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Preface

The aim of this Reprint of the Special Issue of the journal Surfaces, entitled “Surface Science:
Polymer Thin Films, Coatings and Adhesives”, is to highlight original research related to the
modification, control, tuning, and characterisation of polymer surfaces and their properties at
interfaces, by gathering cutting edge original research articles discussing how mastering surface
and interface properties and phenomena, allowing the development of new polymer-based thin
films, coatings and adhesives. This Reprint seeks to capture the latest breakthroughs in synthesis,
characterisation and applications of advanced polymer thin films and coatings, particularly targeting
surface treatments, wettability challenges, and the development and performance of new coatings.
Indeed, dedicated articles address topics related to new chemical (nanoimprinting coupled to
controlled graft polymerization) and physical (plasma activation) surface treatments to prepare
surface-functionalized polymer-based films and fibres or to enhance corrosion protection. Wettability
challenges are also highlighted in this Reprint, demonstrating how Marangoni flow drives the
self-assembly of hydrogels. The core of the Reprint concerns the development of advanced coatings
with original articles on new polyurethane preventive coatings, functional polyacrylate textile
coatings and waterborne acrylic coatings. Finally, the chosen articles discuss the enhancement of
ultimate properties (fracture toughness, wear) and performances of polymer films and coatings. This
Reprint also explores how recent advances in polymer surface science address key challenges to
enhance the efficiency, durability, and environmental sustainability of new functional thin films and

coatings.

Maurice Brogly
Guest Editor
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Editorial

On the Crucial Role of Surfaces and Interfaces in Polymer Thin
Films, Coatings and Adhesives

Maurice Brogl

y

Laboratoire de Photochimie et d'Ingénierie Macromoléculaires, Université de Haute Alsace, 3b Rue Alfred,
Werner, 68093 Mulhouse, France; maurice.brogly@uha.fr

Polymeric materials are increasingly used as thin films or coatings with end-use
dimensions approaching those of individual polymer molecules. As they become smaller,
the surface-to-volume ratio increases, emphasizing the crucial role of polymer surfaces and
interfaces [1]. Research in this field investigates phenomena such as wettability, surface
energy, surface structuration, chain dynamics in confined conditions, adhesion, and friction,
which are important for applications in coatings; paints; adhesives; polymer hybrids and
composites; multilayer polymer films for electronics; and biomaterials [2].

To successfully incorporate polymer thin films and coatings into functional devices,
several prerequisites must be met, including dedicated surface chemical functions, con-
trolled surface energy, micro- and/or nano-scale topography, porosity, adapted stiffness or
flexibility, and improved durability and sustainability [3]. Tuning these properties necessi-
tates knowing and controlling the polymer chains characteristics at interfaces [4]. However,
the complexity of interfaces, as well as the difficulties of studying hidden structures, make
it difficult to unravel the relationships between the interface properties, enhanced perfor-
mance and final applications of polymer thin films and coatings. Therefore, fundamental
knowledge of surface science associated with multi-scale advanced microscopic and spec-
troscopic surface characterization techniques [5] is necessary to investigate these pathways.

Thus, even though broad generalization is challenging, important concepts have
to be addressed regarding the crucial role of surfaces and interfaces in polymer thin
films, coatings and adhesives. These are based on the control of wetting phenomena at
surfaces and/or interfaces by amending the surface chemistry and/or roughness and
porosity—considering that interfacial forces act per the “actual” contact area and require
close molecular contact—and on the gradient of properties at surfaces and interfaces such
as polymer chain-selective adsorption, diffusion across interfaces and/or formation of an in-
terphase/weak boundary layer that will control interfacial strength and energy dissipation
mechanisms during the separation process. Considering that high-dissipation mechanisms
depend on bonding chemistry, mechanical properties, temperature and speed [6], these
factors must be targeted, as they mitigate crack propagation and increase resistance to
failure and, thus, final properties, durability and sustainability.

Understanding these concepts substantially aids in determining the relationship be-
tween surfaces and interface characteristics, and in improving the properties of polymer
thin films, coatings or adhesives. This is because these concepts are interrelated and consti-
tute practical and efficient guidelines to promote interdisciplinary, multi-technique and
multi-scale approaches in the field of polymer surface science.

Considering these guidelines, the Reprint of the Special Issue of Surfaces “Surface
science: polymer thin films, coatings and adhesive” presents cutting-edge original research

Surfaces 2025, 8, 82
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articles discussing surface and interface properties and phenomena, contributing to the de-
velopment of new polymer-based thin films, coatings and adhesives. The presented articles
address new chemical (nanoimprinting coupled with controlled graft polymerization) and
physical (plasma activation) surface treatments to prepare surface-functionalized polymer-
based films and fibers or to enhance corrosion protection. Wettability challenges are also
highlighted in this Reprint, demonstrating how Marangoni flow drives self-assembly of
hydrogels. The core focus of the Reprint is on the development of advanced coatings,
with original articles discussing new polyurethane preventive coatings, functional poly-
acrylate textile coatings and waterborne acrylic coatings. Finally, some of the published
articles discuss enhancement of the properties (fracture toughness, wear), performance and
sustainability of polymer films and coatings.
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Nanoimprinting and Controlled Graft Polymerization
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Faculty of Molecular Chemistry and Engineering, Graduate School of Science and Technology, Kyoto Institute of
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Abstract

It is widely recognized that fine surface structures found in nature contribute to surface
functionality, and studies on the design of functional materials based on biomimetics have
been actively conducted. In this study, polymer thin films with hierarchically ordered
surface structure were prepared by combining both nanoimprinting using anodically ox-
idized porous alumina (AAO) as a template and surface-initiated atom transfer radical
polymerization (SI-ATRP). To prepare such polymer films, we designed a new copoly-
mer (poly{[2-(4-methyl-2-oxo0-2H-chromen-7-yloxy)ethyl methacrylate]-co-[2-(2-bromo-2-
methylpropionyloxy)ethyl methacrylate]}; poly(MCMA-co-HEMABTr)) with coumarin moi-
eties and «-haloester moieties in the pendants. The MCMA repeating units function to fix
the pillar structure by photodimerization, and the HEMABr ones act as the polymerization
initiation sites for SI-ATRP on the pillar surfaces. Surface structures consisting of vertically
oriented multiple pillars were fabricated on the spin-coated poly(MCMA-co-HEMABr) thin
films by nanoimprinting using an AAO template. Then, the coumarin moieties inside each
pillar were crosslinked by UV light irradiation to fix the pillar structure. SEM observation
confirmed that the internally crosslinked pillar structures were maintained even when
immersed in organic solvents such as 1,2-dichloroethane and anisole, which are employed
as solvents under SI-ATRP conditions. Finally, poly(2,2,2-trifluoroethyl methacrylate) and
poly(N-isopropylacrylamide) chains were grafted onto the thin film by SI-ATRP, respec-
tively, to prepare the hierarchically ordered surface structure. Furthermore, in this study,
the surface properties as well as the thermoresponsive hydrophilic/hydrophobic switching
of the obtained polymer films were investigated. The surface morphology and chemistry
of the films with and without pillar structures were compared, especially the interfacial
properties expressed as wettability. Grafting poly(TFEMA) increased the static contact
angle for both flat and pillar films, and the con-tact angle of the pillar film surface increased
from 104° for the flat film sample to 112°, suggesting the contribution of the pillar structure.
Meanwhile, the pillar film surface grafted with poly(NIPAM) brought about a significant
change in wettability when changing the temperature between 22 °C and 38 °C.

Keywords: nanoimprinting; graft polymerization; hierarchical surface structure; surface-
initiated ATRP; anodically oxidized porous alumina; wettability

Surfaces 2025, 8, 48
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1. Introduction

The concept of biomimetics has great significance in creating excellent functional ma-
terials. In particular, various surface functional materials have been designed, inspired by
the unique shapes, geometric patterns, and hierarchical structures of living organisms and
plants [1-4]. Some of them have realized unique surface functions based on the synergistic
effect between surface morphology and chemical properties. For example, lotus leaves with
fractal surface structures containing hydrophobic waxes exhibit superhydrophobic surfaces,
which is the so-called lotus effect [5-8]. The shell of a snail is made of a composite of miner-
als, mainly calcium carbonate and proteins, and has a superhydrophilic surface due to a
thin layer of water trapped in the submicron-sized micro-grooves that cover its surface, and
it exhibits oil-repellent and antifouling properties [9,10]. Biomimetic materials with surface
microstructures are being developed based on nanotechnology. Essentially, nanotechnology
manufacturing techniques can be divided into two broad categories: “top—down” and
“bottom-up” approaches [11,12]. The “top—down” approach includes microfabrication
techniques such as photolithography, dip-pen nanolithography, electron beam patterning,
nanoimprint lithography [13-20]. On the other hand, the “bottom-up” approaches involve
self-assembly methods that allow for fine patterning at the nanoscale level, providing well-
defined nanoscale structures via molecular self-assembly [21,22]. Recently, the combination
of nanoimprinting (a “top—down” approach) and SI-ATRP (a “bottom-up” approach) has
been developed to prepare hierarchical surface structures [23]; however, there are few
reports of surface functional materials produced using this method, and they have a lower
surface roughness that can be more appropriately described as a disk-like morphology
rather than a surface pillar morphology. The objective of this study was to develop new
surface functional materials by combining the features of these two techniques. The fabrica-
tion process is outlined as follows (Figure 1): The first step in the fabrication process was to
prepare a polymer thin film with vertically aligned pillar structures as the primary structure,
which was achieved by using a hot-press nanoimprinting technique. A through-hole anodic
alumina oxide (AAO) mold was used as the template for this process. In order to carry out
graft modification on the pillar surfaces in organic solvents in the subsequent process, the
pillar structure needed to be fixed. This was achieved by crosslinking formation inside each
pillar by photo-irradiating the reactive groups previously introduced in the base polymer
material. As a result, the pillar thin film was structurally fixed and insoluble in organic
solvents. Next, we performed surface-initiated graft polymerization using the controlled
radical polymerization (ATRP) initiation site (x-haloester site) on the pillar surface that
was incorporated into the base polymer along with the crosslinking sites, to form graft
chains on the pillar surface as secondary structures. We hoped that by grafting functional
monomers, the surface properties based on the vertically aligned multiple pillar structure
(primary structure) and the chemical properties of the grafted polymer chains (secondary
structure, corresponding to the sheath of each pillar) on the pillar surfaces would work
cooperatively and synergistically to realize tunable and unique surface functional proper-
ties. In this study, we attempted to improve the hydrophobicity of the pillar film surfaces
by grafting fluorine-containing polymer chains (poly(2,2,2-trifluoroethyl methacrylate),
poly(TFEMA)) and also attempted to realize hydrophilic/hydrophobic switching by graft-
ing a temperature-responsive poly(N-isopropylacrylamide) (poly(NIPAM)); this enabled
us to explore the possibility of imparting hydrophilic/hydrophobic functions by designing
the chemical structure of the grafted polymer chains (secondary structure) that covered
each pillar.
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Figure 1. Preparation of a polymer thin film with designed hierarchically ordered surface structure
by a combination of nanoimprinting and controlled polymerization. (a) Preparation of poly(MCMA-
co-HEMABET) films with pillar structures on their surfaces. (b) Fixation of the pillar structure by
photocrosslinking. (c) Surface-initiated graft polymerization from the crosslinked pillar films.

2. Materials and Methods

2.1. Preparation of Poly (MCMA-co-HEMABT¥) Films with Nano-Pillar Structure Surfaces
(CL-Poly (MCMA-co-HEMABTY))

The Si wafers underwent a 6 h treatment with heated 35% H>O, aqueous solution,
and Si wafers with amino groups on their surfaces were produced by subjecting them
to 3 wt% 3-Aminopropyltrimethoxysilane aqueous solution for 30 min. Thin films were
prepared over the Si wafers by spin-coating (1200 rpm, 20 s) using 10 wt% poly(MCMA-co-
HEMABET) toluene solution. Films with nano-pillar structure surfaces were prepared by
thermal nanoimprinting using AAO with a pore diameter of 0.2 um as a template. The
nanoimprinting processes were accomplished by using an Eitre-3 Nano Imprint Lithog-
raphy system. The thermal imprinting conditions were 130 °C for 3 min under 20 bar.
After the imprinting process, the temperature was decreased down to 60 °C under applied
pressure. The AAO template (Al,O3) was dissolved in 1 molL.—! NaOH aqueous solution
for 10 h. Thereafter, the resulting polymer film was irradiated with a 150 W high-pressure
mercury lamp emitting at 365 nm for 5 h at room temperature (distance to sample = 5 cm).

