure 2B3). It should be emphasized
that the superhydrophobicity presented in the electrosprayed coatings is attributed to
the synergistic effect of using the PVDF/CS cocktail solution and the process employed.
As shown in Figure 1, the electrosprayed coatings from pure PVDF solution (without CS
loading) are hydrophobic rather than superhydrophobic, since the assembly of smooth
nanospheres can not make the coating rough enough to achieve superhydrophobicity [30].
In contrast, the electrosprayed coatings with the PVDF/CS cocktail solution easily become
superhydrophobic due to the formation of numerous rough microspheres that probably
result from incompatible CS nanoparticles and PVDF macromolecules bonded together at
their contact points or interfaces (since CS and PVDF are of completely different solubilities
in DMF). However, it is noted that the PVDF/CS coatings fabricated by spin coating or
solution casting show poorer hydrophobicity than the electrosprayed PVDF coatings. In
this regard, electrospraying is more powerful in the fabrication of (super)hydrophobic
coatings.

In the electrospraying process, the solution is highly charged and undergoes Coulomb
fission and breaks into tiny self-dispersing droplets [21]. As the solvent evaporates, de-
posits (coatings) of different morphologies and roughnesses are produced on the target
substrate depending on the solution parameters (solution composition, solvent evaporation
rate, etc.) and the processing parameters (applied voltage, solution feed rate, and the
needle tip-to-collector distance, etc.). Thus, the coatings electrosprayed using (cocktail)
solution with low surface energy are hydrophobic or superhydrophobic, as shown in
Figure 1. This simple process also allows for superhydrophobic deposits on any solid
substrates of various geometrical configurations [31,32]. The representative substrates (in-
cluding glass slide, cotton fabric, printing paper, iron sheet, wood panel, and cobblestone)
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with PVDF/CS coatings show excellent water repellency as compared with the untreated
substrates (Figure 3A). Moreover, a double-faced superhydrophobic printing paper was
fabricated via electrospraying with PVDF/CS composites on both sides of the paper. As
shown in Figure 3B, the coated paper is perfectly clean as it is taken out from the red water,
whereas the uncoated paper is completely wetted by the water and leaves the stains on
the cotton.

Figure 3. (A) Wetting behaviors of various substrates with/without electrosprayed PVDF/CS coat-
ings by placing some 12 μL water droplets (dyed red) on them; (B) wetting behaviors of double-faced
superhydrophobic printing paper (coated with the same coatings as (A)) and the uncoated paper,
when they are first immersed into the red water and then placed on the cotton; (C) snapshots showing
the self-cleaning property of the coated printing paper by slowly dropping water droplets on the
surface which has been sprinkled with the chalk powder.

Nowadays, self-cleaning plays a significant role in various applications (such as
buildings, solar panels and wind shields), in that keeping the surface self-clean means that
no additional cost is required for the maintenance, and the service life is also increased.
Figure 3C demonstrates the self-cleaning performance of electrosprayed PVDF/CS-coated
printing paper by randomly sprinkling chalk powder (used as the contaminant) on the
coated substrate that was tilted 15◦. A red water droplet (12 μL) was slowly dropped
on the substrate from a height of 1.5 cm above the surface. The powder particles are
taken away with water droplets as they slide down the surface (Figure 3C), suggesting the
self-cleaning nature.

The wetting property of the electrosprayed PVDF/CS coating was further investigated
by subjecting it to droplets of various liquids. As shown in Figure 4, all aqueous droplets
(H2SO4, KOH, and hot water) exhibit perfect spherical shapes, except for the milk droplet
which slightly lost its sphericity (possibly due to the different composition in milk that
contains protein, fat, lactose, and minerals besides water [33]), whereas the oil droplets
spread over the coated paper. In fact, n-hexadecane (3.36 cP) spreads immediately as it
touches the surface, indicating that the coating is also superoleophilic. On the other hand,
the long-term superhydrophobicity to concentrated H2SO4 (pH = 1) and KOH (pH = 14)
solutions suggests the feasibility of using the coating under harsh conditions. The above
results show the potential for practical use of the coating in the separation of low viscosity
oil/water mixtures.
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Figure 4. Super big droplets (c.a. 0.15 mL) of various liquids on the printing paper that is coated with
electrosprayed PVDF/CS composites. Details are indicated in the figure, where the temperature for
the hot water is about 85 ◦C.

As was previously pointed out by most publications [28,34,35], the use of superhy-
drophobic and superoleophilic (or superhydrophilic and underwater superoleophobic)
mesh in oil/water separation normally encountered the problem of a water (or oil) barrier
that blocks oil (or water) from passing through the membrane. To avoid this problem, we
propose a “Taylor cone”-like 3D mesh container that allows both oil and water to touch the
container wall, such that the separation of both light (ρoil < ρwater) and heavy (ρoil > ρwater)
oil/water mixtures can be achieved. As illustrated in Figure 5A, when light oil/water
mixtures are loaded into the superhydrophobic and superoleophilic mesh container, the oil
(green) can pass the mesh even though water (red) settles down to form the barrier. For
the separation of heavy oil/water mixtures, the oil (light blue) can directly pass through
the bottom, whereas water (red) is blocked in the container. To validate the proposed
model, a superhydrophobic and superoleophilic copper mesh (120) was electrosprayed
with PVDF/CS composites, the SEM image of which is shown in Figure 5B. The as-prepared
mesh was then sandwiched between two identical structural stainless steel meshes (200) to
form the “Taylor cone” container. Light oil/water separation was performed by pouring a
mixture of 10 mL hexadecane and 10 mL water into the container, and the separation was
successfully finished after a few seconds (Figure 5C). A similar process was successfully
conducted for heavy oil/water separation, where chloroform was used as the heavy oil
(Figure 5D). By properly pumping out the water accumulated in the container, continuous
oil/water separation can be realized for oils of any density [28].

The anti-corrosion experiment was conducted by immersing the uncoated stainless
steel mesh and the double-faced superhydrophobic mesh (coated with PVDF/CS coatings)
into the concentrated HCl solution. As shown in Figure 6, the uncoated mesh reacts with
the solution more rapidly than the coated mesh, as revealed by darkening of the solution
color. After 30 min, both of the meshes were carefully picked up for comparison. The
double-faced mesh was nearly intact, whereas the uncoated mesh was badly destroyed,
indicating the potential of using the coatings to protect the metal from corrosion. The
agglomeration and chemical inertness of CS particles provide PVDF/CS coatings with a
rough surface topography and chemical inhomogeneity, allowing the coatings to be in the
Cassie–Baxter state to slow down solution erosion [11,36].
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Figure 5. (A) Schematics of a superhydrophobic and superoleophilic “Taylor cone”-like 3D mesh con-
tainer for both light and heavy oil/water separation; (B) SEM image of the coated copper mesh with
electrosprayed PVDF/CS composites (enlarged in inset); snapshots of the use of the mesh container
to separate light oil/water mixtures (C) and heavy oil/water mixtures (D), where hexadecane and
chloroform are used as light and heavy oils, respectively. The water was dyed red.

Figure 6. Comparison of anti-corrosive behavior for the uncoated stainless steel mesh and the
double-faced superhydrophobic mesh coated with PVDF/CS in concentrated HCl solution.

4. Conclusions

In summary, a simple and low-cost process for the fabrication of CS-based superhy-
drophobic coating was developed. Electrospraying with CS and PVDF composite cocktail
solution can induce numerous rough microspheres in the coating and therefore realize
superhydrophobicity. The comparison of the solution and coating methods reveals that
the formation of superhydrophobicity is attributed to the synergistic effect of the cock-
tail solution and electrospraying. Both the CS loading and the substrate influence the
superhydrophobicity of the CS-based electrosprayed coatings. The as-prepared CS-based
coatings show potential applications in the fields of self-cleaning, oil/water separation,
and anti-corrosion.
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Abstract: Superhydrophobic surfaces have been widely employed in both fundamental research
and industrial applications because of their self-cleaning, waterproof, and low-adhesion qualities.
Maintaining the stability of the superhydrophobic state and avoiding water infiltration into the
microstructure are the basis for realizing these characteristics, while the size, shape, and distribution
of the heterogeneous microstructures affect both the static contact angle and the wetting transition
mechanism. Here, we review various classical models of wettability, as well as the advanced models
for the corrected static contact angle for heterogeneous surfaces, including the general roughness
description, fractal theory description, re-entrant geometry description, and contact line description.
Subsequently, we emphasize various wetting transition mechanisms on heterogeneous surfaces. The
advanced testing strategies to investigate the wetting transition behavior will also be analyzed. In
the end, future research priorities on the wetting transition mechanisms of heterogeneous surfaces
are highlighted.

Keywords: wetting transition; superhydrophobic; microstructures; contact angle

1. Introduction

Surface wettability is one of the most vital properties of a solid surface. The wettability
of a solid surface is determined by the chemical properties and the micro-texture of the
surface [1–4]. Young’s equation has been used to describe wetting on a smooth surface
from 1805 [5]. However, real surfaces are seldom perfectly smooth. Hence, the Wenzel (W)
and Cassie–Baxter (C–B) states are the two main kinds of solid–liquid wetting states on the
micro-structured surfaces [6,7]. The description of the W state is based on the hypothesis
that the water droplet completely penetrates the grooves of a rough surface, while the C–B
state assumes the water droplet is suspended on the top of the micro-structured surface,
which results in a composite interface. Compared with the W state, the C–B presents
the high apparent contact angle (CA) and the low contact angle hysteresis. Maintaining
the stability of the C–B state and avoiding the intrusion of water into the microstructure
are essential preconditions for realizing self-cleaning, water-repelling, and anti-sticking
properties [8].

The C–B state is not always stable, and the transition from the Cassie–Baxter to the
Wenzel state (C–B/W) can occur when it is induced by various factors, such as pressuriza-
tion, [9] vibrations, [10], and the gravity of the droplet itself [11,12]. Therefore, exploring
the conditions of C–B state stability and understanding the C–B/W transition mechanisms
have been a central topic in the study of superhydrophobic surfaces. Over 900 journal
papers studying wetting transition mechanisms have been published that cover materials
science, engineering, physics, and chemistry science technology.
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Here, we summarize the recent advances in the theoretical study and testing methods
of the wetting state transition mechanism. In the next section, the theory of fundamental
wetting models is discussed, which is followed by the description of the static contact angle
model. The advanced wettability transition mechanism is presented in Section 4, and a
comprehensive overview of the wetting stability testing methods is provided in Section 5.
To conclude, a brief outlook for future research directions is proposed.

2. Fundamental Wetting Theory

The first investigation of wetting phenomena can be traced back to 1612, which was
presented by Galileo through his report, “Bodies That Stay atop Water, or Move in it” [13].
Over the recent few decades, great progress in the wetting theories has been developed
to describe the wetting state models. In this section, the fundamental wetting theories
are summarized.

In 1805, Thomas Young proposed the primary law of wetting with a water droplet on
a flat and smooth surface, as shown in Figure 1a [5]. Young’s equation is given as:

cos θ =
γsv − γsl

γlv
(1)

where θ is the static contact angle, γsv, γsl , and γlv are the solid–vapor, solid–liquid, and
liquid–vapor surface tensions, respectively. Based on the value of θ, the property of the
surface can be divided into the hydrophobic (θ > 90◦) and hydrophilic (θ < 90◦) surfaces [14].

Figure 1. Various states of droplet on a solid surface. (a) Young model, (b) Wenzel model, and
(c) Cassie–Baxter model.

