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Coating the surface of various materials and products has been used for a long time
for protection against corrosion and erosion, in order to increase the service life and
productivity of equipment. Another equally important area of application of coatings
is to impart new properties to materials. It is known that the properties of the surface
and near-surface layer largely determine the performance characteristics of materials
and their processing ability. Therefore, the application of specially selected coatings is
an effective tool for surface modification of materials to give them new and properties
(for example, biocidal, hydrophobic, increased electrical conductivity or, on the contrary,
dielectric properties, etc.). In recent decades, researchers have paid special attention to the
creation of multifunctional coatings.

This book contains the results of the latest research on the formation of coatings on
the surface of various materials. The composition of the coatings formed by researchers
is very diverse. Coatings are selected depending on the set of properties that need to be
given to the material being modified. However, a significant part of researchers choose
composite materials based on various polymers as a material for the formation of strong
and durable coatings with high adhesion to the substrate.

The articles presented in the book can be divided into two groups. The first one is
devoted to the solution of the classical, but still very urgent problem of imparting superhy-
drophobicity to materials and other properties related to this characteristic. In particular,
the article “Superhydrophobic Al2O3–polymer composite coating for self-cleaning appli-
cations” by R.S. Sutar with co-authors is dedicated to imparting superhydrophobic and
self-cleaning properties to glass substrates [1]. The approach substantiated by the authors
differs from numerous works on this topic by the fact that the researchers achieve extremely
high indicators of glass hydrophobicity by applying a coating manage. The article “Ro-
bust superhydrophobic and repellent coatings based on micro/nano SiO2 and fluorinated
epoxy“ by X. Huang and R. Yu presents the development of a universal method for im-
parting high hydrophobic properties to materials of all kinds [2]. A serious achievement of
the authors of the study is also a high resistance of the coating to mechanical and chemical
influences, which is usually difficult to ensure. An important place in the book is occupied
by the review article “Critical aspects in fabricating multifunctional super-nonwettable
coatings exhibiting icephobic and anti-biofouling properties” by K.D. Esmeryan, which
analyzes the most significant, according to the author, publications over the past five years,
which are devoted to the formation of coatings with superhydrophobic and ice-phobic
properties that prevent biofouling [3].

The second group of articles presented in the book is devoted to the formation of
coatings that provide various fibrous materials with a large group of special properties.
These articles differ both in the objects of modification (cellulose textile material, adhesive
interlining materials for clothes, polypropylene yarn), and in the methods of forming the
coatings used in them.
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L. Petrova and co-authors, in the article “Development of multifunctional coating
of textile materials using silver microencapsulated compositions”, apply a well-known
layer-by-layer method [4]. N. Kornilova and co-authors, in the article “Multifunctional
polymer coatings of fusible interlinings for sewing products”, use a popular method of
dipping to obtain coatings [5]. The article “Properties of polypropylene yarns with a
polytetrafluoroethylene coating containing stabilized magnetite particles” by N. Prorokova
and S. Vavilova develops a new method of forming coatings based on the application of a
coating-forming composition on the surface of a semi-cured thermoplastic filament at the
stage of its melt spinning followed by orientational stretching [6]. As a result of coating
deposition, fibrous materials acquire a set of new properties that are of great practical
importance. Cellulose fibrous materials become antibacterial, antimycotic, and gain wound
healing properties. Interlining materials for clothing acquire shape stability, wear resistance,
and protective and health-improving properties at the same time. Polytetrafluoroethylene-
coated polypropylene yarn is characterized by good antimicrobial properties, reduced
electrical resistance, increased strength, and chemical resistance.

This book presents only a small part of the current research devoted to the formation
of coatings to impart multifunctional properties to materials. This topic is one of the most
relevant areas of modern materials science and, undoubtedly, will be actively developed.
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Abstract: Superhydrophobic coatings have a huge impact in various applications due to their extreme
water-repellent properties. The main novelty of the current research work lies in the development
of cheap, stable, superhydrophobic and self-cleaning coatings with extreme water-repellency. In
this work, a composite of hydrothermally synthesized alumina (Al2O3), polymethylhydrosiloxane
(PMHS) and polystyrene (PS) was deposited on a glass surface by a dip-coating technique. The Al2O3

nanoparticles form a rough structure, and low-surface-energy PHMS enhances the water-repellent
properties. The composite coating revealed a water contact angle (WCA) of 171 ± 2◦ and a sliding
angle (SA) of 3◦. In the chemical analysis, Al2p, Si2p, O1s, and C1s elements were detected in the XPS
survey. The prepared coating showed a self-cleaning property through the rolling action of water
drops. Such a type of coating could have various industrial applications in the future.

Keywords: alumina (Al2O3) coating; superhydrophobic; self-cleaning; composite coating

1. Introduction

Superhydrophobic surfaces have earned much attention from researchers in the last
two decades due to their excellent water repellent behavior and the high mobility of
water, which can be used to avoid accumulating dirt, fouling, fogging, and icing [1–4].
Natural leaf surfaces, such as that of a lotus leaf, possess micro-scale papillae and nano-scale
epicuticular wax crystals on their surface, forming a hierarchical surface morphology, which
is responsible for their self-cleaning superhydrophobic properties by quickly removing the
dirt particles from the surface by rolling water drops [5]. To date, many efforts have been
devoted to the development of superhydrophobic coatings by forming a rough structure
and/or reducing the surface energy by using low surface energy materials [6–10]. The use
of low surface energy-based materials on the rough hierarchical structure may create a thin
hydrophobic layer that could resist the adherence of water droplets [8,11,12]. The presence
of a hierarchical surface with a thin layer of hydrophobic materials may also be another
reason for the superhydrophobic property [13]. Similarly, different kinds of bio-mimicking
surfaces were developed using natural or synthetic materials to achieve a micro-nano
hierarchical surface structure with an extreme water repellent coating for self-cleaning,
as well as oil–water sorption and separation applications [14,15]. Several studies were
studied a mechanism of superhydrophobic as well as photocatalytic superhydrophilic
surfaces in self-cleaning applications [16,17]. Photocatalytic superhydrophilic surfaces
have also attracted considerable attention in terms of self-cleaning coatings due to the
complete wettability of their substrates, which can easily remove an organic pollutant from
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the surfaces by the action of the flow of a water film [16,17]. Esmeryan et al. developed a
novel soot-inspired superhydrophobic surface containing a quartz crystal microbalance
(QCM)-based biosensor for the detection of human semen, and human spermatozoa
quality assessment [18]. Similarly, the authors also studied the effect of soot-inspired
superhydrophobic surfaces for human urine detection, as well as improving the success
rate of the cryopreservation of human spermatozoa [19,20]. Here, we only focused on the
fabrication of superhydrophobic coatings for self-cleaning applications.

Aluminium oxide (Al2O3) is one of the cheapest materials, with excellent usability in
various applications. The use of Al2O3 in coatings also attracted significant attention in
recent years due to its antibacterial property; excellent mechanical, electrical insulation,
high-temperature properties; and first-rate impact, abrasion, and chemical resistance [21].
Several studies have focused on developing superhydrophobic surfaces using Al2O3 par-
ticles or on the Al2O3 surface [22–25]. Sutha et al. fabricated an optically transparent,
anti-reflective, and self-cleaning superhydrophobic Al2O3 coating on a glass substrate [25].
In this process, the authors first prepared Al2O3 sol by mixing aluminium nitrate non-
ahydrate with 2-methoxyethanol solution by magnetic stirring in a monoethanolamine
stabilizer at room temperature. Multiple layers of Al2O3 nanoparticles were applied onto
a glass substrate by a spin-coating method. After annealing, the film was immersed
in hot water to obtain a porous structure. Finally, low surface energy 1H,1H,2H,2H–
perfluorooctyltrichlorosilane was coated onto a porous Al2O3 film by spin coating. On the
other hand, Karapanagiotis et al. dispersed different-sized hydrophilic alumina nanoparti-
cles (25, 35, and 150 nm) in different concentrations in solutions of a hydrophobic poly(alkyl
siloxane), and the prepared suspensions were sprayed onto a glass surface [26]. They stated
that the wettability of the composite film is independent of the size, but is affected by
the concentration of the particles. However, Richard et al. dispersed stearic acid modi-
fied Al2O3 particles in ethanol, and sprayed them onto a glass slide in order to attain a
superhydrophobic surface [27]. Tie et al. prepared a superhydrophobic and underwa-
ter superoleophobic surface by an aqueous mixture of hydrophilic nanoparticles (TiO2,
SiO2, and Al2O3) and fluorocarbon surfactants through dip, brush, or spray coating on
various substrates, such as fabric, sponge, cotton, nickel foam, stainless steel mesh, cop-
per sheet, glass, and ceramics [28]. Byun et al. prepared a superhydrophobic surface by
spraying phosphonic acid-functionalized Al2O3 nanoparticles onto glass, paper, cotton
fabric, and flexible plastic substrates [29]. Several studies are available on the fabrication of
superhydrophobic surfaces with extreme wettability by different techniques [13,14].

Although several techniques were used to fabricate superhydrophobic surfaces with
self-cleaning behavior using various materials, only a few works were reported using
Al2O3 nanoparticle-based nanocomposites for superhydrophobic and self-cleaning coat-
ings [22,30,31]. Al2O3 based composites are highly useful in coating applications due to the
abundant availability of the Al source and its antibacterial characteristics [32]. In the present
work, we exclusively focused on a facile dip-coating method to coat an Al2O3–PMHS–PS
hybrid system onto glass substrates. First, hydrothermally synthesized hydrophilic Al2O3
nanoparticles were modified with low-surface-energy PMHS. The flake-shaped Al2O3
nanoparticles were agglomerated during the deposition, forming a rough hierarchical
structure and attaining a superhydrophobic surface. The chemical analysis of the prepared
coating was also performed. Water jet impact, adhesive tape peeling and sandpaper abra-
sion tests were performed in order to evaluate the mechanical durability of the coating.
Additionally, self-cleaning tests were conducted on the prepared superhydrophobic coat-
ings. The coated substrates exhibited extreme water-repellent behavior as well as excellent
mechanical stability.

2. Experiment

2.1. Materials

Aluminum nitrate nonahydrate [Al(NO3)3·9H2O], polystyrene (PS; 192,000 g/mol) and
polymethylhydrosiloxane (PMHS, average Mn 1700-3200) were procured from Sigma-Aldrich

4



Coatings 2021, 11, 1162

(St. Louis, MO, USA). Dextrose [O(CHOH)4CHCH2OH] and urea [NH2CONH2] were secured
from Thomas Baker (Mumbai, India). Ethanol and chloroform were bought from Spectrochem
PVT. LTD (Mumbai, India). The micro-Glass substrates (75 × 25 × 1.35 mm3) were obtained
from Blue star, Polar Industrial Corporation, Mumbai, India.

2.2. Synthesis of the Al2O3 Nanoparticles

Aluminum nitrate nonahydrate has been used to synthesize Al2O3 nanoparticles via a
hydrothermal method [33,34]. In the synthesis process, 3.6 g dextrose, 3.75 g aluminum
nitrate nonahydrate, and 3 g urea were dissolved in 50 mL distilled water under vigorous
stirring for 30 min. The prepared homogeneous transparent solution was transferred to
a 100 mL Teflon-lined stainless-steel autoclave and kept in an oven at 170 ◦C for 6 h for
the hydrothermal process. A black powder of hydrated alumina was collected by filtration
and washed with distilled water and ethanol several times, and was dried at 80 ◦C for 8 h.
The dried black powder of hydrated alumina was placed in a silica crucible and kept in
a muffle furnace at 1000 ◦C for 3 h, with a heating rate of 4 ◦C min−1 in air atmosphere.
Finally, the collected Al2O3 particles were stored in the bottle for further use.

2.3. Preparation of the Superhydrophobic Coating

The micro-glass slides were washed using tap water and laboratory detergent (Moly-
clean 02 Neutral, Molychem, Mumbai, India) and, afterwards, cleaned ultrasonically using
distilled water and ethanol for 10 min. A coating solution was prepared by the follow-
ing process: 0.15 mL PMHS was mixed with 20 mL chloroform in a beaker, and kept on
magnetic stirrer at 100 rpm. After 20 min of stirring, 400 mg Al2O3 was added and stirred
continuously for another 1 h. Meanwhile, in a second beaker, 10 mg/mL PS solution in
20 mL of chloroform was prepared. This PS solution was poured into the beaker containing
PMHS-Al2O3 and stirred further for 30 min.

The cleaned glass slide was dipped in a suspension of Al2O3–PMHS–PS for 10 s, with a
controlled dip and withdrawal rate of 50 mm/s using a dip coating machine (Delta Scientific
Equipment Pvt. Ltd., Kolkata, India); a coated sample was dried at room temperature
(~25 ◦C). This is considered as one deposition layer of the coating solution. The coatings
were repeated by applying 2, 4, and 6 deposition layers, and finally dried at 100 ◦C in
an oven for 1 h. The samples with two, four, and six coating layers were labelled as the
AD-1, AD-2 and AD-3 coating, respectively. In this work, we only focused on the study of
the effect of dip-coating cycles on the superhydrophobic coating. Of course, changing the
chemical compositions would alter the surface properties either partially or completely
based on the formation of a hierarchical surface morphology, with more hydrophobic or
hydrophilic characteristics based on the combinations of material.

2.4. Characterizations

A Scanning Electron Microscope (SEM, JEOL, JSM-7610F, Tokyo, Japan) was used to
investigate the surface micro/nanostructure of the prepared coatings. The surface rough-
ness was calculated using a Stylus profiler (Mitutoyo, SJ 210, Sakado, Japan). The water
contact angle (WCA) and sliding angle (SA) were measured on at least three places on the
samples using a contact angle meter (HO-IAD-CAM-01, Holmarc Opto-Mechatronics Pvt.
Ltd., Kochi, India). The average value of the WCA and SA of samples were noted. The
chemical composition of the coating was analyzed by X-ray photoelectron spectroscopy
(XPS, PHI Quantera-II, Tokyo, Japan). The mechanical stability of the coatings was exam-
ined using a water jet created by a syringe on the coating. The mechanical sustainability
of the coatings was evaluated further by an adhesive tape test and a sandpaper abrasion
test using commercial adhesive tape and sandpaper. The self-cleaning performance of
the coatings was observed by scattering fine particles of chalk as a dust contaminant onto
the coating.
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3. Results and Discussion

3.1. Surface Morphology, Roughness and Wettability of the Prepared Coatings

The surface micro/nanostructure has been given much attention in the definition of
the wetting property of the coating surface. Mostly, micro- and nano-scale hierarchical
surface structures with low surface energy are responsible for superhydrophobicity. The
surface morphologies of the prepared coatings was analyzed by SEM, and are given in
Figure 1a–f. The flake-shaped alumina nanoparticles formed during the hydrothermal
synthesis are visible in the SEM images [35]. The addition of PMHS and PS molecules to
the flake-shaped nanoparticles can form an aggregated micro–nano-sized random particles
during the deposition process. Moreover, the agglomerated particles provided micro-
and nano-sized hierarchical rough structures on the glass surface. The active Si-H bond
and methyl groups present in the PMHS were utilized in the surface modification of
hydrophilic alumina nanoparticles. The formation of a thin layer of hydrophobic PMHS
on Al2O3 would facilitate the enhancement of the hydrophobic property on the modified
Al2O3–PMHS surface. Radwan et al. reported that the mixture of PS and Al2O3 can
deliver the superhydrophobic property while forming three dimensional nanofibers by
an electrospinning technique [22]. PS nanofibers can display an excellent hydrophobic
property, which becomes superhydrophobic through the introduction of Al2O3 to the
PS due to the formation of a multiscale hierarchical rough structure [22]. Likewise, the
modification of PS with various hydrophobic agents can also develop a superhydrophobic
surface property [36–38]. As such, the addition of a PS solution to Al2O3–PMHS would also
help to form the multiscale hierarchical roughness by aggregation, as well as the formation
of closely packed particles on the coated substrate.

 

Figure 1. (a–c) Low-magnified and (d–f) high-magnified FE-SEM images of the AD-1, AD-2 and
AD-3 samples, respectively.

At two layers (AD-1) of deposition, the particles were agglomerated and uniformly
distributed on the glass surface, as shown in Figure 1a,d. The AD-1 coating showed a
surface roughness of 0.019 μm with WCA 120 ± 2◦, and a water drop becomes stuck on
the surface. The size of the agglomerated particles increased with increasing numbers of
layers, up to four (AD-2), resulting in a highly rough structure with a roughness value of
0.038 μm, which is similar to a Cassie-Baxter surface. The developed micro/nano-sized
rough structure of the coating is clearly seen in Figure 1b,e. In such a hierarchical surface
structure, air pockets are trapped; consequently, WCA increased to 171 ± 2◦, and water
drops roll off at an inclination angle of 3 ± 0.5◦. Based on the formation of a multiscale
micro-nano hierarchical structure as well as the formation of thin layer of low surface
energy hydrophobic PMHS, this provides an extreme superhydrophobic property on a
dip-coated substrate [39]. Further increasing the number of deposition layers to six, we
noticed that more agglomerated particles are formed on the glass surface, and the surface
roughness decreased partially to 0.034 μm (Figure 1c,f). At the same time, the six-layer
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coated sample also exhibited WCA 170 ± 2◦, with no changes in sliding angles. The
AD-3 coated substrate can also deliver good mechanical durability when it forms densely
packed particles on the coated surface, whereas the loosely packed particles on the surface
mean that it can easily come out from the substrate under adhesive tape peeling and
sandpaper abrasion tests [40]. As such, we further studied the effect of an AD-2-coated
superhydrophobic substrate for the rest of the studies, because at four layers of coating, the
fabricated substrate can exhibit the maximum contact angle, as well as a surface roughness
which was reduced by the further increase of coating layers. As such, considering the
practical point of view as well industrial applications, four layers of coating would be the
optimum in order to minimize the time consumption of the coated solution.

The typical photographs of Al2O3–PMHS–PS composite-coated substrates are shown
in Figure 2. A coated substrate has a translucent or opaque color due to the deposition
of white Al2O3 and PS on the glass substrate. The PMHS solution was transparent, and
its addition was helpful for a stronger adhesion of the composite coating the substrate.
The extreme superhydrophobic property of the AD-2 sample was confirmed by placing
water droplets on the coated substrate. Figure 2a shows spherical-shaped color-dyed water
drops, which explain the exceptional water-repellent behavior of the coated substrate. The
inset of Figure 2a reveals an optical image of the water drop (approximately 10 μL volume)
on a superhydrophobic AD-2 coating, which is obtained from a contact-angle meter. A
water drop rolled off when the substrate was inclined by nearly 3◦ with the help of the
stage of the contact-angle meter. Figure 2(c1–c3) shows the rolling action of a water drop
on a superhydrophobic coating. The water drops quickly rolled down from an inclined
surface, as shown in the inset of Figure 2(c3). The stability of the coating against running
water was checked using a water jet hitting test. The water jet was formed using a 10 mL
syringe, hitting a specific place on the coating for more than one minute (Figure 2b). The
continuous reflecting water jet from the superhydrophobic surface confirmed that the
prepared coating is highly stable. More results on the mechanical durability of the coating
are provided in Section 3.3. Unfortunately, we are unable to provide an alternative image to
showcase the sliding angle. Because of the extreme water repellent behavior of the coated
superhydrophobic surface, as well as the very low sliding angle, a droplet can easily run
away after contacting the substrate. Moreover, the inset image of c3 also clearly suggests
the non-adherence of the water droplet after the transportation of the water droplet from
the substrate. As such, we hope this image is enough to illustrate the low sliding angle and
extreme water-repellency of the superhydrophobic substrate.

 

Figure 2. (a) Photograph of the color-dyed water drops on the superhydrophobic AD–2 coating.
(b) The screenshot of the water jet hitting the superhydrophobic AD–2 coating. (c1–c3) The screen-
shots of the water droplet rolling on the superhydrophobic AD–2 coating.
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3.2. XPS Study

The surface elemental compositions of the prepared superhydrophobic Al2O3-PMHS-
PS composite AD-2 coating were analyzed using XPS studies (Figure 3a). Four peaks
were observed at 74.85 eV, 102.61 eV, 284.8 eV and 532.11 eV, and are related to Al2p, Si2p,
C1s, and O1s, respectively. The presence of Al, Si, C and O elements confirms that the
Al2O3-PMHS-PS composite exists on the glass substrate. In Al2p scan spectra (Figure 3b),
the peaks correspond to Al-O (74.6 eV) and Al-O-Si (75.5 eV) bonds. In Figure 3c, the Si2p
peak at 102.4 eV and 103.7 eV corresponds to the Si-O-Si and Si-O-Al bonds [41]. In the
O1s scan (Figure 3d), the highest peak is associated to Al-O-Si (532.7 eV) and Al-O-Al
(531.1 eV) bonds, corresponding to the PMHS chain and Al2O3 nanoparticles [42,43]. In
the high-resolution C1s XPS spectrum (Figure 3e), the BEs of 284.2 to 286.1 eV are related
C–C/C–H and C=O, respectively.

 

 
Figure 3. (a) XPS survey scan spectra of the superhydrophobic AD-2 coating. (b) Al2p peak, (c) Si2p
peak, (d) C1s peak, and (e) O1 peak, respectively.
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3.3. Mechanical Durability Tests

The mechanical durability of the prepared superhydrophobic coating is highly im-
portant for commercial applications. A fragile hierarchical structure of superhydrophobic
coatings can be ruined when exposed to outdoor applications. The preparation of a robust
superhydrophobic property is always a challenging issue because the superhydrophobic
surface property can be damaged under severe mechanical stress, as well as under hot
water or acidic and basic conditions. Several studies focused on improving the robustness
of superhydrophobic surfaces by introducing highly strong adhesives.

The adhesive tape peeling and sandpaper abrasion tests are the most commonly
used methods to evaluate the mechanical durability of superhydrophobic coatings [44]. A
Cello tape no.405 (adhesiveness 3.93 N/10 mm) was placed on the AD-2 coating, and a
metal disc of weight of 200 g was rolled on it to create good contact between the coating’s
surface and the tape. The tape was peeled off slowly from the coating’s surface to check
the adhesive tape peeling test performance, and this is considered one cycle of the tape-
peeling test [44]. The WCA was also measured after test to check wetting property of the
coating. The analysis of the WCA versus the number of tape peeling tests revealed that
the superhydrophobicity remained stable for up to five cycles of tape peeling. After seven
cycles, the WCA decreased to lower than ~140◦. A variation of the WCA with an increasing
number of tape-peeling cycles is shown in Figure 4a, and a photograph of the tape-peeling
test is shown in the inset of Figure 4a.

Figure 4. (a) An adhesive tape peeling test and (b) a sandpaper abrasion test on the AD-2 coating.

The AD-2 sample was placed on sandpaper of grit no. 400, then a 50 g weight was
loaded onto it, and subsequently the sample was rubbed with a speed of ~5 mm/s for 10 cm
(one cycle of the sandpaper abrasion test). A WCA was recorded after every sandpaper
abrasion cycle (Figure 4b). The experimental setup of the sandpaper abrasion test is shown
in the inset of Figure 4b. The WCA was reduced to ~162◦, and the SA slightly increased (7◦)
after the completion of three cycles of the sandpaper abrasion test. This result indicated
that the prepared coating is highly stable. After five abrasion cycles, the WCA decreased to
~150◦. Subsequently, at seven cycles, water drops start to spread on the coating surface, as
the composite material might have been removed by abrasion. A weak van der Waals force
of attraction and hydrogen bonding can occur between the Al2O3 and PMHS, whereas
the addition of PS to the Al2O3-PMHS suspension can have a hydrophobic–hydrophobic
interaction between the hydrophobic PMHS and PS. While coating Al2O3-PMHS-PS com-
posites onto a hydrophilic glass substrate, it would show a stronger interaction with the
hydrophilic Al2O3. At the same time, an aggregated hydrophobic micro–nano hierarchical
structure was observed on the surface, which produced a highly stable superhydrophobic
property on the coated substrate under the thermal curing at 100 ◦C. These results suggest
that the prepared Al2O3–PMHS–PS composite-coated substrate has excellent mechanical
durability and robustness, which are important for practical applications. The coated
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substrate can maintain the superhydrophobic property for up to 5 to 6 cycles of adhesive
tape peeling and sandpaper abrasion tests. We hope this mechanical durability is quite
enough for various applications. Most of the superhydrophobic coatings reported can
last less than five cycles of adhesive tape peeling and sandpaper abrasion tests [45–47].
As such, we hope that our coated substrate is better than the reported superhydrophobic
coatings. Of course, enhanced robustness with the maintenance of superhydrophobicity
and self-cleaning properties over 10 cycles of adhesive tape peeling and sandpaper abrasion
tests are particularly recommended for high-end product development.

3.4. Self-Cleaning Test

Self-cleaning is one of the most desirable properties of a superhydrophobic coating.
Such coatings can easily clean dust particles from their surface by the action of rolling
water drops or without external force. Figure 5a shows a spreading of fine particles of
colored chalk that are randomly scattered on the prepared superhydrophobic AD-2 coating,
which was kept at an inclination angle nearly 10◦. When a water shower produced by
the syringe was sprinkled on this coating surface, owing to the highly water repellent
property, the water drops rolled down the surface by collecting dust particles from the
coating’s surface (Figure 5b). Figure 5c illustrates that rolling water drops completely
remove dust particles from the superhydrophobic surface, supporting the excellent self-
cleaning property of the Al2O3–PMHS–PS composite coating. The superhydrophobic and
self-cleaning properties are retained on the coated substrate by repeated wetting, and are
also more durable in nature.