2.2. SI-ATRP of TFEMA from Nano-Pillar Films of CL-Poly(MCMA-co-HEMABr) [24]

A Si wafer coated with CL-poly(MCMA-co-HEMABr) was added to a Schlenk flask
containing CuCl (11 mg, 0.11 mmol) and CuCl, (1.0 mg, 7.4 umol). TFEMA (1.84 g,
10.9 mmol), TPMA (32 mg, 0.11 mmol), EBI (21 mg, 0.11 mmol), and anisole (1.77 g) were
added via a syringe. The flask was purged via three cycles of freezing, pumping, thawing,
and backfilling with Nj. The reaction was sealed and heated at 85 °C for 5 h and then
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cooled. The reaction mixture was analyzed by SEC and 'H NMR spectroscopy. The wafer
was removed from the flask and rinsed liberally with anisole and MeOH.

2.3. SI-ATRP of NIPAM from Nano-Pillar Films of Poly(MCMA-co-HEMABr) [25]

A Si wafer coated with CL-poly(MCMA-co-HEMABr) was added to a Schlenk flask con-
taining CuCl (6 mg, 0.06 mmol). NIPAM (0.67 g, 6.2 mmol), MegTREN (28 mg, 0.12 mmol),
EBI (12 mg, 0.06 mmol), ascorbic acid (11 mg, 0.06 mmol), and 2-propanol/water (4/1,
v/v) (0.67 g) were added via a syringe. The flask was purged via three cycles of freezing,
pumping, thawing, and backfilling with Ny. The reaction was sealed and heated at 25
°C for 5 h and then cooled. The reaction mixture was analyzed by SEC and 'H NMR
spectroscopy. The wafer was removed from the flask and rinsed liberally with 2-propanol
and water.

2.4. Contact Angle Measurements

Water contact angles on various films were measured using a static contact angle
meter, CA-5150 (Kyowa Interface Science Co., Ltd., Niiza, Japan), by placing a drop of
distilled water (10 uL) on a substrate equipped with a water circulation system at 20 to
45 °C. Samples for contact angle measurements (2 cm x 2 cm) were dried in a vacuum
oven at 60 °C for 12 h before measurement. Water contact angles were measured in the
temperature range of 20 to 45 °C using a plate temperature controller. Five measurements
were taken at different positions on each substrate, and the average value was calculated.

3. Results and Discussion
3.1. Synthesis of Poly(MCMA-co-HEMABY)

For the preparation of polymer thin films with hierarchically ordered surface struc-
ture, we designed a new copolymer (poly{[2-(4-methyl-2-ox0-2H-chromen-7-yloxy)ethyl
methacrylate]-co-[2-(2-bromo-2-methylpropionyloxy)ethyl methacrylate]}; poly(MCMA-
co-HEMABT)) with coumarin moieties and «-haloester moieties. The synthesis of methacry-
late monomers with coumarin moieties (MCMA) was carried out by the condensation of
methacryloyl chloride with a coumarin derivative according to a previous report [26]. And
the synthesis of methacrylate monomers with «-haloester moieties (HEMABr) was carried
out by the condensation of 2-hydroxyethyl methacrylate with 2-bromoisobutyryl bromide
according to a previous report [27]. MCMA and HEMABr were copolymerized using
AIBN in 1,2-dichloroethane at 60 °C for 4 h ((MCMA],/[HEMABr]y/[AIBN], = 45/55/1,
[MCMA]y + [HEMABTr]; = 25 wt%). The obtained 1,2-dichloroethane solution of the reac-
tion mixture was poured into a large amount of MeOH to remove the unreacted monomers
and precipitate the polymer. The obtained polymer was characterized by 'H NMR and size
exclusion chromatography (SEC). Figure 2 shows the 'H NMR spectrum of the isolated
copolymer (My, = 150,000; My, /My, = 2.89). 'H NMR analysis of poly(MCMA-co-HEMABr)
showed a series of characteristic resonances, including those of the MCMA moieties (peaks
baté=6.5-7.0 ppm and é = 7.4-7.7 ppm, peak c at § = 6.1 ppm, and peak d at 6 = 2.4 ppm),
the HEMABr moieties (peak e at 6 = 1.9 ppm), and the MMA main chain protons (peaks f
at 0 = 0.8-1.4 ppm). The integration ratio of the characteristic signals (peaks b, ¢, d, and e in
Figure 2) supported the formation of a copolymer of MCMA and HEMABr with a com-
position ratio of 40:60. The synthesized poly(MCMA-co-HEMABr) had both crosslinkable
sites (coumarin moieties) and polymerization initiation sites (x-haloester moieties) and
was used to produce a thin film with vertically aligned pillars on its surface.
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Figure 2. '"H NMR spectrum of poly(MCMA-co-HEMABr) in CDCl3.

3.2. Preparation of Poly(MCMA-co-HEMABy) Films With Pillar Structures on Their Surfaces

Since temperature setting is important in hot-press nanoimprinting, the glass transition
temperature of the obtained poly(MCMA-co-HEMABr) was examined by differential scanning
calorimetry (DSC) before nanoimprinting and found to be 75 °C (heating rate; 10 °C/min).
(Figure S1). Therefore, the set temperature for hot-press nanoimprinting was 130 °C, which is
sufficiently higher than the glass transition temperature of the same bath copolymer. A 1,2-
dichloroethane solution of the copolymer was then spin-cast (1200 rpm, 20 s) onto a Si wafer
pretreated with 3-aminopropyltrimethoxysilane to produce a thin film. This pretreatment
was performed to improve the interaction between the copolymer and the Si wafer, thereby
preventing the copolymer thin film from peeling off under SI-ATRP conditions. The spin-
coated film showed uniform coloring due to structural coloring, suggesting a constant film
thickness. Furthermore, the thickness of the resulting film was measured at five points using
contact probe analysis, which also indicated a uniform film thickness at approximately 1400
nm. The obtained polymer film was nanoimprinted using an AAO as a template at 130 °C
for 3 min under 20 bar. The formation of pillar structures is determined by the combination
of temperature and pressure. In this experiment, the pressure was fixed at 20 bar based on
preliminary considerations, and the formation behavior of pillar structures was examined by
changing the temperature. When the temperature was increased to 140 °C, which is above 130
°C, it was observed that the length of the formed pillars increased, but some defects existed in
the pillar structure. On the other hand, when the temperature was reduced to 120 °C and 110
°C, the length of the formed pillars decreased. Furthermore, at 100 °C, the template was not
transferred to the polymer film. The AAO template was removed by etching with 1 molL~!
NaOH aqueous solution. After washing with water and drying, the surface morphology of
the polymer film was observed by SEM (Figure 3a). Vertically aligned pillar structures with a
diameter of 260 &= 30 nm and a length of 1000 £ 200 nm were observed, confirming that the
fine pore structure of the AAO used as a template had been transferred to the polymer film
surface. As shown in Figure 4a, no Al peaks were observed in the XPS analysis of the pillar
film surface after the AAO was removed by dissolving, confirming the complete removal of
the AAO. Furthermore, no traces of undissolved AAO were observed in the SEM observation
of the resulting pillar film.
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Figure 3. SEM images of the surface of the (a) poly(MCMA-co-HEMABEr) pillar film and (b) CL-
poly(MCMA-co-HEMABE) pillar film.
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Figure 4. XPS spectra of the surfaces of the (a) CL-poly(MCMA-co-HEMA-Br) pillar film, (b) CL-
poly((MCMA-co-HEMABr)-g-poly(TFEMA)) pillar film and (c) CL-poly((MCMA-co-HEMABr)-g-
poly(NIPAM)) pillar film.

Next, the pillar structure was fixed by photocrosslinking inside each pillar. As shown
in Figure 5, UV absorption spectroscopy confirmed that the photochemical dimerization of
the pendant coumarin moieties in the copolymer film proceeded in the solid state. Upon
irradiation with UV light (150 W high-pressure mercury lamp; A = 365 nm), the intensity of the
absorption band originating from the coumarin groups at 280-350 nm gradually decreased [24,
28]. The reaction rate of the coumarin moiety was calculated from the decrease in the peak
intensity (absorbance at 320 nm) of the UV-vis spectra in Figure 4. Consequently, the reaction
rate of the coumarin moiety was estimated to be approximately 80%. The photodimerization
of the coumarin moieties occurred both intramolecularly and intermolecularly, the latter
contributing to the fixation of the pillar structure. When the surface morphology of a film
sample (crosslinked poly(MCMA-co-HEMABr); CL-poly(MCMA-co-HEMABTr)) obtained by
the photodimerization of the coumarin pendants was observed by SEM, it was confirmed that
the aligned individual pillar structures were maintained and their size was almost unchanged
(Figure 3b) compared to those in the SEM image before photoirradiation (Figure 3a). When
the light irradiation time was 1 to 3 h, the polymer pillar structure could not be maintained
and partially dissolved. Furthermore, the crosslinked pillar film was insoluble even when
immersed in 1,2-dichloroethane, a good solvent for the starting copolymer, suggesting that the
fixation of the pillar structure was achieved by the formation of crosslinks inside the pillars.
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Figure 5. UV spectral change in poly(MCMA-co-HEMA-Br) film upon irradiation with UV light
(A =365 nm).

3.3. SI-ATRP from the Pillar Films of CL-Poly(MCMA-co-HEMABr)

For smooth, flat surfaces, the hydrophilicity or hydrophobicity is derived from the chem-
ical properties of the material. On the other hand, for uneven surfaces, the hydrophilicity or
hydrophobicity of the surface is determined not only by the size and hierarchical structure of
the fine uneven morphology but also by the contribution of the chemical properties of the
material covering the surface. The polymer film used in this study had a vertically aligned
pillar structure fabricated by nanoimprinting as primary structure, which resulted in an
uneven surface structure. Furthermore, surface-initiated graft polymerization was performed
on the surface of this pillar film to form polymer graft chains as secondary structures. In
other words, the obtained polymer film had a unique hierarchical structure in which, in addi-
tion to the pillar structure with submicron-sized unevenness, a nanoscale surface structure
based on the grafted polymer chains was formed. Therefore, we envisaged that by selecting
the type of polymer chain to be grafted, it would be possible to widely tune the properties
of the pillar film surface through the synergistic effect of the surface morphology of the
pillar structure and the chemical properties of the grafted polymer chain. Specifically, we
expected that the hydrophobicity based on the uneven structure would be further improved
by grafting a fluorine-containing monomer, and furthermore, we expected that the hydropho-
bic/hydrophilic switching ability of the surface due to an external stimulus (temperature
change) would be amplified by grafting polymer chains whose hydrophilic/hydrophilic
properties could be changed depending on the temperature.

To perform functionalization with grafted polymer chains, the surface-initiated
ATRP of 2,2,2-trifluoroethyl methacrylate (TFEMA) and N-isopropylacrylamide (NI-
PAM) was carried out using the polymerization initiation sites on the pillar surfaces.
For the graft polymerization of TFEMA, the polymer thin films were heated at
85 °C for 5 h in a Schlenk flask with the monomer anisole as a solvent, Cu cat-
alysts, a ligand, and the initiator after degassing by three freeze—-pump-thaw cy-
cles ([TFEMA]y/[CuCl]y/[CuCl,]o/[TPMA]y/[EBI]p = 100/1/0.1/1/1, TPMA: tris(2-
pyridylmethyl) amine, EBI; ethyl 2-bromoisobutyrate) [26]. To ensure surface-initiated
ATRP, EBI was added to the polymerization system as a free initiator. After graft polymer-
ization, the polymer film (CL-poly(MCMA-co-HEMABr)-g-poly(TFEMA)) was thoroughly
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rinsed and carefully dried to remove the physisorbed polymers and solvents from the film
sample. Since it was practically difficult to directly analyze the molecular characteristics of
the polymer grafted onto the pillar film, the polymer derived from the free initiator (free
polymer) generated in the solution was analyzed as an indicator of the grafted polymer.
When the polymerization behavior in solution is controlled, the molecular weight and
molecular weight distribution of surface grafted chains are expected to be very close to
those of the polymers derived from the free initiators [29]. The molecular weight (My)
and molecular weight distribution (M, /Mp) of the free poly(TFEMA) were 5600 and 1.26,
respectively, according to SEC analysis.