Since Young’s equation is valid only for smooth and homogenous surfaces, in 1936,
Wenzel modified Young’s model and introduced the roughness factor (r) to describe the
wettability phenomena of the micro-structured surfaces, as shown in Figure 1b [3]:

cos θW = r
γsv − γsl

γlv
= r cos θ (2)

where θW is the static contact angle under the Wenzel state. The roughness factor (r) is
defined as the ratio of the true surface area and planar surface, which is higher than 1 for
a microstructured surface. In 1945, Cassie–Baxter described another wetting state for the
droplet on microstructured surface, shown in Figure 1c. The model supposed the droplet
is suspended on the top of the micro-structured surface, which results in a composite
interface [4]. In the C–B model, the apparent contact angle is influenced by the contribution
of two different phases, as described in the equation below:

cos θCB = fsl cos θsl + fla cos θla , (3)

where the θCB is the static contact angle under the Cassie–Baxter state, fsl and fla represent
the surface fractions of the phases of solid–liquid and liquid–air, and θsl and θla represent the
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corresponding contact angles. Since the θla is 180◦ in C–B state, so cos θla = cos 180◦ = −1,
then Equation (3) can be rewritten as:

cos θCB = fsl cos θsl − fla (4)

Lafuma et al. [9] derived the C–B/W transition in 2003. As shown in Figure 2, where
θ∗ is the apparent contact angle when minimizing the surface energy of a drop on a rough
substrate, θ is the apparent contact angle under Young’s state, ∅s is the fraction of solid in
contact with the liquid, and θc is denoted as the critical contact angle between the two states.
The coordinates of A, B, C, and D are (cos 180◦, cos 180◦), (cos θc, cos θ∗), (cos 90◦, cos 90◦),
and (cos 90◦, cos θ∗), respectively. When the apparent contact angle θ is larger than θc, it
follows the C–B state model that the air grooves would be trapped below the drop to form
the composite contact. When 90◦ < θ < θc, the two states might coexist. Various studies
have validated the existence of a metastable state based on simulation and experiment
results [15–17].

Figure 2. Two models of superhydrophobicity. The solid line and dashed line represent Wenzel state
and Cassie–Baxter state, respectively. The dotted line represents the metastable situation where the
C–B state can also be observed for θ < θc. The coordinates of A, B, C, and D are (cos 180◦, cos 180◦),
(cos θc, cos θ∗), (cos 90◦, cos 90◦), and (cos 90◦, cos θ∗), respectively. Reprinted with permission
from Ref. [9]. Copyright@2003, Nature Publishing Group.

In recent decades, with the development of computer science, computer simulation has
become a vital research method. There are numerous methods that can be used to simulate
the droplet states on superhydrophobic surface. From the microscale state, molecular
dynamics (MD) study the flow behavior of statistical fluid from the perspective of molecular
atoms to explore the wetting state transition of droplets at molecular scale [18–28]. The
simulation dynamics are sometimes given by the Monte Carlo method. Bryk et al. [29] (2021)
found that the effective interface potential method can be used to determine the location of
the critical wetting transition. Lopes et al. [30] (2017) presented a Potts model simulation of
the C–B/W transition on a surface decorated by a regular distribution of pillars.

Meanwhile, for a larger scopic state, computational fluid dynamics (CFD) are normally
widely used. They include the lattice Boltzmann method (LBM) and the finite volume
method (FVM). LBM is a good choice from mesoscopic state for the simulation of superhy-
drophobic surface. There are numerous studies of superhydrophobic surface simulation
using LBM, such as contact angle of microdroplets on superhydrophobic surface [31–36]
and wetting transition between Cassie and Wenzel [37,38]. FVM is a mature algorithm in
the field of CFD. It is often used to solve macroscopic state problem instead of wetting
state transition.
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3. Corrections in the Static Contact Angle Model on Heterogeneous Surface

The W and C–B models measure the static contact angle with a solid phase area fraction
over the whole surface, but the assumption is not necessarily satisfied for heterogeneous
surfaces with complex morphologies [39]. McHale [40] (2007) indicated that the roughness
ratio of the W model and frictional contact area are valid only when the surface is isotropic
all over with uniform morphology. Therefore, it is very important to build a more accurate
and versatile description system to precisely reflect the relationship between the micro-
structure criteria and static contact angle. At present, the surface microstructure description
system includes a roughness description system, fractal theory description system, re-
entrant geometry description system, and contact line description system. Next, we will
review the advanced progress in these description systems.

3.1. Roughness Description System

The first statistical description of surface roughness can be traced back to 1966 evolved
from tribology. Greenwood and Williamson proposed a theory based on the assumption
that the height of the rough surface contour obeys a Gaussian distribution, shown in Fig-
ure 3a [41]. However, the detailed textures of a rough surface of a hydrophobic material
could elegantly affect its wetting performance. Jiang, et al. [42] (2020) summarized the
three typical types of structural morphologies that can change the surface wetting proper-
ties: pillar-structured surfaces, pore-structured surfaces, and groove-structured surfaces.
Kim et al. [43] (2020) demonstrated that the arrangement of the pattern also had a great
correlation with the static contact angle by experiment. They investigated the four shapes
of pattern arrangement (triangular, square, hexagonal, and octagonal). Cao et al. [44] (2021)
found a correlation between the depth-to-width ratio and static contact angle with the same
surface morphology by experiment. As the depth-to-width ratio increases, the air–solid
contact area also increases, which leads to an increase in the contact angle.

Figure 3. The schematic diagram of microstructures model. (a) Roughness model: assuming that the
height of rough surface profile obeys Gaussian distribution. Reprinted with permission from Ref. [41].
Copyright@1966, Proc. R. Soc. (b) Fractal geometry model. Reprinted with permission from Ref. [45].
Copyright@1967, Science (New York, NY, USA). (c) Re-entrant structure model. Reprinted with
permission from Ref. [39]. Copyright@2020, Journal of Physical Chemistry. (d) Typical nanoparticle
coating model. Reprinted with permission from Ref. [46]. Copyright@2002, Nano Lett.

3.2. Fractal Theory Description System

When building a microstructure surface model, dimension scale plays an important
role in analyzing the influence of surface microscopic characteristics on the droplet wetting
state. There are many scales related to wetting, such as the atomic scale (10−10~10−9 m),
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microscopic scale (10−9~10−6 m), mesoscopic scale (10−6~10−2m), and macroscopic scale
(>10−2 m) [47]. However, since the modeling parameters in the statistical model are related
to the dimension scale of the rough surface, which is affected by the resolution of the
measuring instrument and the sample length of the rough surface, they are important
for accurate modeling. Hence, the fractal geometry, which combined the different scales
as shown in Figure 3b, is introduced for the analysis of the rough surface contact angle
problem [45]. The multi-scaled wetting contact angle of θCB and θW can be expressed by
Equations (5) and (6), based on the fractal theory:

cos θCB = f
(

L
l

)D−2
cos θ − fla (5)

cos θW =

(
L
l

)D−2
cos θ (6)

where D is the Hausdorff dimension, i.e., D = log(4)/log(3) = 1.2618, and
(

L
l

)D−2
is the

surface area magnification factor [48]. L and l are the upper and lower limit scales of the
fractal structure surface, and θ is the intrinsic contact angle of the material.

Both random and ordered fractal structures have positive influences on the superhy-
drophobic performance, as the fractal theory illustrated [49,50]. Meanwhile, limited to the
self-similarity and self-affinity, the complexity of micro/nanostructures is not satisfactorily
described by the fractal theory [45]. Davis et al. [51] (2017) designed three fractal struc-
tures, but the results showed no clear correlation between the static contact angle and the
fractal dimensions.

3.3. Re-Entrant Geometry Description System

Tuteja et al. [52] (2007) demonstrated that there is a third description system related
to the wetting performance, called “re-entrant geometry”. It exhibited the capability of
supporting repelling behavior to a droplet [53,54]. The re-entrant structures have distinctive
features with a wider top and a narrower bottom, shown in Figure 3c. The typical re-entrant
geometry can be realized with various possible geometries, such as micro-mushrooms,
micro-hoodoo arrays, fiber mats, micro-nail forests, micro-posts, and nanoparticle coat-
ings [39]. The contact angle of micro-hoodoo arrays can be described with the spacing ratio
by the following equation:

cos θCB = −1 +
1

D∗ [sin θ + (π − θ) cos θ] (7)

where D∗ is the spacing ratio, expressed as D∗ = (R + D)/R, in which R is the radius of
the micro-hoodoo, D is the half distance between micro-hoodoos. θ is the intrinsic contact
angle of the material. For a typical coated nanoparticle model, shown in Figure 3d, the θW
and θCB can be expressed by Equations (8) and (9), respectively [55]:

cos θw =

[
1 +

π

4 sin α

(
2R
D

)2
]

cos θ (8)

cos θCB =
π

4 sin α

(
2R
D

)2
− 1 (9)

where R is the radius of the nanoparticle. D is the distance between the centers of two
adjacent nanoparticles. α is the angle of the diamond cell. θ is the intrinsic contact angle of
the material.
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3.4. Fractal Theory Description System

Both the Wenzel and the Cassie–Baxter theories calculate the apparent contact angle
from the solid–liquid contact area. The actual measurement results of the contact angle
may not be consistent with the two classical theoretical models [56,57]. The solid–liquid
contact results from a microscopic surface demonstrated a significant impact of the contact
line on the surface wettability. Extrand et al. [58] (2002) proposed that the solid surface
energy and the microstructure of the contact line, rather than the inside geometry of the
contact area, were the main factors affecting the apparent contact angle. Gao et al. [57]
(2007) prepared three groups of microstructures with different morphologies and different
surface energies. It was found that the microstructure below the droplet did not affect the
contact angle. Oner et al. [59] (2000) found that, when the solid–liquid area fraction was
constant, the contact angle would increase as a result of the decreases in the contact length
of the three-phase contact line.

4. Corrections in the Wetting Transition Mechanism on Heterogeneous Surface

During the last two decades, there has been a drastic upsurge in the research publica-
tions related to the correction mechanisms of the C–B/W transition on a heterogeneous
surface [60–64]. In this section, the corrections of the wetting transition mechanism are
classified from three representative microstructure surfaces: flat-top pillar microstructure,
multi-scale microstructure, and re-entrant microstructure.

4.1. The Universal Transition Mechanism on Flat-Top Pillar Microstructure

Since the flat-top pillar is the simplest rough structure, it was used as a representative
model in the study of wetting transition [65,66]. For the longitudinal propagation of the
liquid, there are two ways in which transition can be induced. The first way is a depinning
mechanism in which the interface is curved due to the Laplace pressure inside the droplet,
shown in Figure 4a. When the hanging interface cannot remain pinned at the pillar edges,
the second way of the sag mechanism is induced with the curved liquid–air interface
touching the bottom, as shown in Figure 4b [11,65–71], where θe is the intrinsic contact
angle of microstructure sidewall, θpin is the contact angle of liquid–gas interface pinned at
the sidewall of the microstructure, sag is the sag depth at the top of the curved interface,
and H is the depth of the microstructure. For the lateral propagation of the liquid, Ren
et al. [72] (2014) found that the propagation of the liquid front proceeded in a stepwise
manner by numerical simulation, shown in Figure 4c,d. Lateral propagation of the liquid
front proceeds by one layer of the grooves, from W1 to W3. W2 is an intermediate metastable
state (a local minima). S2 is the transition state (saddle point) from W1 to W2, and S3 is the
transition state from W2 to W3.

For these flat-top pillar microstructures, various models have been proposed to explain
the transition mechanisms and criteria of the C–B/W transition, which can be mainly
divided into the thermodynamic analysis and the force-based analysis. Thermodynamic
analysis minimizes the Gibbs energy of the system [65,66,73,74], while the force-based
analysis establishes the balance of the capillary forces near the three-phase contact line
(TPCL) [68,75–77].

From the thermodynamic analysis perspective, since the C–B state has a higher energy
state than W state, the droplet penetration to the grooves is accompanied by a decrease in
the Gibbs energy. This is formed with two components. One is due to the replacement of the
solid–air interface with the solid–liquid interface, and the other is due to the change in the
liquid–air interfacial area [78–81]. Although the C–B/W wetting transition is energetically
favored, Patankar et al. [65] (2004) conducted a theoretical study to present an energy
barrier between the two states on a pillar-patterned surface, which requires extra work to
drive the transition with limited kinetics. The barrier energy for the C–B/W transition is
given as Equation (10) [65]:

GB1 = Gc − (r − 1) cos θeσlv Ac (10)
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with Gc defined in Equation (11):

Gc = Scσlv − cos θc
r Ac (11)

where Gc is the energy of a Cassie droplet on a rough substrate, GB1 is the barrier energy
for the transition of a Cassie droplet to a Wenzel droplet. θe is the equilibrium contact angle
of the liquid droplet on the flat surface. θc

r is the apparent contact angle of a drop under
Cassie state. Sc is the area of the liquid–vapor contact for a Cassie droplet. Ac is the area of
contact with the substrate projected on the horizontal plane under the Cassie state. σlv is
the liquid–vapor surface energy per unit area. The barrier energy of the C–B/W transition
by considering the sag state is given as Equation (12):

GB2 = Gw + (1 −∅s)(1 + cos θe)σlv AW (12)

with Gw defined in Equation (13):

Gw = Swσlv − cos θw
r Aw (13)

where GB2 is the barrier energy for the Wenzel droplet without forming the liquid–solid
contact at the bottom of the valleys. Gw is the energy eventually reaching the equilibrium
shape of a Wenzel droplet. ∅s is the area fraction on the horizontal projected plane of the
liquid–solid contact. Sw is the liquid–vapor surface area of a Wenzel droplet. Aw is the area
of contact with the substrate projected on the horizontal plane under the Wenzel state.