 

Figure 5. Self-cleaning performance of the prepared superhydrophobic AD-2 coating. (a) Dust particles on the superhy-
drophobic coating, (b) water drops carrying the dust particles, and (c) the cleaned surface.

4. Conclusions

We demonstrated a facile dip-coating method for the fabrication of a stable super-
hydrophobic coating. A stable superhydrophobic surface was achieved by the four-time
dip coating of an Al2O3-PHMS-PS composite onto a glass substrate. The coated substrate
presented a WCA ~171◦ and an SA ~3◦. SEM micrographs of the coating showed flake-
shaped alumina particles which were agglomerated and formed a rough microstructure.
The XPS analysis revealed the co-existence of Al2O3, PHMS, and PS on the surface. The
durability tests—such as the water jet impact, adhesive tape, and sandpaper abrasion test—
displayed the high mechanical stability of the coating. In addition, the superhydrophobic
Al2O3-PHMS-PS composite coating revealed excellent self-cleaning performance. The
overall results suggest that the prepared Al2O3-PHMS-PS composite coating can be used
to develop excellent superhydrophobic surfaces which might be potentially useful for
various applications.
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Abstract: Superhydrophobic surfaces possess low mechanical strength, and can be easily contam-
inated by fluids with low surface tension, such as oil; this hinders their practical applications. In
this study, fluorinated epoxy was prepared through the thiol-ene click reaction at first. The superhy-
drophobic surface with high oil-repellency was prepared by the addition of unmodified nano-SiO2

and micron-SiO2 to the fluorinated epoxy. The effect of the ratio of micro- and nano-silica particles
on the morphology and wettability of the coating was investigated. It was shown that a re-entrant
structure appears and FEP-S coating has good liquid repellency when the amounts of nano-SiO2

and micro-SiO2 are equal. The contact angles of the FEP-S coating (coating with the best liquid
repellent performance) for water, glycerol, ethylene glycol, and diiodomethane were 158.6◦ ± 1.1◦,
152.4◦ ± 0.9◦, 153.4◦ ± 1.3◦, and 140.7◦ ± 0.9◦, respectively. In addition, the superhydrophobic
coatings possess excellent mechanical and chemical durability, excellent performance in self-cleaning,
corrosion resistance, and anti-icing properties. The preparation method of superhydrophobic coat-
ing is relatively simple; therefore, it has a wide range of applications and can also be applied to
various substrates.

Keywords: superhydrophobic; oleophobic; click chemistry; silica; fluorinated epoxy

1. Introduction

The superhydrophobic surface is a surface where the water contact angle is greater
than 150◦ and the contact angle hysteresis is lower than 10◦. Superhydrophobic surfaces
have wide applications in self-cleaning [1], antifouling [2], anti-icing [3,4], anti-corrosion [5,6],
oil transfer, and oil-water separation [7,8]. Extensive literature is available related to the
preparation of superhydrophobic surfaces. However, in practical applications, the superhy-
drophobic surfaces inevitably encounter some problems. After contact with organic liquids
with low surface tension, and even fingerprints, the surface will lose their superhydropho-
bicity. Therefore, superhydrophobic surfaces which can repel both water and oil have more
practical applications as compared with ordinary superhydrophobic surfaces.

However, superoleophobic surfaces have low surface energy and their manufacturing
is difficult than that of ordinary superhydrophobic surfaces. In addition, superoleophobic
surfaces possess more delicate structures, such as re-entrant structures. The superoleopho-
bic surfaces can repel fluids with low surface tension when the droplet is in the Cassie-
Baxter state. Since Tuteja et al. [9] developed a superoleophobic surface by introducing
re-entrant features in 2007, several researchers have investigated the superoleophobic
surfaces by designing a hierarchical structure similar to a re-entrant structure (e.g., hang-
ing structure [10,11], inverted trapezoid structure [12,13], mushroom shape [8,14], flower
shape [15–17], bowstring shape [18], nano-filament [19,20] and candle soot [21]). However,
re-entrant structures are more delicate than simple hierarchical structures, which are diffi-
cult to manufacture and require complex techniques and expensive equipment, for example,
electrospinning [22,23], lithography [24,25], templating [21,26], laser ablation [27–29], an-
odic oxidation [30,31], vapor deposition [2,32], plasma etching [33–35], and other combina-

Coatings 2021, 11, 663. https://doi.org/10.3390/coatings11060663 https://www.mdpi.com/journal/coatings

13



Coatings 2021, 11, 663

tional approaches. Owing to the structural requirements and limitations of the professional
equipment of the superoleophobic coating, it is more practical to fabricate a superhydropho-
bic and oleophobic coating by a simple method. In fact, the spray-coating or drop-coating
method, which is based on an adhesive (e.g., Epoxy [36,37], polyurethane [38], inorganic
adhesive [39] and 3M glue [14]) and nanoparticles (e.g., SiO2 [40], TiO2 [14] and ZnO [17]),
is simple and economical for the fabrication of superhydrophobic and oleophobic coatings.

Xiong et al. [40] synthesized two block copolymers by anionic polymerization, poly
[3-(triisopropyloxysilyl)propyl methacrylate]-block-poly(perfluorooctylethyl methacrylate)
(PIPSMA-b-PFOEMA) and poly(tert-butyl acrylate) (PIPSMA-b-PtBA), which were grafted
onto SiO2 through the Stober method in the presence of HCl. The as-prepared bi-functional
silica solution was drop-casted onto epoxy glue (first coated on a glass slide). The coating
can repel water and oil with good adhesive strength. However, the synthesis of two block
copolymers and bi-functional silica particles is complex.

Wang et al. [36] added nano-silica and carbon nanotubes to epoxy resin (EP)/modified
poly (vinylidene fluoride) (MPVDF)/fluorinated ethylene propylene (FEP) composite, and
obtained a superamphiphobic coating with a high wear life and corrosion resistance.

Su et al. [41] first obtained modified micron- and nano-silica by grafting epoxy resin,
and then sprayed these on the glass slides in turn with a spray gun. The coating was
superhydrophobic. The preparation and curing time of the coating were long.

Li et al. [37] prepared fluorinated nano-SiO2 particles by the sol-gel method and used
these as a sheath with a core of epoxy solution to prepare a superamphiphobic coating by a
coaxial electrospray method. However, the wear resistance of the coating was low.

Zhang et al. [42] applied bisphenol A diglycidyl ether (BADGE) epoxy resin and
unmodified multi-walled carbon nanotubes (MWCNTs) to establish a superhydrophobic
coating, which exhibited good mechanical durability and anti-icing performance.

Xiu et al. [43] mixed silica particles (100 nm) and bisphenol A diglycidyl ether,
hexahydro-4-methylphthalic anhydride, and imidazole in toluene and coated the dis-
persion on a glass slide, which was then cured for 4 h at 150 ◦C. The epoxy was etched
away and silica nanoparticles were exposed on the surface by plasma etching. The coating
was then dipped in perfluorinated octyl trichlorosilane (PFOS) to form a superhydropho-
bic surface.

Han et al. [44] prepared raspberry-like hollow SnO2 nanoparticles by a hydrothermal
method and modified it with 1H, 1H, 2H, 2H-Perfluorodecyltriethoxysilane (FAS17). The
modified SnO2 and SiO2 were added to the epoxy to obtain a robust superamphiphobic
coating with good stability.

Peng et al. [45] first sprayed epoxy resin on the matrix as an adhesive, and then zinc
oxide and silica particle solution were coated on the surface to construct a rough surface.
The surface was wear-resistant and superamphiphobic.

Aslanidou et al. [46] have prepared a water soluble siloxane emulsion enriched with sil-
ica nanoparticles (7 nm) and sprayed it on the surface of marble and sandstone. The coating
is superhydrophobicity and superoleophobicity. It was shown that when the nanoparticle
concentration is 2% w/w, the coating has best superhydrophobicity and superoleophobicity.

From the aforementioned discussion, there are two procedures to prepare the coat-
ing by “glue + particles”. One is to spray the mixture of particles and glue, which can
improve the adhesive strength of the coating; however, it is difficult to achieve oleopho-
bic properties because the particles are covered with the glue. The other method is to
coat the particle solution on the surface of the glue. The exposed particles can easily
fall owing to the low adhesive strength. In this study, we aimed to prepare a super-
hydrophobic and oleophobic coating using a mixture of particles and glue. To achieve
oleophobic performance, a novel fluorinated epoxy, which can provide both good adhesion
and strong liquid repellency, was employed as the glue. The synthesis of fluorinated
epoxy containing epoxy groups and long perfluoroalkyl chains was based on the modified
Zhang’s method [1,47,48]. This novel fluorinated epoxy was prepared by introducing
1H, 1H, 2H, 2H-perfluorodecyl acrylate (PFDA), and glycidyl methacrylate (GMA) into

14



Coatings 2021, 11, 663

pentaerythritol tetra (3-mercaptopropionate) (PETMP) via a simple and fast thiol-ene click
reaction. By adding micro- and nano-silica particles to fluorinated epoxy and adjusting
their proportions, we obtained a superhydrophobic and oleophobic coating with different
micro/nanostructures and different liquid repellent properties.

2. Materials and Methods

2.1. Materials

Acetone (99.5%) was purchased from General-Reagent; PFDA was obtained from
Adamas-beta. GMA and PETMP were supplied by Aladdin; 2-methylimidazole (GC),
2, 2-bimethoxy-2-phenylacetophenone (DMPA), micron silicon dioxide (W-180, with an
average particle size of 2 μm), and nano silicon dioxide (S861577, with an average particle
size of 20 nm) were sourced from Macklin.

2.2. Preparation of Fluorinated Epoxy

Fluorinated epoxy was fabricated by a modified method of Zhang et al. [1,47,48]. We
applied thiol-ene click chemistry reaction (Figure 1) to prepare fluorinated epoxy as follows:
0.3 mol GMA, 0.1 mol PETMP and 0.1 mol PFDA were mixed in acetone, and then the
mixture was treated by ultrasonic for 10 min before adding 0.001 mol DMPA. The solution
was exposed to ultraviolet radiation (365 nm, 300 W) for 1 h at 25 ◦C.

Figure 1. Scheme for preparation of fluorinated epoxy via thiol-ene click method.

2.3. Preparation of Micro/Nano-Silica Coatings by Spray-Coating Approach

The procedure for the preparation of the coating is shown in Figure 2. First, nano-
and micron-SiO2 particles with mass ratios of 0:1, 1:0, 2:1, 1:2, and 1:1 were ultrasonically
dispersed in 3 g of fluorinated epoxy (50 wt% in acetone solution) for 20 min. Subsequently,
five as-prepared solutions were added to 15 mg GC and magnetically ultrasonicated for
20 min at 25 ◦C. Solutions with five different ratios were obtained (0:1, 1:0, 2:1, 1:2, and 1:1)
and marked as S1, S2, S3, S4, and S5, respectively.
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Figure 2. Scheme for preparation of coating by spraying.

Before spray coating, all glasses and aluminum foil were placed in deionized water and
ethanol for ultrasonic cleaning and then blow-dried in air. Subsequently, the as-prepared
solution was sprayed onto the slides or aluminum foil by a spray gun with a nozzle
diameter of 0.5 mm and 0.3 MPa compressed air (Youlun S-131, Master airbrush). The
operating air was controlled by an airbrush compressor (Lotus T-300K), and the distance
between the airbrush and the substrate was set at approximately 15 cm. The coated slides
were placed on a heating platform at 80 ◦C for 5 min to remove the solute and then placed
in an oven at 120 ◦C for 2 h.

We named the coating with the best liquid repellent performance as FEP-S (with
solution S5). In order to understand the comprehensive property of FEP-S, the surface
chemical composition, mechanical and chemical stability and self-cleaning properties and
anti-icing performance were also evaluated.

2.4. Analysis and Testing Methods

• Abrasion test

Sandpaper (600 grid) and a standard weight (100 g) were used to abrade FEP-S coating
at a pressure of 1 kPa. The sandpaper was placed on a horizontal surface and the coating
was placed on the sandpaper. A weight was placed on the back of the coating, and the
coating was slid along the ruler at 1 cm/s on the sandpaper surface, 10 cm to the right, and
10 cm to the left for a cycle test. We measured the CA of FEP-S coating for the four liquids
after every 10 cycles.

• Cross cut adhesion test

With a cross-hatch cutter (BEVS2202, 2 mm), as per the Chinese National Standard
(GB/T 9286-1998), a lattice pattern was cut with equidistant spacing on the coating surface,
and commercial cellophane tape was applied over the lattice for 5 min and then peeled off.

The adhesion level of the coating, as obtained from GB/T 9286-1998, is presented
in Table 1.

• Chemical stability test

Water droplets with different pH values ranging from 1 to 14 were placed on the
surface of the superhydrophobic coating to test the chemical stability.

The chemical stability of the FEP-S coating was further tested by immersing the
samples in a strong acid (HCl, pH = 1) or basic solution (NaOH, pH = 14) at 25 ◦C for 1 h.
The sample was then rinsed with distilled water for 3 min, and oven-dried at 80 ◦C for
10 min. Subsequently, the WCAs of the samples were recorded.
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Table 1. Adhesion level of cross-cut method.

Adhesion Level Description Percent (%) Area Removed

0
The edges of the square are

completely smooth, none of the
squares of the lattice are detached

0%

1
Small flakes of the coating are

detached at intersections, and less
than 5% of the area is affected

<5%

2
Small flakes of the coating are

detached along edges and at the
intersections of cuts

5–15%

3 The coating has flaked along the
edges and on parts of the squares 15–35%

4
The coating has flaked along the

edges of the cuts in large ribbons and
whole squares have detached

35–65%

5 Severe flaking and detachment across
entire square >65%

• Self-cleaning test

A self-cleaning test was conducted using carbon black powder and CuSO4 powder as
contaminants on the surface of the FEP-S coating. Water droplets were dripped onto the
coated glass through a disposable dropper.

The repellent properties of the FEP-S coating were tested by immersing the samples in
common liquids that are used in daily life (e.g., water, coffee, cola, juice, tea, and soybean
milk) for 5 min, and then taken out to observe the surface.

• Anti-icing test

The ice delay property of the FEP-S coating was tested by dropping water (~0.05 mL)
on the original glass slide and the coated glass slide, and these slides were placed in a
freezer at −18 ◦C. The slides were taken out after every 30 s to observe the state of the
water droplets.

Dynamic anti-icing of the coating was also performed in the freezer at −18 ◦C. Bare
glass and coated glass slides were placed in the freezer for 24 h, and a few drops of water
at 0 ◦C were dropped on the coating to observe the state of droplets falling on the coating.

• Other characterization

The FEP-S coating used in the SEM, EDS and XPS tests is based on an aluminum
foil substrate, and the other characterizations are based on a glass slide substrate. The
morphology (SEM photograph) and the element distribution of the coating was studied by
field emission scanning electron microscopy (FE-SEM, S-4800, Hitachi, Japan) equipped
with energy dispersive spectroscopy (EDS mapping). The sample was attached to a
conductive adhesive and sprayed with gold. The acceleration voltage of the instrument
was 10–20 kV.

The content and distribution of the surface elements of FEP-S were characterized by X-
ray photoelectron spectroscopy (XPS, Thermo Scientific Escalab 250Xi, Massachusetts, MA,
USA). Before XPS test, FEP-S coating was placed in a vacuum oven at 80 ◦C for 12 h. The
contact angles (CAs) of the different liquids on the coating were measured using the contact
angle tester (JC 2000D2, Zhongchen, China) at 25 ◦C. All CA values were determined by
averaging the values at five different points on each sample surface.

The sliding angles (SAs) were measured with a contact angle system (Kruss DSA 100S,
Hamburg, Germany).

IR data of fluorinated epoxy and a mixture of PFDA, GMA and PETMP were obtained
by Fourier transform infrared spectrometer (Nicolet 6700, Thermo Fisher, Waltham, MA,
USA) operating over the frequency range of 4000–500 cm−1. The samples were prepared
via potassium bromide tableting.
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Proton nuclear magnetic resonance (1H-NMR) spectra were obtained using a III-400
NMR spectrometer (Bruker Avance, Zurich, Switzerland), and deuterated chloroform was
used as the solvent. TMS was used as the internal standard.

3. Results and Discussion

3.1. Preparation and Characterization of Fluorinated Epoxy

Fluorinated epoxy was manufactured by a thiol-ene click reaction as proposed by
Zhang [1,47,48]. The radical reaction is rapid and has no byproducts.

The chemical structure of the fluorinated epoxy was characterized by Fourier trans-
form infrared spectroscopy (FT-IR) and proton nuclear magnetic resonance (1H-NMR). The
comparison of typical IR spectra of the reactants (mixture of PETMP, GMA, and PFDA) and
products (fluorinated epoxy) are presented in Figure 3. Absorption peaks of epoxy groups
could be observed in both reactants and products, with wavelengths of 937 cm−1 and 906
cm−1, respectively. The epoxy absorption peak was introduced into fluorinated epoxy by
GMA, which can be cured and cross-linked under the action of a curing agent (GC) to
achieve high bonding strength with the substrate. The absorption peaks at wavelengths of
1730 cm−1 for the reactants and products were the stretching vibration peaks of C=O, the
absorption peak was due to the ester group present in the three reactants, and did not dis-
appear after the clicking reaction. The absorption peaks of -CF2 also presented in reactant
and product, at wavelengths of 1148 cm−1 and 1204 cm−1 respectively. Compared with the
reactants, the peak of C=C at 1636 cm−1 and the peak of -SH at 2585 cm−1 disappeared in
the product owing to completion of reaction of -SH with C=C to form a -CS bond, which
also led to an increase in the -CH peak around 2918 cm−1 in the product.

Figure 3. FT-IR spectra of the reactants (mixture of PFDA, GMA and PETMP) and product (fluori-
nated epoxy).

Figure 4 shows the 1H-NMR spectra of the reactants (tmixture of PETMP, GMA, and
PFDA) and the products (fluorinated epoxy).
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Figure 4. 1H-NMR spectra of the reactants (mixture of PFDA, GMA and PETMP) and product
(fluorinated epoxy).

Vinyl terminal signals in GMA and PFDA were observed at 5.7–6.4 ppm in the 1 H-
NMR spectra of the reactants. After the thiol-ene click reaction, the signal at 5.7–6.4 ppm
disappeared, and the peak intensity of the methylene proton was enhanced at 2.6–2.8 ppm.
In addition, the signal quantification of the methyl proton observed at 1.9 ppm adjacent to
the GMA terminal double bond shifted to 1.2 ppm [47] owing to the change in chemical
state of the methyl proton. The aforementioned observations prove that PETMP was
successfully modified by GMA and PFDA to form the expected structure.

Although the molar ratio of GMA, PETMP and PFDA was 3:1:1, the four -SH groups
on PETMP had the same probability of reacting with GMA and PFDA. Therefore, it is
assumed that the case of four SH groups on PETMP reacting with GMA was C0

4, the case
of four SH groups on PETMP reacting with PFDA was C4

4, the case of one SH group on
PETMP reacting with GMA and three SH reacting with PFDA was C1

4, the case of one
SH group on PETMP reacting with PFDA and three SH reacting with GMA was C3

4, the
case of two SH group reacting with PFDA and two SH reacting with GMA was C2

4. Thus
there were C0

4 + C1
4 + C2

4 + C3
4 + C4

4 cases in total. Therefore, the branched structure of
fluorinated epoxy consisted of A2B2 (A is the group of PFDA in the fluorinated epoxy,
and B is the group of GMA in the fluorinated epoxy), A1B3, A3B1, A0B4, and A4B0 types
that yielded 37.5%, 25.0%, 25.0%, 6.25%, and 6.25%, respectively, as per the mathematical
calculations. The content of A2B2, A1B3, A3B1, A0B4 and A4B0 were calculated as follows.

C2
4/

(
C0

4 + C1
4 + C2

4 + C3
4 + C4

4

)
= 37.5%, (A2B2)

C1
4/

(
C0

4 + C1
4 + C2

4 + C3
4 + C4

4

)
= 25%, (A1B3)

C3
4/

(
C0

4 + C1
4 + C2

4 + C3
4 + C4

4

)
= 25%, (A3B1)

C0
4/

(
C0

4 + C1
4 + C2

4 + C3
4 + C4

4

)
= 6.25%, (A0B4)

C4
4/

(
C0

4 + C1
4 + C2

4 + C3
4 + C4

4

)
= 6.25%, (A4B0)

(1)

As the molecule synthesized by the thiol-ene click reaction of PETMP and GMA con-
tains both epoxy groups and long perfluoroalkyl chains, it had significant adhesion strength
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with the matrix, and also made the coating itself hydrophobic (WCA was approximately
105.3 ± 0.7◦).

3.2. Wetting Behavior and Mechanical Durability of the Coating

As the epoxy groups in fluorinated epoxies can react with Si–OH on silica and GC, the
coating had a good bonding strength with the substrate and high mechanical durability.
The composite system of micro-SiO2 and nano-SiO2 particles in the coating can improved
the roughness of the surface, and the appropriate proportion of micro and nanoparticles
can form a special re-entrant structure, which was the key for the establishment of a
superhydrophobic and oleophobic coating.

The wetting behavior of the coatings were evaluated by measuring the CAs for
both low- and high-surface-tension liquids, including water, glycerin, glycol, and di-
iodomethane. The results are shown in Table 2 and Figure 5g. When the total amount of
fixed silica was 10% of the mass of fluorinated epoxy, the mass ratio of nano- and micron-
silica showed a significant effect on the repellant properties for different liquids. By the
addition of micron silica into the fluorinated epoxy, the liquid repellency of the coating was
poor, and WCA of coating was only 123.4 ± 2.3◦. With an increase of nano silica content
in the silica particles, the CA of the coating for four liquids increased significantly. That
is because the addition of nano particles could change the micro/nanostructure of the
coating. When the amounts of nano-SiO2 and micron-SiO2 were equal (5 wt% nano-silica
and 5 wt% micro-silica of fluorinated epoxy), the CA of the coating for four liquids reached
the maximum value, and we named this coating with the best liquid repellent performance
as FEP-S. Figure 5a–d shows the state of different liquids on the FEP-S coating, including
water droplet (72.8 mN·m−1), glycerol (64.0 mN·m−1), ethylene glycol (47.7 mN·m−1)
and diiodomethane (50.8 mN·m−1). The liquid droplets could easily roll on the sloping
surface. The SAs of the different liquids are listed in Table 3. With further increase in
nano-SiO2, agglomeration of nano-SiO2 appeared, indicating that the nano-SiO2 could not
be uniformly dispersed on the surface of micron-SiO2 to form a re-entrant structure, and
the CA for four liquids decreased at the same time. In the presence of only nano-SiO2, the
liquid repellent property of the coating surface was similar to that of only micron-SiO2,
and the superhydrophobic effect was not achieved. In Section 3.3, we will further discuss
the effect of the proportion of micro/nano particles on the structure and liquid repellency
of the coating.

Table 2. CAs for different liquids of fluorinated epoxy coatings with different proportions of
micro/nano-silica.

CAs (◦) Water Glycerol Glycol Diiodomethane

micro:nano = 1:0 123.4 ± 2.3 105.8 ± 1.4 127.3 ± 1.1 113.6 ± 1.3
micro:nano = 2:1 135.3 ± 0.8 110.4 ± 1.3 128.6 ± 1.5 118.5 ± 2.1
micro:nano = 1:1 158.6 ± 1.1 140.7 ± 0.9 152.4 ± 0.9 153.4 ± 1.3
micro:nano = 1:2 125.2 ± 1.5 120.5 ± 1.5 132.7 ± 1.4 120.8 ± 1.8
micro:nano = 0:1 120.7 ± 2.7 114.4 ± 1.8 118.5 ± 1.7 108.5 ± 2.4

Table 3. SAs for different liquids of FEP-S coatings (proportions of micro/nano-silica is 1:1).

SAs (◦) Water Glycerol Glycol Diiodomethane

FEP-S 8.6 ± 1.1 14.6 ± 1.2 18.4 ± 1.5 17.5 ± 1.4
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Figure 5. CAs of FEP-S slide for (a) water (b) diiodomethane (c) glycerol and (d) ethylene glycol (e,f) droplets of different
liquids on FEP-S slide (g) CA for different liquids of coatings with different proportions of micro/nano-silica.

Durability is an important factor affecting the application of superhydrophobic mate-
rials. In particular, mechanical friction will lead to the damage of micro/nanostructures
on the surface, and even slight scraping will cause function failure and loss of superhy-
drophobicity. Various methods are used to assess wear resistance, including sandpaper
wear tests, sand/water impact, knife scraping, and tape stripping tests. In this study, the
most extensive sandpaper wear test and a cross cut test were employed to evaluate the
wear resistance and adhesion of the coating, respectively.

To investigate the effect of the proportion of micron- and nano-silicon on the adhesion
of the coating, five coatings with different proportions of micron- and nano-silica (the mass
ratio of silica particles was constant, and it was 10 wt% of fluorinated epoxy) was tested
using a cross cut test. It was observed that the adhesion of all the five coatings was at level
0, indicating no falling-off of any grid or intersection, and the surface was perfect after
cross cutting. In addition, when the silica particles was 10 wt% of the proportion of the
fluorinated epoxy, silica particles could evenly disperse and cross-link with the fluorinated
epoxy. When the fluorinated epoxy was completely cured in the presence of GC, the silica
and fluorinated epoxy composite system exhibited a significant adhesion strength with
the substrate.