Next, we investigated the SI-ATRP of NIPAM from the polymer thin films. Graft poly-
merization was conducted at 25 °C in a Schlenk flask with the monomer 2-propanol/water
(4/1,v/v) as a mixed solvent, a Cu catalyst, a ligand, a reducing agent, and the initiator after
degassing by three freeze-pump-thaw cycles ([NIPAM],/[CuCl]y/[MesTREN]/[ascorbic
acid]y/[EBI]p = 100/1/2/1/1, MegTREN: tris [2-(dimethylamino)ethyl]amine) [27]. After graft
polymerization, the polymer films (CL-poly(MCMA-co-HEMABr)-g-poly(NIPAM)) were thor-
oughly rinsed with 2-propanol to remove the physisorbed polymers from the film sample. The
My and M,y /My, of poly(NIPAM) were 7200 and 1.55, respectively, which were determined by
SEC based on the free poly(NIPAM). SEM observation of the film surfaces after graft modifica-
tion confirmed that the pillar structures were maintained even after the graft polymerization
for both TFEMA and NIPAM (Figure 6). The growth of graft polymers on the pillar surfaces
was confirmed by X-ray photoelectron spectroscopy (XPS) (Figure 4). All the pillar films
exhibited Cls (285 eV) and Ols (531 eV) peaks corresponding to the methacrylate polymer
chains. The poly(TFEMA)-grafted sample showed an F1s (685 eV) peak corresponding to the
TFEMA component, while the poly(NIPAM)-grafted sample showed an N1s (398 eV) peak cor-
responding to the NIPAM component. To further confirm the progress of graft polymerization,
Fourier transform infrared (FTIR) spectroscopy was used to investigate the structural changes
in the polymer film before and after the graft modification (Figure 7). The FTIR spectrum of the
crosslinked pillar film measured in transmission mode showed a group of peaks originating
from the methacrylate polymer, with the main peaks assignable to C=O stretching (1730 cm ™)
and C-H stretching (2950 cm~!). In the grafted pillar thin films, new peaks due to the chemical
structure of the polymer brush were observed. For example, when TFEMA was polymerized,
the absorption due to C=0 stretching vibration (1730 cm~!) increased relatively compared to
the C=C stretching (1620 cm~!), and when poly(NIPAM) was grafted, a new absorption due
to the amide N-H bending vibration (1550 cm ™) was observed. These results confirmed that
the grafted polymers were successfully introduced onto the pillar film surfaces by SI-ATRP
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Figure 6. SEM images of the surface of the (a) CL-poly((MCMA-co-HEMABr)-g-poly(TFEMA)) pillar
film and (b) CL-poly((MCMA-co-HEMABr)-g-poly(NIPAM)) pillar film.
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Figure 7. IR spectra obtained for the (a) CL-poly(MCMA-co-HEMA-Br) pillar film, (b) CL-
poly((MCMA-co-HEMABTr)-g-poly(TFEMA)) pillar film, and (c) CL-poly((MCMA-co-HEMABr)-g-
poly(NIPAM)) pillar film.

3.4. Wattability of Polymer Film Surfaces

In order to ascertain the effect of the pillar structure on the interfacial properties of the
film surface (especially the gas-phase interface), a flat film prepared by spin-coating was
used as a control sample, and a comparative study was conducted focusing on wettability,
which is one of the evaluation indices for interfacial activity. First, to clarify the change in
surface properties caused by the formation of the pillar structure, a comparative analysis of
the static water contact angles of the flat film and the pillar film was conducted. The contact
angles were measured to be 80° for the flat film and 16° for the columnar film (Figure 8a,b),
which was probably due to the capillary action induced by the pillared structure of the
surface, as shown in Figure 3b, rather than an increase in hydrophilicity due to increased
surface roughness based on the pillar structure (Wenzel’s theory). Since poly(TFEMA) is
hydrophobic [30], the wettability of the surface was reduced by grafting a fluoropolymer
onto the film surface. The static contact angle of a water droplet on the flat film surface
grafted with poly(TFEMA) was 104° (Figure 8c), whereas the value was 112° on the pillar
film surface grafted with poly(TFEMA) (Figure 8d), both of which were significantly more
hydrophobic than the sample before grafting. It is noteworthy here that the difference in
wettability of the pillar film before and after grafting with poly(TFEMA) was significantly
large, and the sample grafted with poly(TFEMA) retained its pillared structure (Figure 6b)
but no longer showed the capillary effect and became highly water-repellent.

Poly(NIPAM), a representative thermoresponsive polymer, changes its conformation
and hydrophilicity /hydrophobicity in response to temperature changes in an aqueous
environment. That is, below the phase transition temperature (Tpt) of about 32 °C, it
forms an extended conformation due to hydration and becomes hydrophilic, and when
the temperature rises above Ty, it dehydrates and assumes a collapsed conformation and
becomes hydrophobic. Furthermore, this hydrophilic/hydrophobic switching due to the
phase transition is reversible with temperature changes [31,32]. When poly(NIPAM) is
fixed to a material surface, the change in the properties of the polymer chain determines
the surface properties, and the interfacial properties (hydrophilicity /hydrophobicity) of the
material surface can be controlled by changing the temperature [33]. A limited number of
reports have demonstrated that the introduction of nanoscale roughness onto a surface by
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grafting can have a significant effect on the wettability of the surface [23,34]. Therefore, it is
interesting to investigate the effect of poly(NIPAM)-grafted pillar surfaces on interfacial
properties, such as wettability. Figure 9a shows the static contact angle of a water droplet on
the surface of the poly(NIPAM)-grafted flat film and pillar film as a function of temperature.
For both sample surfaces, an increase in the water contact angle was observed between
31 °C and 35 °C during the heating process, and it was found that this temperature-
responsive change in wettability was significantly amplified by the presence of the pillar
structure. As shown in Figure 9b, when the temperature was increased from 22 °C to 38 °C,
the water contact angle of the poly(NIPAM)-grafted flat film increased by only 13°, whereas
the water contact angle of the poly(NIPAM)-grafted pillar film increased significantly to 68°.
This improvement in wettability due to the temperature response of poly(NIPAM) chains is
consistent with another report [23,34]. Furthermore, when the temperature was repeatedly
increased and decreased in the range from 22 °C to 38 °C, the water contact angles of
both sample surfaces changed reversibly, with the amplitude of change being significantly
larger for the grafted pillar film. In addition, the amplitude of the water contact angle was
maintained within the range of the number of trials in this experiment, indicating that the
hydrophilic/hydrophobic switching of the sample surface could be reversibly controlled
without attenuation (Figure 9c). These results indicate that the functionality of the film
surface was amplified by the synergistic effect between the surface morphology of the pillar
structures (primary structure) and the chemical properties of the grafted polymer chains
(secondary structure) introduced onto the surface.

Figure 8. Images of water droplets in static contact angle measurements on surfaces of several speci-
mens: (a) CL-poly(MCMA-co-HEMABE) flat film; (b) CL-poly(MCMA-co-HEMABE) pillar film; (¢) CL-
poly(MCMA-co-HEMABET) flat film grafted with poly(TFEMA); (d) CL-poly(MCMA-co-HEMABr)
pillar film grafted with poly(TFEMA).
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Figure 9. (a) Change in water contact angle upon the heating of the poly(NIPAM)-grafted flat and
pillar films. (b) Images of water droplets in static contact angle measurements on these sample
surfaces at 22 °C and 38 °C. (c) Changes in water contact angle on the sample surfaces after five
heating and cooling cycles in the temperature range of 22 °C and 38 °C.

4. Conclusions

A new method to fabricate polymer thin films with hierarchically ordered surface
structures was achieved by combining nanoimprinting using an AAO template with the
SI-ATRP of TFEMA and NIPAM. In this study, the surface morphology and chemistry
of the films with and without pillar structures were compared, especially the interfacial
properties expressed as wettability. Grafting poly(TFEMA) increased the static contact
angle for both flat and pillar films, and the contact angle of the pillar film surface increased
from 104° for the flat film sample to 112°, suggesting the contribution of the pillar structure.
Meanwhile, the pillar film surface grafted with poly(NIPAM) brought about a significant
change in wettability by changing the temperature between 22 °C and 38 °C. Furthermore,
it was shown that the interfacial properties of the film surface (hydrophilic/hydrophobic
switching) could be reversibly and reproducibly controlled by temperature. This experi-
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ment also revealed that the presence of pillar structures significantly affected the interfacial
properties of the film surfaces. These findings indicate that the functionality of the film
surfaces is expressed through a synergistic effect between the surface morphology of the
pillar structure (primary structure) and the chemical properties of the polymer chains
introduced to the pillar surface by graft modification (secondary structure). The results
presented in this study are expected to be applied to new nanomaterials research, such
as the creation of hierarchical surface functional materials by combining top—down and
bottom—up techniques.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/surfaces8030048/s1. Methods, Chemical and Reagents, poly(MCMA-
co-HEMABEY), and Figure S1: DCS trace of poly(MCMA-co-HEMABE).
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Abstract: The failure of a porcelain insulator on a transmission line is a crucial cause of
power supply interruptions, leading to poor reliability and revenue loss. The insulator’s
performance is adversely affected by environmental contaminants, and wettability inten-
sifies this adverse effect by developing a conductive path along the insulator’s surface,
leading to premature flashover and insulator failure. This work aims to analyze the re-
sponse of the electric field distribution and current density using the finite element method
(FEM) under different wettability conditions. Discrete water droplets were placed along the
surface, and the contact angle was varied to represent different levels of surface hydropho-
bicity. Abrupt rises and spikes were observed on the plots for the electric field and current
density distribution, indicating distortion; however, the distortion kept on decreasing with
the increase in the contact angle. Overall, the average stress followed a declining pattern,
where the values of the electric field were reduced from 2.588 to 2.412 kV /cm, and current
the density was reduced from 0.187 to 0.068 nA /cm? for an increase in the contact angle
from 60° to 140°. Simulation results advocate for hydrophobic insulator surfaces. There-
fore, a proper coating is necessary to enrich hydrophobicity and mitigate the adversity of
wettability. Polyurethane, due to its excellent hydrophobic and insulating properties, offers
a potential coating. Flashover voltage tests have been performed for the coated insulator
under dry and wet conditions, where the flashover voltage improved from 79.14 kV to
82.04 kV and 48.4 kV to 53.8 kV, respectively, which supports the simulations” outcomes.

Keywords: porcelain insulators; hydrophobicity; surface coatings; finite element method;
polyurethane; high voltage

1. Introduction

For a reliable power system operation, consumers must receive an uninterrupted
supply, and insulator failure is one of the key causes of interruption. Outdoor insulators are
subjected to numerous factors, such as rain, dust, fog, and contamination, that affect their
performance, making them vulnerable to repeated flashover [1,2]. The atmosphere contains
diverse pollutants, including sea and road salts in coastal areas, as well as agricultural
and road dust, bird droppings, fertilizers, and various industrial emissions depending
on the location. Outdoor overhead transmission line insulators are exposed to these
contaminants, with coastal regions being dominated by sodium chloride (NaCl) and areas
near cement or coal plants experiencing higher levels of calcium oxide (CaO) salts [3,4].

Surfaces 2025, 8, 40 https://doi.org/10.3390/surfaces8020040
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The literature reveals that soluble contaminants have a more drastic influence on insulator
performance [5]. This is due to the fact that the mobility of charged particles is enhanced
with the increasing concentration of the soluble salts, which results in the formation of
conductive path [6]. The path boosts the magnitude as well as the duration of the leakage
current, producing heat dissipation. Then, dry bands are formed in highly stressed regions,
which eventually bridge the insulator along the surface under certain applied voltages,
and an arc discharge is developed, called a flashover [7,8]. Depending on the degree of
wettability, the contamination distribution, and the shape of the insulator, the electric field
distribution is differently affected [9].