Figure 4. The schematic diagram of the droplet longitudinal propagation in flat-top pillar microstruc-
ture for (a) depinning transition, and (b) sag transition. Reprinted with permission from Ref. [66].
Copyright@2004, Langmuir. (c) The schematic diagram of droplet lateral propagation, and (d) the
simulation results. Reprinted with permission from Ref. [72]. Copyright@2014, Langmuir.

From the force-based equilibrium perspective, the resistance to the liquid penetration
was considered to be the force produced by the liquid–gas interfacial tension acting on the
protrusion side surfaces through TPCL. By considering the force equilibrium between both
capillary forces, the influence of gravity and the external pressure, different expressions
of the critical pressure were derived to study the C–B/W transition on a micro-structured
surface. Xue et al. (2012) gave a theoretical model for predicting the critical pressure on
the submersed substrates formed with the cavities and pillars [15]. It was found that both
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pillars’ and cavities’ geometries existed in the metastable state after depinning. The theory
had good agreement with the experiment by Lei et al. (2010), which demonstrated the
characteristic size of pillars and that the solid fraction played more important roles than
the pillar’s arrangement on the hydrophobicity with higher critical pressure [82]. Zheng
et al. (2005) gave the universal critical pressure (pc) formulation of pillars as below [75]:

pc = −γ f cos∅0

(1 − f )λ
(14)

where λ is the pillar slenderness ratio, f is the fraction of the projection area that is wet,
and γ f cos∅0 is the water–air interfacial tension.

4.2. The Asymmetric Wetting Propagation

Both lateral and longitudinal propagations were investigated for the asymmetric
wetting propagation [83–85]. For the lateral propagation, Fetzer et al. [86] (2011) conducted
experimental work to explain that the lateral asymmetries can be attributed to the curvature
of the contact line and the different mechanisms of depinning, such as nucleated jump-
like motion and continuous depinning from the sides. Priest et al. [83] (2009) found the
asymmetries were attributed to the continuity of the solid component by experiment, and
this behavior was consistent with the wettability of chemically heterogeneous surfaces.

For the longitudinal propagation, when the liquid–gas interface touches the bottom
of the microstructure, there are two possible contact modes for the sag mechanism: sym-
metric contact and asymmetric contact [73,85,87,88]. The asymmetric contact shortens the
progression of the metastable state to the Wenzel state; hence, it may affect the lifespan of
superhydrophobicity [85]. Kim et al. [89] (2018) used a numerical method to find there is
an asymmetric depinned stage during the wetting transition process, shown in Figure 5.
The wetting transition of a cylindrical cavity begins with an axially symmetrically pinned
interface of the liquid and vapor. It is followed by a symmetric depinned interface and
then the formation of an annular interface. Finally, the asymmetric depinned interface was
formed before reaching the Wenzel state. Giacomello et al. [88] (2012) explained the reason
for the asymmetric using the free energy minimization theory. At low filling levels, the
interface with the minimized free energy is a straight line, while, for higher liquid volumes
in the box, a quarter of the circle occupying one corner offered the minimal free energy.

Figure 5. The asymmetric wetting transition mechanism of flat-top pillar microstructure of cylindrical
cavity. Reprinted with permission from Ref. [89]. Copyright@2018, the Journal of Physical Chemistry.

4.3. The Wetting Transition Mechanism on Multi-Scaled Microstructure

Various biomimetic studies found that multi-scaled microstructures can enhance the
hydrophobicity of natural surfaces, with a typical example of a lotus leaf [73,90–95]. It
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mainly includes two ways: 1. the droplet infiltrates the nanostructures, 2. multi-scaled
microstructure provides more pinning points during the depinning stage. Huang et al. [8]
(2013) and Bormashenko et al. [96] (2015) found there is a typical stage that the droplet
suspended on the microstructure can infiltrate the nanostructures under lower pressure.
Meanwhile, Hemeda et al. [97] (2014) and Xue et al. [15] (2012) discovered that the multi-
dimension of microstructures provided more pinning points for the liquid–gas interface
during the C–B/W transition. Many studies have investigated these wetting transition
mechanisms with different methods. Zhang et al. [98] (2013) and Lee et al. [99] (2016)
used the lattice Boltzmann method to investigate the C–B/W wetting transition on the
multi-scaled microstructures. Shen et al. [100] (2015) used an experimental method to
investigate the wetting transition mechanism on a Ti6Al4V micro-nanoscale hierarchical
structured hydrophobic surface. They demonstrated that the wetting transition process not
only increased the apparent contact angle but also decreased the sliding angle significantly.
Teisala et al. [101] (2012) used the experimental method to generate a hierarchically rough
superhydrophobic TiO2 nanoparticle surface by the liquid flame spray. It was found that a
wetting transition occurred on a superhydrophobic surface at the nanometer scale.

The energy models were also used to explain the reason for the transition mechanisms
on the multi-scaled surface. Gao et al. [57] (2006) explained that the micro/nanostructure
makes C–B state wetting energetically favorable. The additional small-scale roughness on
the side surface of the hydrophobic pillars increased the potential barrier for the C–B/W
transition, thus making the C–B wetting state more stable. Liang et al. [102] (2017) built a
3-D model to analyze the wetting behavior from a thermodynamics perspective, shown in
Figure 6. It shows the variations in normalized free energy (NFE) with apparent contact
angle for C–B, C–B metastable, and W states. Here, the NFE decreases at first and then
increases with the increase in the contact angle. However, the NFE curve of the C–B state is
lower than that of the other two states. Nosonovsky et al. [103] (2009), Hejazi et al. [104]
(2013), and Huang et al. [8] (2013) explained this with the capillary mechanisms by both
computational and experimental work. They reported that the microstructures or defects
on the substrates can significantly increase the wetting hysteresis due to three-phase contact
line (TPCL) pinning. As illustrated in Figure 7, the bumps may pin the liquid–air interface
because an advance in the liquid–air interface could result in a decrease in the contact angle,
which provides the stability of the composite interface.

Figure 6. Schematic illustration for the variations in normalized free energy with apparent contact an-
gle for C–B, C–B metastable, and W states on multi-scaled microstructure. Reprinted with permission
from Ref. [102]. Copyright@2017, Physicochemical and Engineering.
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Figure 7. Stability analysis of the composite interface consisting of a rough surface with two-
dimensional pillars with semi-circular grooves. Reprinted with permission from Ref. [103]. Copy-
right@2009, Elsevier Ltd.

4.4. The Wetting Transition Mechanism on Re-Entrant Microstructure

Cai et al. [105] (2019) studied three types of nanostructures with different longitudinal-
section geometries, including base angles of 60◦ (inverted trapezoid), 90◦ (rectangular),
and 120◦ (regular trapezoid). It was shown that the inverted trapezoidal nano-structure
surface helped to keep the droplet in the C–B state, in which liquid did not penetrate the
nano-structure. This was also described in Refs. [106,107]. Savoy et al. [108] (2012) used
a molecular dynamics method to simulate the wetting behavior of different-size droplets
on a “T” shape structure via boxed molecular dynamics, which is a technique that is used
to quantify the free-energy landscape and estimate the transition rate as the drop moves
from one low free-energy basin to another. Further, they found that, at the same height,
the “T” structure surface needs to overcome a higher energy barrier than that of the square
column surface, which somehow enhanced surface evacuation (shown in Figure 8). Wang
et al. [109] (2019) validated the reason for the high superhydrophobicity of a “T” structure
by both experimental work and a simulation method. The strong pinning effect on the
contact line can significantly change the contact angle and wetting state of droplets.

Figure 8. Re-entrant roughness creates a higher energy barrier to wetting. Reprinted with permission
from Ref. [108]. Copyright@2012, Langmuir.

5. Wetting Transition Testing Methods

Lafuma et al. [9] (2003) first proposed a testing method by squeezing droplets with
two superhydrophobic surfaces to reflect the wetting stability. This method can be used
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to observe and study the droplet’s critical pressure and contact angle. The experiment
mainly utilizes a micro force sensor on an optical microscope platform. However, this
test is only valid for some superhydrophobic materials with poor wetting stability. In
recent years, several new versatile strategies were proposed to investigate the wetting
transition behavior. The methods include (1) optical, (2) acoustic, (3) confocal laser scanning
microscopy, (4) freeze stripping, and (5) high-speed camera methods. The principles and
merits of these measurement methods are listed in Table 1, and they will be explained in
detail in the following subsections.

Table 1. Summary of wetting transition testing methodology.

Method Principle Merits Reference

Optical reflection Different wetting states show different light
reflection intensity Simplest and direct [8,110–114]

Optical diffraction Change in diffraction pattern reflects the
change in gas layer thickness

The shape of the liquid–gas
interface can be calculated [82,115]

Confocal laser
scanning microscopy

Scanning the samples by fault section, and
three-dimensional reconstruction

Real-time observation of wetting
state transition process [16,61,116–118]

High-speed camera Very short exposure time High temporal resolution [11,118–120]

Freeze fracture a certain interface was immersed in liquid
nitrogen, and the droplet is frozen rapidly

Small applicable scale for
nano-scale microstructure surface [121–123]

Acoustic The differences of reflection of longitudinal
acoustic waves at the composite interface Versatile and integrable [106,124–126]

5.1. Optical Methodology

The optical methodology includes optical reflection and diffraction methodologies.
The reflection methodology is the simplest and the most direct way [8,110–114]. It measures
the total reflection from an underwater superhydrophobic interface to investigate the
wetting behavior and critical pressure of the C–B/W transition. The superhydrophobic
interface has a unique reflection property underwater. At the Cassie–Baxter state, the
gas–liquid interface satisfies the light total reflection conditions, and its reflected light is
relatively bright, shown in Figure 9a. However, at the Wenzel state, since the liquid has
penetrated the voids of the microstructure, there is only reflection light at a rough interface,
which is darker than that at the Cassie–Baxter state, shown in Figure 9b. Meanwhile, in
the meta state, the intensity of the reflected light is between those from the two states.
Huang et al. [8] (2013) used reflection methodology to investigate the wetting behavior
and to measure the critical pressure of C–B/W transition. Since it is difficult to effectively
quantify the intensity of the reflected light by visual observation, laser illumination and
photoelectric detection were introduced to quantify the intensity of the reflected light as a
function of the reflected light under pressure, as shown in Figure 9c. The critical pressure
of the C–B/W transition can be obtained from the inflection point on the reflection curve.

Compared to the reflection methodology, the optical diffraction methodology can
establish the shape of the liquid–gas interface. When a superhydrophobic surface is
submerged in water in a fluidic chamber, the surface pattern consisting of regular pillars
diffraction can be observed with a laser beam passing through the submerged grating
sample in water. The shape of the liquid–gas interface can be indicated by measuring the
intensity of several diffraction spots. Lei et al. [82] (2010) employed this method to control
and monitor the switching of the C–B/W transition. As shown in Figure 10, water was
injected into the chamber with a syringe through the inlet and outlet system. After blocking
the outlet valve, hydraulic pressure can be applied through the inlet. A laser beam was
aligned to pass through the fluidic chamber and a charge-coupled device (CCD) camera
was used to capture diffraction images as a function of the applied pressure. The pressure
for the transition between two states can be quantitatively measured.
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Figure 9. Schematic illustration for the optical reflection methodology: (a) the reflection characteristic of
Cassie state, (b) the reflection characteristic of Wenzel state, and (c) the intensity of reflection light vs.
equivalent pressure. Reprinted with permission from Ref. [8]. Copyright@2013, Acta Phys. -Chim. Sin.

Figure 10. Schematic diagram of the experimental setup for the pressure-dependent observation of
diffraction patterns of the water-submerged superhydrophobic grating. Reprinted with permission
from Ref. [82]. Copyright@2010, Langmuir.