The mass ratio of silica particles and fluorinated epoxy has an influence on the adhe-
sion strength. In this study, the adhesive strength of the coating with different amounts of
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silica particles (including micro and nano silicon, and the ratio of nano-silica and micron
silica is 1:1) was explored. Consequently, when silica particles reached 10% of the mass
of fluorinated epoxy (FEP-S coating), the adhesion strength of the coating was at grade 0
(the optimal level). When silica particles were 20% of the fluorinated epoxy, the adhesion
strength of the coating was insignificant. Meanwhile, the bumps of silica on the coating
surface could be easily taped off. The damaged area was 5% or less, and the adhesion was
at level 1. When the amount of silica particles reached 30% of the mass of the fluorinated
epoxy, the silica particles aggregated. The bumps of silica on the coating surface were
evident, and the particles on the intersection of the grid edge were observed, which could
be easily removed. The total damaged area was less than 15%, and its adhesion grade
was 2.

Here, an FEP-S coating with the best liquid repellent performance was selected to test
the wear resistance. The operational steps are shown in Figure 6a. A 600 mesh sandpaper
was placed on a horizontal surface, and the coating was placed on the sandpaper to make
the better contact of coating with the sandpaper. A 100 g weight was placed on the back of
the coating, and the coating was slide along the ruler at 1 cm/s on the sandpaper surface,
10 cm toward the right and 10 cm toward the left for a cycle test. The CA of four liquids
was measured after every 10 cycles, as shown in Figure 6c. The liquid repellent property of
the coating to the four liquids decreased with an increase in the friction. This is because
the micro/nanostructures on the surface of the coating were slightly destroyed after the
sandpaper test, resulting in the loss of the rough structure. After 50 wear cycles, the
coating still exhibited superhydrophobic ability, indicating that the WCA was still greater
than 150.0◦.

Figure 6. Image of the FEP-S coating (a) before and (b) after sandpaper abrasion at 10 m, (c) CA of
four liquids changes of the FEP-S with sandpaper abrasion cycles.
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As the thickness had a certain influence on the mechanical stability of the coating,
especially on the abrasion resistance, the thickness of the FEP-S coating before and after
sandpaper abrasion at 10 m was measured by SEM.

Figure 7a shows a cross-sectional SEM image of the FEP-S coating, and the thickness
of FEP-S was approximately 110.7 μm, which was higher than the superhydrophobic or su-
peroleophobic coatings (50–100 μm) prepared by the spray method in the literature [49,50].
From the SEM images (Figure 7b) after abrasion at a distance of 10 m, the thickness of
FEP-S coating was down to 35.6 μm, and the substrate surface was fully covered by the
superhydrophobic coating. The large thickness of the FEP-S coating was one of the reasons
for its good mechanical properties.

 
Figure 7. Cross-sectional SEM image of FEP-S coating (a) before and (b) after sandpaper abrasion at 10 m.

3.3. Surface Chemical Composition and Morphology

Figure 8(a1–e1) are the SEM images of S1–S5 coatings at 500× magnification,
Figure 8(a2–e2) show the SEM images of S1–S5 coatings at 20,000× magnification, and
Figure 8(f1,f2) show the SEM images of S5 at 35,000× and 60,000× magnifications. It can
be observed that the particles on the five coatings were uniformly coated by fluorinated
epoxy resin, and different micro/nanostructures are seen. Figure 8a shows that the surface
of S1 coating (pure micron silica) was relatively flat, and nanoscale-bulges are not evident.
From Figure 5g, the WCA of S1 coating was only 123.4◦. Thus, the structure of S1 coating
did not lead to the appearance of superhydrophobicity. In Figure 8b (pure nano-silica), the
scale of the silica bump on the coating was approximately 2–30 μm, and the micronipples
in the figure are marked by red circles. It can be seen that the degree of roughness of the
coating was greater than that of pure micron silica. However, no nanoscale bulges were
observed on the surface, because the agglomeration of nanoparticles coated with fluori-
nated epoxy forms a micron-scale structure, which had fewer nanoscale convex structures.
As shown in Figure 8c (the ratio of nanoparticles to micron particles was 2:1), the surface
morphology was similar to that in Figure 8b, but the size of micronipples was reduced and
the distribution was more uniform, because the introduction of micron silica helped the
dispersion of nano-silica. However, the introduction of a small amount of micron silica
still failed to solve the problem of agglomeration of nano-silica particles, which is still
unable to form nanoscale protrusion structures. When the ratio of nanoparticles to micron
particles was 1:2, nano-silica particles were more evenly distributed on the micronipples
and formed a nanoparticle bump (marked with a red circle in Figure 8d) at the same time.
The results show that when the amount of micron silica was larger than that of nano-silica,
the micro/nanostructure was formed on the surface, but the air gap structure that was
formed could not retain the drop in the Cassie–Baxter state. Therefore, the liquid repellent
performance of the coating at this ratio of micron/nano-silica was not the best. Figure 8e
shows the SEM image of the coating surface (the ratio of nanoparticles to micron particles
was 1:1); it is clear that the coating had a relatively uniform nanoscale roughness, and
micron particles and aggregates also existed. In this case, the coating exhibited the best
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superhydrophobic and oleophobic properties. Figure 8f shows an enlarged image of S5 coat-
ing. Micronipples from nanoscale particle aggregates (diameters in the range of 0.5–1 μm)
and nanoparticle bumps (diameters of ~50 nm) appeared, and we could see a large air gap
between the micronipples. This structure was the same as the re-entrant structure, which
allowed air to exist beneath the liquid droplet and causes the low-surface-tension droplet
to remain Cassie–Baxter state on the surface. This forms the basis for repellency to water
and low-surface-tension liquids, such as ethylene glycol.

 

Figure 8. SEM image of fluorinated epoxy coating with different proportions of micro- and nano-silica (The mass ratio of
nano-silica and micro-silica particles: (a1,a2) 0:1, (b1,b2) 1:0, (c1,c2) 2:1, (d1,d2) 1:2, (e1,e2) 1:1 and (f1,f2) 1:1 energy-dispersive
X-ray spectroscopy (EDS) and X-ray photoelectron spectroscopy (XPS) were used to analyze the chemical composition of the
FEP-S coating. C, O, F, and Si were detected in the EDS mapping shown in Figure 9; all elements were uniformly distributed.

Figure 9g shows the XPS spectrum in which some peaks corresponding to C1s
(291.3 eV), O1s (532.2 eV), F1s (688.3 eV), and Si2p (101.8 eV) are presented. Figure 9e
presents the high-resolution spectrum of C1s; the CF2 (291.3 eV), CF2−CH2 (288.4 eV), C=O
(288.9 eV), C-O/C-N and C-S (286.2 eV), and C-C/C-H (284.7 eV) peaks were detected.
The absence of the peak of CF3 in the high-resolution spectrum of C1s may be owing to
the fact that CF2 groups were mainly in the long perfluoroalkyl chains. Figure 9f shows
the high-resolution spectrum of F1s, in which three fitting peaks could be assigned to
CF3 (689.3 eV), CF2 (688.1 eV), and CF2−CH2 (686.9 eV), indicating the presence of a low
surface energy -CF3 group on the coating surface.

It can be seen from XPS that the amount of element F on the surface of the aluminum
foil was only 11.9%, and it primarily existed in the form of CF2 and CF3 on the surface
of the sample (located at 291.3 eV). This is because the long perfluoroalkyl chains on the
PFDA molecule were grafted to the fluorinated epoxy molecule. The nano- and micron-
silica were not treated with fluorosilane, so the fluorine content on the surface was low,
which indicates that the properties of superhydrophobic and oleophobic of the coating was
provided by the micro/nano rough structure on the surface and the low surface energy of
fluorinated epoxy. Meanwhile, the Si content on the surface of the coating was only 2.64%,
which means that the fluorinated epoxy covered most of the surface of the coating, so the
coating exhibited good adhesion strength and wear resistance.

3.4. Chemical Stability

Corrosion resistance is an important property of superhydrophobic coating, which
determines whether the coating can be applied in acidic or alkaline environment. Therefore,
we characterized the chemical stability of the coating by two methods. Water droplets with
pH values of 1–14 were placed on the surface of the FEP-S coating to test the chemical
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stability of the coating (as shown in Figure 10). Results show that droplets rolled on the
coating without sticking. This indicates that the coating had strong repellent ability toward
distilled water as well as a corrosive solution.

Figure 9. (a–d) EDS mapping, (e) high-resolution C1s spectra, (f) high-resolution F1s spectra and (g)
XPS survey spectra of FEP-S coating.
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Figure 10. Shape of different pH solution droplets on FEP-S coating.

For further evaluation, chemical corrosion resistance of FEP-S in strong acidic and
alkaline environments, the coating was placed in 1 mol/L hydrochloric acid and sodium
hydroxide for 1 h, and then taken out, washed with distilled water for 3 min, and dried
in an oven at 80 ◦C for 10 min. The CAs of FEP-S for water, glycerol, diiodimethane, and
ethylene glycol are listed in Table 4.

Table 4. CA of FEP-S for different liquids after immersion in HCl and NaOH solution for 1 h.

CAs (◦) Water Glycerol Diiodomethane Glycol

1M HCl 158.4 ± 0.8 152.5 ± 0.7 135.3 ± 1.1 147.5 ± 0.9
1M NaOH 157.6 ± 0.7 153.7 ± 0.6 136.4 ± 0.9 148.6 ± 1.2

As can be seen from Table 4, the FEP-S coating was still superhydrophobic after
immersion in strong acid and alkali for 1 h. The WCA was approximately 158.0◦, and the
CA for glycerol is more than 150.0◦. Meanwhile, the CAs for diiodide and ethylene glycol
was still very high. The as-prepared FEP-S coating had excellent chemical stability and
good acid and alkali resistance. This can be attributed to the long perfluoroalkyl chains on
the FEP-S coating, silica, and the epoxy itself.

3.5. Self-Cleaning Properties

Lotus leaves have a natural superhydrophobic surface and good self-cleaning ability.
The rolling of water droplets on the lotus leaves automatically carried away dust and kept
the surface clean. An oil-free superhydrophobic surface can prevent the surface damage
caused by oil to maintain self-cleaning ability for a long time. Figure 11 shows the repellent
properties of the coating for common liquids, including orange juice, soy milk, black tea,
coffee, cola, and milk. The FEP-S coating was immersed in these solutions for 5 min, and
no liquid drops were found on the glass sheet, indicating that the coating was difficult to
be polluted by common liquids in daily life.

 

Figure 11. Repellent properties of the FEP-S coatings for common liquids.
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We used carbon black powder insoluble in water (which is harder to be cleaned than
general dusts) and CuSO4 powder soluble in water as pollutant to test the self-cleaning
performance of the FEP-S coating. First, CuSO4 powder and carbon black powder were
evenly distributed over the surface as shown in Figure 12. Subsequently, water was
dropped on the surface. It can be observed that pollutants easily rolled away from the
surface along with the rolling of water droplets. The surface polluted by dust was cleaned
in a short time, presenting the same clean surface state as before. Thus, in practical
applications, the FEP-S coating could efficiently protect the substrate from dusts and other
pollutants. These properties made the FEP-S coating able to be applied to more practical
applications, such as kitchenware, exterior wall, oil pipeline, clothing etc.

 

Figure 12. Self-cleaning behavior of FEP-S coating using (a–c) CuSO4 powder and (d–f) carbon black powder as contaminants.

3.6. Anti-Icing Performance

Ice often causes problems in transportation, such as power transmission and wind
power generation. The reasonable construction of a superhydrophobic surface is promising
for the application of anti-icing. In order to test the anti-icing performance of the FEP-S
coating, a drop of water (~0.05 mL) was dropped on the original glass sheet and the glass
sheet was sprayed with FEP-S coating, and the glass sheets were placed in a refrigerator at
−18 ◦C. The glass sheets were taken out every 30 s to observe the state of water droplets
on the surface.

On the bare glass slide, the water drop began to freeze at ~15 s and was completely
frozen at ~30 s (Figure 13). On the coated glass slide, the water drop began to freeze at
5 min and was completely frozen at 10 min. This means that the FEP-S coating could
delay icing by ca. 10 min in extremely freezing weather. This may be due to the small
solid–liquid contact area of the water droplets on the FEP-S coating. At the same time, the
contact anchorage point was very small, so the ice adhesion strength was low, and the ice
drop could be lightly removed from the coating by a slight jerk of a pipette.

27



Coatings 2021, 11, 663

Figure 13. Anti-icing properties of FEP-S coating.

In order to further observe the dynamic icing behavior of the FEP-S coating, we placed
the FEP-S coating in the freezer at −18 ◦C for 24 h, and then dropped 0 ◦C water drops
from the ice water mixture to observe the state of the water droplets. As shown in Video
S1, the FEP-S coating placed at −18 ◦C for 24 h still exhibited good superhydrophobicity.
Once the water drops fell on the surface of the coating, it rebound quickly, which means
that the water drops bounced off the coating and rolled away before the temperature of the
water drops to the freezing point.

The results show that the FEP-S coating had good static and dynamic anti-icing
performance in extremely freezing weather. Even in extreme cold conditions, the coating
still had superhydrophobic and anti-icing properties, which made the FEP-S coating still
have certain self-cleaning and anti-fouling ability.

4. Conclusions

To summarize, we have successfully synthesized a fluorinated epoxy containing
an epoxy group and long perfluoroalkyl chains by a thiol-ene click reaction. We have
constructed a re-entrant-like structure by adding different proportions of unmodified
nano- and micro-silica into the fluorinated epoxy, and obtain the superhydrophobic and
oleophobic surface with excellent comprehensive properties. The as-prepared FEP-S surface
exhibits high CA and low SA for water, with WCA higher than 158.6◦ ± 1.1◦ and SA
lower than 10◦, and the CAs for glycerol, ethylene glycol, and diiodomethane reached
152.4◦ ± 0.9◦, 153.4◦ ± 1.3◦, and 140.7◦ ± 0.9◦, respectively.

In addition, the coating exhibited good durability. After sandpaper abrasion for
10 m, FEP-S surface still had good amphiphobicity. The fabricated FEP-S surface exhibits
excellent performance in self-cleaning, corrosion resistance, and anti-icing. The coating
also showed a remarkable durability towards strong acid and alkali.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/coatings11060663/s1, Video S1: Anti-Icing Performance of FEP-S Superhydrophobic Coatings.
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Abstract: The water is a vital compound for all known forms of life, but it can also cause detrimental
consequences to our daily routine if by natural means becomes pathogenic bacterial carrier or
transforms into ice. Imaginative by necessity, the surrounding environment has stimulated the
mankind to emulate natural-design solutions and invent the so-called super-nonwettable coatings.
Undisputedly, these coatings have revolutionized the modern industry by providing “a vehicle”
for potential eco-friendly water purification, passive icing protection, suppression of the solid
surface-associated spreading of bacterial infections and enhanced cryopreservation of living matter.
Regrettably, the wide domestic use of liquid impermeable coatings (surfaces) is yet limited, since
the current market trends impose the possession of fabrication scalability and multifunctionality,
which is not covered by most of the available non-wettable products. This viewpoint article intends
to outline the most significant scientific achievements within the past five years related to the release
of anti-wetting coatings with multiple applications. Design and performance efficiencies in light of
the physical chemistry of the surface are demonstrated, emphasizing on the likelihood of integrating
icephobicity and anti-biofouling capacity within a single interfacial nanostructure.

Keywords: multifunctional; carbon soot coatings; super-nonwettable

1. Introduction

For decades, the perfect symbiosis among the physical, chemical and biological pro-
cesses in our ecosystem has served as a driving force to the human race for life-changing
scientific inventions and technological progress [1]. An instance of classy biomimicry is
the currently intensive fabrication of liquid-repellent coatings, directly provoked by the
eternally dry and clean leaves of the sacred Lotus [2].

The aim of endowing a surface-of-interest with exceptional resistance to wetting is
dictated by the necessity of minimizing the solid-liquid contact area and promoting the cre-
ation of self-cleaning and drag-reducing surfaces, passive anti-icing systems, anti-microbial
and anti-corrosive coatings, enhanced pervaporative separation membranes, water purifi-
cation devices, biological sensors for human semen quality analysis or new technologies
for cryopreservation of living matter [3–5]. For instance, it is crucially important to keep
different industrial facilities such as high-voltage power lines or telecommunication towers
free of ice/snow, since the ice/snow accretion may block their operability and thus the
people’s access to electricity, telecommunications and internet [6,7]. In parallel, up to
26% of all hospital-associated infections occur via biofouling of the medical equipment,
which can be alleviated using coatings with custom surface topographies [8,9]. However,
the increasing demand of economic profitability and scalability of a given commercial
anti-wetting coating implies that the latter needs to be flexible and combine several func-
tionalities. Therefore, the global scientific community has steadily shifted its recent efforts
towards designing multifunctional super-nonwettable coatings [10–12].
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The inherent meaning of “multifunctional” implies simultaneous possession of more
than two relevant properties with different physicochemical origin (e.g., icephobicity, anti-
bioadhesiveness, self-healing, etc.). Regrettably, in many cases this expression is somehow
inappropriately used to take into account the self-cleaning and anti-corrosion capabilities
of the surface [13–15]. Its non-wetting state is interrelated to the above-mentioned features,
since the weak interfacial attraction forces lead to liquid droplet contact angle exceeding
150◦, contact angle hysteresis below 5◦ and rolling angle less than 10◦, converting the
substrate to quasifrictionless and forming a slippery interface [16–20]. Despite being dually
roughened, hierarchical or composed of randomly distributed micro- nanoparticles, every
super-nonwettable surface is expected to exhibit self-cleaning and to a certain extent anti-
corrosion performance [14]. In contrast, and although the suppression of the ice nucleation
and biofilm spreading could be governed by the degree of water repellency [21,22], the
contrivance of anti-icing and anti-microbial coatings is not a straightforward procedure
and requires careful consideration of some additional parameters [4,23].

The idea of this viewpoint article is to serve as a useful information platform for those
scholars working in the field of wetting phenomena, whose research is dedicated to the
fabrication of multifunctional non-wettable coatings. Thus, the discussion is focused on
the main principles and difficulties related to the design of universal and versatile liquid-
repellent interfaces, considering the findings described in specially-selected scientific publi-
cations reporting multifarious surface properties. A few hypotheses concerning the future
incorporation of icephobic and anti-bioadhesive characteristics within a single functional
coating are presented too in the context of well-established physicochemical mechanisms.

2. Importance of the Physicochemical Profile

A significant factor contributing to the development of diversified non-wettable thin
films is the choice of appropriate chemicals and roughness modification protocols, since
the appearance of hydrophobic micro-nanoprotrusions reduces the interfacial contact,
leading to weaker solid-liquid attraction per unit area (compared to a flat surface with
the same non-polar chemistry) and amplification of the hydrophobic effect [16]. While
combining non-polar chemistry and micro-nanoscale surface asperities is suitable for anti-
wetting applications [16], the assignment of fluorine-containing compounds may lead
to superamphiphobicity (repelling both water and oil) [24], impeding the oil filtration
efficiency of the interface. Therefore, many researchers prefer to employ fluorine-free
strategies for surface patterning, because they ensure non-wettability to a variety of liquids
such as water, glycerol, ethylene glycol, blood, tea, juice, milk, etc., but the surface is
still wettable by oils (decisive when developing oil-water separation membranes) and
the fabrication is environmentally benign [10–12,25–28]. Commonly used chemicals are
carboxymethyl cellulose (CMC), hydroxyapatite nanowires (HAP), ZnO nanoparticles [10],
fly ash [12,26], dymethyloctadecyl ammonium chloride [7], TiO2-PDMS [12,28], tetrabutyl-
titanate-dymethylformamide-acetic acid-n Octyltrietoxysilane [25] or tetraethoxysilane
hexamethyldisilazane [27], whose different combinations may endow superior mechanical
durability of the coated surface and “a bouquet” of functionalities.

Embedding fly ash or activated carbon in the matrix of TiO2-PDMS is demonstrated
to render self-healing, oil-water separation, UV protective, photocatalytic and even flame-
retardant properties of the coatings [12,28], shown concisely in Figures 1 and 2, which
is a good alternative to the more sophisticated CuFe2O4-TiO2 nanocomposite supported
reduced graphene oxide photocatalysts [29]. It is argued that the self-healing ability is
due to self-migration of PDMS molecules towards the surface by heating, leading to
recovered superhydrophobicity [28]. In comparison, the flame-retardancy is attributed to
the incombustibility of the fly ash and its covalent bonding to the TiO2-PDMS [12].
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Figure 1. Multifunctional properties of a fly ash-TiO2-PDMS spray coated superhydrophobic fiber. Reproduced with
permission from [12]. Copyright 2020 Elsevier.

 

Figure 2. Illustration of the applicability of an activated carbon-TiO2-PDMS coated superhydrophobic
sponge. Reproduced with permission from [28]. Copyright 2020 ACS Publications.

On the other hand, the resistivity to burning and the self-healing capacity can be
gained by adding inherently fire-resistant hydroxyapatite and thermally stable ZnO, which
also yields a bactericidal effect of the solid surface [10], revealed in Figure 3.
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Figure 3. Bactericidal effect of modifier-free superhydrophobic and flame-resistant paper. Repro-
duced with permission from [10]. Copyright 2018 Elsevier.

The surface porosity, morphology and topography are another three parameters of
practical significance in terms of the anti-microbial, oil- and sound absorption effectiveness
of the interface [27,30]. An innovative technique of adjusting them is via compression
and strict monitoring of the curing temperature, since in such a way the object’s thickness
and particles’ size are accurately controlled [27]. Namely, Figure 4 depicts how a superhy-
drophobic latex sponge is fabricated by immersing it into a preliminary prepared colloidal
silica sol composed of tetraethoxysilane, hexamethyldisilazane, ethanol and de-ionized wa-
ter, further homogeneously mixed with epoxy resin and polyamide by stirring. The sponge
is then dried in air for 24 h and during this procedure, the samples could be free-standing
or strongly bonded to the substrate depending on whether the specimens are flipped or
no [27]. Upon compression, a sheet-like superhydrophobic material with desired thickness
might be obtained. Meanwhile, if epoxy spherical structures with dimensions exceeding
5 μm are required, the curing temperature should be 15–25 ◦C, while at 60 ◦C, the size
decreases below 2 μm. The authors explain these observations with the epoxy resin’s solu-
bility, which enhances at high temperatures, inducing shrinking of the gel [27]. Moreover,
as described elsewhere [25], the hot pressing of cotton fabrics at 200 ◦C leads to an UV
protection factor of 45 (10 times higher than pristine cotton fabrics) owing to the undergone
crystal phase transition. Furthermore, tuning the quantity of the chemical components in
any coating would reflect on the corresponding wettability, filtration characteristics and UV
protection, based on the observations in ref. [10]. The excessive concentration of ZnO, for
example, increases the number of hydrophilic surface sites and the superhydrophobicity
and UV resistivity are degraded due to the formation of oxygen vacancies resulting from
electron-hole pairs generation and reaction of the holes with the oxygen sites [10], which
may trigger the absorption of UV-light-forming excitons [31].

34



Coatings 2021, 11, 339

 

Figure 4. Formation mechanism, synthesis and morphology of water-repellent latex sponges. (a) Speculated formation
pathway of silica. (b) Speculated formation pathway of ERMs. (c) Schematic illustration of the one-pot synthesis procedure
of ERMs@Latex-T. SEM images of latex porous structures before (d) and after (e) ERMs adhering. (f) The high magnification
image of (e). The reaction temperature of the sample was 25 ◦C. Reproduced with permission from [27]. Copyright
2019 Elsevier.

Altogether, to engineer liquid-repellent materials manifesting contemporaneously
more than two functional properties, one needs to ensure that the synthesis method will
provide a coating with non-polar chemical composition and micro-nanoscale surface rough-
ness, thus, amplifying the effect of hydrophobicity and minimizing the solid-liquid interac-
tions [16]. In the meantime, the interface has to maintain photocatalytic activity upon UV
irradiation (e.g., for decomposing the absorbed organic pollutants) or self-replenishment
of the lost/disintegrated hydrophobic molecules for sustainable long-term non-wettability.
The current state-of-the-art in the field proposes TiO2 and PDMS as suitable compounds
fulfilling the above requirements [12,28], however, it will be wise to look for existing alter-
natives including silver gallium sulfide (AgGaS2) and zinc sulfide (ZnS) due to the proven
bactericidal behavior of Ag and Zn. Besides, it is pertinent to attentively consider the
scalability of the experimental approach, since the industrial physicochemical processing
must be feasible at large scales, irrelevantly of the complexity and geometry of the solid
substrate. Nowadays, the combustion flame synthesis, dip coating and spray deposition
are three prominent techniques with undoubtful fabrication scalability [11,12,25–28,32].
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3. Icephobicity and Anti-Bioadhesiveness, Are They Unifiable?