Static contact angles offer a straightforward way to assess a surface’s natural attraction
for a liquid when the system is stable. This angle reflects the balance of forces between
the liquid’s surface tension (cohesive) and the adhesive forces between the liquid and the
solid surface [10,11]. Consider a water droplet placed on a smooth surface; the angle the
droplet’s edge makes with the surface is the static contact angle, which is elaborated in
Figure 1a, where g1, vsv, and 1y are interfacial tensions, and 6 is the tangent angle at
the interface of the liquid and the surface. Dynamic contact angles, on the other hand, are
measured when the three-phase boundary (contact line) is in motion, either during the
wetting (advancing) or de-wetting (receding) of the surface. The static contact angle, due to
its simplicity and ease of measurement, is widely used to understand a material’s basic
surface properties, such as desired wettability after treatments (coating or cleaning). A
low static contact angle (usually less than 90°) indicates good wetting, meaning the liquid
spreads easily on the surface and the surface is hydrophilic. A high static contact angle
(usually greater than 90°) indicates poor wetting, and the liquid tends to take the form of a
sphere and the surface is hydrophobic. The effect of the contact angle on the shape of the
water droplet is explained in Figure 1b, where surface hydrophobicity decreases from top
to bottom. It is obvious that the shape of the water droplet at the top surface, with a high
contact angle, is close to a sphere, which helps it to roll from the surface, making it dry.
Hydrophobic surfaces have also been witnessed in some plants and animal furs [12,13],

No spreading Complete spreading

Partial spreading

and lotus leaf is the most prominent one [14,15].
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Figure 1. (a) Contact angle. (b) Impact of contact angle on the shape of the water droplet. Reprinted
from [13].
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Among insulators, polymers have displayed better hydrophobicity, but ceramic insu-
lators are superior in terms of their insulating capabilities and mechanical strength [16-18];
even composite insulators cannot match ceramics in terms of electromechanical stress [19-23].
Porcelain insulators are usually preferred for their rigidity and excellent cantilever strength,
which is important for supporting heavy busbars and apparatus. The surface of a porcelain
insulator is glazed to cope with the external effects. However, the surface still has a reasonable
degree of adhesivity and hydrophilicity, facilitating contaminants and wettability, and is prone
to flashover more often. Thus, a proper coating is essential for a ceramic insulator to enrich the
hydrophobicity of the surface and to minimize the influence of pollution, and polymer-based
coatings are commonly used to protect surfaces from external effects [24-26].

The aim of this study is to examine the impact of the contact angle of water droplets
on the electric field and current density distribution of the insulator surface as wettability
distorts these field distributions. As software provides more flexibility in studying the wide
range of circumstances and conditions, different wettability scenarios have been modeled
in COMSOL Multiphysics software® version 6.1. To intuitively analyze field distribution
for complex geometries, the finite element method (FEM) stands out as crucial numerical
technique [27,28], and it has been applied here. In addition, the insulator has been tested
for flashover voltage using polyurethane as a potential coating material under dry and
wet conditions.

2. Materials and Methods
2.1. Coating Material

There are several coating materials that are used for different purposes; however, for
insulator surfaces, a few of the essentially hydrophobic examples have been discussed be-
low; these are poly meta-phenylene isophthalamide (PMIA) paper (with nano-SiO5), silicon
nitride (Si3Ny), silicon carbide (SiC), and polyurethane (PU). Other important properties
include relative permittivity, thermal conductivity, density, and insulating strength [29]
(listed in Table 1).

Table 1. Characteristics of potential coating material.

Thermal Relative Density Breakdown
Sr. Material Hydrophobicity Conductivity Permittivity  (g/em®) Strength
(Wm—1K-1) & (kV/mm)
1 Polyurethane 73[‘;0‘110 016-02[31] 5-65[32] 1125[32] = 7[;]197
PMIA Paper
2 (with ~ 153° [34] 0.396 [35] 2.9-4.4 [36] 0.6 [35] 35 [34]
Nano-SiO5)
Silicon R
3 Nitride N[;;*f 86-120[38]  7.5-83[18] ?318? 18 [39]
(Si3Ny)
Silicon
4 Carbide 100-135.3° [40] ~85 [38] ~6.5 [38] 3.21 [38] 8-14 [41]
(SiC)

In areas with high temperatures and the possibility of heat buildup, a material with
higher thermal conductivity increases the risk of flashover more than the one with low
thermal conductivity. This is due to the fact that low thermal conductivity means low
heat transfer capability, which minimizes the heat transfer, preventing the insulator from
overheating and potentially causing flashover. The lower density and viscosity of the
varnishes and coatings offer better coating atomization, resulting in a finer and more even
spraying application. It also improves leveling, producing a more uniform, smoother, and
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aesthetic surface [42]. Moreover, as high-voltage insulators are applied by means of strings,
the high density of the material further adds to the weight of the string and creates a burden
for the supporting tower. Therefore, polyurethane and PMIA paper (with nano-SiO;) are
of greater interest than other two materials.

Relative electrical permittivity is another crucial parameter to be discussed. The
materials with lower permittivity are helpful for a more uniform distribution of the electric
field along the surface; however, it must be kept in mind that when two materials with
different permittivities are in contact, a significant portion of the electric field will be
concentrated in the material with lower permittivity, potentially leading to overstressing
and the failure of that component [43-45]. So, to achieve uniform electric field distribution,
polyurethane, with comparable relative permittivity to that of ceramic materials, is better
suited to being studied as a coating material.

2.1.1. Polyurethane

Polyurethane belongs to the class of block copolymers and possesses many useful
features, such as biocompatibility, bio-stability, non-flammability, and nontoxicity [32]. It is
also transparent, hard, and considered to be an anti-aging material with abrasion resistance.
Its exceptional features are due to presence of hard—soft segments in its microstructure [46,47].
The general reaction for polyurethane is shown in Figure 2, and some other properties of
polyurethane listed in Table 2.

0=C=N—P—N=—C=0 + HO—____ )—OH

Bifunctional isocyanate Bifunctional alcohol

%OCOHN—O—NHCOO—Q—]-O—

Polyuretahane
Figure 2. Addition reaction to synthesize polyurethane. Reprinted from [47].

Table 2. Polyurethane properties [28,29].

Sr.# Properties Values
1 Specific gravity 1.1-1.46
2 Tensile strength 18 MPa
3 Tensile modulus 0.8-1.1 GPa
4 Compressive strength 90-250 MPa
5 Dielectric strength 400-500 volt/mil

(15.75-19.7) kV/mm

Thermoset polyurethane, owing to its rigidness and excellent hydrophobicity, is the
preferred for coating on insulator surfaces. It is synthesized by a reaction between oxyte-
tramethylene, which is a soft-segment polyol, and hexamethylene diisocyanate, providing
the di-isocyanate functionality necessary for crosslinking. Dibutyltin dilaurate (DBTDL)
was used as a catalyst to accelerate the reaction [48-50].

n(HO-O-(CHy)4-O-) + n(O=C=N-(CH,)¢-N=C=0) —

(HO-O-(CH,;)4-O-U-O-(CHy)4-O-)n @

2.1.2. Application Process

Three methods—namely, the brushing method, spraying method, and dipping
method—are commonly used to deposit a layer on the surface of the insulator [51]. The
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spraying method with air atomization is more effective than the other methods due to its
small dispersion [51,52], and it was utilized to deposit the coating in this work. In this
method, compressed air is mixed with the polymer and sprayed on the insulator. The
process of atomization takes place through increased air speed, which scatters polyurethane
into fine droplets, facilitating a fine and uniform coating [52]. The thickness of the coating
for high-voltage insulators should neither be very low nor too high as low thickness does
not provide adequate hydrophobicity, while high thickness leads to an increase in tempera-
ture due to surface leakage current. The thickness of polyurethane was kept around 0.4 mm.
The curing condition for the polyurethane coating is 10-25 °C, with relative humidity of
45-50% [53].

2.2. Finite Element Method (FEM)
The electric field is computed by gradient of potential:

E=-VV @)

Poisson’s equation for electrostatics in terms of the potential distribution is given
as follows:
eV(VV) =—p 3)

The finite element method (FEM) which was proposed by Courant in 1943 [54]. Later,
it was applied in electromagnetics and microwave engineering to analyze wave prop-
agation [55,56]. This method is employed in order to solve boundary value problems
(BVPs), which are described by a partial differential equation along with a set of boundary
conditions. The governing differential equation is converted into a set of linear algebraic
equations to obtain the approximate solution of a given boundary value problem [57].
In this method, the region or domain of interest is subdivided into a finite number of
subregions or subdomains known as “finite elements”, whose shape is defined by nodes.
The trial functions, in the form of polynomials, defined in each element are known as
shape functions or interpolation functions since they are used to find the primary unknown
quantity within the element via its value at the nodes [58]. A system of linear equations is
obtained through the conversion of the governing differential equation, using either the
variational method or the weighted residual method. The variational method requires a
functional that depicts the energy related to the boundary value problem (BVP), which
is further minimized by setting its partial derivatives to zero with respect to dependent
variables. On the other hand, the weighted residual method does not require any functional
and directly starts by finding the residual from the differential equation of the boundary
value problem (BVP). The product of the weight function and the residual is integrated
over the domain, resulting in weak form representation of the BVP.

Rectangular elements are mostly applied for simple geometries; to cover the complex
geometry, triangular elements as shown in Figure 3 [59], are preferred over rectangular
elements [60,61]. The numbers 1, 2, and 3 in Figure 3 indicate the nodes of triangular
element covering the geometry for which electric field and current density are measured.
COMSOL software uses a Galerkin approach to the weighted residual method as it is
simple and begins directly with the differential equation of the associated boundary value
problem. The obtained system of linear equations can be solved either by using the Gauss
elimination method or the LU factorization method to find the potential at all nodes, and
potential elsewhere can be interpolated [62-64].
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X

Figure 3. Triangular element [59].

2.3. Flashover Testing

The experimental setup for power frequency flashover testing included a testing
transformer of 25 kVA as a regulated AC voltage source up to 150 kV. The applied voltage
increased linearly (2% per s) up to the flashover voltage within 1 min, as per the IEC-
60060-1standard [65]. The water pipe acts as a series impedance, with the value adjusted to
~100 k€, and a capacitive voltage divider was used for measurement purposes, as shown
in Figure 4. A disc insulator from class 52-10 ANSI, having 160 kN strength with an AC
flashover voltage of 80 kV under dry conditions and 50 kV under wet conditions, was taken
as a test specimen.

AAN —e

Water Resistance
Power Transformer

25kVA

+ Power Source Voltage Divider

Insulator
1 2

|

X

e I R

Figure 4. Flashover test setup [66].

3. Results and Discussion
3.1. Simulations for Electric Field Distribution

The insulator specimen considered has been modeled in COMSOL Multiphysics®, as
shown in Figure 5a,b, to analyze the electric filed distribution and current density via the
finite element method. The outdoor porcelain insulator comprises three main parts: (1) the
main porcelain insulating material; (2) the cap and pin iron ends employed to connect the
insulator to the power system structure; and (3) the intermediary cement that clenches the
insulator to the metal fittings. The diameter of the insulator has been taken as 30 cm, and
pin-to-cap clearance has been taken as 16.5 cm.
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(a) (b)

Cement

wdl §°91

Insulator

Figure 5. Porcelain disc insulator: (a) dimension; (b) labeling.

The relative permittivity of porcelain has been taken to be 6 [67], while this value is
taken to be 1 for air and cast iron and 10 for moist concrete (cement) [68].

3.1.1. Dry Condition

The modeled insulator has been simulated under dry conditions, where 50 kV is
applied to the insulator. Figure 6 shows the potential distribution contour, along with the
electric field lines, where it can be observed that the lines are dense at the junction of the
cap, air, and cement, indicating maximum electric field. However, the field lines are more
distant towards the edges of the surface.

x10%
5 Volts

4.5
4
13.5
13
12.5
12
1.5
1

)

B ) 4

0.5

0 Volts

Figure 6. Electric potential contour and electric field lines (dry surface).