Through the optical diffraction methodology, Rathgen et al. [115] (2010) studied the
microscopic shape, contact angle, and the Laplace law behavior at the liquid–gas interfaces
on a superhydrophobic surface.

5.2. Acoustic Methodology

As the optical methods are neither versatile nor integrable, Dufour et al. [106] (2013)
presented an alternative method based on acoustic measurements. An acoustic transducer is
integrated on the backside of a superhydrophobic silicon surface with a droplet deposited
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on the superhydrophobic surface. By analyzing the reflection of longitudinal acoustic
waves at the liquid–solid–vapor interface, the transition of C–B/W can be tracked by
measuring the reflection coefficient, shown in Figure 11. Here the Pillar dimensions are
diameter a = 15 μm, pitch b = 30 μm, and height h = 20 μm, and the thickness of bulk silicon
is eSi ≈ 400 μm. The rtop* and rbottom* are the normalized acoustic reflection coefficients
at the top and bottom part of a micropillars array, respectively. With a plane acoustic
wave propagating onto a micro-structured superhydrophobic surface with two different
acoustic media, the absolute value of the reflection coefficient R2/1 can be calculated from
Equation (15):

|R2/1| = (ρ2υ2 − ρ1υ1)/(ρ2υ2 + ρ1υ1) (15)

where ρ is the density of the medium and υ is the velocity of the acoustic wave. They also
measured the evolution of reflection coefficients on the top and bottom parts of the pillars
during the changing of the droplet. The results are shown in Figure 11b. At time = 0 min,
an acoustic measurement was performed without a droplet, so the reflection coefficients at
the bottom and top interface equal 1. By applying a droplet on the surface at 2 min, the
reflection coefficient was reduced to 0.83, while the reflection coefficient of the bottom was
not affected. Evaporation occurred after 2 min, and to 11 min. Since the drop was in a meta-
Cassie wetting state, no notable change was observed for the reflection coefficients during
this time. A spontaneous wetting transition was observed after 11 min with a sudden
decrease in the reflection coefficients for both the top and bottom interface. Finally, the drop
was evaporated, with the recovery of the coefficients to 1.00. The traces of the coefficients
effectively described the wetting transition process. The acoustic methodology was also
used to study the wetting transition process with the change in the droplet densities [124].

Figure 11. (a) Schematic diagram of the experimental setup for the acoustic methodology. (b) The
evolution of reflection coefficients on the top and bottom interface with the droplet evaporation.
Reprinted with permission from Ref. [106]. Copyright@2013, Langmuir.

5.3. Confocal Laser Scanning Microscopy Methodology

Confocal laser scanning microscopy (CLSM) can continuously record the reflected
light during the wetting state transmission through a direct 3D nondestructive imaging
method. The setup is shown in Figure 12. The conventional 2D optical observation provides
only limited and no semi-quantitative information about the topological complex at the
water–gas interface. Since the interface below the liquid cannot be imaged by using a scan-

118



Materials 2022, 15, 4747

ning electron microscope (SEM) or transmission electron microscope (TEM), CLSM could
provide a better measurement than an SEM, TEM, or atomic force microscope (AFM) [116].
Luo et al. [116] (2010) used a CLSM to observe the air trapped in the buried interface. They
presented two approaches to control the wetting state transition by either ultrasonic treat-
ment or introduction of a surface wetting agent, such as sodium dodecylbenzene sulfonate
(SDS), into the droplet. Papadopoulos et al. [61] (2013) imaged the dynamic collapse of
the C–B state process in detail. They presented the asymmetric contact of the water–gas
interface under the metastable evolution process using a CLSM with five detectors.

 

Figure 12. Schematic illustration for the CLSM methodology. Side view and the CLSM 3D plan
view for observing a droplet on a superhydrophobic surface sheet. Reprinted with permission from
Ref. [116]. Copyright@2010, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.

5.4. Freezing Fracture Methodology

The freezing fracture methodology can be applied for direct observation of the wetting
transition process of a droplet on a multi-scaled microstructure [123]. The droplet system
at a certain wetting state is immersed in liquid nitrogen, and the droplet would be frozen
immediately. The frozen droplet is observed by a scanning electron microscope. The set-up
of the experiment is shown in Figure 13. First of all, a liquid droplet of deionized water
is deposited into a holder, shown in Figure 13a, a nano-patterned surface of a Si wafer is
pressed onto the holder, followed by rapid freezing at 77 K, shown in Figure 13b. Next, the
patterned Si wafer is detached from the holder, shown in Figure 13c, which is placed in
an evaporation chamber equipped with a cooling stage. Layers of 3 nm Pt and 5 nm C are
deposited by electron beam evaporation onto the fracture to avoid sublimation. Ensikat,
et al. [127] (2009) applied this method to visualize the contact area between liquids and
superhydrophobic biological surfaces. To avoid the sublimation of the droplet and to
stabilize the imprint, Cannon et al. [121] (2010) modified the standard method by coating
the replica surface with thin platinum and carbon layers.
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Figure 13. Schematic illustration for the freezing fracture methodology. (a) Before freezing, (b) rapid
freezing of the pure water, (c) fracturing, (d) surface coated by thin platinum and carbon layers.
Reprinted with permission from Ref. [123]. Copyright@2013, Langmuir.

5.5. High-Speed Camera Methodology

The high-speed camera can visualize the bouncing of the droplets on a microstructure
surface. Hao et al. [120] (2015) investigated the droplet impact dynamics by reflection
interference contrast microscopy (RICM) with a wavelength of 546 nm. The process was
also recorded by a high-speed camera with a frame rate of 50,000 fps. Li et al. (2010) also
used this method to capture the dynamic behavior of the droplet on different surfaces.
As shown in Figure 14a–e, there were five textured surfaces T20

10 , T40
10 , T40

20 , T80
20 , and T100

20 ,
respectively, where the textured surfaces are signified by the TP

D. D is the diameter of the
pillars, and P is the distance between to pillars. The image on each patterned surface was
very similar except for the counterparts on the T20

10 and T40
20 surfaces [128].

Figure 14. Schematic illustration for the result of high-speed camera methodology. Sequential images
show the temporal evolution of the dynamic impact drop on different surfaces. The impact velocity
was set up to 0.54 m/s, and then parts (a–e) represent drop events on the T20

10 , T40
10 , T40

20 , T80
20 , and T100

20
textured surfaces, respectively. Reprinted with permission from Ref. [128]. Copyright@2010, Langmuir.
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6. Conclusions and Future Outlook

In this review, a general outline of the fundamental theories on wettability was dis-
cussed first, followed by the illustration of recent developments in the static contact angle
models for different heterogeneous surfaces. Different description systems were also dis-
cussed, including general roughness description, fractal theory description, re-entrant
geometry description, and contact line description. Further, the influence of different
microstructures on the transition mechanism from the Cassie–Baxter regime to the Wen-
zel regime has been discussed. The knowledge regarding the available experimental
approaches is critical in guiding the selection for different purposes and applications.
Therefore, the different measurement approaches are summarized in this review, including
optical methodology, acoustic methodology, confocal laser scanning microscopy methodol-
ogy, freeze stripping methodology, and high-speed camera methodology. A broad outlook
for potential future research on the wetting transition mechanism is listed as follows:

• At present, the metastable state is mainly described based on the energy barrier and
Laplace pressure, with certain limitations. Most of the theories for the metastable
state are based on regular periodic arranged structures. Hence, only the materials
with a regular microstructure can have their superhydrophobic properties predicted
approximately. Therefore, a thorough understanding of the theory of energy barrier
and Laplace pressure on different heterogeneous surfaces is essential.

• There is also an asymmetric contact configuration on the microstructure surface when
wetting is metastable. At present, there is a lack of a distinct calculation model for
asymmetric instability from a theoretical perspective.

• Most of the classical models on the transition mechanism with fractural geometry
and re-entrant geometry assume the droplet perpendicularly impacting the surface.
However, inclined surfaces are more common in reality. Hence, future research should
focus on droplet dynamics over inclined surfaces.

• The new testing techniques are essential to further discern and identify underlying
issues in wetting study since the wetting transition of the superhydrophobic state
under pressure is a complicated process. Therefore, future study on advanced testing
methods is necessary.
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Abstract: Electrospun nanofibres excel at air filtration owing to diverse filtration mechanisms, thereby
outperforming meltblown fibres. In this work, we present an electrospun polylactide acid nanofibre
filter media, FilterLayrTM Eco, displaying outstanding bactericidal and virucidal properties using
Manuka oil. Given the existing COVID-19 pandemic, face masks are now a mandatory accessory
in many countries, and at the same time, they have become a source of environmental pollution.
Made by NanoLayr Ltd., FilterLayrTM Eco uses biobased renewable raw materials with products
that have end-of-life options for being industrially compostable. Loaded with natural and non-toxic
terpenoid from manuka oil, FilterLayr Eco can filter up to 99.9% of 0.1 μm particles and kill >99% of
trapped airborne fungi, bacteria, and viruses, including SARS-CoV-2 (Delta variant). In addition, the
antimicrobial activity, and the efficacy of the filter media to filtrate particles was shown to remain
highly active following several washing cycles, making it a reusable and more environmentally
friendly option. The new nanofibre filter media, FilterLayrTM Eco, met the particle filtration efficiency
and breathability requirements of the following standards: N95 performance in accordance with
NIOSH 42CFR84, level 2 performance in accordance with ASTM F2100, and level 2 filtration efficiency
and level 1 breathability in accordance with ASTM F3502. These are globally recognized facemask
and respirator standards.

Keywords: electrospun; nanofibre; polylactid acid; filtration; SARS-CoV-2; filter media

1. Introduction

The recent worldwide pandemic, caused by the respiratory disease SARS-CoV-2, has
shed light on the importance of air quality and excellent air filtration. Awareness of the
impact that air quality has on human health has led to an increase in the demand for better
personal protection against airborne particles and microorganisms. Personal protective
equipment (PPE) is the most accepted method of self-protection in situations where safe
social distancing is not possible. Masks and respirators are undoubtedly the most critical
pieces of protective equipment for preventing the spread of particulate matter such as fungi,
bacteria, and viruses [1–4]. However, many concerns remain about the survival of microbes
on the face mask surface [5–7] re-aerosolisation of settled particles [8], proper management
and disposal of old face masks [9], and fomite transmission [10]. In order to impart surface
contact killing/deactivation mechanisms in addition to particle filtration, some of these
concerns have led to the development of face masks with inherent antimicrobial capabilities.
Most face masks contain plastics or similar materials, making their widespread and ever-
increasing use a significant environmental issue. In a short span of time, mask usage during
COVID-19 has generated millions of tons of plastic waste.
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When utilised as a protective filter media layer in facemasks, nanofibres (NFs) have
unique properties [11–13]. The electrospinning (ES) method is considered to be the best
for generating polymeric NFs, as a wide range of synthetic and or bio-based polymers
can be used at both the lab and commercial scale [14]. Last year, Beckermann et al.
introduced the ability of electrospun PMMA/EVOH NF filter media to pass stringent
international standards [11]. However, the authors reported a filter media made of a
polymer blend (PMMA/EVOH); materials which are not considered sustainable. Due
to the COVID-19 pandemic, the monthly usage of single-use facemasks during 2021 was
estimated at 129 billion [15], Ref. [15] resulting in the generation of a lot of waste, much of
which inevitably ended up in the environment. Recent trends drive research and develop-
ment to focus on biodegradability, compostability and reusability of the next generation of
face masks.

ES technique can be used to produce functional NFs with enhanced antimicrobial prop-
erties when loaded with antimicrobial agents [16–18]. Additives such as silver (Ag) [19–22]
and copper (Cu) nanoparticles (NPs) [23] and plant extracts such as Centella asiatica, Myris-
tica andamanica, aloe vera and grape seed [24–28] have demonstrated effective antimicrobial
properties against a wide range of pathogens and can be incorporated into the electrospun
formulations. Currently, many antimicrobial textiles are coated with NPs of metals such
as copper and silver [29–36]. These NPs provide antimicrobial properties by releasing
Ag+ or Cu2+ metallic ions or reactive oxygen species, triggering bacterial cell-wall dam-
age [37]. These metal species, if loosened from the materials, could leak into grey water
(after washing) or onto the consumer’s skin through wearing. Antimicrobial face masks
containing copper, silver, or other antimicrobials are widely advertised. The methods for
loading antimicrobials onto facemask fibres are often undisclosed, and the risk of metal
leaching from these masks is unknown. Recently, Goldfard et al. reported the quantity of
silver and copper metals leached from nine commercially available ’antimicrobial’ masks
and a 100% cotton face mask used as a control. These masks were exposed to laundry
detergent, artificial saliva, and deionized water to mimic normal facemask usage and care.
The authors observed that leaching differed significantly depending on the brand, leaching
solution and metal NPs. After an hour of exposure, in some cases, the full content of
the metals contained in the original face mask leached [38]. Findings such as these have
prompted researchers to investigate naturally derived bioactive agents as more favourable
alternatives to heavy metals.