At present, and despite the exponential progress of nanotechnologies, the scientific lit-
erature seems to suffers from the profound lack of even speculative assumptions on how to
design super-nonwettable surfaces, possibly unifying anti-icing and anti-microbial capabil-
ities. On one hand, there is substantial disagreement within the scientific community about
the similarities between water and ice repellency, mainly because of the complexity of the
heterogeneous ice nucleation, involving the impact of the surface morphology/topography,
porosity, roughness, air cushion (plastron) distribution, degree of non-wettability and
film thickness [4,21,33]. At the same time, the development of interfaces non-stickable to
living biomass (bacteria, fungi, algae, plants, biomolecules, etc.) is very challenging. It
depends on the type of microorganisms, their size, shape and cell walls’ charge, as well
as on the optimal nanopillar radius, spacing and length determining the cell’s binding
affinity and eventual mechanical rupture [30,34,35]. Interestingly, the super-nonwettable
coatings may mitigate the icing by reducing the heat transfer rate and weakening the ice
adhesion strength (if the phase transition occurs) as a consequence of the negligible solid
fraction in contact with the freezing water and the availability of trapped air gaps [4].
Instead, the biomass attachments are suppressed by increasing the substrate-to-foulant
separation distance and the kinetic threshold for bioadhesion [36] or rupturing the cells
through the tensile stress exerted by the nanopillars [35]. In other words, these are im-
plicitly distinct mechanisms, whose intersection is unclear so far and the author will try
to briefly hypothesize on the integration of icephobicity and anti-bioadhesiveness in an
individual coating.

One of the rare cases where the aforementioned anti-icing and anti-microbial path-
ways are noticed independently of one another refers to the carbon soot, as illustrated in
Figures 5 and 6.

 
Figure 5. Delaying the interdroplet ice bridging using super-nonwettable carbon soot coatings. The opaque blue and sky
blue droplets represent, the frozen and unfrozen subcooled condensates, respectively. The quasisquares (left side) and
spheres (right side) denote the surface morphology of the soot. The lines below the frozen droplets aim to depict the oxygen
functional groups serving as ice nucleation (active) sites. The abundance of active sites on the quasispherical soot (right

side) accelerates the freezing events and the velocity of the interdroplet freezing [37].
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Figure 6. Reversible (left part) and irreversible (right part) bioadhesion on super-nonwettable carbon soot coatings.
Reproduced with permission from [24]. Copyright 2020 Elsevier.

Some newest studies divulge that the incipiency of ice nuclei on the soot is regulated
by the amount and spatial arrangement of its oxygen active sites serving as nucleation
centers that regulate the hydrogen bonding with the surrounding water vapor and the
subsequent interdroplet frost wave [37]. It is found that the degree of soot oxidation and
the space between the individual active sites can be successfully manipulated via alcohol
modifications causing retardation or acceleration of the freezing front velocity regardless of
the nanoparticles’ size and shape (i.e., the surface morphology) [37]. However, if the surface
roughness curvature (the nanocavities associated with the roughening) is closer or larger
than the critical nucleus’ radius, the thermodynamic barrier for heterogeneous nucleation
might still be decreased despite the material’s weak oxidation [21]. Conversely, the bacte-
rial accumulation on sooted substrates is highly sensitive to the soot particle/aggregate
morphology and if the dimensions of the surface protrusions and the distance among
them are commensurable with the length scale of the adhering living matter, the solid-
cell contact area increases, morphologically-triggered partial wetting occurs and the cells
binding becomes irreversible [30,34]. Obviously, at a first glance, the icephobicity and the
anti-bioadhesiveness are functional features with no identifiable abutment, so it is quite
provocative and complicated to invent an interfacial coating with synergistic ice repellent
and anti-bioadhesion performance.

Providing a more general view, because this is the primary objective herein, a uni-
versal surface (coating) accommodating the above properties may have to consist of solid
particles with as small as possible size (nanometer scale) in order to increase the Gibbs
thermodynamic free energy barrier and limit the locally-wetted solid fractions. Hence, the
liquid-solid phase transitions would be delayed up to a few hours [38] and if immersed in
biocontaminated solutions, the surface could stay free of attached biomass [30,34]. Other
mandatory requirement might be to set an aggregate-to-aggregate (pillar-to-pillar) distance
lower than the size of the biospecies, but large enough to ensure the appearance of steady
air gaps (i.e., plastron), enhancing the thermal resistance of the material (slowing the
heat transfer rate) and guaranteeing sufficient tensile stress experienced by the colonizing
microorganisms, as a result of the sagging among the protuberances, and their eventual
physical damage [35]. Finally, avoiding the presence of oxygen functional groups on the
surface is highly beneficial for preventing the hydrogen bonds formation and canceling the
chemistry-mediated freezing events [37].

Quantitatively, suppose the target is to inhibit the nascency of ice embryos at negative
temperatures and simultaneously regulating the spontaneous adherence of Gram-positive
(e.g., Escherichia coli) or Gram-Negative (e.g., Pseudomonas putida) bacterial strains. In that
case, and taking into account the size of the strains [34], it would hypothetically be wise to
employ a laboratory patterning technique allowing the production of pillars with length
and diameter less than 800 nm and 500 nm, accordingly, and a pillar pitch of approximately
900–1500 nm. One of the best ways of accomplishing such a task is via photolithography,
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“where a layer is illuminated through a patterned mask”, facilitating the preparation of well-
defined surfaces in multiple identical copies [16]. Of course, this is a costly method, so the
templating or chemical etching are relatively more cost-effective options [16], additionally
to the adjustment of the physicochemical features by immersion in short alkyl chain
alcohols and fluorocarbon emulsions, as recently reported for carbon soot and wax-based
coatings [37,39]. Finally, and since the soot is a graphite-like material [32,40], the above
hypothetical considerations might be applicable also to graphene and related materials, so
future research efforts in such a direction seem reasonable.

4. Conclusions and Outlook

The launch of reliable and multifunctional non-wettable materials is shown to go
beyond the cliché of applying low surface energy chemical treatment to highly rough-
ened solid substrates. Finding a subtle balance among the particles’ morphology, surface
topography, porosity and ratio of the chemical reagents during the synthesis procedure
is the key for supporting self-replenishing, chemically non-polar interfaces, successfully
absorbing and decomposing hazardous organic oil wastes, while exhibiting UV shielding,
fire resistivity and anti-microbial behavior. A synergistic anti-icing and anti-bioadhesive
performance is speculated to be achievable if special attention is devoted to the opportuni-
ties of optimizing the geometrical distribution of the nanopillars making up the surface,
because of the necessity of having sustainable air cushion for optimal heat transfer reduc-
tion and pillar-induced tensile stress that breaks the cell membrane and kills the attached
biospecies. Enriching the knowledge in surface sciences and advancing the development of
mechanically robust and broadly applicable liquid impervious surfaces, in author’s opin-
ion, goes hand-in-hand with elucidating the mixed impact of the collective physicochemical
components; an aspect scantily addressed in the scientific literature up to now.
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Abstract: The efficiency of the method for the synthesis of silver nanoparticles using a system
containing oxalic dialdehyde as a reducing agent, and polyguanidine as a stabilizer is shown. An
analysis of the data of photon correlation spectroscopy characterizing the sizes of the formed particles
in the Ag-polyelectrolyte system is presented. It has been established that the synthesized silver
nanoparticles have a stable biocidal effect. The system of biodegradable polyelectrolytes chitosan-
xanthan gum for the synthesis of the capsule shell including silver nanoparticles is selected. This will
allow the formation of stable polyelectrolyte capsule shells containing oyster mushroom mycelium
extract. A protocol for the synthesis of microcapsules by the method of sequential adsorption of
chitosan polyelectrolytes and xanthan gum on calcium carbonate templates was developed. Silver
nanoparticles are included in the capsule shell, and a biologically active drug (oyster mushroom
mycelium extract) is included in the core. The technological mode of complex capsules immobilization
on a textile material by the layer-by-layer method is described. The immobilization of multilayer
microcapsules on a fibrous substrate is provided by a system of polyelectrolytes: positively charged
chitosan and negatively charged xanthan gum. The developed multifunctional coatings make it
possible to impart multifunctional properties to textile materials: antibacterial, antimycotic, high
hygroscopic properties.

Keywords: cellulose textile material; microencapsulation; antibacterial; antimycotic; wound healing
properties; silver; polyelectrolyte microcapsules

1. Introduction

Nanosilver is a universal biocide, the particles of which suppress the pathological
effect of a wide range of microorganisms, including viruses. Modern methods for the
formation of silver-containing composites in natural [1] and synthetic [2] matrices by direct
impregnation of nanoparticles into the system, which exhibit high bacteriostatic (inhibition
of bacterial growth) or bactericidal (destruction of inoculated bacteria) activity, are shown.

The new approach proposed by the authors is based on the inclusion of silver
nanoparticles into the shell of a microcapsule containing a medicinal or biologically
active compound.

Microencapsulation of drugs provides prolonged action and safety for humans due to
the possibility of using minimum concentrations of the active substance and its controlled
release [3]. The introduction of a biologically active or medicinal compound into the
capsule core will make it possible to create medical textile materials with multifunctional
properties: antibacterial, antimycotic, and wound healing.

Microencapsulation is widely used in various industries. In agriculture and in every-
day life, microencapsulated insecticides are used, microcapsules with vitamins, essential
and fatty oils are included in various cosmetics (creams, gels, serums), microencapsulated
probiotics are used in feed and feed additives in veterinary medicine. The introduction of a
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new technology for microencapsulation of textile materials will make it possible to obtain
a completely unique product with innovative quality and functional indicators.

Microencapsulation is the process of encapsulating a functional substance in a shell
that protects it from evaporation, pollution, and the influence of other environmental
influences and allows the substance to be released in a prolonged manner [4,5].

Depending on the thickness and material of the shell, the core contents can be released
through changes in temperature or pH, biodegradation, etc., [6,7].

The existing microencapsulation methods are conventionally divided into chemical,
physical [8], and physicochemical [9,10]. When choosing the most suitable method for each
specific case, one proceeds from the specified properties of the final product, the cost of
the process, and many other factors. However, the decisive factor is the properties of the
encapsulated substance.

Physical methods of encapsulation include suspension crosslinking, solvent evapo-
ration, simple and complex coacervation, phase separation, spray drying, fluidized bed
spraying, melt crystallization, precipitation, co-extrusion, layering. Thus, the formation of
capsules in this case occurs without chemical interaction [11–13].

Chemical methods of microencapsulation include emulsion polymerization, interfacial
polymerization, dispersed and interfacial methods [14]. In this case, the shell materials can
be monomers, oligomers or polymers having functional groups and capable of participating
in reactions of growth or crosslinking of chains with the formation of high molecular weight
linear and reticulated polymers.

Chemical methods also include the synthesis of polyelectrolyte nanocapsules, the
“Layer-by-layer” method—electrostatic self-assembly, which was proposed by scientists of
the Max Planck Institute in 1998 [15,16]. For the first time, the “Layer-by-layer” method
was used to form monolayer ultrathin polymer films on a macroscopic substrate. In
1966, the authors [17] proposed to use sequential adsorption to assemble films. In 1991,
Decher et al. considered a method for obtaining polyelectrolyte films, which consists in the
alternate adsorption of polycations and polyanions on a substrate [18]. The synthesis of
polyelectrolyte capsules consists in the deposition of oppositely charged polyelectrolytes on
the surface of a solid particle called a template, which can be microparticles of polystyrene,
silicon dioxide [19], calcium carbonate [20], cadmium carbonate. The capsule core is most
often removed by dissolution. Its material affects the permeability of the capsule shell,
its shape, morphology and the rate of removal of the core from the capsule. Calcium
carbonate templates are the most frequently used in experiments, since in the case of using
silicon dioxide, difficulties arise with the use of hydrofluoric acid, which is used to dissolve
it. The use of polystyrene and melamine formaldehyde as templates is limited by their
incomplete dissolution. When creating capsules synthesized for medical purposes, calcium
carbonate is the most suitable because of its biocompatibility, biodegradability, as well
as porous structure and large surface area, which allows it to be used for encapsulating
various substances [21].

The formation of polyelectrolyte shells on colloidal particles of different nature is
carried out by the method of alternate adsorption of oppositely charged polyelectrolyte
macromolecules, as a result of which a shell of various thicknesses can be formed [22–24].

To form the capsule shell, synthetic (polystyrene sulfonate, polyacrylic acid, polydia-
lyldimethylammonium chloride, etc.) and biocompatible polyelectrolytes (hylauronic acid,
sodium alginate, chitosan, L-lysine, etc.) are used. The formation of polyelectrolyte shells
occurs mainly through electrostatic interaction; hydrophobic interactions or the formation
of hydrogen bonds can also occur [25–27].

The capsule core is most often removed by dissolution. When melamine-formaldehyde
latex particles and tetrahydrofuran are used as templates [23,24,28], organic solvents
are used.

Modification of microcapsules can be carried out in three ways: through the synthesis
of nanoparticles in a polyelectrolyte shell, for example, gold nanoparticles [29–33], by in-
corporation into the core, or by adsorption of stabilized nanoparticles into a polyelectrolyte
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shell [34,35]. These methods are currently being developed and improved. The optical and
antibacterial properties of silver nanoparticles are of great interest.

The analysis of the cited literature data showed a wide range of works of domestic
and foreign scientists aimed at obtaining antibacterial materials for various purposes.
Despite the large number of works, the problem of obtaining a stable release form of
antibacterial drugs based on silver nanoparticles for finishing textile materials made from
natural fibers and implementing the technology for their use remains not fully resolved.
There are practically no technologies aimed at creating silver-containing microencapsulated
antibacterial agents for processing textile materials for medical purposes.

One of the ways of imparting antimicrobial properties is the development of en-
capsulated antibacterial drugs and methods of their immobilization on textile materials.
Microencapsulation methods make it possible to obtain particles of various sizes—from
fractions of a micron to hundreds of microns.

Among such systems, we should especially note polyelectrolyte microcapsules (PEM),
a significant property of which is the semi-permeability of the shell, which can allow small
molecules to pass through, but retains high-molecular compounds.

This makes it possible to consider PEM as the main method of immobilization of
proteins and high-molecular biologically active substances (BAS), when the semipermeable
shell of the microcapsule separates the aqueous solution of the substrate from the protein
solution and thus protects it from negative external influences. Additional advantages of
polyelectrolyte capsules over other similar systems are their mono-dispersity with a wide
range of specified sizes; simplicity of regulating their permeability and the possibility of a
wide choice of shell material. The shells of such microcapsules can be modified, including
various types of ions, functional molecules, nanoparticles.

The most acceptable from a practical point of view are two ways of encapsulating
biologically active substances:

-nanoemulsion method;
-synthesis of nanocapsules using templates, where microparticles of calcium carbonate

are used to form PEM.
Since the processed textile materials are planned to be used for medical purposes, it is

necessary to use biocompatible biodegradable polyelectrolytes to form the capsule shell.
The purpose of this work is the formation of ultrathin multifunctional coatings on

cellulose textile material using silver-containing microcapsules formed with the core of a
wound-healing compound (oyster mushroom mycelium extract). The coatings are designed
to create a cellulose material with high consumer characteristics, capable of inhibiting the
vital activity of pathogenic bacteria and fungi, and at the same time exerting a wound-
healing effect.

2. Materials and Methods

2.1. Materials

The object of the study was a cotton bleached calico of plain weave with a surface
density of 142 ± 7 g/m2, produced by JSC “Nordtex”, Ivanovo.

The following polyelectrolytes were used: chitosan (manufactured by “Bioprogress”
Ltd., Shchelkovo, Moscow, Russia) and xanthan gum (manufactured by “INGREDIKO”
Ltd., Moscow, Russia).

2.2. Methods

The work uses a set of physical and chemical research methods (atomic absorption
spectroscopy, dynamic light scattering, scanning electron microscopy), conventional and
original methods for assessing mechanical strength of the fabric and special, including
antimicrobial, consumer characteristics of textile materials, generally accepted and original
methods for assessing the antimicrobial, antimycotic and consumer characteristics of textile
materials. To determine the amount of atomic silver in the capsule shell, an MGA-915
atomic absorption spectrometer (Lumex Instruments Canada, Fraserview Place Mission,
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British Columbia, Canada) was used; SEM photographs were taken using a Solver 47 Pro,
NT-MDT scanning atomic force microscope (NT-MDT, Zelenograd, Moscow, Russia).

2.3. Silver Nanoparticles Obtaining Procedure

The object of the study was an aqueous solution of silver nitrate AgNO3 of analytical
grade, provided by LLC Lenreaktiv, St. Petersburg. The concentration of silver in the
investigated solutions varied from 0.24 × 10−7 mol/dm3 to 0.47 × 10−4 mol/dm3. An
aqueous solution of glyoxal with a concentration of 0.1 to 2 mol/dm3 was used as a
reducing agent, which was prepared by introducing an appropriate sample into cooled
bi-distilled water with continuous stirring using a magnetic stirrer. To synthesize silver
nanoparticles, a reducing agent solution was added to a silver nitrate solution of a certain
concentration. The ratio of the solutions was varied. The prepared solutions of silver
nitrate with a reducing agent and a stabilizer were heated to a temperature of 30–90 ◦C for
5–60 min. The silver reduction reaction was carried out in air.

Determination of the size of silver particles in the studied hydrosols was carried
out by dynamic light scattering on a Zetasizer Nano ZS device (Malvern Panalytical,
Worcestershire, UK). The size of the synthesized silver nanoparticles used in the study is
2 nm. A sufficiently high uniformity of particle sizes of 96%–100% was achieved.

2.4. Microencapsulation Techniques for Functional Substances
2.4.1. Method of Obtaining Microparticles of Calcium Carbonate

Spherical colloidal particles of CaCO3 were obtained by mixing solutions of CaCl2 and
Na2CO3 with a concentration of 0.15 M. The reaction mixture was stirred for 5 min under
normal conditions. After the completion of the process, CaCO3 particles were washed from
Na+ and Cl− ions with distilled water and evaporated. Measurements of the size of the
obtained calcium carbonate particles and determination of the particle size distribution
were performed by laser diffraction on an Analysette 22 NanoTec instrument (Fritsch
GmbH, Idar-Oberstein, Germany).

2.4.2. Polyelectrolyte Capsule Shell Synthesis Procedure

To form a polyelectrolyte shell, we used calcium carbonate cores of various diameters
and natural polyelectrolytes, for example, negatively charged polyelectrolyte xanthan gum
and positively charged chitosan. Calcium carbonate cores have a negative surface charge,
so a cationic polyelectrolyte was applied as the first layer. For this purpose, 100 mL of
a polyelectrolyte solution with a concentration of 0.001 g/L was added to 0.5 g of cores.
The suspension was stirred for 20 min, after which the particles were washed three times
with water. The same procedure was carried out using an anionic polyelectrolyte solution.
Thereafter, 10 mL of a colloidal solution of silver nanoparticles was added to the system.
By the method of alternate adsorption of oppositely charged macromolecules on colloidal
particles, a shell consisting of the required number of layers was obtained.

2.4.3. Dissolution of Carbonate Cores Method

The production of hollow polyelectrolyte shells—permeable capsules—was carried
out by dissolving CaCO3 cores with the addition of the trisodium salt of ethylenediaminete-
traacetic acid (EDTA). As a result, calcium is removed from the capsule due to the formation
of a stable complex of this metal with EDTA. A 0.2 M aqueous solution of EDTA with a pH
of 7.5 was poured into the capsule suspension and stirred for 20 min, then the suspension
was washed three times with distilled water.

2.4.4. Determination of the Sensitivity of Microorganisms to Antimicrobial Drugs by the
Disk Method (Diffusion Test)

The method is based on the suppression of the growth of microorganisms on a solid
nutrient medium under the action of an antimicrobial drug applied to a paper or tissue disc.
As a result of diffusion of the drug into the environment, a concentration gradient of the test
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drug is formed around the disc—a zone of suppression of the growth of microorganisms.
The size of the growth inhibition zone determines the effectiveness of the drug in relation
to the studied bacterial culture. Within certain limits, the diameter of the growth inhibition
zone is inversely proportional to the minimum inhibitory concentration.

For the study, a suspension containing a standard number of viable cells was used,
which was inoculated with a lawn on the surface of a dense nutrient medium—agar
Giventalya–Vedminoy, which does not interfere with the diffusion of preparations into
Petri dishes. The discs soaked in the test preparations are placed on the inoculation at a
distance of 2.5 cm from the center of the dish in a circle. The samples are incubated under
conditions favorable for each specific microorganism, in our case 20 h at 35 ◦C. Then the
diameters of growth inhibition zones around the disc were measured in millimeters (taking
into account the disc diameter). The area to be measured is the area where the growth of
bacteria is completely absent.

2.4.5. Assessment of Wound Healing on Models of Excisional and Burn Wounds

To study the effectiveness of textile materials with microcapsules of biologically active
substances and silver nanoparticles on wound healing, samples with four-layer capsules
containing silver nanoparticles in various concentrations from 1.75 to 10.10 mg/L were
taken. The studies were carried out on outbred rats for 28 days. Before creating excisional
and burn skin wounds, the animals were anesthetized. After that, hair was removed on
the dorsal side of the body of the rats in the region of the shoulder blades, and the skin was
wiped with 70◦ ethanol. Then one part of the animals received full-thickness wounds with a
diameter of 12–14 mm, the other—thermal burns by applying a metal coin heated for 1 min
(100 ◦C) on the skin for 30 s. A bandage in the form of a piece of tissue measuring 2 × 2 cm2

was applied to the wounds and fixed from the first day 2 times a day. Immediately after
the creation of excisional wounds in some of the animals, the wounds were infected with
the Staphylococcus aureus ATCC®6538P™ strain at a dose of 1.5 × 109 cells/mL (10ME).
The application of the drug in these animals was started in some rats from the first day, in
others from the fifth day.

3. Results

3.1. Protocol for the Synthesis of Biologically Active Substances Nanocapsules of Natural Origin

At this stage of research, a method was developed for encapsulating water-soluble
biologically active substances (for example, an oyster mushroom mycelium extract). The di-
rect method of encapsulation was used [35,36], when the injection of a functional substance
was carried out during the formation of templates. Spherical colloidal particles of CaCO3
were selected as templates, which were obtained by mixing solutions of CaCl2 and Na2CO3
with a concentration of 0.15–0.33 M. The reaction was expressed by the following equation:

CaCl2 + Na2CO3 = CaCO3 + 2NaCl (1)

When the solutions were quickly mixed, an amorphous precipitate of calcium carbon-
ate was formed. After the completion of the process, the CaCO3 templates were washed
from Na+ and Cl– ions with distilled water and evaporated.

To deposit polyelectrolyte layers on particles the method of polyion assembly was
used. It was carried out by sequential treatment with oppositely charged polyelectrolytes.
To form a polyelectrolyte shell, biodegradable polyelectrolytes were used: chitosan and
xanthan gum. Since the calcium carbonate cores have a negative surface charge, a positively
charged polyelectrolyte, chitosan, was applied as the first layer. To do this, 100 mL of a
0.1% polyelectrolyte solution prepared in the presence of 0.5 mol/L sodium chloride was
added to 1.0 g of the cores. The suspension was stirred for 20 min. After adsorption of
each polyelectrolyte layer, the suspension was centrifuged and the particles were washed
three times with distilled water. Then the same procedure was carried out using a solution
of negatively charged xanthan gum polyelectrolyte, concentration of 0.05%. Further, by
the method of alternate adsorption of oppositely charged macromolecules on colloidal
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particles, it is possible to obtain a shell consisting of the required number of layers. In this
work, two- and four-layer capsules were synthesized. At all stages of the experiment, the
pH was varied in the range of 6.0–6.2.

Hollow polyelectrolyte shells—permeable capsules—were obtained by dissolving
CaCO3 cores with the addition of the trisodium salt of ethylenediaminetetraacetic acid
(EDTA). The calcium carbonate from the capsule was removed by forming a stable calcium
EDTA complex (see Section 2.4.3).

By varying the conditions of the process (concentration of reagents, temperature, inten-
sity of stirring of the reaction mixture, its duration), it is possible to obtain microspherolites
with an average diameter of 2 to 11 μm and a fairly narrow size distribution.

To measure the size of the obtained calcium carbonate particles and determine the
particle size distribution, the method of laser diffraction was used on an Analysette 22 Nan-
oTec instrument. With an increase in the stirring time from 0.5 to 5 min, the size of the
calcium carbonate particles obtained as a result of reaction (1) decreased from 8.68 to
6.96 μm (Table 1). Stirring the reaction mixture for more than 5 min did not lead to a change
in the size of the synthesized particles.

Table 1. Influence of the mixing time of the reaction mixture on the dimensional characteristics of
calcium carbonate templates.

Indicators Value of Indicators

Stirring time of the reaction
mixture, min 0.5 1.5 3 4 5 6 10

Dimensional characteristics of
CaCO3 particles, μm 8.68 8.6 7.77 7.68 6.96 6.96 6.96

Oyster mushroom mycelium extract was chosen as a BAS. Basidiomycete Pleurotus
ostreatus (oyster mushroom) is widely used in medical practice as producers of various
drugs [37]. Extracts obtained from its mycelium are capable of inhibiting the growth
of malignant tumors and, at the same time, exhibiting strong immunostimulating activ-
ity [38,39]. They are complex systems that include various biologically active components,
namely: ubiquitin—like proteins, lectins, proteases, and glucans with multifunctional
biomedical activity.