The electric field was plotted along the creepage path, as shown in Figure 7a,b. It can

be observed that the electric field decreases and then starts increasing, with some sudden

rises. To elaborate further, the plot has been divided into two portions: Figure 8a illustrates

the electric field for the upper surface; and Figure 8b illustrates the electric field for the

lower surface. Figure 8a shows a decrease in the electric field value, and the decrease is

seen to be gradual as it is traverses from the center to the ends. This pattern is consistent

with that in Figure 6, where field lines are more distant at the edges, far away from the

potential source. Figure 8b demonstrates some peaks on the plot, and the amplitude rises

progressively as we approach the center near, the potential source.
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Line Graph: Electric field norm (kV/cm)
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Figure 7. Electric field plot (dry case): (a) selection path; (b) electric field curve.
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Figure 8. Electric field plot (dry case): (a) upper surface; (b) lower surface (from the outer edge to the
inner curve).
3.1.2. Wet Condition

Hydrophilic case: Six water droplets with typical relative permittivity of 80 [69,70] and
conductivity of 178 puS/ecm/cm (0.0178 S/m) [71,72] were placed along the surface of the
insulator with a contact angle of 60°, illustrating a hydrophilic situation, as shown in Figure 9.

Contact Angle=60°

Figure 9. Water droplets for hydrophilic case (contact angle: 60°).
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Water droplets with a radius of 2 mm were considered to have a volume of
33.5 mm?3 (33.5 uL). In 2D geometry, volume cannot be modeled, so the area of the
circle was considered, which is 12.5664 mm?Z. The droplets are considered at rest, and their
contact line is stationary, so a static angle has been considered. The focus of this study
is on the discrete droplets with a fair distance between them, reducing the likelihood of
droplet interactions [73]. The voltage distribution, through colors, as well as the electric
field patterns around the water droplet are shown in Figure 10. It can be seen that the field
lines are denser around the water droplets, indicating high electric field stress.

Figure 10. Electric potential contour and electric field lines (hydrophilic surface).

The selection path and plot for electric field distribution along the outer surface is
shown in Figure 11. Although the pl3.2.ot follows a declining pattern towards outer edge,
this is not gradual; rather, it has been distorted. The peaks appeared due to the fact that
water droplets have different permittivity than the insulator, and electric field lines are thus
denser around water droplets. The first peak, magnified at the top right corner, reveals its
width to be 0.86 cm.
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Figure 11. Electric field for hydrophilic case (60°): (a) selection path; (b) electric field curve.

() Hydrophobic case: The contact angle of the water droplets has now been changed
to 120° , resembling a hydrophobic case, as shown in Figure 12, where voltage
distribution is indicated through varying colors and electric field patterns are indicated
through lines. As discussed in Section 1, referring to Figure 1b, the water droplet
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splits over the surface with a low contact angle, and it tends to be spherical when the
contact angle is high (approaching to 180°); however, its volume remains the same. In
2D geometry, volume cannot be modeled; thus, the area of the shape has been kept
the same.

Figure 12. Electric potential contour and electric field lines (hydrophobic surface).

Electric field norm (kV/cm)

The shape of the water droplets changes, as does the electric field around them.
Electric field distribution has been plotted along the outer surface, as shown in
Figure 13, where it can be seen that the curve is still distorted; however, the peaks
have been narrowed down. The magnified first peak is shown at the top right corner,
where the reduction in width is evident, i.e., 0.835 cm. Though the amplitude of
the first peak is bit higher, the overall stress (average) is reduced to 2.425 kV/cm,
compared with 2.588 kV/cm for the hydrophilic surface (Table 3). The maximum
value of the curve (at the start of the curve) also has a declining pattern, as can
be seen in Table 3. Average values have been measured using a measuring probe
in the software, which traverses the predefined path and integrates the data then
dividesby the path length; thus, the unit remains same i.e: kV/cm. The maximum
values presented in Table 3 refer to the highest point on entire curve that appearsat
the beginning of the curve the region closer to center, in the vicinity of first droplet It
was noted that the values decreased with the increase in contact angle.

Line Graph: Electric field norm (kV/cm) o
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5 10 15
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Figure 13. Electric field plot for the hydrophobic case (120°).
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Table 3. Electric field measurement at the upper surface.

Electric Field
Sr. Case Wettability Maximum Average
(kV/em) (kV/em)
1 Hydrophilic Contact Angle: 60° 53.301 2.588
2 Hydrophobic Contact Angle: 120° 52.708 2.425
3 Strongly Hydrophobic Contact Angle: 140° 51.527 2.412

(I)  Strongly hydrophobic case: The water droplets tend to be more sphere-shaped with a
higher contact angle of the hydrophobic surface and have a tendency to roll off from
the surface, making it dry before too long [10,11,74]. It has been noted elsewhere that
a contact angle of polyurethane up to 140° is achievable [30]. Here, an example of
strongly hydrophobicity, with a contact angle of 140°, where the voltage distribution
is shown through colors and the lines represent electric field patterns, has been
simulated for the worst-case scenario with the droplets still present on the surface, as
illustrated in Figure 14.

Contact Angle=140°

Figure 14. Electric potential contour and electric field lines (strong hydrophobic surface).

Referring to Figure 15, the electric field plot for the strongly hydrophobic case still
shows distortion; however, peaks have been further narrowed down. The magnified
first peak (the top right corner of Figure 15) shows a width reduction to 0.719 cm, and
overall stress is noted to be 2.412 kV/cm (Table 3), making this case better than that of
the 120° and 60° cases.
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Figure 15. Electric field plot for strongly hydrophobic case (140°).
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Maximum values are indeed observed to decline with higher contact angles, showing
less accumulation of field lines in the vicinity of the water droplet for the higher
contact angle. This is mainly due to the fact that water droplets spread more on
hydrophilic surfaces, while in case of hydrophobic surfaces, water droplets tend to be
spherical in shape, resulting in a smaller contact area.

3.2. Simulations for Current Density

Current density curves have also been plotted for the conditions under study,
as illustrated in Figure 16. Conductivity values were set as follows: water (rain) at
0.0178 S/m [71,72]; porcelain at 10712 S/m [75]; air at 1.8 x 10~ S/m [76]; concrete
at10~* S/m [77]; and the iron rod and cap at 10*7 S/m [78]. The curve for the dry condition
(Figure 16a) depicts a gradual decrease towards the outer edges; however, the decrease is
not gradual for wet conditions; rather, it exhibit distortion in the form of sudden elevations
or spikes, as shown in Figure 16b—d. By focusing at the prominent spike, the amplitude has
been significantly reduced from 0.187 nA /cm? for hydrophilic cases to 0.078 nA /cm? for
hydrophobic cases. This decline continues to 0.054 nA/cm? for the strongly hydrophobic
case. This declining trend strongly suggests that distortion or disruption is attenuated by
surfaces that repel water.
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Figure 16. Current density plot: (a) dry case; (b) wet case with hydrophilic surface; (c) hydrophobic
surface; (d) strong hydrophobic surface.

The maximum and average values of current density along the outer surface for three
cases of wettability have also been noted and are listed in Table 4. Values support the
earlier observation of a decreasing trend with an increase in the contact angle. The average
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value, showing stress, has been noted to see a tremendous decrease of almost 64.03% for an
increase in the contact angle from 60° to 140°.

Table 4. Current density measurement at outer surface.

Current Density
Sr. Case Wettability Average Maximum
(nA/cm?) (nA/cm?)
1 Hydrophilic Contact Angle: 60° 0.004248 0.18743
2 Hydrophobic Contact Angle:120° 0.003481 0.07807
3 Strongly Hydrophobic Contact Angle: 140° 0.003174 0.06768

Hence, simulation results support the argument that a water droplet with a low contact
angle intensifies distortion and stress. This is due to the fact that the water droplet spreads
over the surface in low-contact-angle cases, boosting the surface conductivity. However,
elevating the contact angle effectively lowers this stress. Therefore, a proper hydrophobic
coating can significantly mitigate the distortion and adversity of wettability.

3.3. Polyurethane as a Remedial Coating

Figure 17 shows uncoated and polyurethane-coated disc insulators, which were tested
to obtain AC flashover voltage under dry and wet conditions as per the experimental setup
shown in Figure 4.

Un-Coated | ¥ 5 Coated with Polyurethane

|
Figure 17. Uncoated and coated insulator.

The experiment was conducted five times to obtain the mean flashover voltage value,
and standard deviation (¢) has also been calculated using the following formulas:

o Z}I<VZ1 Vk
V== g
1 Eﬁl:l(Vk—Vf)z
o ==\ ®)

7] N-1

where V represents the flashover voltage, Vi represents the flashover voltage for the kth
time, and N represents the number of valid tests. The results are listed in Table 5.
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Table 5. Flashover characteristics of the coated and the uncoated insulator.

Insulator AC Flashover % AC Flashover %0
Voltage Dry (kV) ? Voltage Wet (kV) ’

Uncoated 79.14 kV 1.2 484 kV 1.4

Coated 82.04 kV 1.3 53.8 kV 1.2

It is evident from Table 5 that the polyurethane coating has elevated the flashover
voltage, making the insulator less vulnerable to premature flashover. However, extensive
experimentation under various conditions of pollution and contamination is necessary
before it can be used at the industrial level.

4. Conclusions

The disc insulator model has been evaluated for electric field and current density
distribution under dry and wet conditions using the finite element method in COMSOL
Multiphysics®. Three cases of wettability involving three surfaces—namely, hydrophilic,
hydrophobic, and strongly hydrophobic surfaces—have been simulated by placing discrete
water droplets at various contact angles. Abrupt increases have been witnessed on the
plots for the electric field, showing distortion; however, this distortion was reduced from
2.588 kV/cm for the hydrophilic surface to 2.412 kV/cm for the strongly hydrophobic
surface. Current density plots also showed spikes on the curve; however, they followed the
same declining pattern, and overall stress was noticed, with an almost-64.03% reduction
from 0.187 to 0.068 nA /cm? following an increase in the contact angle from 60° to 140°. This
is mainly due to the fact that water droplets spread more on hydrophilic surfaces, while in
case of hydrophobic surfaces, water droplets tend to be spherical in shape, thus lowering the
effect of wettability. The polyurethane coating evidently improved the insulator’s flashover
voltage under both dry and wet conditions. The voltage improved from 79.14 kV to 82.04 kV
for dry conditions, while that of wet conditions increased from 48.4 kV to 53.8 kV, surpassing
the performance of the uncoated insulator. From the simulation and experimental results, it
can be concluded that strongly hydrophobic surfaces make the insulator less vulnerable to
flashover. This research work has not only introduced polyurethane as a potential coating
but also opened new avenues for researchers working on improving the hydrophobicity of
insulator surfaces. However, extensive experimental work under contaminated conditions
is essential to fully characterize polyurethane-coated insulators” flashover behavior.
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Abstract: In this study, polymer films based on the inorganic sorbents Al,O3, ZrO, and
SiO,-phenyl with repellent N,N-diethyl-3-methylbenzamide were prepared and used as
functional textile coatings. The high sorption activity of oxides with respect to N,N-
diethyl-3-methylbenzamide (63-239 mg/g) allows for the use of these compounds as
repellent carrier materials, and their mixture with polyacrylates allows for the formation of
functional coatings—polymer films. Scanning electron microscopy and Fourier transform
infrared spectroscopy results revealed that the inorganic sorbents Al,O3, ZrO; and SiO,-
phenyl were successfully anchored in the polyacrylate structure, and the FTIR spectra
confirmed the presence of repellent molecules. The thermal diffusion parameters of N,N-
diethyl-3-methylbenzamide were also calculated via thermogravimetric analysis and high-
performance liquid chromatography with diode array detection. The highest thermal
diffusion rates and concentrations were observed for the material with Al,Os3 (up to
148.3-10~? mol at 200 °C), and lower values for ZrO, and SiO,-phenyl (up to 15.2:10~? mol
and 34.3-10~Y mol at 200 °C, respectively). The heat flux parameter Jf was also calculated
according to Onsager’s theory and Fourier’s law. The release of repellent from polymeric
materials can be achieved by applying less heat than that required to reach the boiling
point of N,N-diethyl-3-methylbenzamide.