To address both the viral threats and environmental impacts, the development of a
unique face mask filter medium is described in this paper, made from electrospun bio-
based polylactic acid (PLA). This filter layer boasts an additional antimicrobial functionality
imparted by the addition of non-toxic and naturally sourced terpenoids extracted from
manuka oil. The antimicrobial properties of manuka triketone have been previously re-
ported in applications such as wound dressing [39] but have not been demonstrated as
an active component of face masks. This novel PLA filter media successfully achieved
high filtration efficiency for particulate pollutants and pathogens. The PLA ES NF filter
media were tested according to the following international standards: ASTM Test Method
F2299 [40], ASTM Test Method F3502 [41] and NIOSH 42CFR84 (N95) [42]. Additionally,
the antimicrobial performance of this filter media were evaluated against different bacte-
ria strains (Escherichia coli, Staphylococcus aureus, and Klebsiella pneumoniae following the
test standard ISO 20743:2013 [43]), viruses (influenza A (H1N1), human coronavirus and
SARS-CoV-2 following the test standard ISO 18184:2019 [44]) and a fungus (Aspergillus
niger) following the test standard ASTM G21 [45]). Lastly, to test the reusability of the
filter media after being subjected to 5–10 laundering cycles, the particulate filtration effi-
ciency and antimicrobial activity were tested again according to ASTM F3502 [41] and ISO
20743:2013 [43] standards.
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2. Experimental

2.1. Materials

The following materials have been used to prepare solutions for electrospinning:
polylactic acid (PLA); formic acid and acetic acid purchased from Merck (Kenilworth,
NJ, USA). Manuka oil was purchased from a local New Zealand supplier. To protect the
nanofibre layer, spun-bonded PLA, a non-woven fabric, was used as a substrate and cover
layer.

2.2. Electrospinning of Nanofibre and Characterisation

The most widely used method to produce polymer NFs is electrospinning. This
has been explained in detail by Rutledge and Fridrikh [46]. Nanolayr Ltd. (Auckland,
New Zealand) formerly known as Revolution Fibres Ltd., has developed and patented a
revolutionary needleless electrospinning process which was used to manufacture this filter
media in roll form, and which was used in this investigation. The solutions used in the
ES process were made by dissolving a specific amount of polymer into a suitable solvent
containing mixtures of formic/acetic acid. The ES process involves applying the polymer
solution to positively charged electrodes in an electrostatic field, which causes the polymer
solution to draw out and spin into random and continues NFs, which are deposited onto a
spun-bonded PLA substrate which is rested on a negatively charged collector plate. Area
weights were determined by weighing 100 cm2 samples using a Precisa XB220A analytical
balance and by dividing the sample mass by the sample area.

The samples of NF were analysed using a scanning electron microscope JEOL JCM-5000.
The Fibraquant evaluation software was used to measure average NF diameters from 50
to 100 measurements.

2.3. Pressure Drop and Breathing Resistance

The total difference in pressure between two points of a fluid (air) as it flows through
the filter media is known as the pressure drop. This drop in pressure is caused by fric-
tional forces which are resisting the flow. The drop in pressure is measured by using
TexTest FX 3300 LabAir IV, which complies with EN 14683:2019 + AC:2019 [47].

Breathing resistance or breathability measures the difficulty in inhaling or exhaling
through a mask or filter media. This is commonly expressed as a pressure drop across the
filter media. PALAS PMFT 1000 in accordance with the ASTM Test Method F3502 [41] and
NIOSH 42CFR84 (N95) [42] was used to measure different filter media for breathability.

2.4. Filtration Performance Testing

Particle Filtration Efficiency: This procedure was performed to assess the particle
filtration efficiency (PFE) of the filter media. Particles of monodispersed polystyrene latex
spheres (PSL) were dried, nebulized (atomized), and passed through the filter media and
enumerated using a laser particle counter. A one-minute count was performed with the
filter media in the system. A control count was performed for one minute without the
filter media in the system, before (upstream) and after (downstream) each test article. The
filtration efficiency was calculated using the number of particles penetrating the filter
media compared to the average of the control values. The air flow rate was maintained
at 1 cubic foot per minute (CFM) ±5% during the testing. The procedure used the ASTM
F2299 method [40], with some exceptions. While in real world, particles carry a charge,
this procedure was carried out in a non-neutralized environment, thus representing a more
natural state. The non-neutralized aerosol is also specified in the FDA guidance document
on surgical face masks. The % filter penetration (Pfilter) is calculated as the ratio of the
particle concentration downstream (Cdown) to the particle concentration upstream (Cup).
The ratio between the particle concentration downstream and the particle concentration
upstream is the filter penetration (Pfilter (%) = Cdown/Cup × 100%). PFE is the complement
of the filter penetration (PFE (%) = 100% − Pfilter). A PFE of 98% means that the filter
media will block 98% of particles (either all particle sizes or specific particle sizes) such
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that only 2% of particles will pass through the material when air is inhaled or exhaled. The
filter media were tested in-house and certified by Nelson Lab, ASTM F2299 [40].

Bacterial Filtration Efficiency (BFE): The bacterial filtration efficiency of the material
is determined by carrying out a BFE test, which is performed by comparing the bacterial con-
trol count upstream of the filter to the bacterial count downstream. A suspension of Staphylo-
coccus aureus was aerosolized by a nebulizer and delivered to the test material at a constant
rate of flow and air pressure. The challenge delivery was maintained at 1.7–3.0 × 103

colony forming units (CFU) with a mean particle size (MPS) of 3.0 ± 0.3 μm. The aerosols
were drawn through a six-stage, viable particle Andersen sampler for collection. This test
method complies with ASTM F2101-19 [48] and EN 14683:2019 + AC:2019 [47] standards.
PLA filter media were tested and certified by Nelson Lab US.

Viral Filtration Efficiency (VFE): The filtration efficiency of the material was deter-
mined by performing the VFE test, which is performed by comparing the viral control
counts upstream of the filter to the counts downstream.

A suspension of bacteriophage ΦX174 was aerosolized by a nebulizer and delivered
to the test material at a constant rate of flow and air pressure. The challenge delivery was
maintained at 1.1–3.3 × 103 plaque-forming units (PFU) with a mean particle size (MPS)
of 3.0 ± 0.3 μm. Then, the aerosol droplets were drawn through a six-stage, viable particle
Andersen sampler for collection. The VFE test procedure was adapted from ASTM F2101
standard. PLA filter media were tested and certified by Nelson Lab US.

The PFE values presented in this paper were measured on the filter media only and
non-fabricated masks. The PFE of facemasks can differ during filter testing due to air
leakages around the edges of the mask. The PLA NF present within the filter media
containing an average areal weight of 2.0 ± 0.1 gsm were tested in-house using a PALAS
PMFT 1000 testing system according to NIOSH 42CFR84 (N95) [42], ASTM Test Method
F3502 and ASTM Test Method F2299 standards [40]. PLA NF filter media were tested and
certified by Nelson Lab to pass NIOSH 42CFR84 (N95) [42], ASTM Test Method F3502 [41]
and ASTM Test Method F2299 standards [40]. A comparative summary of the filtration test
method requirements for the various international test standards are provided in Table 1.

Table 1. Filtration test method requirements.

Test Level 1 Level 2 Level 3

ASTM F2299 (PFE)
Filtration at 0.1 μm—28.3 L·min−1 95%≤ 98%≤

EN14683
(Breathing resistance—Breathability) ≤49 Pa ≤58.8 Pa

ASTM F2101 -19 (BFE)
Filtration at 3 μm—28.3 L·min−1 95%≤ 98%≤

ASTM F2101 (VFE)
Filtration at 3 μm—28.3 L·min−1 95%≤ 98%≤

ASTM F3502 Filtration at 0.3 μm—60 L/min 20% £ 50%≤ -

ASTM F3502
(Breathing resistance—Breathability) 15 mmH2O (147.5 Pa) 5 mmH2O (49 Pa) -

NIOSH 42 CFR 84
Filtration at 0.3 μm—85 L·min−1

N95
95%≤

Breathing resistance
Inhalation—120 L·min−1 <314 Pa

ΔP < 98 Pa
Exhalation—85 L·min−1 <245 Pa

2.5. Electrospinning Solutions

Electrospinning solutions were prepared by stirring PLA polymer in a mixture of
formic acid/acetic acid solvent at room temperature until all the polymers had fully
dissolved. Manuka triketone extracted from manuka oil was then added to the solution.
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2.6. Antimicrobial Activity

FilterLayr Eco consisting of a functional nanofiber layer sandwiched between two
layers of PLA spunbonded nonwoven fabric was tested for antimicrobial activity. The tests
followed the protocols outlined in ISO 18184:2019 [44], Determining virucidal activity of
textile product, ISO 20743—Determination of antibacterial activity of textile product [43]
and ASTM G21—Resistance of Synthetic Polymeric Materials to Fungi [45]. The antimi-
crobial testing protocol can be found in Figures S1 and S2 in the supporting information
document.

2.6.1. Antibacterial Activity

The PLA filter media were tested against bacterium Staphylococcus aureus (ATCC 6538P
Escherichia coli (ATCC 8739) and Klebsiella pneumoniae (ATCC 4352) in accordance with the
following test standard ISO 20743:2013—Quantitative antibacterial test on textiles [43].
In addition, the PLA filter media were subjected to 5 and 10 laundering cycles following
ISO 6330:2013—Domestic laundering [49], and then tested against Gram-positive bac-
terium Staphylococcus aureus and Gram-negative bacterium Klebsiella pneumoniae following
ISO 20743:2013—Quantitative antibacterial test method standards [43]. The antibacterial
activity rating is shown in Table 2.

Table 2. Antibacterial activity rating associated with percentage reduction of bacterial growth.

Antibacterial
Activity Value (A)

Efficacy Rating A Value Reduction (%)

2 ≤ A < 3 Good Effect Level

1 90

2 99

3 99.9

A ≥ 3 Excellent Effect Level
4 99.99

5 99.999

Antibacterial Activity Calculation:

A = (Ct − C0)− (Tt − C0) = (Ct − Tt) (1)

where A is the antibacterial activity value, C0 is the logarithm average of 3 bacterial
colony forming units (cfu) immediately after inoculation of the control specimen, Ct is the
logarithm average of 3 bacterial colony-forming units (cfu) after specified contact time with
the control specimen, and Tt is the logarithm average of 3 bacterial colony-forming units
(cfu) after specified contact time with the treated specimen.

Percent reduction calculation:

Percent Reduction = 1 − 10A (2)

2.6.2. Antiviral Activity

The PLA filter media were tested against three highly potent and prevalent viruses
such as Influenza A (H1N1) (ATCC VR-1469), human coronavirus 229E (ATCC VR-740)
and SARS-CoV-2 (Delta variant, B.1.617.2; NCBI MZ574052) in accordance with the method
outlined in ISO 18184:2019 standard [44]. The antiviral activity rating is shown in Table 3.
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Table 3. Antiviral activity rating associated with percentage reduction of virus growth.

Antiviral Activity
Value (Mv)

Efficacy Rating Mv Value Reduction (%)

2 ≤ Mv < 3 Good Effect Level

1 90

2 99

3 99.9

Mv ≥ 3 Excellent Effect Level
4 99.9

5 99.999

Anti-viral activity calculation:

Mv = log10(Va)− log10(Vb) (3)

where Mv is the antiviral activity value, log10(Va) is the logarithm average of 3 infectivity
titre values immediately after inoculation of the control specimen, and log10(Vb) is the
logarithm average of 3 infectivity titre values after specified contact time with the control
specimen.