The permeability of the polyelectrolyte shell of a microcapsule can be changed by
varying the pH rage [40]. The method is based on shielding the electrostatic interaction
between polyelectrolytes, while an increase in the diameter of microcapsules is observed
with a sequential change in the pH range from alkaline to acidic. Therefore, for the
introduction of biologically active substances (oyster mushroom mycelium extract) inside
the microcapsules, it is necessary to acidify the solution. This contributes to the partial
“loosening” of the microcapsules, in which pores are created in this case, this allows the
BAS to penetrate into the capsule. For this, the system was added 2–5 mL of 3% acetic acid
solution to pH = 3.5–4. Then, with stirring, 100 μL of BAS was introduced. After vigorous
stirring for 15–20 min, neutralization was carried out with sodium hydroxide solution (1%)
to pH = 6. The suspension was centrifuged, the upper fraction of the supernatant was
discarded, and distilled water was added.

Based on the developed technique, capsules with di-, tri-, and tetraloid shells, includ-
ing a BAS solution, were synthesized.

To confirm the presence of capsules in the system under study by dynamic light
scattering, the sizes of synthesized capsules were measured on a Photocor Compact-Z
device (photon correlation spectroscopy) and photographs were obtained using a Mikmed-
6 microscope with a camera.

Table 2 shows various protocols for the preparation of polyelectrolyte shells on calcium
carbonate particles.
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Table 2. Influence of the capsule formation technique on their appearance and aggregate stability.

No.
Photographs of Particles

Obtained Using a Microscope
“Micromed 1”

Method for Obtaining Capsules
Particle Size Distribution

Particle Size, nm Percentage, %

1

1.1 1.0 g of calcium carbonate particles
were treated for 20 min in a solution of
chitosan with a concentration of 0.1%;

- rinsing with water;
- impregnation with a solution of

xanthan gum 0.05% 20 min;
- rinsing with water;

1.2. dissolution of the core.

9.7
316.1

7597.0

0.1
24.6
75.3

2

2.1. as in item 1.1
2.2. chitosan layer (according to the

technology above);
-rinsing with water;

2.3. dissolution of the core;
2.4. acidification and injection

of 100 μL BAS;
-stirring and neutralization with

sodium hydroxide.

496.0
909.7

7989.0

0.4
78.5
21.1

3
The lifetime of the system prepared

according to the developed
method is 6 days.

522.0
922.8
7998.1

2.0
97.2
0.8

The first sample, as can be seen from the photograph, are hollow capsules, the contents
of which are completely transparent. The capsule size was 7000–8000 nm. The capsules
presented in the second sample were synthesized according to the developed method. As
can be seen from the photograph, the capsule core has a dark color, which corresponds
to the color of the BAS injected into the capsule. It can be argued that the technology of
forming the shell allows purposefully change of the permeability of the capsule shell by
varying the pH of the suspension, thereby ensuring the penetration of biologically active
substances into the core. The final size of the capsule had changed to 900–1000 nm (70%),
at the same time, large capsules remained, about 8000 nm (20%), and a small number of
capsules of 496–522 nm appeared.

The aggregation of the capsules was monitored using an optical microscope. The cap-
sules synthesized according to the developed protocol in the system tend to the formation
of associates, however, no associates were observed within a week (Table 2, sample 3). Since
the technology involves the application of freshly prepared microencapsulated composi-
tions to the textile material, the stability of the suspension for 6 days is sufficient. Using a
scanning electron microscope, photographs of microcapsules applied to the textile material
were obtained (Figure 1).
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Figure 1. SEM photograph of textile material containing polyelectrolyte microcapsules.

3.2. Atomic Adsorption Microscopy of Microcapsules Containing Silver Nanoparticles

To provide the capsule shell bactericidal properties, a technology was developed for
immobilizing silver nanoparticles into its composition. The idea was that the preparations
applied to the textile material first showed a bactericidal effect, disinfecting the wound,
and then the released medicinal substance had a directed effect. For this, a positive poly-
electrolyte, chitosan, was applied to the calcium carbonate core in the first layer, washed
three times with distilled water, and a layer of negative polyelectrolyte, xanthan gum, was
applied in the second layer and washed with water. Before applying the third polyelec-
trolyte layer consisting of positively charged chitosan, microparticles were impregnated in
a solution of silver nanoparticles.

The use of atomic absorption spectroscopy made it possible to determine the presence
of silver nanoparticles in the microcapsules. It was shown that the amount of silver in the
nanoform per gram of microcapsules was 0.0067 mg.

The resulting capsules were applied to the textile material according to the following
process: impregnation with a solution of chitosan with a concentration of 5 g/L, drying at
1000 ◦C for 3 min, impregnation with a nanodispersion of the encapsulated preparation,
drying at a temperature of 100 ◦C for 3 min, after which the antibacterial activity of the
samples was determined in relation to gram positive and gram-negative microorganisms
and fungi (Table 3).

The obtained results confirmed the antibacterial efficiency of the developed chemi-
cal product.

3.3. Functional Characteristics of Finished Textile Materials

The hydrophilic properties of the treated samples of textile materials were monitored
by such indicators as capillarity, wettability, and water absorption, determined in accor-
dance with standard methods [41]. It was found that before and after the application of the
antibacterial coating, the capillarity remains at the level of 150–155 mm, the wettability is
less than 1 s, the water absorption is −20–20.2 g/m2, which fully meets the requirements
for these materials.

The reparative effect of textile materials with a multifunctional coating was investi-
gated on outbred rats for 28 days according to the following criteria:

• local inflammatory response;
• results of planimetric studies;
• timing of wound healing;
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• determination of the index of acceleration of healing in the experimental groups in
relation to self-healing wounds in the control groups.

Table 3. Antibacterial activity of the obtained samples in relation to Staphylococcus aureus, Escherichia coli, and
Candida albicans.

Microorganism
Photo of Results/Zone of Delay, mm

With Silver Without Silver

Staphylococcus aureus—a spherical,
immobile, aerobic (airborne) bacterium,
positively stained according to Gram,

which causes various diseases in
children and adults.

8 mm 0 mm

Escherichia coli—a type of gram-negative
rod-shaped bacteria, widespread in the

lower intestines of warm-blooded
animals. However, among E. coli, there
are also species that can cause various
infectious diseases in humans, ranging

from common intestinal
disorders to sepsis.

3 mm 0 mm

Candida albicans is a diploid fungus,
pathogen, anaerobic microorganism. It

may be a consequence and an etiological
factor of the occurrence of multiple

human infections.

13 mm 2 mm

During the experiments, all animal welfare standards were observed
Evaluation according to these criteria was carried out on 4, 8, 11, 15, 18, and 22 days

after the start of treatment.
All wounds healed the same way. No inflammatory processes were registered. Plani-

metric survey data are presented in Table 4.
The results obtained showed that only materials with microencapsulated drug con-

centrations of more than 5.93 mg/L had a positive effect on the rate of healing of burn
wounds. Materialss with any of the suggested concentrations had a positive effect on
excision wounds, up to 17% on uninfected ones, and up to 7.5% on infected ones.

Application of the Staphylococcus aureus ATCC 6538P strain to wounds at a dose of
1.5 × 109 cells/mL (10ME) did not lead to wound infection (except for one). However, this
method of creating purulent wounds, described in the literature, requires improvement.
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The result of the reparative action of textile materials with biologically active substances on
such wounds is ambiguous.

Table 4. Results of planimetric studies of wounds.

Model
The Beginning of
Wound Treatment

Drug
Concentration,

mg/L

Number of
Animals

Percentage of Healing Relative to
the Primary Wound,%

Healing
Acceleration

Index,%

Day from Model Creation 4 8 11 15 18 22 -

Burn
wound

From the first day

- 1 0 0 0 23.1 38.5 53.9 -
1.75 1 0 0 0 7.6 30.8 46.2 –14.3
3.84 1 0 0 0 0 30.8 46.2 –14.3
5.93 2 0 0 0 11.6 29.7 44.6 –17.3
8.01 2 0 0 0 14.3 27.4 56.6 +5.0
10.1 2 3.6 3.6 21.4 26.2 42 57.1 +5.9

Excision
wound

From the first day

- 1 0 35.7 57.1 85.7 85.7 85.7 -
1.75 1 0 33.3 50.0 66.7 75,0 83.3 –2.8
3.84 1 0 41.7 66.7 83.3 91.7 91.7 +7.0
5.93 2 3.6 47.8 64.0 73.1 77.6 92.3 +7.7
8.01 2 0 28.7 48.7 74.3 87.6 100 +16.7

10.1 2 0 45.0 55.8 78.3 90.0 100 +16.7

Excision
wound +
staphy-

lococcus

From the first day

- 2 0 46.5 60.7 75.0 92.9 92.9 -
1.75 1 7.1 42.9 71.4 78.6 85.7 92.9 0
3.84 2 9.8 46.9 63.4 89.8 93.2 96.9 +4.3
5.93 2 0 30.8 61.4 80.8 84.6 92.3 –0.6
8.01 2 0 37.5 62.6 93.8 100 100 +7.6

From the fifth day

1.75 1 0 30.8 38.5 69.2 84.6 92.3 –0.7
3.84 1 0 40.0 60.0 66.7 100 100 +7.6
5.93 2 0 37.3 61.4 92.3 92.3 96.2 +3.6
8.01 2 0 25.0 31.3 43.8 56.3 75.1 –19.2

4. Conclusions

A technology for the preparation of capsules by the method of sequential adsorption
of polyelectrolytes of chitosan and xanthan gum, the shells of which included silver
nanoparticles, and the core was a wound-healing agent was developed. The capsule
shell synthesized using a polyelectrolyte assembly consisted of biodegradable and safe
natural polymers. Nano-silver located between the polyelectrolyte layers gave the finish
an antimicrobial effect. In this study, oyster mushroom mycelium was successfully used as
a model filling of the capsule core. The proposed model of the formation of microcapsules,
the shells of which are doped with silver nanoparticles, allows the most targeted effect on
the focus of infection, providing an antimicrobial effect. The encapsulated preparation of
the oyster mushroom mycelium extract was released for a long time and provided in this
case a more effective wound healing effect.

Cellulose tissue samples coated with silver-containing microcapsules have demon-
strated high antibacterial, antimycotic activity and wound healing properties.

It was found that the optimal concentration of the microencapsulated drug for effective
wound healing is 1%–2% of the weight of the textile material. In the case of burn wounds,
to restore the skin, the material should be changed at least after two weeks.

Changing the filler of the capsule core (biologically active substance) makes it possible
to impart a spectrum of different properties to the developed drug, and to the textile
material—various types of final finishing.
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Abstract: The aim of the study was to improve the range of adhesive interlining materials for clothes
to add to the product a complex of improved consumer (shape stability, wear resistance) and special
(protective, health-improving) properties. We have found that the modification of the adhesive
coating of interlining materials with oligoacrylates provides a transition from the traditional discrete
2D glue interlayers between the bonded materials formation to the highly branched 3D structures of
the interfacial layer of composites creation. Using dynamic light scattering method, IR spectroscopy,
differential scanning calorimetry, gas adsorption, optical and scanning probe microscopy, methods
of textile materials science, we have identified technological approaches that ensure the polymer
coating penetration into the intrafiber nanopore spaces of the textile layers. We have identified ways
to control the elastic-deformation properties of composites in the modifying the adhesive interlining
material process in order to design its properties for the requirements of various garment models. We
found a unique possibility of using graftable oligoacrylate dispersion to stabilize the nanodispersed
state of functional fillers (silica, nanoferrites) and increase the uniformity of their distribution in the
composite structure.

Keywords: nanostructured polymer coating; polyacrylate dispersion; nanodispersed fillers; graft
copolymers; composite parts of a garment

1. Introduction

Fusible interlining materials (FIM) are used in production of a wide variety of gar-
ments: men’s suits and shirts, women’s jackets, skirts and trousers, special-purpose clothes
for protection from various weather- and workplace-related effects, etc. The main purpose
of applying these materials is to properly shape a garment and ensure shape stability in
wear [1,2].

FIM are textile materials coated with a thermoplastic polymer (adhesive) in the form
of a powder or paste in such a way that it remains on the material surface in the form of
dots [3]. The mechanism of action of thermoplastic adhesives consists in polymer melt
interaction with a fibrous base. This ensures strong bonding of fabric layers and makes
the fused fabric composite rigid by forming a polymer matrix between the layers. The
process of manufacturing a garment with good shape stability properties consists of three
consecutive stages:

• making a fabric composite by gluing flat pieces of the shell fabric (main material) and
FIM together (fusing);
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• stitching the garment pieces with together;
• shaping the finished composite garment during wet-heat treatment (WHT).

Fusible interlining materials differ from each other in the fabric base structure, nature
of the thermally fusible polymer, its amount and deposition method. The rigidity of a
composite normally depends on the fiber composition of the fabric base, its surface density,
mutual orientation of the warp threads of the shell and interfacing, type and amount of the
thermally fusible polymer [3–5]. If the size of adhesive dots and their density increase, it
results in effective growth in the fused fabric composite rigidity [2,5,6]. The higher rigidity
makes it more difficult to shape the garment, and higher glue content leads to deterioration
of hygienic properties, such as breathability.

The properties of FIM are selected considering the designed garment shape and the
type of the main material (MM). The more rigid the garment form and the softer the MM,
the higher bending deformation resistance fused fabric composite must have [7]. For
example, the rigidity value (EI) of a fused fabric composite in different parts of a men’s suit
flap is required to range (4.1–39.8) × 10−3 N·cm2. In small volume soft-plastic silhouette
form garment models, the maximum EI values within one garment fabric piece can be
2.7 times higher than the minimum ones, whereas in the most rigid models of large volume,
this difference equals 5.4 times [5]. In practice, shape stability is achieved by varying the
number of interlining layers in different parts of a garment piece using several types of FIM
with different rigidity and elasticity degrees. Among the disadvantages of this approach are
the thick inner fabric layer that makes the garment heavier, the unpredictable deformation
behavior of the garment in wear, poorer hygroscopicity and air permeability caused by the
increase in the number of FIM layers and mass of the thermoplastic polymer. Additionally,
it is quite natural that the very process of manufacturing of a composite garment piece
increases its rigidity and lowers its shaping ability at the first production stage (fusing),
which makes it more difficult to put the garment into the required shape at the third stage
(final WHT).

An alternative to the use of FIM is the method of direct deposition of viscous polymer
compositions in the form of a certain pattern onto the backside of the main material [3,8].
In such case, a polymer matrix is formed in the MM structure. Among the unquestionable
advantages of the technique are the possibility of gradient reinforcement of a garment piece
in order to regulate the properties of its separate parts, retention of the shaping ability by
the composite fabric piece until the finishing WHT stage, and reduction in the garment
weight. The main drawback is the risk of polymer penetration through the main material
and spoiling of its outside surface appearance.

To ensure that the garment parts look the same, it is reasonable to introduce gradient
changes in the stress-strain properties of the polymer matrix formed within the MM + FIM
composite structure. This can be done through zonal deposition of a special polymer
coating on the FIM surface. When selecting the coating for FIM surface modification, it
is reasonable to employ the latest achievements in the field of synthesis of polymers with
a complex spatial architecture. Quite promising are also methods of obtaining polymer
matrix and interfacial layer in the form of molecular brushes and comb-like structures with
numerous side chains attached to the backbone, which makes the macromolecule rigidity
tens of times higher [9,10].

It is possible to additionally regulate the stress-strain properties of composite materials
by using nanodispersed fillers with a high elasticity modulus, for example, silicon dioxide
(SiO2). One of the problems of polymer material modification by nanoparticles is related to
their aggregation and nonuniform distribution within the polymer bulk [11,12]. Solving this
problem will make it possible to provide fused fabric composites with additional properties
by changing the filler type. For example, garments that have pieces with highly coercive
nanoparticles in the fibrous base structure can have a positive effect on human health:
improve the adaptation and regeneration capacity in stressful situations and protect the
human body from high temperatures, acoustic, ultrasonic and electromagnetic exposure,
impulsive loads and vibrations, as well as chemical and biological factors [13,14].
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We have proposed a technology of FIM modification using a special polymer coating
based on selecting a modifying polymer (MP) dispersion that can interact with a thermo-
plastic polymer (TP) forming a highly branched graft-copolymer, with the lateral branches
penetrating into the pore system of the fibrous materials [15,16]. The conditions of pro-
ducing copolymers of this type within the structure of the fused fabric composite formed
must be suitable for MP and TP interaction and retention of the adhesive properties for
TP and penetration into the fibrous component pores for MP. The formation of a highly
branched polymer layer structure must not lead to an additional increase in the composite
material rigidity before the garment takes its final shape [17]. The MP aqueous dispersion
consistency must correspond to the conditions of screen printing on the FIM surface, and
the MP dispersion degree must be high enough for the particles to diffuse into the inner
volume of the fiber during drying process [18].

This paper presents the results of studying the possibility of regulating the stress-
strain and consumer properties of composite garment parts by changing the conditions of
polymer coating modification in order to obtain highly branched 3D interface structures.
Special attention is paid to the degree of the modifying dispersion penetration into the
fibrous material and introduction of nanodispersed fillers into the polymer matrix.

2. Materials and Methods

Five types of suite fabrics were used as the main materials in the study (Table 1).

Table 1. Characteristics of the main materials.

Symbol Fibrous Composition (%)
Surface Density

MS
MM (g/m2)

Stiffness EIMM,
10−3 (N·cm2)

Shaping Ability
AMM (%) Air Permeability QMM

(dm3/s m2)
Warp Weft Warp Weft

MM1 viscose 55, wool 35, polyester 10 240 ± 3 4.17 3.11 30.3 33.1 183
MM2 viscose 50, polyester 50 185 ± 2 2.3 2.36 35.3 34.2 275
MM3 viscose 80, polyester 20 190 ± 2 2.0 2.0 36.1 36.1 261
MM4 wool 53, polyester 44, elastane 3 167 ± 3 2.76 2.29 34.0 34.9 248
MM5 wool 99, elastane 1 167 ± 3 5.6 3.3 26.4 33.5 218

For modification, we used standard FIM, based on weft knit with polyamide adhesive
dots on one side of it (Table 2).

Table 2. Characteristics of standard FIM.

Symbol Manufacturer Fibrous Composition (%)
Surface Density

MS (g/m2)
Weft Threads Mass
Fraction GWT (%)

Adhesive
Coating Area 1,

STP (%)

FIM1 Shanghai Uneed Textile Co.,Ltd,
Shanghai, China polyester 30, viscose70 80 60.8 13.2

FIM2 Shanghai Uneed Textile Co.,Ltd,
Shanghai, China polyester 30, viscose 70 65 54.4 16.7

FIM3 Kufner Textile Group,
Unterhaching, Germany polyester 27, viscose 73 58 70.5 18.7

FIM4 Iskozh JSC, Neftekamsk, Russia polyester 60, cotton 40 75 60.8 25.2
FIM5 Iskozh JSC, Neftekamsk, Russia polyester 100 70 - 15.8

1 The adhesive coating area was determined by the number of adhesive dots in 1 cm2 of FIM multiplied by the average area of one adhesive
dot and divided by 100.

Samples of aqueous oligoacrylate dispersions Akremos (LLC “Pilot Plant of Acrylic
Dispersions”, Dzerzhinsk, Russia), Akratam AS and Anzal (“Pigment” Ltd., Tambov,
Russia) with the nonvolatile substance content from 30 to 50 wt.% were used as the MP.

Two types of mechanical effects were applied to achieve particle disaggregation in the
hydrosols: ultrasound treatment in a UZDN-2T disperser (LLC “U-RosPribor”, Belgorod,
Russia) at a frequency of 22 kHz and a combination of high shear stress, ultrasound and
cavitation on a rotary-pulse activator (RPA) at the shear rate of (0.5–17.4) × 104 s−1.
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Hydrosols of detonation nanodiamonds (DND) (Ioffe Physico-Technical Institute, St.
Petersburg, Russia) and colloidal silicon dioxide (SD) acted as the nanodispersed filler
(Guangzhou Jiechuang Trading Co. Ltd., Guangzhou, China; SiO2 content 25%–26%, purity
99.5%). The DND was prepared by the oxidative synthesis method and had a zeta-potential
of −50 mV and solid phase content of 3.62 wt.%.

The two-component MP systems with DND or SD were obtained by mixing 100 mL
of an ultrasonically dispersed filler with 10 mL of a mechanically activated MP dispersion
or by treating the mixture of the initial compounds with the required ratio of components
in the RPA.

The size of the hydrosol nanoparticles was measured by the dynamic light scattering
method on a Zetasizer Nano ZS analyzer (Malvern Panalytical, Malvern, UK); the signal
accumulation time in a series of three measurements was 20 min. The analysis of the
measurement results was carried out by an automated program based on the solution of the
Fredholm integral equation of the first kind with an exponential kernel for the normalized
correlation function [19]. To increase the recording ability of the measuring system, taking
into account the recommendations [20] for the study of polyfraction systems in the results
processing window, the value of the Lower Threshold indicator “0.05” must be corrected
to “0” in accordance with the recommendations for studying polyfractional systems.

The MP interaction with the thermally fusible polymer was evaluated by the methods
of IR-spectroscopy on an AVATAR 360 FT-IR ESP Fourier transform IR spectrometer (Spec-
traLab Scientific Inc., Markham, ON, Canada) and differential scanning calorimetry on a
DSC 204 F1 Phoenix apparatus (NETZSCH, Selb, Germany) equipped with a μ-sensor. The
two-component objects were prepared by introducing 10 wt.% of a powdered thermally
fusible polymer into an MP hydrosol, then casting the samples on glass templates and
drying them in air.

To develop the microporous structure of the FIM5 textile base polyester fiber, we
carried out surface saponification in a boiling NaOH solution (0.25–1 mol/L) in the presence
of Alcamon OS-3—a quaternary ammonium compound (0.3 g/L). The processing duration
was varied from 3 to 10 min and was followed by washing with cold and hot (80 ◦C)
flow-through water until the phenolphthalein reaction became neutral. The effectiveness of
the fiber surface modification was evaluated by the low-temperature nitrogen adsorption-
desorption method at 77 K on a NOVA 1200e gas sorption analyzer (Quantachrome,
Boynton Beach, FL, USA) to find out the material porosity (VP, m3/g) and inner pore
size distribution.

The area of the FIM surface covered with the modifying dispersion—SA—was varied
within the range from 0.35 to 0.65 by changing the screen patterns that had different density
and line thickness values. The patterns of MP dispersion deposition and the respective
values of the relative interlining reinforcement area are shown in Table 3.

Table 3. Characteristics of patterns for applying MP.

Number 1 2 3 4 5

Pattern of MP
dispersion deposition

 
Relative reinforce-ment area, SA 0.35 0.45 0.50 0.55 0.65

The fabric composites were made by fusing the main material with a standard or mod-
ified FIM on a Japsew SR-600 press (Japsew Corporation, Shanghai, China) a temperature
of 110 ◦C for 20 s. The wet-heat treatment of the fused fabric composites was carried out
on a Malkan UPP1AVK (Malkan Machinery, İstanbul, Turkey) press at a temperature of
140 ◦C for 30 s. The wetting reached 20%–30%.

The processing characteristics and consumer properties of the fused fabrics and
finished composites with standard and modified FIM were estimated by the following
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indicators: thickness, stiffness, elasticity, shaping ability, bond strength, hygroscopicity, air
permeability, and shape stability factor.

The indicator thickness was conducted in accordance with the ISO 5084:1996 standard.
The indicator stiffness (EI) of textile liner and fused panel was calculated in accordance

with GOST RF 10550-93 using contactless console methodology. The strips of material
size of 160 × 30 mm2 were used. They were placed horizontally on the top side of the
machine and pressed by the load size of 20 mm in the middle. After that, the sides of
anchor were dropped down, the ends of material hanged loose due to gravitational force.
After a minute, the amount of overhang of the strips ends (f ) was measured. The value of
stiffness EI (10−3 N·cm2) was calculated using following equation:

EI =
42.046 × m

0.5755 × f 3 − 2.411 × f 2 + 8.502 × f

where m is the mass of material strip in grams.
The indicator elasticity (U) was calculated using the ring method in accordance with

GOST RF 10550-93 using ring methodology. A sample 95 × 20 mm2 was clamped on the
removable site. The top surface of the sample was outside. The sample should take the
form of correct ring. Then it was loaded up to the sample sagging was 1/3 of diameter
(S0 = 30 mm) during 30 s. After load breaking the sample laid off during 30 s and the
residual deflection S1 was measured. The value of indicator U (%) was calculated using
following equation:

U =
S0 − S1

S0 × 100%

The indicator shaping ability (A) characterizes the relative size of the material (com-
posite) field which repeats the three-dimensional surface. It was conducted in accordance
with patent RF No.234347 “The method of measurement molding ability of textile liner”.
For determination of molding ability, the sphere with diameter 150 mm was set on the
tripod, which was fixed on the stand. The sample of material the size 350 × 350 mm2 was
placed from above the sphere. For ensuring a fit of the material to the sphere, folds of the
same depth were made in the warp and weft directions. The indicator “shaping ability”
(A) was calculated using following equation:

A =
α

αmax

where α is a central angle of recurrence by material (composite) the surface of sphere,
degrees; αmax is a maximum possible angle of recurrence (αmax = 1800).