Keywords: sorbents; repellent; DEET; polyacrylate; functional coatings; thermal diffusion; textile

1. Introduction

Functional coatings based on polyacrylate compounds are a class of polymeric ma-
terials that can be used on their own or can be applied to textiles [1,2]. Polyacrylates are
widely used in the textile industry and other fields due to their properties such as high
mechanical strength, chemical and biological inertness, and resistance to thermal and ultra-
violet degradation [3-6]. The properties of polyacrylates can be varied by incorporating
additives into the polymeric structure. Thus, the incorporation of inorganic oxides of
silica, alumina and zirconia or zinc oxide and titanium dioxide leads to an increase in
the mechanical strength of the polymer structure and in the photocatalytic activity of the
materials and allows for the introduction of carbon nanotubes to improve the electrical
conductivity of polymers [3]. In addition, polyacrylates and their copolymers are widely
used in agriculture as pesticide carriers in the form of microcapsules or heterogeneous
dispersions that can deliver the active ingredient in a targeted manner [5-7]. This approach
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not only reduces the toxicological impact of pesticides on the environment but also ensures
their long-term effectiveness.

Functional polymer coatings are particularly important in the development of ma-
terials to protect against insect attack. Insects are a major source of dangerous infectious
diseases [8]. Previous studies have shown that the polymeric binding of some pyrethroids
to polyacrylates thermally fixed to textile materials results in prolonged activity against
blood-sucking insects. Another advantage of polyacrylate coatings is their high resistance
to environmental factors and to repeated washing [9].

However, the use of pyrethroids in textiles is limited by their high toxicity. Polymeric
coatings based on repellents—compounds of synthetic and natural origin that can repel
insects while maintaining the protective functions of textiles—can be an alternative ap-
proach [4,10-16]. These compounds were shown to be effective against blood-sucking
insects as early as the mid-20th century [17] and are still widely used in various formula-
tions, but there are a number of difficulties with their application and fixation to the surface
of textiles, as these compounds are oily liquids that are poorly soluble in water. There
are few technologies available to produce functional coatings with repellent properties.
Therefore, to fix the repellent N,N-diethyl-3-methylbenzamide (DEET), electrospinning,
which is based on the action of a high electric potential on a polymeric solution, is possi-
ble [11,12,15,18]. As a result of Coulomb forces, the electrostatically charged polymer is
pulled towards the surface of the material, exceeding the critical speed of the liquid and re-
sulting in the solidification of superstrong structures. This approach provides a long-lasting
repellent effect of textiles against blood-sucking insects, but special laboratory equipment
is required to obtain materials with a repellent coating [12]. In addition, the production of
protective clothing from such textiles requires the scaling up of such technologies, and it is
not clear whether the process can be replicated on an industrial scale.

Another approach to functional coatings with repellent properties is the sequential
synthesis of repellent conjugates with dye molecules for subsequent application to textile
fibers [19,20]. Owing to the -N=N- bonds, the modified dye molecule is formed, whereas
the -N=C=0 bond of the DEET molecule, which is responsible for the repellent activity,
remains unchanged. However, the synthesis of derivatives requires the introduction of an
amino group to form a conjugate. The effect of this modification on the repellent activity of
the substance has also not been investigated. The production of safe functional repellent
coatings for protective clothing against attacks by dangerous blood-sucking insects on
humans therefore remains an urgent task.

The purpose of this study is to investigate the properties of functional textile coat-
ings with repellent effects containing N,N-diethyl-3-methylbenzamide. First, polymeric
materials containing inorganic sorbents such as zirconia, alumina, and silica with grafted
phenyl groups were obtained. Previously, we studied and described the sorption prop-
erties of these oxides and demonstrated their high sorption capacity towards synthetic
repellents, particularly DEET [21]. In this work, repellent-containing sorbents were fixed
on a polyacrylate film. The structure of the films obtained was studied by scanning electron
microscopy and FTIR spectroscopy, and the process of thermal diffusion of the repellent
was also investigated. The resulting composition was applied to the textile, after which
the material structure was examined by scanning electron microscopy, and the repellency
was determined via high-performance liquid chromatography with diode array detection.
The results obtained open new possibilities for the development of protective materials
with reduced toxicity against attacks by blood-sucking insects with controlled release
of repellents.
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2. Materials and Methods
2.1. Materials

N,N-diethyl-3-methylbenzamide (DEET) was purchased from Merck (Darmstadt,
Germany); acetonitrile was purchased from Honeywell (Charlotte, NC, USA); aluminum
nitrate nonahydrate, zirconyl nitrate dihydrate, ammonium nitrate, citric acid hydrate,
ethylene glycol and ethyl acetate were purchased from JSC LenReactiv (St. Petersburg,
Russia); polyacrylic acid copolymer consisting of a mixture of 2-(perfluorodecyl)ethyl
acrylate and stearyl acrylate was purchased from Zhangzhou F&S New Material Co., Ltd.
(Zhangzhou, Fujian, China); and the Silasorb phenyl (SiO;-phenyl) used was from Elsico
(Moscow, Russia) without further purification. Water was purified via a Direct-Q system
(Millipore, Darmstadt, Germany).

2.2. Methods
2.2.1. Synthesis of the Zirconia and Alumina Sorbents

The synthesis of zirconia and alumina, which are sorbents for the DEET repellent, has
been described in detail previously [21]. The sol-gel method for the preparation of these
oxides involves the interaction of zirconyl nitrate (or aluminum nitrate) with ammonium
nitrate in the presence of citric acid and ethylene glycol. The mixture was then heated at
95 °C until evaporation occurred and subsequently ignited. The resulting product was
purified from residual carbon at 800 °C for 2 h.

2.2.2. Static Sorption of DEET

A detailed description of the sorption of the repellent DEET on inorganic oxides has
also been described in a previous paper [21]. When sorption was complete, the oxides were
quantitatively removed from the solution and dried for 2 h using an IKA RV digital 10 V
rotary evaporator (Staufen, Germany) to remove residual acetonitrile.

2.2.3. Preparation of Polymeric Films with DEET-Containing Inorganic Sorbents

In total, 2 g of sorbent (Al,O3, ZrO;, SiO,-phenyl) containing the DEET repellent
was mixed with 7 g of polyacrylic acid copolymer in a 50 mL glass beaker and stirred for
10 min at room temperature. Then, 0.25 mL of the obtained mixture was placed in a mold
(15 mm diameter, 0.5 mm height) and centrifuged using an EZ4 spin coater (Lebo Science,
Beijing, China) for 5 min at 300 rpm. The polymeric opaque film (15 mm diameter, 0.5 mm
thickness) was then removed from the mold and dried at 30 °C for 3 h.

2.2.4. Scanning Electron Microscopy (SEM)

The morphology of the samples was examined on a MIRA3 autoemission scanning
electron microscope (TESCAN, Brno, Czech Republic) with an SE detector at an acceleration
voltage of 1 kV.

2.2.5. FTIR Spectroscopy

The FTIR spectra were recorded on an InfraLUM FT-08 FTIR spectrometer in ATR
FTIR mode (Lumex, St. Petersburg, Russia) via a KBr beam splitter in the spectral range of
600-3000 cm 1. In OMNIC data acquisition software (OMNIC 8.3, Thermo Fisher Scientific,
Waltham, MA, USA) of the FTIR spectrometer, the resolution was set at 4 em ! and optical
aperture as “open”, number of points—3662 and 3527 for DEET in liquid film and polymer
films, respectively.
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2.2.6. Thermogravimetric Analysis of Polymer Films Containing DEET

Thermogravimetric analysis (TGA) (Thermal Analyser—STA 449 F5 Jupiter, Netzsch,
Selb, Germany) was performed for samples (10 4= 2 mg weight) with different sorbents and
for a sample of polyacrylate film (15 mm diameter, 0.5 mm thickness) without sorbents.
The samples were heated to 800 °C under nitrogen at a heating rate of 10 °C/min.

2.2.7. Thermal Diffusion Parameters of DEET from Polymer Films

The polymeric film (15 mm diameter, 0.5 mm thickness) containing DEET immobilized
on the sorbent was placed on a glass substrate and heated to 50, 100, 150 and 200 °C
(Figure 1). After the material was held at a given temperature for 1, 5, 10, 15 and 30 min,
an air sample was taken via a UOPV 4-40 aspirator (Niki-MIt, St. Petersburg, Russia)
with two Petri absorbers connected in series, each filled with 10 mL of acetonitrile. The
air sample was taken at a rate of 2 L-min~! for 5 min. The solvent was then evaporated,
and the sample was diluted in 5 mL of acetonitrile. The DEET content of the samples
was determined via high-performance liquid chromatography with diode array detection
(DAD) on an Ultimate 3000 HPLC-system (Thermo Fisher Scientific, Waltham, MA, USA).
The concentration of DEET in the samples was calculated via absolute calibration at a
wavelength of 210 nm.

W
e i~
@ k%
Heating Air aspiration HPLC-DAD Data analysis

Figure 1. Scheme of the experiment for determining the diffusion flux of N,N-diethyl-3-
methylbenzamide from a polymeric film material.

From the data obtained, DEET concentration values (mol, 10~%) were calculated and
plotted as a function of the flux J; (W-m~!-K~!), which was calculated via the Fourier
equation [22] (1)

_ QL (M- Ty)?
EAXTZ T1 T2 !
Q—heat supplied to the polymeric material, W;

It

)

Ax—thickness of the polymeric material layer, m;

e—an arbitrary number smaller but close to 1;

Ti—material heating temperature, K;

T,—material surface temperature, K;

K—thermal conductivity constant of the polymeric film material, W-m~!.s~1.K~1.
For each of the polymeric film formulations, 10 replicates were performed.

2.2.8. Coating of Textile Fibers with DEET-Containing Polymer Films

A5 x 5 cm polyester textile sample (density of 160 g/m?) was immersed in a solution
of the copolymer of polyacrylic acid with the inorganic sorbents, obtained according to
point 2.2.3 of the Methods Section, and kept for 3 min. The sample was then wiped out and
dried at 170 °C for 3 min. The samples were then stored in heat-sealed polyester bags to
prevent the loss of repellency.
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2.2.9. Determination of DEET Concentration in Textile Samples

The textile samples obtained according to Section 2.2.8 in the Methods Section were
cut into small pieces and placed in a 100 mL round-bottom flask to which 50 mL of ethyl
acetate was added. The solution was refluxed for 5 h with stirring, the pieces of textile
were removed, the contents of the flask were evaporated (IKA RV digital 10 V, Staufen,
Germany), and the sample was diluted in 5 mL of acetonitrile. The DEET content was
determined under the conditions described in the Methods Section 2.2.7. Five replicates
were performed for each textile sample.

2.2.10. Data Analysis

Chromatographic data were collected and processed via Chromeleon 7 software
(Thermo Fischer Scientific, Waltham, MA, USA). Excel 2019 (Microsoft Corporation, Red-
mond, WA, USA) and OriginPro 2018 version b9.5.1.195 (Origin Corp., Northampton,
MA, USA) were used for detailed calculations and plotting. Correlation between the val-
ues was determined using Spearman’s criteria [23]. Significance was set at p = 0.05 for
all calculations.

3. Results and Discussion
3.1. Polymer Films Containing DEET

The inorganic oxides Al,O3, ZrO, and SiO,-phenyl were selected as sorbents for the
DEET repellent according to the results of previous studies [21], which showed pronounced
sorption capacities around 63, 119 and 239 mg/g, respectively. To potentially exploit
the sorption properties of the sorbents, inorganic substances were incorporated into a
polyacrylate formulation based on 2-(perfluorodecyl)ethyl acrylate and stearyl acrylate.
The choice of polyacrylates was due to their widespread use in the textile industry for
fixing substances on the surface of fabrics and their ability to retain active substances
on their surface when exposed to external influences. However, DEET is poorly soluble
in water when mixed with selected polyacrylates; so, alternative solutions are needed
to obtain functional coatings with repellent properties. It was possible to fix solid oxide
particles in the polymeric layer when the sorbents were mixed with polyacrylates (Figure 2).
Scanning electron microscopy results revealed that the sorbent particles were successfully
incorporated into the polymer layer in all the cases. The particle size and shape of the
inorganic sorbents are in agreement with the SEM data obtained in previous studies [21].

e £ =
SEM HV: 1.0 KV Det: SE
View floid: S00pm  WD: 1431 mm
SEM MAG: 1.26 kx

byl ot i
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View floid: 200 pm  WD: 14.22 mm
SEM MAG: 316 kx

lilllﬂ

Figure 2. Scanning electron microscopy images of polymer films with embedded inorganic sorbents
Al,O3, ZrO; and SiO;-phenyl containing DEET.