Percent reduction calculation:

Percent Reduction = 1 − 10−Mv (4)

2.6.3. Anti-Fungal Activity

Control and test specimen of 2” × 2” dimension was cut for the testing. Fungal species
were grown separately on Sabouraud dextrose agar for 7–14 days. The spore suspension of
the fungi was prepared by pouring 10 mL of sterile DI water containing 0.5 mL of Tween 20
into the culture plate. The surface growth was gently scraped from the culture. The spore
suspension was transferred into a centrifuge tube containing 25 mL of sterile DI water.
The centrifuge tube was vortexed for one minute to break the spore clumps. The spore
suspension was filtered to remove mycelial fragments. The spore suspension was washed
three times in DI water by centrifugation and diluted to achieve a 1.0 × 106 spore/mL
for each fungal species. Spore suspensions were then combined using equal volumes of
resultant spore suspension. Both test sample and control were placed separately onto
Sabouraud dextrose agar, and an even layer of spore suspension was sprayed onto each
material sample. Plates were incubated at 29 ◦C ± 1 ◦C and examined weekly for 28 days
(Relative humidity >85%). All tests were performed in triplicate. The PLA filter media
were tested against Aspergillus niger (AATCC 16888) following ASTM G21 standard [45].

2.7. Washability of the Filter Media

Laundering of the PLA NF filter media were performed in accordance with ISO 6330 [49]
standard using the following test parameters: 3G:30 ◦C, gentle setting (wool/silk/synthetics).
The washed PLA NFs filter media were tested for filtration performance following ASTM
F3502 [41] protocol and tested against Staphylococcus aureus and Klebsiella pneumoniae following
test method outlined in ISO 20743 standard [43].

3. Results and Discussion

NanoLayr Ltd., based in Auckland, New Zealand, is a producer of large-scale ad-
vanced nanofiber textiles certified AS9100d. We have recently launched a unique filter
media marketed as FilterLayrTM Eco. The product has a three-layer structure which consists
of a middle layer composed of PLA NFs and manuka triketone at an average areal weight
of 2.0 ± 0.1 gsm sandwiched between two outer layers of PLA spun-bonded non-woven
fabric (Figure 1). Figure 1B,C displays SEM images of NFs produced from PLA solutions,
randomly oriented and with an average fibre diameter of 168.3 ± 43.6 nm. The NFs display
the typical stacked layered morphology of non-woven fibrous fabrics. The implementation
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of nano-scale fibres has been shown to be advantageous in air filtration due to the small
diameter of the fibres and the corresponding high surface-to-volume ratio, enhancing the
capture of particles through interception and other mechanisms [11,19,50,51]. Furthermore,
homogeneous porosity can lead to lower pressure drop due to slip flow effects, made
possible by the small fibre diameter when compared to microfiber counterparts [50].

Figure 1. (A) Diagram of FilterLayrTM Eco structure spun-bond PLA/PLA electrospun nanofibre/spun-
bond PLA; (B) Scanning electron micrograph of nanofibre layer made from PLA; and (C) average fibre
distribution of PLA electrospun fibres using Fibraquant image analysis software.

3.1. Filtration Performance of PLA NF Filter Media

In a previous work, the degree of NF uniformity has been demonstrated by plotting
the pressure drop of the NF filter media against the areal weight of NF material, showing
linearity [11]. In an idealised situation, an increase in pressure drop will result in a pro-
portional increase in filtration efficiency of the material. Figure 2 shows the relationship
between the filtration efficiency and the pressure drop of the filter media when tested
at three different air velocities as determined by international test standards (A) ASTM
F2299 [40], (B) NIOSH 42CFR84 [42], and (C) ASTM F3502 [41]. All the filter media showed
a linear relationship between pressure drop and filtration efficiency, with R2 values ranging
from 0.848 to 0.979 depending on the test standard.

Up to 13 individual samples of the PLA NF filter media were tested according to the
three international standards. Filtration efficiency and pressure drop values are displayed
in Table 4. Filter media samples were challenged with monodispersed polystyrene latex
sphere (PSL) aerosols with an average particle diameter of 0.1 μm (Figure 2A) and with
NaCl aerosol with an average particle diameter of 0.3 μm (Figure 2B,C). The PLSs were
nebulised, dried, and passed through the filter media at an airflow velocity of 28.3 L·min−1,
as required for the PFE test method in ASTM F2299 [40]. All filter media samples containing
PLA NF layers met the particulate filtration requirement for level 2 as specified in ASTM
F2299 standard [40]. It displayed filtration efficiencies ≥98% (Figure 2A) and relatively low
pressure drops ranging from 48 to 59 Pa (air velocities = 8 L·min−1). In addition, samples of
the same areal weight were sent to a third-party-certified laboratory to ensure the efficacy
of PLA NF filter media to pass the requirements of the test method ASTM 2100 [51]. The
PFE, VFE and BFE results are presented in the supporting document (Tables S1–S5). The
filter media exceeded the level 2 criteria outlined in the ASTM F2100 standard [51] while
following the efficiency values obtained for the various tests, PFE results above 99.5%
(Table S1), VFE results above 99.9% (Table S1), and BFE results above 99% (Table S4), with
an airflow resistance requirement below 58.8 Pa (Table S3).
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Figure 2. Filtration efficiency vs. pressure drop for PLA NF filter media tested in accordance with the
following international standards: (A) ASTM F2299 [40], (B) NIOSH 42CFR84 [42] and (C) ASTM
F3502 [41].

Table 4. Pressure drop and filtration efficiency results for PLA NF filter media tested in accordance
with ASTM F2299 [40], ASTM F3502 [41] and NIOSH 42CFR84 [42].

ASTM F2299 ASTM F3502 NIOSH 42CFR84

Filtration
Efficiency
at 100 nm

ΔP
Filtration
Efficiency
at 300 nm

ΔP Inh.
at 60 LPM

ΔP Exh.
at 60 LPM

Filtration
Efficiency
at 300 nm

ΔP Ex.
at 85 LPM

ΔP Inh.
at 120 LPM

1 99.87 55.90 98.31 96.20 99.05 98.08 94.20 138.58

2 99.88 55.90 98.44 96.60 100.99 98.61 102.00 149.37

3 99.59 59.00 98.83 99.13 100.63 99.18 120.47 174.84

4 99.65 53.70 99.23 101.21 102.54 98.95 129.13 188.36

5 99.68 49.30 99.62 101.46 103.01 99.11 142.08 206.31

6 99.33 48.20 99.51 102.28 103.16 99.64 174.00 250

7 99.98 53.60 100 103.12 105.21 100 178.44 257.3

8 99.68 49.70 100 185.48 266.18

9 99.24 185.77 266.95

10 100 189.76 273.38

11 100 201.14 289.63

12 100 204.18 295.12

13 100 205.14 295.33

The PLA filter media were also challenged with NaCl aerosol with a count median
diameter (CMD) of 75 ± 20 nm and a geometric standard deviation (GSD) of 1.86, equivalent
to an average particle diameter of 0.3 μm (Figure 2B,C) which is used for both NIOSH
42CFR84 N95 [42] and ASTM F3502 test methods [41]. The NaCl particles were nebulised,
dried, and passed through the filter media at an airflow velocity of 60 or 85 L·min−1 as
required for the PFE test method in ASTM F3502 [41], and NIOSH 42CFR84 N95 [42],
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respectively. The PLA filter media exceeded the NIOSH 42CFR84 N95 particle filtration
efficiency requirements of ≥95% as well as meeting the N95 inhalation and exhalation
requirements of <314 and <245 Pa at 85 and 120 L·min−1, respectively.

In the standard for barrier face coverings, ASTM F3502 [41], a minimum filtration
efficiency of 20% is necessary to meet level 1, and ≥50% filtration efficiency is required to
meet level 2. All PLA NF filter media samples tested exceeded the filtration performance
requirements of ASTM F3502 level 2 [41]. Up to 98% filtration efficiency was achieved
by the PLA NF filter media. Each of the samples tested in accordance with ASTM F3502
passed the level 1 breathability requirements. The PLA filter media were also tested in a
certified laboratory to ensure their ability to pass the requirements of ASTM F3502 [41] and
NIOSH 42CFR84 N95 [42]. The reports from the certified laboratory are presented in the
supporting document (Tables S6–S8).

To verify the reusability of the filter media, the samples were subjected to 10 laun-
dering cycles and then challenged with NaCl particles, as described above. The results
showed a slight decrease in filtration efficiency (Table S7). Out of the 10 samples that were
laundered, one was damaged during the laundering cycles, and therefore was not tested.
The remaining nine samples that were tested achieved an average filtration efficiency
of 58.97% which readily meets the minimum requirement for level 2 filtration efficiency,
in accordance with ASTM F3502 standard [41]. One of the nine samples that were tested
is also suspected to have suffered some damage during laundering which consequently
affected the overall average result.

3.2. Antimicrobial Activity of PLA Nanofibers Containing Manuka Triketone

In this work, natural and non-toxic manuka oil 5% wt. has been used to generate
antimicrobial nanofibre filter media. The antibacterial properties of the filter media were
tested according to ISO 20743:2013 [43] standard using three different bacteria: ATCC 6538P
(Staphylococcus aureus), ATCC 4352 (Klebsiella pneumoniae) and ATCC 8739 (Escherichia coli)
(Figure 3, left and Table 5). The electrospun PLA filter media were challenged against
the test standard ISO 18184:2019 [44] using three different viruses: influenza A [H1N1]
(ATCC VR-1469), human coronavirus 229E (ATCC VR-740) and SARS-CoV-2 (Delta variant
B.1.617.2; NCBI MZ574052) (Figure 3, right and Table 6). Additionally, antifungal activity
was tested according to ASTM G21 using ATCC 16888 (Aspergillus niger) (Table 7) [45].

Figure 3. (left) Antibacterial activity of PLA NF filter media containing manuka triketone (5 wt.%)
against S. aureus (ATCC 6538P), E. coli (ATCC 8739) and K. pneumoniae (ATCC 4352) tested according
to ISO 20743:2013 [43]. (right) Antiviral activity of PLA NF filter media containing manuka triketone
(5 wt.%) against influenza A, human coronavirus 229E and SARS-CoV-2 tested according to ISO
18184:2019 [44]. The arrows point at the inhibition of microbial growth.
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Table 5. Antibacterial reduction rate of PLA NF filter media containing manuka triketone (5 wt.%)
against S. aureus (ATCC 6538P), E. coli (ATCC 8739). and K. pneumoniae (ATCC 4352) tested ac-
cording to ISO 20743:2013 [43]. Reusability following 5 and 10 laundering cycle according to
ISO 6330:2013 [49] and ISO 20743:2013, was confirmed for the PLA NF filter media when tested
against S. aureus (ATCC 6538P) and K. pneumoniae (ATCC 4352).

ISO 20743:2013
S. aureus

(ATCC 6538P)
E. Coli

(ATCC 8739)
K. pneumonia (ATCC 4352)

0 Wash 5 Washes 10 Washes 0 Wash 0 Wash 5 Washes 10 Washes

Control Initial Initial Initial Initial

Log CFU 4.69 4.69 4.83 4.80

Contacting time
(hours) - - - -

Control After contacting After
contacting

After
contacting After contacting

Log CFU 7.25 7.19 7.3 7.6

Contacting time
(hours) 18 18 18 18

Log CFU samples 2.33 2.87 3.1 3.83 4.55 4.82 5.11

Percentage reduction
samples (%) 99.999 99.996 99.993 99.957 99.82 99.834 99.678

Log reduction
samples 4.92 4.38 4.15 3.36 2.75 2.78 2.49

Table 6. Antiviral reduction rate of PLA NF filter media containing manuka triketone (5 wt.%) against
influenza A, human coronavirus 229E and SARS-CoV-2 tested according to ISO 18184:2019 [44].

ISO 18184:2019
Influenza A (H1N1)

(ATCC VR-1469)
Human Coronavirus 229E

(ATCC VR-740)
SARS-CoV-2

(Delta Variant)

Infective titer test TCID50 method TCID50 method Plaque assay

Log(Va)
(Control, immediately) 5.88 4.25 3.21

Contacting time (hours) 2 2 2

Log(Vc)
(Sample, after contacting) 3.88 1.5 0.70

Antiviral activity value,
Mv 2 2.8 2.5

Percentage reduction samples (%) 99 99.82 99.69

Table 7. Antifungal activity of PLA NF filter media containing manuka triketone (5 wt.%) against
Aspergillus niger tested according to ASTM G21 [45]. Note on antifungal rating: 0 no growth, 1
trace of growth (less than 10% coverage), 2 light growth (10–30% coverage), 3 medium growth
(30–60% coverage) and 4 heavy growth (60–100% coverage).