Methods for determining indicators EI, U, A are detailed in the article [17].
The indicator bonding strength (P) was conducted in accordance with GOST USSR

28832-90; sample preparation and conducting tests were realized in accordance with the
ASTM D 2724 standard under the following conditions: sample size was 150 × 30 mm2,
size of unglued piece was 40 mm, the distance between clamps was 50 mm, the speed of
moving motile clamp was 100 mm/min. The indicator bonding strength (P, N/10 cm) was
calculated using equation:

P =
F

300
where F is average value of the force required to separate the interlining and shell fabric.

Indicator hygroscopicity was conducted in accordance with ISO 811-81 Textile fabrics,
Methods for determination of hygroscopic and water-repellent properties.

Indicator air permeability (Q) was conducted in accordance with GOST 12088-77. The
methodology corresponds to ASTM D737 Standard Test Method for Air Permeability of
Textile Fabrics. Measurements were calculated under the following conditions: rarefaction
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under dotty sample 49 Pa and jaw level for dotty sample 147 N. Air permeability Q
(dm3/s·m2) was calculated using the equation:

Q =
V
S

where V is average volume of air, dm3/s; S is measurement area, m2.
The resistance of the composite shape to wear (storage, loading, axial deformation,

dry cleaning) was measured on hemispherical samples with a 10 cm radius formed on
a laboratory press from fused fabrics in recommended WHT modes. The samples were
stored in a free state at room temperature. They were exposed to static loading for 10 min
with a 30 g load (Figure 1), followed by a 5 min rest.

Figure 1. Loading scheme for bulk samples.

The deformation of the hemispherical samples was achieved by stretching them in
two perpendicular radial directions at the same rate using a specially developed device
that made it possible to mechanize the deformation in this mode creating the necessary
conditions for objective studies of the tensile strain. The number of deformation cycles was
20,000. After the deformation, the samples were released from the apparatus clamps and
were left in a state of rest for 10 min.

The shape stability factor (SS, %) was calculated by the equation:

SS =
Hi

H0
× 100%

where H0 and Hi are the sample height values 10 min after the sample was formed and
after the exposure.

3. Results

3.1. Justification of the Conditions of Two-Component Polymer Coating Formation

Modified polymer coatings can be obtained for a lot of different FIM with a wide
variety of thermoplastic compounds (polyolefins, aliphatic and aromatic polyamides,
polyethers and polyesters, polyvinyl chloride, polyurethanes, polyvinyl acetate, ethylene,
and vinyl acetate copolymers or acrylic compounds) as the thermoplastic adhesive polymer
coating (TP). The modifying compound was selected based on its ability to interact with
the TP within the range of temperatures that are used in the fusing processes of sewing
production, and to ensure that the TP did its job properly. The best results for the most
common in garment production polyamide TP were obtained using polyacrylates as the
MM. Figure 2 presents the results of controlled interaction of the polyamide adhesive
PA-12AKR and oligoacrylate dispersion Akremos 120D as an example.

Using the IR spectroscopy study results (Figure 2a), it was possible to control the type
of interactions taking place during the formation of the polyamide–acrylate copolymer
under heat treatment. The narrowing of the absorption band (at 725 cm−1 in the adduct
spectrogram) of the N–H bond stretching vibrations in the polyamide compound amino
group was accompanied by the disappearance of the peak at 942 cm−1, corresponding
to the double bond stretching vibrations in the CH2=C oligoacrylate molecule. At the
same time, the high-intensity absorption on the stretching vibration bands in the C=O and
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N–H polyamide chain groups remained the same—860 and 1730 cm−1, respectively, which
ensured fabric layer fusion.

  
(a) (b) 

Figure 2. IR spectra (a) and DSC curves (b) of Acremos 120D oligoacrylate dispersion (1), PA-12AKR polyamide adhesive
(2), and polyamide-polyacrylate adduct (3).

The DSC data shown in Figure 2b made it possible to determine the correspondence
of the copolymerization temperature peak TR = 126.5 ◦C with the WHT heating parameters.
To create the optimal manufacturing conditions, the preliminary fusion of the MM and FIM
on a thermal press must be carried out at room temperature exceeding the TP melting point
in the MP presence (TM = 85.7 ◦C), but by no more than 25 ◦C [17] to prevent considerable
spreading of the adhesive dots and, thus, the rigidity increase in the fused fabric.

By analyzing the data in Figure 2, we determined the most suitable modes of the main
composite preparation stages. It is proposed to deposit an MP dispersion onto the FIM side
coated with an adhesive layer by the screen-printing method, dry it at a temperature below
the TP melting point, and then obtain a modified fusible interfacing material (MIM). The
following parameters are required to create a fusible coating based on the polyamide PA-12
AKR: MIM drying temperature TD = 60 ◦C, MM and MIM fusing temperature TG = 110 ◦C,
and temperature of the finished garment WHT TWHT = 140 ◦C.

Table 4 presents measurement results of the bond strength of FIM + MM or MIM + MM
fused fabrics obtained at TG = 110 ◦C and subjected to WHT at TWHT = 140 ◦C. The data in
Table 4 indicate that the copolymer retained its adhesion properties. The bond strength
of MM + MIM fused fabrics was 15%–65% higher than the respective value in the initial
standard FIM. The cohesive bond breakage became adhesive, with fibers pulled out of the
textile base structure, which indicates that the fibrous materials actively participated in the
formation of the highly developed composite interface.

In contrast to the traditional method of formation of a 2D-structured adhesive in-
terlayer that penetrates to a small depth in the interfiber spaces on the surface of the
composite layers, graft-copolymers must be introduced into the capillary and pore system
of individual fibers. In order to achieve that, a graft polymer dispersion must penetrate
into the interfiber pore spaces of the interlining fabric base. It should be borne in mind that
swelling of cellulose fibers increases the lateral size of mesoporous cavities to 25–35 nm,
with the submicroscopic pore diameter reaching 3–7 nm.

The ability of industrially produced polymer dispersions to penetrate into the structure
of the FIM textile base was evaluated using the results of a study of hydrosol particle sizes
with the dynamic light scattering method. One of the few compounds satisfying the size
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requirements was Akratam AS 01, an acrylate dispersion preparation. The characteristics
of its colloidal state are shown in Figure 3.

Table 4. The bond strength of fused fabrics.

Fused Fabrics Bond Strength, P (N/10 cm)
ΔP (%)

MM Type FIM MM + FIM MM + MIM

MM1
FIM3 4.7 7.1 51
FIM2 4.1 5.8 41.5

MM2
FIM1 3.7 5.4 46
FIM4 5.5 7.7 40

MM3
FIM3 4.5 6.6 46.7
FIM4 5.3 7.8 47.2

MM4
FIM2 4.0 5.6 40
FIM1 3.6 5.1 41.7

MM5
FIM2 4.3 6.4 48.8
FIM4 5.4 7.7 42.6

  
(a) (b) 

Figure 3. Particle size distribution of the relative dispersed phase volume indicators (a) and the particles’ relative number
(b) in the preparation Akratam AS 01 hydrosol.

It is shown that more than 86% of the relative particle number and about 70% of the
relative dispersed phase volume were made up by fractions with particles less than 35 nm
in size. It means that the compound could migrate into the structure of the cellulose base
when the fibrous material gets swollen.

Table 5 shows the results of the particle size analysis of all studied acrylate compounds.
In the vast majority of the studied objects, the size of the particles (rMF) of the major

fractions, identified by the total value of the dispersed phase relative volume (VMF) or
relative number of particles (NMF), was much bigger than those of the voids in the cellulose
fiber capillary pore system. When such compounds are used in their initial form, the
dispersed phase particles form agglomerates in the interfiber and interthread spaces of the
FIM textile base, which lowers the effectiveness of an adhesive polymer coating modifica-
tion. The advantages of using compounds with a large share of small-sized fractions consist
in the possibility of formation of elongated graft chains in the fibrous material capillaries
and the increase in the density of grafting of the side branches to the polymer backbone.

It has been established that it is possible to effectively increase the dispersion degree
of oligoacrylate compounds by subjecting them to a series of mechanoacoustic effects: high
shear stresses, ultrasound, and cavitation. For example, Figure 4 illustrates changes in the
Akremos 120D particle sizes after their processing on a rotary-pulse activator (RPA).
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Table 5. Estimation results of the major fractions particlesize (rMF) and relative share (VMF) in hydrosols of MP dispersions.

Type of MP Dispersion
V = f (r) Curve Data N = f (r) Curve Data

rMF (nm) VMF (%) rMF (nm) NMF (%)

Akratam AS 01 21.9–45.6 78.4 18.9–34.0 86.7

Akratam AS 01-M
25.4–45.6 41.5 21.9–34.0 78.3
171–413 26.3 - -

Akratam AS 02 99.1–171 82.5 70.9–128 85.4
Acremos 120Д 32.9–110 82.5 31.6–82.1 87.4
Acremos 304 82.1–148 84.0 70.9–128 86.9
Acremos 306 82.1–48 81.8 70.9–128 83.0
Acremos 402 52.9–110 73.5 45.6–82.1 85.6

Anzal KS 198–266 96.1 198–266 94.4

Figure 4. Particle size distribution of the dispersed phase relative volume in the initial dispersion of
Acremos 120D (1) and after mechanoacoustic treatment on the RPA apparatus (2).

Hydrosol mechanical activation shifts the peak related to the particle hydrodynamic
radius, rmax, from 75 to 15 nm. More than 80% of the dispersed phase relative volume is
taken up by the fractions with particles less than 35 nm in size that can be absorbed by
the mesoporous cavities of the cellulose fiber. Mechanical activation of the Akratam AS 01
aqueous dispersion produces an ultradispersed hydrosol form with rmax = 2.5 nm.

The MP particle size effect on the properties of the fused fabric MM3 + MIM2 com-
posite is illustrated in Figure 5. The rigidity of the composite was compared with that of
the fused MM3 + FIM2 composite. Deposition of an oligoacrylate dispersion in its initial
form (curve 1) led to a two-fold increase in the EIK value at the MP content on the material
of 0.3 wt.%. Ultrasound treatment aimed at dispersion disaggregation reduced the size of
the MP particles to 40 nm (curve 2), which, however, did not make them small enough to
penetrate inside the fiber. In this case, 3D-copolymer structures were also formed in the
interthread and interfiber spaces of the textile base. Additionally, the EIK gain achieved
by grafting smaller radicals was 17% lower than that reached by deposition of the same
amount of the MP in its initial form (see Figure 5).

When MP particles were subjected to mechanically activated grinding and were
reduced in size to the mesoporous spaces of the swollen cellulose fiber (curve 3), the rigidity
gain (ΔEIK) relative to that in the initial FIM (GMP = 0) was 3–3.5-fold in comparison to
that achieved by deposition of the same amount of the nonactivated dispersion. When
ultradispersed MP particles were used (curve 4), they occupied the whole inner volume
of the fiber, including the submicroscopic pores, which led to an up to 10-fold increase
in ΔEIK.
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Figure 5. MM3 + MIM2 composite stiffness index (EIK) dependence on the applied modifying
polymer dispersion amount (GMP) with the value of the hydrodynamic particle size rmax: 1–75 nm;
2–40 nm; 3–15 nm; 4–2.5 nm.

The data in Figure 5 allow us to describe the concentration dependencies of the
rigidity gain with the following expressions (the value in brackets shows the MP dispersion
particle size):

ΔEI(75nm) = 8.38 × GMP;
ΔEI(15nm) = 18.88 × GMP + 7.36 × G2

MP;
ΔEI(2.5 nm) = 11.39 × GMP + 117.83 × G2

MP

(1)

The dependencies presented reflect the accelerating increase in the rigidity due to the
effect of the FIM textile base pore system. Thus, it was reasonable to apply a combination
of mechanoacoustic effects to reduce the size of the oligoacrylate particles to 2.5–30 nm to
ensure their penetration into the FIM pores.

In order to achieve similar effects on synthetic fabrics (polyester and polyether in
particular), which are chemically inert, have a small number of active groups on the surface,
are smooth, and have no intrafiber voids, we suggested conducting surface saponification
of polyethylene terephthalate in the presence of an interphase catalyst ensuring hydrolysis
localization and formation of numerous nano- and microcavities. The role of the catalyst
can be played by some quaternary ammonium compounds, in particular Alkamon OS-3.

Figure 6 shows the effects of the saponification conditions on changes in the polyester
fiber-free volume (VP) and stiffness (EIK) of the composite after fusing and WHT.

As Figure 6 shows, changing the conditions of the polyester fiber saponification stage
in the textile base and the amount of the Akratam AS 01 dispersion deposited on the
substrate was an effective method of composite rigidity increase control. In comparable
experimental conditions, when the compound was used in its initial form and could fill
mesoporous cavities, the stiffness gain (ΔEIK) caused by depositing equal MP amounts
could range from 2.3 to 10 times. In the case of the ultradispersed MP form that can
penetrate the cavities of submicroscopic sizes, the ΔEIK value could increase 12.7–16.4 times.
The best type of fiber preactivation for treating the initial form of the Akratam AS 01
polymer dispersion was mode 3 (CNaOH = 1 mol/L, τ = 3 min). In case of the ultradispersed
MP form, surface hydrolysis could be carried out at an alkali concentration lowered to
0.25 mol/L.

3.2. Evaluation of the Polymer Coating Effect on the Processing and Consumer Characteristics of
the Obtained Composite

An evaluation of the processing and consumer properties of the composite materials
for garment shaping pieces after WHT (finished composite) and semifinished composites
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at the intermediate stage of fusing (fused fabric) was done. Some of the results for the
samples obtained using standard FIMi and their modified forms (MIMi) are shown in
Tables 6 and 7. The MIM samples were prepared on a relatively small area that was coated
with the ultradispersed preparation Akremos 120D (SA = 0.45). The weft threads of the
main material and the interlining were aligned with each other during the fusing.

 
(a) (b) 

Figure 6. Influence of TPM5 saponification conditions on the dependence of the free volume distribution over the pore
diameter (a) and changes in the composites stiffness (b) with varying the amount of MP applied in the initial (1–3)
and ultradispersed (2*–3*) forms: 1-standard TPM5; saponification conditions: 2, 2*-CNaOH = 0.25 mol/L, τ = 10 min;
3, 3*-CNaOH = 1 mol/L, τ = 3 min.

Table 6. Processing properties comparative characteristics (stiffness EI, forming ability A and elasticity
U) of fused fabric (index “FF”) and finished composite (index “K”) obtained using FIM and MIM.

Composite

EIK

(10−3 N·cm2)
EIFF

(10−3 N·cm2)
AFF (%) UFF (%) UK (%)

Warp Weft Warp Weft Warp Weft Warp Weft Warp Weft

MM1+
FIM1 12.1 13.4 8.2 9.4 27.1 24.7 39.5 46.4 58.6 68.0
MIM1 23.9 25.5 8.3 9.7 27.2 24.4 39.7 46.2 79.5 88.2

MM1+
FIM3 9.4 17.1 6.6 11.5 28.5 27.4 39.4 48.5 56.2 72.1
MIM3 21.2 28.5 6.3 11.1 28.7 27.5 39.1 48.6 77.2 91.6

MM1+
FIM4 14.8 23.4 9.7 14.3 26.6 21.3 42.0 51.2 61.8 74.7
MIM4 26.1 35.5 9.5 14.5 26.3 21.5 41.8 51.0 80.3 94.2

MM4+
FIM1 9.1 9.4 6.1 6.5 32.6 29.5 35.5 46.0 50.0 57.1
MIM1 21.2 21.4 5.8 6.3 32.8 29.5 35.1 45.7 72.5 78.6

MM4+
FIM3 7.6 12.6 5.1 8.5 32.9 31.0 34.3 39.1 49.0 55.8
MIM3 19.4 23.8 4.9 8.6 32.7 31.2 34.2 39.1 71.5 77.3

MM4+
FIM4 10.8 16.7 7.1 11.1 30.1 27.8 37.3 42.8 53.9 62.0
MIM4 22.2 27.8 7.3 10.7 30.3 27.6 37.2 43.1 75.4 82.5

An analysis of the initial parameters of the objects to be modified considering the
processing characteristics of the FIM, given in Table 2, was done. In all of the suite fabrics,
we observed the same types of regularities, namely an increase in the stiffness and elasticity
of the composite along the weft aligned with the reinforcing weft yarn in the FIM structure.
The EIK and UK values also became higher when the mass of the textile base and the MS
and STP indicators of thermoplastic adhesive were increased. The 1.9-fold growth in the
adhesive coating area following the replacement of FIM1 with FIM4 led to a 1.75-fold
stiffness increase along the weft despite a 7% decrease in MS value. Along the warp (when
FIM did not have a reinforcing thread), the increase in stiffness along the warp value
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following the STP growth was smaller (1.22-fold) and more sensitive to changes in the
interlining fabric mass.

Table 7. Consumer properties of composites based on FIM and MIM: thickness h; shape stability
factor for storage in 24 h (SS24), 48 h (SS48), loading (SSload), multiaxis cyclic tensile strain (SStensile),
and dry cleaning (SSdry clean); air permeability Q and hygroscopicity Hyg.

Composite h
(mm)

Shape Stability Factor (%)
Q (dm3/s m2) Hyg (%)

SS24 SS48 SSload SStensile SSdry clean

MM1+
FIM1 1.90 85 84 75 70 74 84.3 5.3
MIM1 1.86 90 89 81 77 80 83.9 5.4

MM1+
FIM3 1.76 87 85 76 72 76 78.1 5.5
MIM3 1.75 93 91 82 79 81 77.8 5.7

MM1+
FIM4 1.76 91 88 82 80 85 50.1 5.1
MIM4 1.75 96 94 88 83 91 50.1 5.1

MM4+
FIM1 2.0 77 73 64 61 63 108.5 4.4
MIM1 1.95 81 78 74 69 68 107.9 4.6

MM4+
FIM3 1.90 76 73 59 60 63 84.3 4.5
MIM3 1.85 80 78 73 67 69 84.4 4.7

MM4+
FIM4 1.80 80 78 69 65 70 52.1 4.2
MIM4 1.80 85 84 77 72 75 52.5 4.3

When standard FIM were used, the maximum EIK value was 23.4 × 10−3 N·cm2.
To reach this value, the MM1 garment pieces had to be oriented crosswise, along the
reinforcing weft thread of FIM4, the processing characteristics of which were close to the
extremely high values: MS = 75 g/m2; GWT = 60.8%; STP = 25.2%. A further increase in
the rigidity in order to fix the garment shape could be only achieved by using several
FIM layers.

The main purpose of FIM polymer coating modification is increasing the EIK level
in order to reduce the number of layers in the fused composite and lower materials’
consumption. A comparison of the data in Tables 1 and 6 showed that the EIK gain
relative to the main material rigidity (EIMM) increased from 2.2–7.6 times in the fabrics
with standard FIM to 5.1–11.5 times in the used MIM variants.

After the fusion stage, the rigidity of the standard fused fabric composites (EIFF)
became 1.5–4.8 times higher than that of EIMM. The higher rigidity of semifinished product
had a negative effect on their ability to take the required shape. In the samples with FIM,
the decrease in the fused fabric shaping ability AFF in comparison with the AMM reached
approximately 35.6%. In spite of the good structural mobility of knitted FIM, the use
of molten adhesive dots to fix their parts on the MM surface made the fused composite
elasticity quite high. The UFF value along the reinforcing weft threads of the FIM exceeded
50%. Since excessive elasticity of fabrics can be an obstacle to garment shaping from flat
pieces, it is desirable to prevent its growth in a fused fabric.

This means that an important component of interlining polymer coating functional-
ization is ensuring the timeliness of copolymerization in order to preserve the maximum
plasticity of the fused composite and obtain the necessary 3D shapes with their subsequent
fixation at the final WHT stage. The data in Table 6 provides clear evidence that the use of
finely dispersed graft forms and their introduction into the pore structure of the MIM textile
base fibers have no effect on the stress-strain properties of the fused fabric. The EIK/EIFF
ratio value rose from 1.4–1.6 in FIM-based fused fabrics to 2.5–4 in the MIM-based ones.

An equally important aim of the interlining polymer coating functionalization is
higher elasticity of finished composite (UK) for shape stability under external effects. A
comparison of the values of the EIweft

K and Uweft
K indicators for FIM1 and FIM3 fabrics

showed that the higher rigidity of the standard interlining materials did not always make
their elasticity higher as a result of the action of several structural factors. The proposed
technology of forming a highly branched composite interface with the side chains of the
graft-copolymer penetrating into the intrafiber pore spaces of the fusing textile layers
allowed a simultaneous increase in EIK and UK indicators. The relative elasticity gain after
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the WHT (UK/UFF) rose from 1.2–1.5 times in the fused fabrics with FIM to 1.7–2.1 times
in the samples with MIM.

Dependencies have been obtained showing how the processing parameters of the
main material (the MM index) and FIM structural parameters—surface density (MS, g/m2),
weft thread mass fraction (GWT, %), and adhesive coating area (STP, %)—affect the changes
in the respective properties of the composite obtained using standard FIM:

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

EIwarp
K = EIwarp

MM × (0.029 × MS + 0.049 × STP); R2 = 0.979;

EIweft
K = EIweft

MM × (0.005 × MS + 0.002 × GWT + 0.27 × STP); R2 = 0.982;

EIFF = (0.67 . . . 0.72)× EIK;

Awarp
FF =

Awarp
MM

(0.012×MS+0.017×STP)
; R2 = 0.987;

Aweft
FF =

Aweft
MM

(0.011×MS+0.01×GWT+0.323×STP)
; R2 = 0.984;

Uwarp
K = 44.5 + 0.14 × MS + 0.26 × STP; R2 = 0.88; —only for MM1

Uweft
K = 45 + 0.0186 × MS + 0.095 × GWT + 0.65 × STP; R2 = 1; —only for MM1

UFF = (0.65 . . . 0.75)× UK

(2)

The data in Table 6 indicate that deposition of a modifying dispersion had practically
no effect on the processing characteristics of the obtained fused fabric. Hence, Equation (2)
used for EIFF, AFF, and UFF indicators can be also applied to MIM.

Table 7 shows the effect of the interfacing polymer coating modification on changes in
the consumer properties of the obtained composite samples.

The composites with MIM were found to be thinner than those with FIM. It was,
evidently, the result of the denser fiber structure of the interfacing material caused by MP
penetration into the pores and formation of a developed interphase layer. This also made
the shape stability factor (SS) of the obtained MIM-based finished composite noticeably
higher both in storage and in wear. It should be said that the SS reduction on the second day
of storage in both types of interlining materials was rather small, i.e., the shape relaxation
took place in the first 24 h after the fabric was formed, and then the shape remained stable.
The shape stability values for the composites correlated with the changes in their elasticity.
In the FIM-based samples, the correlation between the indicators can be described by the
following set of equations:

SS24 = 0.71 × Uwarp
K + 0.64 × Uweft

K ; R2 = 0.989;

SSload = 0.7 × Uwarp
K + 0.5 × Uweft

K ; R2 = 0.989;

SStensile = 0.5 × Uwarp
K + 0.62 × Uweft

K ; R2 = 0.985

(3)

The shape stability factors for the MIM-based composites can be described by the
following set of equations:

SS24 = 0.071 × Uwarp
K + 0.96 × Uweft

K ; R2 = 0.992;

SSload = 0.36 × Uwarp
K + 0.61 × Uweft

K ; R2 = 0.981;

SStensile = 0.14 × Uwarp
K + 0.76 × Uweft

K ; R2 = 0.988

(4)

Hygiene safety of composite materials for making clothes is evaluated by breathability
and hygroscopicity. Fabric breathability is important for maintaining the optimal temper-
ature in the undergarment space and for diversion of carbon dioxide vapor intensively
released by human skin (about 250 mg/h). The Q indicator values for composite samples
were 55%–58% lower than the initial level for the MM, as fabric bonding dramatically
increases the resistance to the air movement. The increase in FIM surface density and TP
mass was accompanied by a considerable reduction in the composite Q value. The macrop-
ores in the composite structure were blocked by the adhesive interlayer more quickly as the
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adhesive coating area STP became larger. The correlation between the values is described
by the equation:

Q =
QMM

0.019 × MS − 0.014 × STP + 0.0042 × S2
TP

; R2 = 0.987 (5)

An important fact is that MP dispersion introduction into the fibrous material structure
and formation of a graft-copolymer adhesive form in fused composites with MIM did not
lead to additional resistance of the composite garment pieces to air penetration. At the
same time, the effectiveness of the polymer coating modification could be evaluated by
determining the EIK/Q indicator ratio, which becames 1.5–2.6 times higher when standard
FIM were replaced with developed MIM.

Hyg indicator values are interrelated with the content and hydrophilicity of fibrous
components of fused fabric layers. The presence of a TP polymer matrix in the composites
lowered the Hyg value by 50%–67% compared to the same value for MM. However, in all
the samples compared, the use of MIM had practically no effect on the basic Hyg values
corresponding to comfortable wear conditions.

It is especially valuable that MIM makes it possible to regulate the rigidity of various
parts of a composite garment-shaping piece without using multilayered laminated fabrics.
This result can be achieved by using screens with changing printing patterns corresponding
to the required reinforcement area (SA) for screen printing of the modifying dispersion (see
Table 3). In order to be able to regulate the rigidity, we derived mathematical dependencies
describing changes in the main processing parameters of the composite depending on the
SA value (with the first member of the equation right side reflecting the indicator value in
the fused composites with a nonmodified interfacing fabric):

EIMIM
K = EIFIM

K − 7.73 × SA + 76.84 × S2
A
(
range ΔEIK = (6.7–27.4)× 10−3 N·cm2);

UMIM
K = UFIM

K + 39.85 × SA + 19.72 × S2
A (range ΔUK = 16.4%–34.2%).