The presence of the DEET repellent in the polymeric materials containing the Al,Os3,
ZrO, and SiO; phenyl sorbents was confirmed by FTIR spectroscopy, as signals charac-
teristic of N,N-diethyl-3-methylbenzamide (945, 1070, 1160, 1349, 1460, 1460, 1490, 1700,
2874, 2934, 2973 cm ') were detected (Figure 3), indicating that DEET was successfully
incorporated into the polymeric materials in all the cases.
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3.2. Determination of the Thermal Diffusion Parameters of DEET from Polymer Films

To determine the thermal diffusion parameters of DEET from polymeric materials
with embedded inorganic sorbents, TGA studies were performed, and their derivatives

were plotted (Figure 4).
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inorganic sorbents Al,O3, ZrO, and SiO,-phenyl containing the DEET repellent.
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The decomposition temperatures of all the polymeric materials ranged from 403.5 to
405.3 °C, which is the same as the decomposition temperature of the polyacrylate copolymer.
In the 40-400 °C section of the TGA curves (Figure 4), other volatile components of the
system are indicated, i.e., water, which is a component of the polyacrylate copolymer, and
the DEET repellent, which has a boiling point of 288 °C. However, according to the TGA
curves obtained, the study of the release rate of the repellent was complicated by the low
amount of repellent fixed in the polymer material; so, it was not possible to determine the
optimum energy for the controlled release of DEET from the polymer surface.

To calculate the thermal diffusion parameters of DEET, an experiment was carried out
in which polymer films with the inorganic sorbents Al,O3, ZrO, and SiO,-phenyl were
heated, followed by air sampling over the surface of the materials (Figure 1). This approach
made it possible to study the rate of release of the repellent during successive heating of
the polymeric film material. DEET concentration versus temperature was plotted for all
the polymeric materials (Figure 5).
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Figure 5. Concentration of DEET (mol) formed by thermal diffusion on the surface of polymer films
containing the inorganic sorbents Al,O3, ZrO, and SiO;-phenyl as a function of time (min) (n = 10).

The plots obtained show that the concentration of repellent gradually increased with
increasing exposure time of the polymeric materials under the given conditions. Moreover,
significantly higher DEET concentrations were observed for the Al,O3 sorbent-based
materials (up to 148.3-10~? mol at 200 °C) and, to a lesser extent, for the ZrO, and SiO,-
phenyl materials (up to 15.2:10~ mol and 34.3-10~ mol at 200 °C, respectively). This
could be due to the porosity of these inorganic sorbents, with the mean pore size of Al,O3
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being the smallest (3.84 nm—AI,03, 9.85 nm—S5iO;-phenyl, 46.0 nm—ZrO,) [21]. Analysis
of the 200 °C DEET concentration data and sorbent average pore size values revealed a
rank correlation of these parameters with a coefficient of +1 by Spearman’s test. It can
be assumed that DEET thermal diffusion is significantly influenced by sorbent pore size.
Moreover, we were not able to determine a single dependence that would describe the
rate of release of the repellent for all the sorbents, because the shapes of the Al,O3, ZrO,
and SiO,-phenyl particles were different according to the SEM data. Notably, despite the
greater sorption capacity of inorganic SiO;-phenyl oxide (239 mg/g) at the considered
DEET ratio compared to those of Al;O3 (119 mg/g) and ZrO; (63 mg/g) oxides, the amount
of repellent diffusing from the surface of the polymeric film within 30 min was greater
for the material containing the Al,O3 sorbent. Obviously, such materials would be able to
repel faster, but SiO,-phenyl-based materials could last longer.

In addition, the data show that less heat than that required to reach the boiling point
of DEET itself (288 °C) can be used to release the repellent from the material. In this way,
the targeting efficiency of DEET-based materials can be enhanced by thermal diffusion
processes that allow the repellent concentration to be controlled and fully predictable.

To determine the parameters of the total flux of matter, the values of the heat flux J;
(W-m~1.K~1) were calculated for each polymeric material on the basis of the provisions of
the Onsager theory and the Fourier law [22]. From the data obtained, the DEET repellent
concentration determined by thermal diffusion was plotted against the heat flux acting on
the materials after 30 min (Figure 6).
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Figure 6. The dependence of the concentration of DEET (mol) as a result of thermal diffusion over
the surface of polymer films containing the inorganic sorbents Al,O3, ZrO, and SiO,-phenyl on the
heat flux J; (W-m~1.K~1) at 30 min (n = 10).

The heat flow on the polymer films containing Al,Os could lead to DEET diffusion
in air faster and more efficiently than when applied to the films containing the ZrO, or
SiO; phenyl sorbents. Moreover, the repellent concentrations obtained from the polymer
materials of different composition in this study showed only basic differences and could be
increased by using more sorbent in the polyacrylate composition.
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3.3. Study of Polymer Films Containing the Sorbents with the DEET Repellent, Applied to
Textile Materials

The obtained polymer films containing Al,O3, ZrO; and SiO;-phenyl with the DEET
repellent, were coated on textiles via thermal polymerization of the polyacrylate copolymer
at 170 °C. This approach not only allowed the repellent to be successfully incorporated into
the surface of the textile but also resulted in materials that were resistant to environmen-
tal factors.

The structure of the samples obtained was examined by scanning electron microscopy
to confirm that the inorganic sorbents with the DEET repellent successfully coated the
textiles fibers (Figure 7). The resulting images showed that Al,O3, ZrO, and SiO;-phenyl
were all attached to the surface of the polymerized polyacrylate layer on the textile fibers,
providing a repellent effect.
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Figure 7. Scanning electron microscopy images of textile materials with incorporated Al,O3, ZrO,
and SiO,-phenyl inorganic sorbents containing DEET.

The concentration of DEET in the obtained textile samples was determined using
HPLC- DAD after extraction of the repellent in ethyl acetate for 5 h. The experimental
time was optimized by repeating the extraction under the same conditions. The results are
summarized in Table 1.

Table 1. Results of the determination of the DEET repellent content in textile materials.

Al, O3 Textile Material ZrO, Textile Material SiO,-Phenyl Textile Material

DEET content, mg/m2 66.7 + 3.3 46.0 £ 2.3 85.6 +4.3
DEET content, mg/ m? (re-extraction) <0.12 <0.12 <0.12
Recovery rate, % >99

The results obtained fully correlated with the sorption capacity data of the sorbents
themselves, with the highest DEET repellent content being a feature of SiO,-phenyl oxide.
A similar relationship was found for the sorption capacity of the textile materials containing
Al,O3 and ZrO; oxides. The suitability of this method for the determination of repellent
content in textile samples is shown by the DEET content on re-extraction under the given
conditions (<0.12) and the extraction rate of this method (over 99%). It was shown that
by creating functional polyacrylate-based coatings, it was possible to successfully deliver
the difficult-to-dissolve repellent DEET to textiles, opening new possibilities for creating
controlled-release repellent materials.

4. Conclusions

In this study, polymer films based on polyacrylate (2-(perfluorodecyl)ethyl acrylate
and stearyl acrylate) containing the inorganic sorbents Al,O3, ZrO, and SiO,-phenyl with
the DEET repellent were prepared. The high sorption capacity of oxides allows them to
be used as carrier materials for repellents in functional coatings for the targeted delivery
of repellents to a variety of surfaces, such as textiles. The obtained scanning electron
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microscopy images and FTIR spectroscopy data confirmed that this approach can be used
to obtain polymer films with repellent properties.

The thermal diffusion of DEET from the surface of polymeric materials was also the
subject of detailed investigations. According to the results obtained, materials containing
the Al,Oj3 sorbent are able to thermally diffuse the DEET repellent from their surface faster
and at higher concentrations than materials containing the other ZrO, and SiO,-phenyl
oxides, despite the greater sorption capacity of phenyl group-modified silica. Release of
the repellent from polymeric materials can also be achieved by applying less heat than
is required to reach the boiling point of DEET. In this way, the resulting materials can be
acted upon in a controlled manner by means of thermal diffusion processes, which helps to
improve their target efficiency.

The possibility of using these polymer materials as functional coatings on textiles was
demonstrated in the final step of the research. The SEM images and HPLC data obtained
show that a polyacrylate formulation containing the inorganic sorbents Al,O3, ZrO, and
SiO,-phenyl with the DEET repellent was successfully applied to textiles, opening new
possibilities for developing controlled-release materials.
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Abstract: Enzymatic catalysis has gained significant attention in green chemistry due to
its high specificity and efficiency under mild conditions. However, challenges related to
enzyme immobilization and spatial control often limit its practical applications. In this
work, we report a Marangoni flow-driven strategy to fabricate a biomimetic jellyfish-like
hydrogel with tunable tentacle-like structures. The formation process occurs entirely in
an aqueous system without organic solvents or post-treatment, enabling the construction
of ultra-thin, free-standing hydrogels through spontaneous interfacial self-assembly. The
resulting structure exhibits high surface-area geometry and excellent biocompatibility,
providing a versatile platform for localized enzyme loading. This method offers a simple
and scalable route for engineering soft materials with complex morphologies, and expands
the design space for bioinspired hydrogel systems.

Keywords: Marangoni flow; hydrogels; polyelectrolyte; biomimetic

1. Introduction

Enzymatic catalysis has become an important part of green chemistry [1], valued for
its high specificity, efficiency, and sustainability under mild reaction conditions [2,3]. How-
ever, the practical application of free enzymes faces significant challenges. When dispersed
directly in aqueous solutions, enzymes lack spatial control over their catalytic activity,
leading to unregulated reaction zones and potential limitations in substrate diffusion. This
spatial ambiguity not only reduces catalytic efficiency but also complicates process opti-
mization, especially in industrial settings. Moreover, traditional enzyme immobilization
strategies typically rely on rigid carriers (nanoparticles or metal-organic frameworks [4])
to stabilize enzymes and facilitate recycling. For example, Wei et al. reported a solid-state
mechanochemical strategy to encapsulate enzymes within metal-organic frameworks
(MOFs), effectively protecting the enzyme activity under biologically unfavorable condi-
tions and enabling more stable catalytic performance [5]. While these materials improve
enzyme stability, their inherent lack of biocompatibility and their non-degradable nature
raise environmental concerns, particularly in sensitive ecosystems or biomedical appli-
cations. For instance, micro- or nano-sized substrates, despite enhancing mass transfer
efficiency, are notoriously difficult to recover, resulting in secondary pollution and increased
operational costs [6].
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To overcome these dual challenges of spatial control and environmental compatibil-
ity, bioinspired architectures have emerged as innovative enzyme immobilization plat-
forms [7,8]. Li et al., inspired by the adhesive capability of mussel foot proteins, developed
a bio-adhesive hydrogel with strong wet adhesion properties, offering an adaptable and
robust interface for biological applications [9]. Drawing inspiration from natural systems,
such as the predation mechanism of jellyfish [10-12], offers a promising approach to rec-
onciling efficient catalysis with sustainable design. Jellyfish utilize flexible tentacles and
dynamic fluid interactions to capture prey efficiently [13,14]—a process analogous to the
need for enzymes to interact with substrates in a controlled spatial domain. Mimicking
this strategy, we propose a biomimetic jellyfish-like hydrogel system formed by Marangoni
flow at liquid-liquid interfaces [15-17]. The Marangoni effect refers to the mass transfer
of fluid along an interface caused by a gradient in surface tension. This flow occurs when
there is a difference in surface tension between two adjacent regions of a liquid [18,19].
This design leverages hydrodynamic forces to self-assemble a soft, biocompatible hydrogel
matrix at the interface, which not only benefits the immobilization of enzymes (such as
catalase) but also dynamically regulates their spatial distribution. The Marangoni effect,
driven by interfacial tension gradients, enables the spontaneous formation of structured
hydrogels without external energy input, making this design inherently aligned with the
principles of green chemistry [20,21].