Sub-Samples Control Specimen Test Specimen

Contact time 28 days 28 days

Rating 4 0

Observed Growth High Growth No Growth
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3.2.1. Antibacterial Activity of PLA Nanofibers Containing Manuka Triketone

The antibacterial activity of the filter media were tested according to ISO 20743:2013 [43].
The antibacterial test results confirmed that the manuka oil was integrated into the PLA NF
mat and imparted excellent biocidal action against both Gram-negative and Gram-positive
bacteria. The nanofibers loaded with manuka oil showed bacterial population reductions
of 99.999% against S. aureus, 99.96% against E. coli. and 99.82% against K. pneumoniae strains,
after a contact time of 18 h (Figure 3 and Table 5).

In order to test the retention of antimicrobial activity of the filter media after multiple
washes, the samples were subjected to 5 and 10 laundering cycles, and the antibacterial
performance was re-evaluated (Table 5). The laundering step was carried out in accordance
with ISO 6330:2013 [49] standard using the following test parameters: 3G:30 ◦C, gentle
setting (wool/silk/synthetics). Both the Gram-positive (ATCC 6538P) and Gram-negative
(AATCC 4352) bacteria were used to challenge the PLA NF filter media. The sample showed
excellent antibacterial activity even after 5 and 10 laundering cycles. The reduction rates of
Staphylococcus aureus and Klebsiella pneumoniae bacteria after five washes upon a contact
time of 18 h were 99.996% and 99.834%, respectively. After 10 washes, the reduction rates
of Staphylococcus aureus and Klebsiella pneumoniae after a contact time of 18 h were 99.993%
and 99.678%, respectively.

3.2.2. Antiviral Activity of PLA Nanofibers Containing Manuka Triketone

The antiviral results of the filter media were tested according to ISO 18184:2019 [44].
The results of the tests showed that the manuka oil embedded into the PLA nanofibers has
outstanding virucidal properties against influenza A (H1N1), human coronavirus 229E and
SARS-CoV-2 (Delta variant) (Figure 3, right and Table 6). The PLA filter media showed
a virus reduction of 99% against influenza A, 99.82% against human coronavirus 229E
and 99.69% against SARS-CoV-2 after a contact time of 2 h.

3.2.3. Antifungal Activity of PLA Nanofibers Containing Manuka Triketone

The antifungal/fungicidal activity of the PLA NF filter media were evaluated using the
following test method: ASTM G21—Resistance of Synthetic Polymeric Materials to Fungi
(Table 7) [45]. The filter media displayed antifungal property and showed no Aspergillus
niger growth after a period of 28 days (Table 7).

4. Conclusions

Novel antimicrobial air filtration media (marketed as FilterLayrTM Eco) containing
electrospun PLA NFs loaded with manuka triketone have been developed by NanoLayr
Ltd. FilterLayrTM Eco has been proven to have excellent particle filtration efficiency and
breathability and meets the requirements for following standard certifications, NIOSH N95,
ASTM F2100 level 2, and ASTM F3502 level 1 breathing resistance and level 2 filtration effi-
ciency. In addition to this, the filter media successfully passed ASTM F3502 level 2 filtration
efficiency after 10 laundering cycles, making it reusable for a minimum of 10 washes.

FilterLayrTM Eco is unique in its ability to both trap and kill airborne bacteria and
viruses using naturally occurring antimicrobial Manuka oil as the biocidal agent. This
enables the filter media to self-decontaminate and allows it to be used multiple times
before it needs to be replaced, as it does not harbour or proliferate the microbes that it
captures. This study demonstrated the effectiveness of the PLA filter media in neutralising
different types of bacteria, viruses, and a fungus, namely, Staphylococcus aureus, Klebsiella
pneumoniae, Escherichia coli, influenza A, human coronavirus 229E, SARS-CoV-2-Delta
variant and Aspergillus niger. The filter media has also shown excellent performance against
bacteria when tested after 5 and 10 laundering cycles, thus proving its ability to retain its
anti-microbial properties for a minimum of 10 wash cycles, making it reusable and more
sustainable. FilterLayrTM Eco is also made from industrially compostable polymers, thus
reducing the amount of waste being sent to landfills and consequently reducing plastic
waste in the environment.
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Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/membranes12060571/s1, Figure S1. Illustration of the Antibacterial
testing procedure, Figure S2. Illustration of the Antiviral testing procedure, Table S1. Filtration
efficiency of PLA NF filter when challenge with 0.1 μm PSL particles following ASTM F2299 test
method, certified by Nelson Lab, Table S2. Particles filtration efficiency of PLA NF filter when
challenge with 0.3 μm PSL particles following ASTM F2299 test method, certified by Nelson Lab,
Table S3. Pressure drops values of PLA NF filter when tested against EN 14683:2019+AC:2019 test
method, certified by Nelson Lab, Table S4. Bacterial filtration efficiency of PLA NF filter media,
Table S5. Viral filtration efficiency of PLA NF filter media, Table S6. Filtration efficiency of PLA
NF filter when challenge with 0.3 μm NaCl particles fol-lowing ASTM F3502 test method, certified
by Nelson Lab, Table S7. Filtration efficiency of PLA NF filter when challenge with 0.3 μm NaCl
particles fol-lowing ASTM F3502 test method after 10 laundering cycles, certified by Nelson Lab,
Table S8. Filtration efficiency of PLA NF filter when challenge with 0.3 μm NaCl particles fol-lowing
NIOSH—42CFR84 test method, certified by Nelson Lab.
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Abstract: The efficient preparation of hydrophilic polypropylene membranes has always been a
problem. Here, a twin-screw extruder was used to melt-blend ethylene-vinyl alcohol copolymer and
polypropylene; then, hollow fibers were extrusion-molded with a spinneret and taken by a winder;
after this, dimethyl sulfoxide was used to dissolve the ethylene-vinyl alcohol copolymer of the fiber
to obtain a polypropylene hollow-fiber membrane. This procedure was used to study the effects of
different contents and segment structure of ethylene-vinyl alcohol copolymer on the structure and
filtration performance of the membranes; furthermore, the embedded factor and blocked factor were
used to evaluate the ethylene-vinyl alcohol copolymer embedded in the matrix without dissolving
and or being completely blocked in the matrix, respectively. The results show that the increase
in ethylene-vinyl alcohol copolymer could reduce the embedded factor and increase the blocked
factor. The increase in the polyethylene segments of ethylene-vinyl alcohol copolymer could increase
both the embedded factor and blocked factor. The water permeation of the membrane reached
1300 Lm−2·h−1·bar−1 with a 100% rejection of ink (141 nm) and the elongation at break reached 188%,
while the strength reached 22 MPa. The dissolution-induced pores method provides a completely
viable alternative route for the preparation of polypropylene membranes.
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1. Introduction

Polypropylene hollow-fiber membrane (PPHFM) is widely used in water treatment [1–3],
industrial purification [4,5], and pharmaceutical separation [6–8]. Currently, polypropylene
(PP) hollow-fiber membranes are mainly prepared with the thermally induced phase
separation method (TIPS) and the melt-stretching method (MS) [9,10]. The studies on
these two methods are comprehensive. For example, the phase separation process [11–15],
diluents [7,8,10,16,17], solidification bath [11–14], and kinetic thermodynamics [18,19] in
the TIPS have been reported on in detail. Similarly, research on co-blending grafting [20–26],
stretching [27–29], annealing [30,31], and crystallization [5,9,30,32] in the MS has been conducted.

However, the limitation of the TIPS and MS [10,17,19,33] is that the PP molecule has no
polar groups, so it is difficult for it to form effective secondary bonds with water molecules;
therefore, the poor hydrophilicity makes the pores clog easily, resulting in a lower perme-
ation and poor durability [11,34–38]. These effects lead to the need to perform complex
post-processes on the PPHFM, such as grafting [11,35,39,40] and coating [37,38,41,42]. The
dissolution-induced pores method (DIP), a neglected technology used for the preparation
of PPHFMs, is not discussed in the available research papers. The DIP differs from the
TIPS and MS in terms of its technical principles: it is not only simple enough to control the
microstructure of the membrane, but also uncomplicated enough to combine hydrophilic
modification and pore formation into one step.

In this study, the DIP method was adapted to melt-blended and extruded ethylene-
vinyl alcohol copolymer (EVOH) functioning as a dissolvable part with PP; it was used
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to dissolve the EVOH with dimethyl sulfoxide (DMSO) to obtain hydrophilic polypropy-
lene hollow-fiber membranes. The filtration performance of the hollow-fiber membranes
was investigated with different EVOH contents, and this procedure was carried out to
investigate the effect of different types of EVOH on membrane performance under optimal
EVOH content conditions. The embedded factor was used to quantitatively evaluate the
EVOH that was embedded in the matrix without being dissolved, and the blocked factor
was used to quantitatively evaluate the EVOH that was completely blocked in the PP.
Our groundbreaking research should provide a foundation for the development of the
DIP method.

2. Materials and Methods

2.1. Materials and Equipment

The ethylene vinyl alcohol copolymer (EVOH, Nippon Synthetic Chemical Industry
Co., Osaka, Japan) with ethylene segments of 24%, 27%, 29%, 32%, 38%, and 44% was dried
under vacuum with an oven at 40 ◦C for 12 hours. Polypropylene was purchased from
Sinopec Co., Ltd. (Beijing, China), with a melt index of 3.5 g/10 min. Dimethyl sulfoxide
(DMSO, 99.9%) was used after de-watering by molecular sieve. The ink (Shanghai Hero
Co., Ltd., Shanghai, China) was used to evaluate the rejection of membranes. A twin-screw
extruder (TS-18) with a screw diameter of 1.8 cm and a length of 150 cm was supplied by
Nanjing Huaju Co., Ltd. (Nanjing, China); the inner diameter and outer diameter of the
spinneret were 1.2 mm and 1.8 mm, respectively.

2.2. Preparation of Hollow-Fiber Membranes

The EVOH (24% ethylene) and PP were mixed with a twin-screw extruder, with a ratio
of EVOH from 38 wt.% to 48 wt.%. The temperature of the zones (TS-18) was 90 ◦C, 160 ◦C,
180 ◦C, 180 ◦C, and 180 ◦C, respectively; the host speed was 130 r/min, the winding speed
was 1.2 m/s, and the stretching ratio was 6 times. The hollow fibers were cut into suitable
lengths and soaked with DMSO for 24 hours; they were taken out to dry for testing and
named m38 to m48 based on their content of EVOH.

The EVOH and PP were mixed with the mass of EVOH, which was 42 wt.%, wherein
the ethylene content of EVOH was 24%, 27%, 29%, 32%, 38%, and 44%. The spinning-related
process parameters were the same as described above, and the hollow-fiber membranes
were named from M24 to M44 according to their content of ethylene.

2.3. FTIR, Particle Size/Zeta Potential, Pore Size Testing, and SEM Testing

The Fourier Transform Infrared Spectrometer (FTIR, Nicolet iS50, Madison, WI, USA)
was used to obtain the molecular structure information. A nanoparticle size and zeta poten-
tial analyzer (Anton Paar, Graz, Austria) was used to evaluate the size of ink nanoparticles
(Shanghai Hero Co., Ltd.). The samples of PPHFM were freeze-dried, and a scanning
electron microscope (SEM SU8010 Hitachi, Minato-ku Tokyo, 1.5 kV, 10 μA) was used.
The pore size distribution was tested by a liquid–liquid pore size analyzer (PSMA-10,
Nanjing, China).

2.4. Embedded and Blocked Factor

The experiments were repeated 3 to 5 times, and the errors were displayed in the form
of error bars.

The embedded factor is defined as the mass ratio of the substance that is not dissolved
for encapsulation by matrix. The blocked factor is defined as the mass ratio of the substance
that is not dissolved due to its compatibility blend with the matrix.