(6)

An analysis of the equations shows that by regulating SA, it is possible to change the
composite rigidity (ΔEIK) and elasticity (ΔUK) within a wide range of values.

3.3. Evaluation of Effects of Nanodispersed Fillers

One of the reinforcing nanomodifier types widely used in composite material pro-
duction is detonation nanodiamonds (DND). Figure 7 shows the results of a comparison
of the stress-strain properties of an MM1-based composite with those of standard FIM1
and its modified form with different amounts of DND introduced into the Akremos 120D
oligoacrylate dispersion. The mechanically activated binary composition was deposited
onto the interfacing material using screen No. 1 (SA = 0.35).

Within the studied range of DND concentrations, the stiffness gain in the modified
composite relative to the initial fused composite (ΔEIDND) was 1.7–2.6 times bigger than
in the case of using oligoacrylate without a filler (ΔEI0), and the stiffness gain ΔUK was
1.24–2.2 times bigger. The changes were more noticeable at the CDND up to 5 wt.%, when
the ΔEIK value doubled and ΔUK increased 1.75-fold. A further increase in the DND
concentration slowed down the indicator growth. This was probably caused by the negative
DND particle surface zeta-potential. The higher modifier concentration increased the
total charge value of the polymer dispersion and strengthened the forces of electrostatic
repulsion with the negatively charged surface of the viscose fiber in the interlining.

The data in Figure 8 illustrate the limitations in the use of DND for modifying the
interfacing polymer coating. The DND presence triggered agglomeration of the polymer
dispersion particles, which, after 24-h storage, produced fractions 100–400 nm in size and
micrometer fractions that took up more than 30% of the dispersed phase volume.
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(a) (b) 

Figure 7. Dependencies of the composite stiffness (a) and elasticity (b) on the DND addition to the oligoacrylate dispersion
(CDND, wt.%).

 
 

(a) (b) 

(c) 

Figure 8. Particle size distribution of the dispersed phase relative volume in the DND preparation hydrosol (a) and its
mixture with the Acremos 120D preparation after 1 h (b) and 24 h (c).

Since the polymer dispersion hydrosols are stable in colloidal state and the market
prices of nanomodifiers are quite high, it is thought to be more effective to use available
nanodispersed silicon dioxide (SD) compounds.

The data in Figure 9 illustrate the necessity of preliminary dispersion of colloidal SD
compounds as the initial hydrosol form contained large aggregated fractions of 60–180 nm
in size.

Ultrasound effects ensure hydrosol dispersion, with most of the volume occupied by
fractions of individual SD grains capable of penetrating into the mesoporous spaces of the
interlining fabric fibrous base. The SD ultradispersion effect was achieved by applying
a combination of ultrasound, high-rate shear loads, and cavitation in the RPA apparatus.
About 40% of the relative dispersed phase volume was taken up by the particles of less

67



Coatings 2021, 11, 616

than 10 nm in size. Evidently, mechanoacoustic effects led to crushing of the SD grains,
which is illustrated by the micrographs with damaged spherical parts in Figure 10.

   
(a) (b) (c) 

Figure 9. Changes in the fractional distribution of the initial SD hydrosol particles (a) after ultrasonic treatment (b) and
mechanical activation in RPA (c).

   
(a) (b) (c) 

Figure 10. SEM images (a–c) of colloidal SD after mechanoacoustic processing in RPA.

The hypothesis about SD grain crushing caused by mechanical activation of the
hydrosols and SD’s ability to interact with oligoacrylates of different structures is confirmed
by IR-spectroscopy studies [21]. The specifics of the interactions in the system are illustrated
by the data in Figure 11.

The absorption bands for the SD compound reflected in curve 1 are reproduced in
curve 2, which indicates that the chemical state of the colloidal SiO2 remained unchanged
after the US-treatment. Curve 2 also contained a group of oligoacrylate molecule bands:
the stretching vibrations of the C=O groups in the butylacrylate fragments at 860 and
1692 cm−1, the C–C stretching and skeletal vibrations at 1512 and 1600 cm−1, as well as the
bending (910 cm−1) and stretching (2850 cm−1) vibrations of the C–H bond in the alkyl
chain. The high-intensity band appearing at 2156 cm−1 on curve 2 was formed by the
vibrations of the silanol groups participating in the formation of a hydrogen bond with the
acrylate carbonyl. This indicates the physical nature of the adsorption interactions between
the system components subjected to US-dispersion.

When the components were treated together in the RPA, it caused a considerable
transformation of the spectrum (curve 3). Changes in the SD state were reflected in the
lower intensity of the Si–O stretching vibration bands at 465, 630, 800, 1194 and 1960 cm−1

and bending vibrations (at 486 and 560 cm−1) in the O–Si–O bridge bonds, which indicated
mechanically activated breakage of the siloxane bonds in the SiO4 tetrahedron network.
The higher intensity of the Si-OH bending vibrations peak at 870 cm−1 indicated an increase
in the number of silanol groups.

Polymerization triggered by mechanical activation of the binary system led to the
disappearance of the vinyl group rocking vibration band on curve 3 (730 cm−1) and peaks
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of the CH2=C– double bond stretching vibrations (3044, 1721, 1550, 942 cm−1) on curve 2.
The band at 3044 cm−1 on curve 3 shifted to the higher frequency region (3082 cm−1) as a
result of the increasing absorption of the stretching vibrations in the CH2 and CH3 groups
formed by the oligoacrylate vinylidene unit transformation.

Figure 11. IR spectra of SD (1) and SD-Akratam AS compositions in a ratio of 7:3, obtained using
ultrasound processing (2) and mechanical activation (3) of a binary hydrosol.

However, curve 3 had bands indicating the formation of new bond types. The band at
1150 cm−1 demonstrated the appearance of a siloxane group bond with a Si–O–C carbon
atom. The peaks at 650 and 850 cm−1 indicated the formation of a Si–C bond. There were
also absorption bands at 1415 and 1645 cm−1 attributed to the scissoring vibrations of the
hydrogen atoms in the Si–(R)C<(H)2 groups. The results of the IR-spectra analysis allow
us to conclude that subjecting the preparations simultaneously to the action of shear stress,
ultrasound, and cavitation led to a break-up of the siloxane bonds in the structure of the
silica dioxide nanoparticles and was accompanied by broken bond hydrolysis. At the same
time, it is quite likely that Si–O–Si bond breakage may result in the formation of radical
products, and the siloxane macroradical may get attached to the oligoacrylate “tail”, which
can facilitate stabilization of the binary hydrosol state and more uniform SD distribution
within the polymer adhesive bulk.

Figure 12a presents the results of the thermal analysis of the two-component systems
modelling copolymerization of oligoacrylate with a standard FIM polyamide adhesive.

The peak at 76.2 ◦C on curve 1 characterized the melting of the polyamide not interact-
ing with the acrylate. Film formation started at 118.3 ◦C, whereas copolymerization in the
presence of an initiator-halogenide complexonate of transition metals-and hardening of the
adhesive completed at 186.7 ◦C. In the acrylate-SD composition (curve 2), thermally fusible
polymer melting was contained, which made it possible to raise the drying temperature of
the FIM being modified (see Figure 2) to TD = 85–90 ◦C. At the fusion stage, the heating
must be carried out at temperatures not exceeding TG = 105–115 ◦C. Polyamide film and
graft-copolymer formation processes represented one stage with a peak at 129 ◦C, which
determines the minimum value of the TWHT parameter for the final WHT in order to shape
the garment and stabilize its shape.

Figure 12b demonstrates the increase in the rigidity of the obtained composite as the
SiO2 content in the acrylate dispersion became higher. By changing the nanodispersed
filler content from 5 to 25%, it was possible to increase the rigidity in composite garment
shaping pieces 1.08–1.8 times, which may be a new solution to the problem of quick
adjustment of the properties of interlining materials to the requirements for garment
designs being developed.
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(a) (b) 

Figure 12. DSC analysis curves of PA-12AKR co-crystallization adducts of glue with the initial Akratam AS (1) and the
acrylate-SD composition in a ratio of 3:1, (2) (a) and the stiffness index of the finished composite dependence on the SD
concentration (b).

4. Discussion

The presented results indicate that a modified polymer coating ensured the formation
of a graft-copolymer interface in the composite structure, which can have a great effect
on the stress-strain properties of the garment piece made. The main difference of the
developed MIM from traditional FIM was the replacement of the method consisting
in forming 2D-structured adhesive layers between the fabrics to be joined to creating
composites with a highly branched 3D interface. As Table 6 and Equations (2) and (5)
show, the main technology used to make the rigidity of one type of the FIM textile base
higher was increasing the adhesive dot area (TP mass), which was accompanied by a
considerable reduction in the breathability of the finished composite. When MIM with a
modified polymer coating were used, both the rigidity and the elasticity grew, which quite
naturally led to higher strength and durability (see Equation (4)).

To demonstrate the effectiveness of using a modified coating, we calculated the main
parameters of the fused fabric and finished composite obtained from MM1 fabric with
FIM1 or MIM1 in garment pieces with the same preset value of the EIK indicator along the
MM warp yarn. In case of FIM, we used Equation (2) to determine the necessary adhesive
coating area STP. For MIM, we used Equation (5) to select the MP deposition area SA.
The results of the comparison of the calculated values for the fused fabric and finished
composite are given in Table 8.

Table 8. Comparison of the fused fabrics and composites based on FIM and MIM characteristics calculated values.

Required Value EIK

(10−3 N·cm2)
Type of Interlining Material

Conditions for Creating EIK AFF

(%)
UK

(%)
Q

(dm3/s m2)STP (%) SA

12 FIM1 13.2 - 30.7 58.6 84.3

17
FIM1 35.8 - 19.3 65.4 28.6
MIM1 13.2 0.31 30.7 72.8 84.3

22
FIM1 60.3 - 15.3 72.8 11.5
MIM1 13.2 0.41 30.7 78.3 84.3

27
FIM1 84.8 - 12.6 80.1 6.0
MIM1 13.2 0.5 30.7 83.5 84.3

32 MIM1 13.2 0.56 30.7 87.1 84.3
40 MIM1(CSD 7.1%) 13.2 0.31 30.7 86.7 84.3
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It was found that the range of possible rigidity changes in the fabric with FIM1 as a
result of increasing the TP amount was extremely limited. The increase of 5 × 10−3 N·cm2

in EIK could only be achieved if the coating area, STP, made up 35.8%; and the value growth
of 10 × 10−3 N·cm2 could be only reached if the area occupied by the coating was 60.3%,
which critically reduces the shaping ability and breathability. It should be said that the AFF
reduction by less than 18% and the UK increase by more than 50% worsened the shaping
conditions at the WHT stage and could cause a greater number of process defects in the
form of creases and wrinkles on the shell fabric surface and quick shape relaxation. This
means that it is possible to prepare composites with rigidity of (20–40) × 10−3 N·cm2 by
the traditional method only if several FIM layers are used.

The use of MIM made it possible to achieve the required value of the EIK indicator
by modifying the interlining fabric at a minimum value of STP, even without reaching
extremely high SA values. MIM-based composites have high values of all the parameters.
This allows us to claim that MP deposition facilitates preparation of composites exceeding
the traditional types in all the processing characteristics and consumer properties.

As an example, it was also shown that the maximum rigidity value (39.8 × 10−3 N·cm2)
that is required to ensure shape stability of the shoulder part of a large-size men’s jacket
of rigidly fixed form can be achieved by using an MP with a nanofiller. When the con-
centration of the additive, CSD, in the composition with Akratam AS reached 7.1%, the
target parameters of the composite could be obtained at the minimum values required for
polymer coating modification (STP and SA).

Thus, the multifunctionality of the interfacing polymer coating was the result of the
improvement of the processing characteristics and consumer properties of fused fabric
and finished composite. The methods of screen or ink-jet printing with an aqueous MP
dispersion made it possible to vary the composite rigidity by changing the SA value. The
increase in the reinforcement area was accompanied by higher elasticity but did not lead
to lower bond strength and did not reduce the shaping ability and breathability either.
Changing the pattern of MP deposition over the MIM area made it possible to introduce
gradient changes in the rigidity value within one reinforced garment piece. Higher rein-
forcement could be achieved by applying methods of nanostructural organization of MIM
polymer coating. Easy-to-use methods of hydrosol ultradispersion and nanolayer surface
modification of fibers were applied to ensure effective MP penetration into the intrafiber
pore structure of textile bases.

MIM functionality could be widened by using nanodispersed fillers for fabric rein-
forcement or by providing special-purpose clothes with health improvement properties.
An evaluation of the effect of the interface modification by ultradispersed silicon dioxide
forms and detonation nanodiamonds showed that it was possible to increase the composite
rigidity and elasticity. The higher elasticity (1.05–1.2-fold increase) in this case was more
important, as it directly correlated with the resistance of a finished garment shape to wear.

It was found that an oligoacrylate graft dispersion could be used to stabilize the
disperse state of nanosized fillers, to make their distribution in the composite structure
more uniform and to achieve reproducible technological effects by modifying the interlin-
ing polymer coating. The proposed method of simultaneous mechanical activation of a
nanodispersed filler with an MP hydrosol could be applied to immobilize highly coercive
nanoparticles, strontium ferrite in particular, in a fibrous material. The effectiveness of the
developed method in producing magnetic fabrics generating a constant low-intensity mag-
netic field in the near-surface layer is shown in [13]. Special garment design [14] improves
the adaptation and regeneration capacity of healthy people in psychologically or physically
stressful situations and makes it possible to apply magnetic therapy for treatment and
prevention of many diseases.

5. Conclusions

The presented results indicate that the technology proposed by us for modifying poly-
mer coatings of fusible interlining materials by depositing a grafted oligomer dispersion
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capable of penetrating into the intrafiber pore structure of the textile base can be used to
widen the functionality of interlining materials and composite garment pieces based on
them. The nanostructured architecture of the modified polymer coating and timely (at
the final WHT stage) oligoacrylate copolymerization with the macromolecules of a ther-
moplastic adhesive facilitate the formation of highly branched 3D-structured interfaces in
the composites, which considerably increases the processing characteristics and consumer
properties of the finished garments in comparison with those made with standard FIM.

The studied methods of ultradispersing polymer dispersions and nanolayer fibrous
substrate surface modification complement each other and make it possible to control the
area of formation of a highly developed adhesive structure and to reduce the amount of
reinforcing nanomodifiers to reasonable values. Together with screen printing methods, in
which it is possible to change the area of modifying composition deposition, they allow
for the development of a wide variety of interlining fabrics from a small range of standard
FIM and quick adjustment of their functional characteristics in order to produce clothes of
any shape and with any elasticity degree.

6. Patents

Patent RU 2,383,672 C2. Compound for giving stability of shape to apparel compo-
nents. Publ. 10.03.2010.

Author Contributions: Conceptualization, N.K. and S.K.; methodology, S.K.; validation, A.B., E.N.
and N.K.; formal analysis, O.R. and S.A.; writing—original draft preparation, N.K. and S.K.; writing—
review and editing, A.B.; visualization, O.R. and S.A.; supervision, A.B.; project administration, E.N.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data is contained within the article.

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

References

1. Phebea, K.; Krishnaraj, K.; Chandrasekaran, B. Evaluating performance characteristics of different fusible interlinings. Indian J.
Fibre Text. Res. 2014, 39, 380–385.

2. Zhang, Q.; Kan, C.-W.; Chan, C.-K. Relationship between physical and low-stress mechanical properties to fabric hand of woollen
fabric with fusible interlinings. Fibers Polym. 2018, 19, 230–237. [CrossRef]

3. Zhang, Q.; Kan, C.-W. A review of fusible interlinings usage in garment manufacture. Polymers 2018, 10, 1230. [CrossRef] [PubMed]
4. Kim, K.; Takatera, M. Effects of dot-type adhesive and yarn float on shear stiffness of laminated fabric with interlining. Text. Res.

J. 2015, 86, 480–492. [CrossRef]
5. Koksharov, S.A.; Kornilova, N.L.; Shammut, Y. Design of composite materials for clothes. In Proceedings of the International

Scientific Practical Conference “Materials Science, Shape-Generating Technologies and Equipment 2020” (ICMSSTE 2020), Yalta,
Russia, 25–29 May 2020; p. 03001.

6. Amar, Z.; Al-Gamal, G. Effect of different types and orientations of fusible interlinings on men striped shirt cuffs. J. Am. Sci. 2015,
11, 66–72.

7. Yun, S.Y.; Kim, S.M.; Park, C.K. Development of an expert system for optimum fusible interlining. Fash. Text. Res. J. 2009, 11,
648–660.

8. Zhang, Q.; Kan, C.-W. Property comparison of woollen fabrics with fusible and printable interlinings. Fibers Polym. 2018, 19,
987–996. [CrossRef]

9. Filippov, A.P.; Belyaeva, E.V.; Zakharova, N.V.; Sasina, A.S.; Ilgach, D.M.; Meleshko, T.K.; Yakimansky, A.V. Double stimuli-
responsive behavior of graft copolymer with polyimide backbone and poly(n,n-dimethylaminoethyl methacrylate) side chains.
Colloid Polym. Sci. 2015, 293, 555–565. [CrossRef]

10. Simonova, M.A.; Zamyshlyayeva, O.G.; Simonova, A.A.; Filippov, A.P. Conformation of the linear-dendritic block copoly-
mers of hyperbranched polyphenylenegermane and linear poly(methylmethacrylate). Int. J. Polym. Anal. Charact. 2015, 20,
223–230. [CrossRef]

11. Vaziri, H.S.; Omaraei, I.A.; Abadyan, M.; Mortezaei, M.; Yousefi, N. Thermophysical and rheological behavior of polystyrene/silica
nanocomposites: Investigation of nanoparticle content. Mater. Design 2011, 32, 4537. [CrossRef]

72



Coatings 2021, 11, 616

12. Kontou, E.; Anthoulis, G. The effect of silica nanoparticles on the thermomechanical properties of polystyrene. J. Appl. Polym. Sci.
2007, 105, 1723. [CrossRef]

13. Izgorodin, A.K.; Patrusheva, T.N. Magnetic fabric: Development of component composition and production technology. Russ. J.
Gen. Chem. 2013, 83, 169–176. [CrossRef]

14. Izgorodin, A.K. Protective Clothing for Rescue and Salvage Operations. Ru. Patent 2448622 C2, 25 March 2010.
15. Koksharov, S.A.; Kornilova, N.L.; Shammut, J.A.; Radchenko, O.V. Synthesis of a highly chained polymeric connecting in the

structure of a multilayered package for garments. Key Eng. Mater. 2019, 816, 219–227. [CrossRef]
16. Koksharov, S.A.; Kornilova, N.L.; Fedosov, S.V. Development of reinforced composite materials with a nanoporous textile

substrate and a brush-structured polymer interfacial layer. Russ. J. Gen. Chem. 2017, 87, 1428–1438. [CrossRef]
17. Kornilova, N.; Koksharov, S.; Arbuzova, A.; Shukla, A.; Mundkur, S.D. Development of reinforced interlining materials to

regulate elastic properties. Indian J. Fibre Text. Res. 2017, 42, 150–159.
18. Kornilova, N.L.; Koksharov, S.A.; Shammut, U.A.; Radchenko, O.V.; Nikiforova, E.N. Influence of dispersity of reinforcing

polymer to the polymerfiber composite materials’ rigidity. J. Phys. Conf. Ser. 2020, 1451, 012012. [CrossRef]
19. Yan, Y.D.; Clarke, J.H.R. In-situ determination of particle size distributions in colloids. Adv. Colloid Interface Sci. 1989, 29,

277–318. [CrossRef]
20. Koksharov, S.A. On the application of the dynamic light scattering method for estimating the size of nanoparticles in bicomponent

hydrosol. Russ. J. Chem. Chem. Technol. 2015, 58, 33–36.
21. Aleeva, S.V.; Koksharov, S.A.; Kornilova, N.L. Interactions in mechanoactivated hydrosols of colloidal silica and oligoacrylates.

Russ. J. Phys. Chem. A 2020, 94, 1268–1271. [CrossRef]

73





coatings

Article

Properties of Polypropylene Yarns with a
Polytetrafluoroethylene Coating Containing Stabilized
Magnetite Particles

Natalia Prorokova 1,2,* and Svetlana Vavilova 1

��������	
�������

Citation: Prorokova, N.; Vavilova, S.

Properties of Polypropylene Yarns

with a Polytetrafluoroethylene

Coating Containing Stabilized

Magnetite Particles. Coatings 2021, 11,

830. https://doi.org/10.3390/

coatings11070830

Academic Editor: Fabien Salaün

Received: 6 May 2021

Accepted: 6 July 2021

Published: 9 July 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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/).

1 G.A. Krestov Institute of Solution Chemistry of the Russian Academy of Sciences, Akademicheskaya St. 1,
153045 Ivanovo, Russia; sjv@isc-ras.ru

2 Department of Natural Sciences and Technosphere Safety, Ivanovo State Polytechnic University,
Sheremetevsky Ave. 21, 153000 Ivanovo, Russia

* Correspondence: npp@isc-ras.ru

Abstract: This paper describes an original method for forming a stable coating on a polypropylene
yarn. The use of this method provides this yarn with barrier antimicrobial properties, reducing its
electrical resistance, increasing its strength, and achieving extremely high chemical resistance, similar
to that of fluoropolymer yarns. The method is applied at the melt-spinning stage of polypropylene
yarns. It is based on forming an ultrathin, continuous, and uniform coating on the surface of each
of the yarn filaments. The coating is formed from polytetrafluoroethylene doped with magnetite
nanoparticles stabilized with sodium stearate. The paper presents the results of a study of the effects
of such an ultrathin polytetrafluoroethylene coating containing stabilized magnetite particles on the
mechanical and electrophysical characteristics of the polypropylene yarn and its barrier antimicrobial
properties. It also evaluates the chemical resistance of the polypropylene yarn with a coating based
on polytetrafluoroethylene doped with magnetite nanoparticles.

Keywords: coatings; polypropylene yarn; polytetrafluoroethylene; magnetite nanoparticles; barrier
antimicrobial properties; surface electrical resistance; chemical resistance; tensile strength

1. Introduction

Single-use materials (medical wear, masks, drapes and pads, sheets, etc.) are now often
used in medical practice. A very important quality of such products is their antimicrobial
properties, i.e., their ability to suppress the development of pathogenic microorganisms
and protect the patients and doctors who come in contact with such microorganisms. One
of the most widely applied methods of providing fibrous materials with antimicrobial prop-
erties is the use of metal and metal oxide nanoparticles [1–7] in antimicrobial preparations
since they become attached to the surface of natural fibers with an enormous number of
functional groups. Polypropylene (PP) fiber has a chemically inert smooth surface with no
pores on it, and it is very hard to attach metal or metal oxide nanoparticles to the surface of
such a fiber. However, it is known [8–14] that nanoparticles retain their antimicrobial prop-
erties even when they are immobilized inside this polymer. Therefore, PP fibers can also be
provided with antimicrobial properties by immobilizing metal-containing nanoparticles
in their inner cavities. A major problem with the introduction of nanoparticles into the
polymer matrix during the melt spinning of fibers is that it is natural for nanoparticles to
aggregate because even a slight aggregation of the fillers may adversely affect the strength
of the fibers. It is rather difficult to prevent the aggregation of nanosized fillers during the
melt spinning of nanomodified synthetic filaments because the formation of nanoparticle
aggregates is the result of the metastability of the nanoparticles with excessive surface
energy. The proposed solutions to this problem are mainly based on lowering the surface
energy of nanosized fillers by treating their surfaces with special agents [14,15]. Different
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works [16–19] propose a different approach to solving this problem. This approach consists
of the introduction of a polymer composite based on antimicrobial iron-, manganese-, and
silver-containing nanoparticles stabilized by polyolefins into a polypropylene melt during
yarn formation. When this method is applied, the nanoparticles are uniformly distributed
throughout the fiber and are firmly kept within it. However, the stabilization method
for metal-containing nanoparticles in their introduction into a polyolefin matrix during
the synthesis procedure is rather complicated, which is an obstacle to their application
in the preparation of modified PP yarns with antimicrobial properties. However, the use
of unstabilized metal-containing nanoparticles for these purposes reduces yarn strength
and, in case of large aggregate formation, leads to the clogging of the spinnerettes and
yarn breakage.

The aim of this work was to attach nanoparticles firmly to the PP yarn surface instead
of immobilizing them inside the yarn. In this way, we can exclude the negative effects of
the aggregated nanoparticles on the strength of the yarn and can increase the antimicrobial
effect by localizing the biologically active nanoparticles on the surface. To do this, we
introduced nanoparticles into the thin polymer coatings formed on the yarns.

There are various methods of forming thin and elastic polymer coatings on fibrous
materials for the direct change of their properties: in situ polymerization, vapor deposition,
dipping in a solution, etc. [20–22]. We had earlier proposed a fundamentally new approach
to obtaining PP yarns with a polytetrafluoroethylene (PTFE) coating [23–25]. According
to this approach, PTFE adhesion to the surface of a thermoplastic yarn is achieved by
depositing a suspension of finely dispersed PTFE on the surface of a semi-solidified yarn
at the stage of its formation on the polymer (oiling stage). At the orientational drawing
state, the coating then becomes much thinner due to the fluoroplastic pseudofluidity
and high coefficient of thermal expansion, which causes the coating to become uniform
and oriented. Such a continuous and uniform PTFE coating makes the yarn extremely
chemoresistant, similar to a fluoroplastic yarn. We supposed that the introduction of
a small number of antimicrobial metal-containing nanoparticles into the PTFE coating
structure could provide the yarn with additional functional characteristics: the yarn could
become antimicrobial, retaining its high chemoresistance. Moreover, the introduction
of metal-containing nanoparticles into the coating structure might reduce the electrical
resistance of the yarn surface. To achieve this effect, we introduced a controlled number
of biologically active magnetite (FeO·Fe2O3) nanoparticles into a PTFE suspension. To
prevent the formation of large aggregates of magnetite nanoparticles, we stabilized them
with a surfactant in advance. Since the orientational drawing of the yarn is carried out
at temperatures up to 250 ◦C, we chose sodium stearate (NaC18H35O2) for the magnetite
stabilization, as preliminary studies had shown that it is a thermally stable surfactant. The
obtained composition was deposited on a semi-solidified PP yarn and then subjected to
orientational drawing.

2. Materials and Methods

The following materials and reagents were used in this work: granulated “Balen 01250”
polypropylene with a melt index of 25 g/10 min and a melting point of 169 ◦C (Ufa, Ufaorgsin-
tez, technical requirements No. 2211-015-00203521-99); sodium stearate (NaC18H35O2), “pure”;
ferrous sulfate heptahydrate (FeSO4·7H2O), “chemically pure” (Moscow, Chimmed); iron
trichloridehexahydrate (FeCl3·6H2O), “pure” (Moscow, Chimmed); ammonium hydroxide
(NH4OH), 25%, “pure”; and a suspension of CΦ-4Д(SF-4D) polytetrafluoroethylene (AO
Galopolymer, Russia). In some of the experiments, we used a film made of 30 μm thick
“Balen 01250” isotactic polypropylene (Europack-Ivanovo Ltd.» Ivanovo, Russia) as the PP
yarn model.

The magnetite nanoparticles were prepared by codepositioning. For that purpose,
we first prepared a solution of two salts containing 7.08 g FeSO4·7H2O (C = 0.5 M) and
3.75 gFeCl3·6H2O (C = 0.3 M), heated it to 80 ◦C and while mixing this solution, slowly
added an excessive amount 15 mL (C = 1.5 M) of ammonia solution, NH4OH, to it. The
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stabilization resulted in the production 1.0% NaC18H35O2. Mixing the solution led to the
appearance of black ultrafine particles. The mixture was then repeatedly washed with
distilled water until the ammonia smell disappeared. The suspension of the stabilized
magnetite was then dried in air until a powder was produced. The powder was sifted
through a filter and dried for 24 h in a vacuum at a temperature of 60 ◦C.

The composition for coating the PP yarns was obtained from a finely dispersed
suspension of SF-4D PTFE by mixing the components at a temperature of 80–90 ◦C. The
composition contained a PTFE suspension-10%, sodium stearate-1.0%; magnetite-1%;
and water-88%. To make the aggregates of the stabilized magnetite particles smaller, we
subjected them to ultrasonic (US) treatment in a low-frequency ultrasonic sonicator of the
USDN-2T type in a temperature-controlled container at a frequency of f = 22 kHz. The
exposure lasted for 2 min.

The PP yarns were prepared using a laboratory bench for the SFPV-1 synthetic fibre
spinning. The orientational drawing of the spun PP yarns was performed on an OSV-1
synthetic fiber orientation bench. Such benches can simulate the conditions of the industrial
processes for yarn melt-spinning and orientational drawing. The images and schemes of
the benches are presented in previous works [16,25].

The SFPV-1 spinning bench is equipped with an automated control panel for managing
the spinning process, an extruder in which the polymer melts, a spinnerette with 24 holes
(Ø = 0.4 mm) for the formation of fine jets of liquid from the melt, godet wheels, and a
fibre collecting drum for winding the spun yarn onto a spindle. During the experiment,
the temperature values in the extruder zones were different: in the preheating zone,
T1 = 200 ◦C; in the melting zone, T2 = 225 ◦C; in the melt stabilization, zone T3 = 236 ◦C;
and in the extrusion head heating zone, T4 = 236 ◦C. The melt was fed at a rate of 20 g/min.
The godet wheels operated at 100 m/min.

The composition containing a PTFE suspension and magnetite nanoparticles stabilized
by a thermally stable surfactant was deposited on the PP yarn surface from the first and
second godets at the oiling stage.

After the extrusion and deposition of the PTFE composition, the PP yarns were
subjected to orientational drawing and were thermally stabilized on an OSV-1 bench. The
process was carried out for the standard PP yarn at the following temperatures in the
stretching zones: T1 = 118–120 ◦C (the upper heated godet wheel), T2 = 120–122 ◦C (the
lower heated godet wheel), and T3 = 123–125 ◦C (the thermoelectric plasticizer) at a rate
of 3–20 m/min. The coated yarns were stretched at higher temperatures: T1 = 120–135 ◦C,
T2 = 123–140 ◦C, and T3 = 125–155 ◦C. Complex yarns composed of 24 filaments with
a diameter of 15 μm were obtained. The coating thickness was 0.18 ± 0.5 μm. The
characteristics of the PTFE coating are described in detail in [25,26].

In some of the experiments, the composition was deposited on the surface of a
polypropylene film produced in industrial conditions from 30 μm thick “Balen” 01250
polypropylene (Europack, Ivanovo, Russia). The film became 5 times longer after being
stretched on the OSV-1 bench at 120 ◦C.

The size of the magnetite particles in the suspensions and powders was determined
with the Analysette 22 Compact, a laser light scattering particle size analyzer. The particle
size range was 0.3–300 μm.

The basic mechanical characteristics of the PP yarns were determined by stretching the
yarns once until breakage on a modernized 2099-P-5 tensile testing machine (“Tochpribor”,
OAO, Russia) in accordance with GOST 6611.2-73 (ISO 2062-72, ISO 6939-88).

The micrographs of the PP yarns were obtained using an optical microscope (equipped
with a webcam (1.3 MP)) produced by “Biomed” (Russia). The surface structure was
studied on a JSM 6380LA scanning electron microscope produced by JEOL.

The IR spectra were recorded on an Avatar ESP 360 type spectrometer (produced by
the Nicolett company) with the method of multiple attenuated total reflectance (MATR)
using a zinc selenide crystal with a 12-fold reflection in the range from 600 to 1600 cm−1.
This region contains the reflection band characteristics of PTFE and PP.
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To make sure that the coating is resistant to abrasion, we used a PP film as a model
of the PP yarn. The measurement was made on a PT-4 apparatus, a special machine for
determining dye resistance to friction, according to the procedure described in [15]. The
schematic diagram of the PT-4 apparatus is shown in Figure 1. The abrasive effect occurred
during the simultaneous action of the normal applied load and the shear load produced
by the application of a horizontal force. A film sample (1) was placed on the apparatus
stage (2) and abraded with a calico piece fixed onto the protruding rubber stopper (3). The
friction was the result of shifting the stage by 10 cm by pulling the stage handle (4) forward
and backward a required number of times. The total force applied by the stopper to the
stage was 9.8 N.

Figure 1. The schematic diagram of the PT-4 apparatus: 1, a film sample; 2, the apparatus stage; 3,
the rubber stopper; 4, the stage handle.

The surface electrical resistance of the yarns (R) was determined with an IESN-1
apparatus, in which the measurements were made by a E6-13A teraohmmeter. The dis-
tinguishing feature of this apparatus is that one layer of the yarn is wound closely onto
the sensor before the measurements. The sensor with a yarn wound onto it is mounted
onto a dielectric support and is connected to the teraohmmeter. The electrical resistance
measurements were made in accordance with ΓOCT 19806-74 (GOST 19806-74: a method
of electric resistance determination using chemical threads). The specific surface electrical
resistance was calculated by the formula:

ρs =
kR

γ2
√

Tγ
(1)

where k is a constant; for the IESN-1 apparatus, k = 903.5 g3/mm8;

T is the linear density of the yarns, tex;
γ is the yarn density, mg/mm3;
R is the average electrical resistance value, ohm.

The effect of the modified fibrous material on the activity of pathogenic microorgan-
isms was evaluated using typical test cultures: Staphylococcus aureus 6538-P ATCC=209-P
FDA and Escherichia coli, strain M-17—Gram-positive and Gram-negative bacterial cultures,
respectively, and Candida albicans CCM 8261 (ATCC 90028), a yeast-like microscopic fungi.
A standard yarn sample was placed into a physiological solution containing a certain
number of microbial colonies in the form of a suspension [27]. We kept the vials at room
temperature for 24 h with constant shaking. The number of microbial colonies that the
solution contained was determined by the changes in the solution transmission coefficient
(the reference sample was assumed to have a 100% transmission coefficient), which was
obtained by measuring the solution turbidity depending on the number of the colonies
it contained. The reduction in the microbial contamination of the test objects relative to
that of the reference object (saline) was evaluated in points: 1 point (0.0–0.1%) indicated
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that there was no antimicrobial effect; 2 points (0.1–90%)—a slight decrease in the number
of microorganism colonies, an insufficient antimicrobial effect; 3 points (90–94%)—a sig-
nificant reduction in the number of microorganism colonies, a good antimicrobial effect;
4 points (95–98%)—a significant reduction in the number of microorganism colonies, a
very good antimicrobial effect; and 5 points (99% and higher)—a strong reduction in the
number of microorganism colonies, an excellent antimicrobial effect.

The chemical resistance of a PP yarn with a PTFE coating was evaluated by measuring
its tensile strength after it was exposed to aggressive liquids—a concentrated solution of
sodium hydroxide (5 mol/L) at a temperature of 100 ◦C for 3 h and concentrated nitric acid
(69%), also acting as a strong oxidizer, at a temperature of 25 ◦C for 24 h.

The resistance of a PP yarn with a PTFE coating to washing was assessed by the
change in its specific tensile strength after repeated washings by being stirred in a solution
of oleic soap (85%)—5 g/L and Na2CO3—2 g/L. The duration of each wash was 30 min,
the temperature of each wash was 60 ◦C.

3. Results and Discussion

The supramolecular structure of melt-spun PP yarns is known to depend on the condi-
tions of their spinning and orientational drawing [28–30]. Spinning leads to the formation
of folded lamellar crystallites [30,31], which means that the resulting non-oriented yarns
have extremely low strength and high (up to 1000%) elongation. At the orientational
drawing stage, they become oriented, and the molecular chains in the lamellae completely
unfold, forming fibrillar crystallites from the extended chains [32]. The better oriented the
fibrils along the filament axes, the higher the yarn strength is. A yarn with a “perfect” and
highly oriented structure and high strength can only be obtained by intensive orientational
drawing. Its implementation, to a large extent, depends on the temperature and surface
properties of the yarn. Depositing a PTFE coating on a PP yarn makes it possible to carry
out its orientational drawing at higher temperatures than those used for a standard PP
yarn. This makes the yarn strength parameters better [25,26]. However, it is necessary to
find out how doping the PTFE coating with magnetite particles, namely the size of these
particles, affects the yarn strength.

Smaller particles are known to have higher surface energy. This leads to the strong
aggregation of the nanoparticles during their spinning and use. Such aggregates lead to the
deterioration of a number of properties, in particular, they reduce the biological activity of
nanosized particles. To avoid this, we stabilized the nanoparticles with a surfactant. When
selecting the surfactant, we took into account that a PP yarn with a coating containing
magnetite nanoparticles is subjected to orientational drawing at a temperature above
250 ◦C. For this reason, we chose sodium stearate, which is known to decompose at 300 ◦C
and is resistant to oxidation. The stabilizer effect on the magnetite particle size and size
distribution was determined based on the data given in Figure 2.

 
(a) (b) 

Figure 2. Size distribution of the magnetite particles synthesized (a) without a stabilizer; (b) using
sodium stearate as the stabilizer.
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It was found that the air drying of magnetite that is synthesized without a stabilizer
leads to intensive particle aggregation. The measurement of the particle size distribution
(Figure 2a) showed that the formed aggregates were up to 275 μm in size. Most of them
were 150 μm in size. The use of sodium stearate as the stabilizer during the magnetite
synthesis led to a considerable reduction (to 60–75 μm) in the average size of the aggregates
that were formed (Figure 2b).

To make the aggregated particles of the magnetite even smaller, the magnetite suspen-
sion in water containing a surfactant was subjected to ultrasonic (US) treatment. The size
distribution of the magnetite particles after the US treatment is shown in Figure 3.

Figure 3. Size distribution after US treatment of magnetite particles synthesized using sodium
stearate as the stabilizer.

Figure 3 shows that additional US treatment of the magnetite particles stabilized by
sodium stearate reduces the average size of the aggregates to 15–25 μm, which can have a
positive effect on the magnetite particle distribution in the PTFE coating.

To evaluate the effect of the magnetite particle sizes on the basic mechanical charac-
teristics of the PP yarns, we measured the specific tensile strength and relative breaking
elongation of the yarns coated with magnetite particles doped with non-stabilized and
stabilized sodium stearate. For comparison, we also present the mechanical characteristics
of the coated yarns after US treatment. The obtained data are shown in Table 1.

Table 1. Tensile strength and elongation of PP yarns with a PTFE coating doped with magnetite particles.

Components of the Composition, % Specific
Tensile

Strength,
MPa

Relative
Breaking

Elongation, %PTFE Magnetite
Sodium
Stearate

Standard PP yarn

0 0 0 583 ± 23 33.6 ± 3.7

PP yarn with a PTFE coating

10.0 0 0 643 ± 16 38.6 ± 2.7

PP yarn with a coating formed by a composition of PTFE and unstabilized magnetite

10.0 1.0 0 466 ± 14 48.7 ± 4.4

PP yarn with a coating formed by a composition of PTFE and magnetite stabilized by sodium
stearate

10.0 1.0 1.0 578 ± 15 39.7 ± 4.5

PP yarn with a coating formed by a US-treated composition of PTFE and magnetite stabilized by
sodium stearate

10.0 1.0 1.0 658 ± 23 32.0 ± 1.7
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Table 1 shows that doping coating with magnetite somewhat lowers the strength of
the yarns. This phenomenon is associated with the fact that the composition contains
magnetite aggregates that build into the coating structure, leading to the formation of
microdefects in the coating. In the presence of a stabilizer, the strength reduction is not
as great as it is without it, which is caused by smaller size of the magnetite aggregates.
Ultrasonic treatment of the composition makes the magnetite aggregates even smaller.
Consequently, the magnetite does not produce a negative effect on the strength of the yarn
with a PTFE coating. A detailed analysis of the mechanical characteristics of the PP yarns
with PTFE coating containing stabilized magnetite particles is presented in our previous
work [33].

An additional confirmation of the fact that the composition after US treatment does not
contain large magnetite aggregates is the micrographs shown in Figure 4. Figure 4 shows
that the coating formed by the composition that has not been subjected to UV treatment (a)
contains small aggregates (of up to several μm in size) of magnetite stabilized by sodium
stearate. The small sizes of the aggregates are the result of the preliminary stabilization
of the magnetite particles by sodium stearate. UV treatment of such composition (b)
leads to aggregate destruction. The resulting coating has a uniform structure without
any inclusions.

  
(a) (b) 

Figure 4. Micrographs of the film with a coating formed by a composition of PTFE and stabilized
magnetite: (a) without US treatment; (b) after US treatment. Optical microscopy method. The
magnification is 1000 times.

Figure 5 shows a scanning electron microscopy image of the coating containing PTFE
and magnetite stabilized by sodium stearate formed by the UV-treated composition. The
image also indicates that the coating structure is uniform and does not have any noticeable
foreign inclusions.

 

Figure 5. Image of the film with a coating formed by a US-treated composition of PTFE and magnetite
stabilized by sodium stearate.
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Materials made from PP and PTFE are known to become strongly electrified while
being processed and utilized. That is why we assumed that the introduction of even a
small number of conductive magnetite particles into a PTFE coating could reduce the
surface electrical resistance of PP yarns and films and, consequently, lower their ability to
become electrified.

Table 2 shows the results of the surface electrical resistance measurement in the PP
films with the PTFE coatings containing magnetite.

Table 2. Surface electrical resistance of PP yarns with a PTFE coating doped with magnetite particles.

Components of the Composition, % Surface Electrical
Resistance, OhmPTFE Magnetite Sodium Stearate

Standard PP yarn

0 0 0 4.5·1014

PP yarn with a PTFE coating

10.0 0 0 exceeds the apparatus
measurement range

PP yarn with a coating formed by a composition of PTFE and unstabilized magnetite

10.0 1.0 0 3.4·1014

PP yarn with a coating formed by a composition of PTFE and magnetite stabilized by sodium
stearate

10.0 1.0 1.0 3.8·1010

PP yarn with a coating formed by a US-treated composition of PTFE and magnetite stabilized by
sodium stearate

10.0 1.0 1.0 5.7·108

As Table 2 shows, the inclusion of large unstabilized magnetite particles in the PTFE
coating structure does not lower the electrical resistance of the film structure. At the
same time, the films with a PTFE coating doped with stabilized magnetite particles have
a much lower surface electrical resistance than the PP films and films with an undoped
PTFE coating.

An important thing to note is that the minimum surface electrical resistance is charac-
teristic of films with a coating formed by a US-treated composition, i.e., the one con-
taining magnetite particles of the minimum size. This composition was used in the
further experiments.

One of the most important properties of the PP yarns with a PTFE coating doped with
magnetite nanoparticles is their ability to suppress the activity of pathogenic microorgan-
isms. Stabilized magnetite particles build themselves into the coating structure and cannot
diffuse outside of it. That is why we evaluated the antimicrobial properties of the coated
yarns using the calculation procedure normally used for determining the antimicrobial
properties of nonmigrating preparations [27]. The reduction in microbial contamination of
the test objects in comparison to the same indicator in the reference object (physiological
solution) was evaluated in points. The results of the evaluation of the activity of the PP
yarn with a PTFE coating containing magnetite particles against the test Gram-positive and
Gram-negative bacteria are shown in Table 3.

Table 3 shows that the formation of a PTFE coating with high anti-adhesion charac-
teristics provides the PP yarn with weak antimicrobial properties. The introduction of
magnetite nanoparticles into the coating structure significantly strengthens the antimicro-
bial activity of the yarn. The coated yarns considerably reduce the number of pathogenic
bacterial communities, i.e., the yarns with a PTFE coating containing magnetite particles
exhibit excellent antibacterial activity against Escherichia coli—a type of Gram-negative
bacteria—and Staphylococcus aureus—a type of Gram-positive bacteria. The yarn also pro-
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duces a satisfactory inhibiting effect on the activity of the Candida albicans microfungi. It
should be said that the antimicrobial action of a modified yarn is triggered by its direct
contact with microorganisms, i.e., PP fibrous materials with a PTFE coating containing
stabilized magnetite particles possess barrier antimicrobial properties.

Table 3. Antimicrobial properties of a PP yarn with a PTFE coating containing stabilized mag-
netite particles.

PP Yarn Type
Inhibition of Activity of Pathogenic Microorganisms, Points/%

Escherichia coli Staphylococcus aureus Candida albicans

Standard PP yarn 2/39 2/46 2/41

PP yarn with a PTFE
coating 3/90 3/93 3/90

PP yarn with a PTFE
coating containing 1.0%
of stabilized magnetite

5/99 4/97 3/94

As is known, during its formation, processing, and role in goods production, a yarn is
subjected to severe mechanical effects. One of the most important effects is aging. That is
why it is necessary to evaluate the coating resistance to abrasion.

Since a single filament of a PP yarn has a small diameter (~15 μm) and its surface
is characterized by a great curvature, the PP substrate interaction with a PTFE coating
was studied on a model object—a PP film with a PTFE coating doped with stabilized
magnetite. To study the coating resistance to abrasion, we subjected the films to abrasion
on a PT-4 apparatus. The residual amounts of the coating on the film were determined
by the presence of intensive bands associated with the CF2 group vibrations (1211 and
1154 cm−1) in the spectra [34], using the IR-spectroscopy method (MATR). Figure 6 shows
the IR-spectra (MATR) of the PP films with PTFE coatings doped with magnetite stabilized
by sodium stearate after subjecting the films to abrasion a different number of times.

Figure 6. IR-spectra (MATR) of PP films with PTFE coatings doped with magnetite stabilized by
sodium stearate and subjected to abrasion a different number of times: 1, without a coating; 2, with
a coating; 3, with a coating subjected to abrasion 10 times; 4, with a coating subjected to abrasion
50 times; 5, with a coating subjected to abrasion 500 times.

As Figure 6 shows, the spectra of all of the films subjected to abrasion have bands
that are characteristic of PTFE. Figure 5 shows that the magnetite particles are built into
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the coating structure and make up its integral parts. Thus, it can be concluded that even
after intensive abrasion, the films retain their fluoroplastic coating doped with stabilized
magnetite. Applying the baseline method, we calculated the PTFE content on the film
surface subjected to abrasions of different intensities. The internal standard for isotactic
polypropylene was the band at 1460 cm−1 [35], and for measuring the PTFE content—the
band at 1211 cm−1. The results of the calculation are given in Table 4.

Table 4. Effects of abrasion on the PTFE content on the surface of an oriented PP film (according to
the IR spectra).

Number of Abrasive Effects, Cycle.
Ratio of the Height of the Band at 1211 to

That at 1450 cm−1

Film without a coating 0.1

0 11.9

10 11.4

50 11.0

250 8.5

500 8.4

An analysis of the data presented in Table 4 shows that the coating is highly resistant to
abrasion. Even after 500 cycles of abrasive action, the fluoroplastic layer thickness becomes
only slightly thinner.

To determine whether the PP yarn with a PTFE coating retained its extremely high
chemical resistance after the introduction of a small amount of stabilized magnetite into the
coating structure, we measured the changes in its tensile strength after long-time exposure
of the yarns to aggressive liquids—concentrated solutions of sodium hydroxide and nitric
acid, with the latter acting as a strong oxidizer at the same time. The obtained data are
given in Table 5.

Table 5. Tensile strength and elongation of PP yarns with a PTFE coating after boiling in a sodium
hydroxide solution (5 mol/L) for 3 h and storage in concentrated nitric acid for 24 h at a temperature
of 25 ◦C.

Without Treatment
After Boiling in a NaOH
Solution (Concentrated)

After Storage in HNO3

(Concentrated)

Specific
Tensile

Strength,
MPa

Relative
Breaking

Elongation,
%

Specific
Tensile

Strength,
MPa

Relative
Breaking

Elongation,
%

Specific
Tensile

Strength,
MPa

Relative
Breaking

Elongation,
%

Standard PP yarn

583 ± 23 33.6 ± 3.7 539 ± 21 52.0 ± 4.8 428 ± 22 40.4 ± 4.1

PP yarn with a PTFE coating

643 ± 16 38.6 ± 2.7 728 ± 19 44.9 ± 3.3 748 ± 19 27.0 ± 2.9

PP yarn with a coating formed by a US-treated composition of PTFE and magnetite stabilized by
sodium stearate

658 ± 23 32.0 ± 1.7 720 ± 17 45.2 ± 3.1 761 ± 25 24.3 ± 1.7

Table 5 shows that the strength of a standard PP yarn subjected to the action of
concentrated alkalis and acids becomes 8–27% lower. The effect of aggressive liquids on
the PP yarn with a PTFE coating does not lead to a loss in strength. Moreover, it makes
the strength higher. As work [25] shows, the higher strength of the yarn after its exposure
to chemically aggressive liquids is the result of removing the excessive amount of PTFE
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that is weakly bound to the PP substrate from it. As a result, it makes the coating structure
even more uniform and its surface smoother. The chemical resistance of PP yarns with a
PTFE coating doped with stabilized magnetite is not lower than that of PP yarns with an
undoped PTFE coating. Thus, a PP yarn with a PTFE coating doped with magnetite retains
its extremely high resistance.

PP yarn with a PTFE coating, and therefore products made from it, have a very high
resistance to washing. Tests have shown that the specific tensile strength of such yarns
remains unchanged after 40 washes that are 30 min in duration.

4. Conclusions

The paper proposes an original method for forming a coating on a PP yarn surface,
which provides the yarn with a number of new working characteristics. The novelty of
this approach is the formation a stable ultrathin coating of PTFE doped with magnetite
nanoparticles stabilized on the surface of a PP yarn by a thermally stable surfactant. The
PTFE in the coating makes it possible to carry out orientational drawing at temperatures
exceeding the standard ones, which considerably increases the strength of the yarn. The
doping of the coating with magnetite nanoparticles possessing strong antimicrobial activity
and electric conductivity provides the yarn with barrier antimicrobial properties and
reduces the surface electrical resistance. A yarn with a PTFE coating doped with stabilized
magnetite particles also exhibits extremely high chemical resistance similar to that of
fluoropolymer yarns. The coating is characterized by a high resistance to abrasion, which
means that it is durable.

All of the enumerated properties of the yarn with a PTFE coating doped with stabilized
magnetite nanoparticles make it suitable for preparing interior materials that can be used in
public transport and in other places with large gatherings of people, including those with
weak immunity, physical development problems, elderly people as well as in kindergartens,
nursing homes, and hospitals.
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