For example, the m40’s embedded factor and blocked factor are calculated as follows:
The mass of m40 before being soaked by DMSO is m1 (g), and the theoretical EVOH

content is m0 (m0 = m1 × 40%); the mass of m40 is m2 (g). The m3 (g) is obtained after
the m40 is crushed with liquid nitrogen and then washed by DMSO and dried to obtain
the mass.
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The embedded factor (p) is calculated by:

p =
m2 − m3

m0
× 100% (1)

The blocked factor (b) is calculated as follows:

b =
m0 − (m1 − m3)

m0
× 100% (2)

2.5. Filtration Performance and Porosity

The permeation of the membranes was tested with the device developed by our group
(Figure 1), and calculated as follows:

F =
Vf

tPS
(3)

where F (Lm−2·h−1·bar−1) is the permeation, Vf (L) is the volume of filtrated water, P
(0.1 MPa) is the pressure, S (m2) is the area of filtration, and t (h) is the filtration time.

The rejection of ink was determined by a UV absorption spectrometer (Shimadzu 1800,
λ = 307nm) via measuring absorbance with the standard curve method [43], which was
calculated as follows:

R =
A − A0

A
× 100% (4)

where R (%) is the rejection, A is the absorbance of the unfiltered liquid, and A0 is the
absorbance of the filtered liquid.

The porosity of membranes was tested with wet method [44,45] and calculated by:

Pr =
m4 − m5

ρwaterV0
× 100% (5)

where Pr (%) is the porosity, V0 (cm3) is the membrane volume, m4 (g) is the wet membrane
mass, m5 (g) is the dry membrane mass, and ρwater (1 g/cm3) is the water density.

Figure 1. Schematic diagram of the hollow-fiber membrane permeation and rejection test device.

143



Membranes 2022, 12, 384

2.6. Mechanical Test

The elongation at break was tested by a tensile machine (Shenzhen Kaiqiang Co., Ltd.,
Shenzhen, China) and calculated by:

Er =
ΔL
L0

× 100% (6)

where Er (%) is the elongation at break, ΔL (%) is the change in sample in length at break,
and L0 (%) is the length of the sample before testing.

The strength was calculated as follows:

T =
f

S0
(7)

where T (MPa) is the strength, f (N) is the force, and S0 (m2) is the cross-sectional area of
the sample.

3. Results and Discussion

3.1. Preparation of Hollow-Fiber Membranes (with Different Contents of EVOH)

Figure 2 shows the surfaces of the PPHFMs prepared by the DIP method with EVOH.
The PPHFMs show a unique structure of microfibers, and the diameter of the microfibers
decreases as the EVOH content increases. Polymers’ incompatibility is the main reason
for the microfibrillation of blends after stretching [46–48], so it is possible that EVOH
and PP are not fully compatible during the blending process; the shearing cuts the sizes
of the PP and EVOH into small phases, and then the stretching process promotes the
microfibrillation of PP. So, the increase in EVOH content promotes the progress of microfib-
rillation, making the microfibrils of PP more obvious, which suggests that the content of
EVOH can directly control the surface of the PPHFM and greatly reduce the difficulty of
controlling microfibrillation.

Figure 2. Surface morphology of hollow-fiber membranes with different contents of EVOH (24% ethylene).

Figure 3 shows the cross-sectional morphologies of the PPHFMs when the EVOH
content is 38 wt.% and 48 wt.%, respectively. Compared with the surface topography of
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the PPHFMs (Figure 2), the cross-section of the m38 is similar to its surface, both of which
are superimposed and compacted by microfibers with branches, but the microfibers in the
surface topography show a certain orientation: the cross-section microfibers appear to be
very chaotic. The m40 is also similar in terms of its surface morphology; the microfibrillation
of the section is obvious. Different from the microfibers of the m38 section, the microfibers
of the m40 section are more slender, and their orientation is more obvious, which is similar
to the surface morphology of the m40.

Figure 3. Cross morphology of hollow-fiber membranes m38 (a), m48 (b).

Figure 4 shows the changes in the blocked and embedded factor of EVOH in the
PPHFM with different contents of EVOH. The pore-forming process of the membrane
prepared by the dissolution method is also the process of the polymer being dissolved.
However, it cannot be ensured that all the soluble polymers can be removed, and the
soluble polymers that cannot be removed can be divided into two cases: one is that the
EVOH should be dissolved, but due to the complete encapsulation of the PP, it cannot
be exposed to the DMSO and cannot be removed; the other is that the soluble EVOH
and the PP are continuously sheared to achieve complete miscibility. The EVOH, in this
case, is also difficult to remove. In order to distinguish the above two cases, the blocked
coefficient (b) and embedding coefficient (p) were defined to quantify the description. With
the increase in EVOH content, the embedded factor continued to decrease, and the blocked
factor continued to increase (Figure 3). When the EVOH content increased from 38 wt.% to
48 wt.%, the embedding factor decreased from 12% to 0.6%, whereas the blocked factor
increased from 0.8% to 4.1%, an increase of more than five times. This shows that, in the
process of increasing the EVOH content, the embedded EVOH gradually decreased, but
the EVOH blocked in the PP gradually increased.
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Figure 4. Blocked factor p and embedded factor b of hollow-fiber membrane with different EVOH
(ethylene chain segment content of 24%) contents.

Figure 5 shows the filtration performance and porosity of the hollow-fiber membranes
with different EVOH contents and the size of the particles in the ink. In general, with
the increase in EVOH content, the rejection of the PPHFM showed a decreasing trend,
whereas the permeation and porosity showed an increasing trend. When the EVOH
content is 40 wt.%, the hollow-fiber membrane’s rejection of the ink reaches 100% and
the water permeation is 1300 Lm−2·h−1·bar−1. When the EVOH content exceeds 40 wt.%,
the rejection drops rapidly and the permeation rises sharply. Compared with the surface
topography of the PPHFM (Figure 2), although the uniformity of the microfiber increased
with the increasing EVOH content during the microfibrillation process, such topographic
changes did not contribute to the rejection. The contribution of microfibrillation is an
increase in permeation when the EVOH content increases, but when the EVOH content
exceeds 44 wt.% the rejection drops to 0%, resulting in membrane failure. The above data
also illustrate that EVOH content is the main factor controlling the membrane filtration
performance. The ink is an aqueous solution of carbon particles that is used to detect
the rejection performance of the membrane, and its particle size distribution is obviously
concentrated (Figure 5b); the most probable particle size distribution is 141 nm.

Figure 6 shows the pore size distribution test results of the hollow-fiber membranes
with an EVOH content of 38 wt.% and 40 wt.%. In the permeation and rejection tests, the
ink rejection of the membranes m38 and m40 was greater than 90% (Figure 5), so these
two membranes were chosen for pore size analysis for comparison and discussion. It
can be seen from the results in Figure 6 that the pore size distribution range of m38 is
22–30 nm, whereas that of m40 is 80–210 nm. Obviously, compared with m40, the pore size
distribution of m38 is narrower, and the membrane pore size is smaller. This shows that
in the DIP method, increasing the EVOH content can expand the pores but also make the
pore size distribution wider.
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Figure 5. Changes in permeation, rejection and porosity of hollow-fiber membranes at different
EVOH (ethylene chain segment content of 24%) contents (a) and the size and distribution of ink
particles (b).

Figure 6. Pore size distribution of hollow-fiber membranes m38 (a) and m40 (b).

Figure 7 shows the mechanical properties and pure water contact angle of the hollow-
fiber membranes. Good mechanical properties guarantee the membranes’ service. The
elongation of the membrane increases from 67% to 655% when the EVOH content increases
from 38 wt.% to 48 wt.%. The strength of the PPHFM shows a different tendency; it rises
from 19 MPa to 28 MPa and then falls to 24 MPa. This interesting phenomenon may
come from the two changes brought about by microfibrillation: thinner fibers result in an
increased elongation at break, and the thinner fibers also reduce the strength as a result
of fewer microfibers sticking to each other (Figure 2).The reduction in microfiber contact
points leads to an increase in the independence of microfibers during the stretching process;
the lack of an overall connection and the stress caused by structural changes is transmitted
to all microfibers, so the strength decreases. When the content of the EVOH is 40 wt.%, the
elongation at break is 188% and the strength reached is 22 MPa. The water contact angle
decreases with the increasing EVOH content, which also confirms the trend of the blocked
factor b; the hydrophilicity of the PPHFM can only be inherited from the EVOH because PP
is a hydrophobic material [40]. Thus, the blocked mass of the EVOH in the PP was reflected
in the change in the water contact angle.
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Figure 7. Mechanical properties (a) and contact angle (b) of PPHFM with different EVOH (ethylene
chain segment content of 20%) contents.

3.2. Preparation of Hollow-Fiber Membranes (EVOH with Different Ethylene Segments)

The DIP method should be further investigated for the intrinsic law. Thus, the EVOH
(with a mass ratio of 42 wt.%) was studied with different ethylene segment contents.
Figure 8 shows that the microfibrillar structure was weakened by increasing the cross-
linking of points with each other as the ethylene segment increased, and the pores were
changed from extremely narrow to elliptical, which was related to the increase in the
ethylene segments of the EVOH, leading to improved compatibility with PP and less
dissolution of the EVOH.

Figure 8. Surface morphology of EVOH hollow-fiber membranes with different ethylene chain
segment contents.

Figure 9 shows the blocked factor and embedded factor of PPHFM with the different
kinds of EVOH. It is clear that the embedding and blocking factors increased with the
increase in the polyethylene chain segments of the EVOH. The embedded factor was
increased from 3% to 6.8% and the blocking factor was increased from 1.2% to 11.9%.
This indicates that the compatibility with the PP matrix is enhanced with the increase in
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the polyethylene segments of the EVOH, which is also reflected in the disappearance of
microfibrils on the membrane surface (Figure 8).

Figure 9. Blocked factor b and embedded factor p of hollow-fiber membranes (EVOH with different
ethylene chain segment contents).

Figure 10a clearly illustrates that the permeation, rejection, and porosity of the mem-
brane decreased with the increase in the EVOH’s polyethylene section. The permeation of
the membrane decreased from 2100 Lm−2·h−1·bar−1 to 230 Lm−2·h−1·bar−1, the rejection
decreased from 93% to 70%, and the porosity decreased from 46% to 18%. Because the
porosity decreased, the water flow was directly reduced, but at the same time as the porosity
decreased, the rejection also decreased, indicating that the pore size of the membrane was
increasing, as can be directly observed in Figure 8. Such changes may be due to an increase
in the embedded factor (Figure 9), which reduces the porosity and increases the pore size.
Thus, it is not a good choice to increase the polyethylene segment in the EVOH to improve
the performance of the membrane. However, it is helpful for us to better understand
the mechanism of the DIP. The increase in the blocked factor indicates that the amount
of undissolved EVOH increased, which explains the decrease in porosity, and the FTIR
(3305 cm−1, stretching vibration of −OH) of M24 verified that some EVOH remained on
the membrane (Figure 10b).

Figure 10. (a) Permeation, rejection, and porosity of EVOH hollow-fiber membranes with different
ethylene chain segment contents, (b) FTIR of membrane M24, PP, and EVOH.
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Figure 11 shows the mechanical properties and water contact angle of the membranes.
The elongation of the membranes exhibited a gradual decreasing trend from 320% to 261%,
but the strength exhibited a gradual increasing trend from 23 MPa to 28.2 MPa. Changes
in mechanical properties are often related to changes in structure, and it is reasonable to
conclude that the reduction in microfibers increases the strength of the membrane and
reduces the elongation. Thus, it is feasible to adjust the mechanical properties of hollow-
fiber membranes by controlling the polyethylene segment content of EVOH.

Figure 11. Mechanical properties (a) and water contact angle (b) of EVOH hollow-fiber membranes
with different ethylene chain segment contents.

As concluded above, the hydrophilicity of the membrane is derived from EVOH, and
the increase in the blocked factor reduces the contact angle, but the decrease in hydroxyl
increases the contact angle. The results show that the contact angle has a significant
increasing trend, so it is obvious that the decrease in hydroxyl plays a major role.

4. Conclusions

In this study, a hydrophilic polypropylene hollow-fiber membrane was prepared by
the dissolution-induced porous method. It was found that the filtration performance of the
membrane was controlled by the content and the structure of EVOH. The increase in EVOH
content decreased the embedded factor, increased the blocked factor and the hydrophilicity
of the membrane, made the microfibrillation more pronounced, and increased the porosity.
The increase in the polyethylene segment of EVOH increased both the embedded factor and
blocked factor, decreased the hydrophilicity of the membrane, caused the microfibrillation
to disappear, and decreased the porosity. The preparation of PP hollow fiber prepared by
the DIP method should lay the foundation for the further development of the DIP method.
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