The resulting hydrogel mimics a jellyfish-like tentacle structure, providing an ex-
panded surface area for enzyme attachment. The loose, porous structure of these tentacles
enhances stable enzyme binding [22-24], while the use of green materials ensures bio-
compatibility [25-27]. Furthermore, the macroscopic size of the hydrogel facilitates easy
recovery, overcoming the trade-off between the mass transfer efficiency and recyclability
seen in micro-/nanosystems [28-30]. In this study, we demonstrate that the integration
of Marangoni flow-driven self-assembly and biomimetic hydrogel design offers a novel
pathway to engineering enzyme-loaded systems with tunable catalytic performance, envi-
ronmental compatibility, and scalability. This approach not only overcomes the limitations
of conventional enzyme immobilization but also establishes a sustainable framework with
broad applications, from industrial biocatalysis to environmental remediation.

2. Materials and Methods
2.1. Materials

Sodium Alginate (Alg, AR, Macklin Biochemical Technology Co., Ltd., Shanghai,
China), e-Poly-L-lysine (¢-PL, MW < 5000, Macklin Biochemical Technology Co., Ltd.,
Shanghai, China), Fe304 (magnetite) nanoparticle dispersion (25% in H,O, Macklin Bio-
chemical Technology Co., Ltd., Shanghai, China), Anhydrous Calcium Chloride (CaCl,,
99.99% (metals basis), Macklin Biochemical Technology Co., Ltd., Shanghai, China). The
Catalase (CAT, 3500 p/mg, Macklin Biochemical Technology Co., Ltd., Shanghai, China)
and Hydrogen peroxide (HyO,, 3%, LIRCON Medical Technology Co., Ltd., Dezhou, China)
were used without further purification. The deionized water was made in our laboratory.

2.2. Methods

A simple experimental setup is illustrated below. The sodium alginate solution was
extruded at a rate of 3 uL/s, controlled by a microinjector pump (Figure 1). A needle
with an inner diameter of 2 mm was chosen to control the droplet volume, approximately
0.05 mL. The needle was positioned 1 cm above the surface of the underlying solution to
ensure that the initial kinetic energy of the droplet was minimal upon impact with the
solution, thereby preventing droplet sinking or breakage.
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Figure 1. Schematic diagram of the experimental setup.

2.3. Characterization

Field Emission Scanning Electron Microscopy (FESEM): A field emission scanning
electron microscope (SU8010, Hitachi High-Tech, Tokyo, Japan) was used to analyze the
surface morphology of the samples. During standard scanning, an accelerating voltage
of 5 kV was applied. For elemental composition analysis using energy-dispersive X-ray
spectroscopy (EDS), the accelerating voltage was increased to 15 kV.

Fourier-Transform Infrared Spectroscopy (FI-IR): A VERTEX70 FI-IR spectrometer

1 was used for the infrared

(Bruker, Ettlingen, Germany), with a resolution of 2 cm™
spectral analysis.

Surface Tension Measurement: A KRUSS contact angle instrument (Hamburg, Ger-
many) was used to measure the surface tension of each liquid sample by the pendant drop
method at 28 °C. Each measurement was repeated three times, and the average value was
taken. The surface tension at the liquid—air interface creates an internal pressure difference
within the droplet, causing an increase in internal pressure. This relationship between the
pressure difference (Ap), the surface curvature radii (r; and rp), and the surface tension (o)

can be described by the Young-Laplace equation:
Ap=0c-(1/r1+1/r)

By analyzing the droplet morphology to obtain ry and ry, the surface tension of the
sample can be calculated [31,32]. Further details on these procedures can be found in
Supporting Information Figure S1.

Image Analysis: The areas and perimeters of the jellyfish-like droplets were deter-
mined from images using Python’s OpenCV library. Briefly, each image was first converted
to grayscale to eliminate background noise. Unwanted artifacts were removed, and the
resulting image was filtered to reduce noise. Finally, the number of boundary pixels was
recorded as the perimeter, and the total number of pixels identified as the droplet served as
the area. For images with different scale bars, the conversion from pixels to actual dimen-
sions was based on the number of pixels corresponding to the scale bar length. Further
details on these procedures can be found in Supporting Information Figure S2.

MTT Assay: A cell suspension was prepared at a density of 1000-10,000 HIMECs
(Human Intestinal Microvascular Endothelial Cells) per well in 100 pL, and the cells
were allowed to adhere overnight. The next day, the cells were treated with varying
concentrations of the test solutions, prepared by diluting a stock solution as follows:

Alg/SDS Solutions: Solutions of sodium alginate (Alg) containing 0.6 wt%, 0.5 wt%,
0.4 wt%, 0.3 wt%, 0.2 wt%, 0.1 wt%, 0.05 wt%, 0.01 wt%, 0.005 wt%, or 1 wt% SDS
were configured.

46



Surfaces 2025, 8, 28

Biomimetic Jellyfish-like Hydrogels: For samples containing 0.1-0.6 wt% SDS, the
solid gel was ground into small particles and dispersed in PBS at 5 wt% for testing. For
samples with SDS below 0.1 wt%, an equal volume of 1 wt% e-polylysine (e-pl) solution
was mixed and stirred together with the corresponding Alg-SDS solution before testing.

After 48 h of incubation at 37 °C with 5% CO,, the culture medium was removed.
Then, 10 pL of 0.5% MTT solution was added to each well, and the plates were incubated
for an additional 4 h at 37 °C. Subsequently, the MTT solution was discarded, and 100 uL
of dimethyl sulfoxide (DMSO) was added to dissolve the formazan crystals formed by
metabolically active cells. The optical density (OD) of each well was measured at 570 nm
and 650 nm using a microplate reader. Corrected OD values were obtained by subtracting
the OD at 650 nm from the OD at 570 nm.

The Bradford technique is used to calculate enzyme load: A 100 uL CAT/PBS solution
with a concentration gradient of 0.05-0.12 mg/mL was placed in a 2 mL centrifuge tube,
and 990 pL of Komas Brilliant Blue staining solution was added to stain the free CAT.
The standard curve of concentration versus absorbance was plotted. Take 100 pL of the
remaining enzyme solution of the biomimetic jellyfish-like hydrogel system in a 2 mL
centrifuge tube and repeat the above operation. Standard curves were used to quantify
enzyme concentration and the quantity of leftover enzymatic solution, and enzymatic
loading was obtained by difference.

The relative enzyme activity calculation: A standard curve of HyO, concentration
versus absorbance at 240 nm was established using a UV-vis spectrophotometer with
gradient concentrations of HyO, ranging from 0.05% to 1.5%. A biomimetic jellyfish-like
hydrogel was immersed in 15 mL of HyO, solution at 25 °C and shaken at 200 rpm.
The absorbance of the solution at 240 nm was measured, and the H,O, concentration
was calculated based on the standard curve. To rule out the effect of spontaneous H,O,
decomposition, a blank control experiment without enzyme addition was conducted.
The actual amount of H,O, decomposition catalyzed by the enzyme was determined by
subtracting the decomposition observed in the blank control from that in the experimental
group. The relative catalytic performance of catalase (CAT) under different conditions was
evaluated using relative activity, defined as follows Equation (1):

_ Hy0O; decomposed under each condition

Relati ivity (%) = 100% 1
elative activity (%) H,0O, decomposed with free enzyme < 100% @

The amount of free enzyme used in the calculation was determined based on the
enzyme loading content of the immobilized system.

The catalytic activity of immobilized x-amylase and 3-amylase was evaluated using a
starch—iodine colorimetric method.

x-Amylase and -amylase were immobilized onto the biomimetic jellyfish-like hydro-
gel using the same method, and the enzyme loading was determined accordingly. Either
the immobilized enzymes or their free counterparts were immersed in a 0.5 wt% starch
solution. After 30 min, 2 mL of the reaction mixture was withdrawn and mixed with
1 mL of 0.005 M iodine solution. After reacting for 20 min, the absorbance at 580 nm
was measured using a UV-vis spectrophotometer. The relative enzymatic activity was
calculated using the following equation:

Relative activity(%) — Starch decomposed under each condition
YR = T Gtarch decomposed by free enzyme

x100%  (2)

Each catalytic cycle was repeated 12 times to evaluate the reusability of the immobi-
lized enzymes.
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3. Results and Discussion

As shown in Figure 2a, when sodium alginate droplets (0.2 wt% SDS, 2 wt% Alg) come
into contact with the surface of a e-PL solution (1 wt%), they rapidly form droplets with
tentacle-like structures around the perimeter within approximately 10 s (the case without
surfactants is in Supporting Information Figure S3). These tentacles grow exclusively in
the two-dimensional plane at the liquid surface (Figure 2b) and do not appear at any other
spatial locations. The carboxyl groups of Alg and the amino groups of e-PL can form a
complex through electrostatic interactions, creating a cohesive barrier that prevents further
diffusion of solutes. As a result, no tentacles are formed at locations above or below the
liquid surface (Figure 2c).

Alg

Figure 2. (a) A schematic diagram of the formation process of biomimetic jellyfish-like droplets;
(b) a top-view photograph of the biomimetic jellyfish-like droplet; (c) a side-view photograph of the
biomimetic jellyfish-like droplet.

By measuring the surface tension of the Alg droplets containing SDS and the e-PL
solution (Table 1), we hypothesize that the formation of tentacles is induced by Marangoni
flow at the liquid-liquid interface. The surface tension gradient between the two solutions
drives the Marangoni flow, causing fluid to move horizontally from the low surface tension
interior of the droplet (35.72 mN/m) toward the high surface tension exterior solution
(71.11 mN/m). This outward fluid movement creates favorable conditions for tentacle
growth. In contrast, in the vertical direction, the presence of the coacervate layer prevents
fluid from escaping, thereby inhibiting tentacle formation.

Table 1. Surface Tension Measurement.

Solution Surface Tension (mN/m)
Alg 64.69 + 1.74
Alg with SDS 35.72 +£1.52
e-PL 71.11 +1.48

By adjusting the surfactant concentration, we modulate the intensity of the Marangoni
flow [33] and thus alter the tentacle growth rate. Meanwhile, changing the Alg concentra-
tion (which means adjusting the viscosity) regulates the speed of droplet deformation [34].
These two factors act antagonistically to jointly determine the growth process of the tenta-
cles (Figure S4). Intuitively, with increasing surfactant concentration, the tentacles become
longer and more densely distributed around the droplet (Figure 3a—c). In contrast, as the
solution concentration decreases, the droplet’s overall spreading area increases significantly,
yet the tentacle morphology does not vary uniformly (Figure 3d). At certain concentra-
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tions, the tentacles appear much more elongated and denser than under other conditions
(Figure 3e), whereas at lower concentrations, they look swollen (Figure 3f).
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Figure 3. Photographs of biomimetic jellyfish-like droplets formed under different solution conditions:
(a) 0.1 wt% SDS, 2 wt% Alg; (b) 0.2 wt% SDS, 2 wt% Alg; (c) 0.3 wt% SDS, 2 wt% Alg; (d) 0.2 wt% SDS,
1.5 wt% Alg; (e) 0.2 wt% SDS, 1.0 wt% Alg; (f) 0.2 wt% SDS, 0.5 wt% Alg. (g,h) Present the relative
perimeter and area, as well as the perimeter-to-area ratio (P/A), calculated via image recognition for
the droplets in (a—c) and (d—f), respectively.

In order to investigate these changes more precisely, we analyzed the area and perime-
ter of the jellyfish-like droplets through image processing and then calculated the perimeter-
to-area ratio (P/A) to quantify tentacle growth. When the surfactant concentration reached
0.2 wt%, the morphological variations in the tentacles became relatively limited (Figure 3g).
Although higher surfactant concentrations can accelerate tentacle growth, the increased so-
lution viscosity limits fluid mobility, thereby constraining the growth rate. As the solution
viscosity decreases, such constraints are alleviated, resulting in denser, longer tentacles.
However, when the viscosity is too low, the droplet spreads so quickly that many tentacles
are covered by the expanding liquid before they can fully form. This behavior manifests as
an initial rise, followed by a subsequent decline, in the P/A value (Figure 3h).

Figure 4a shows the tentacle growth of the biomimetic jellyfish-like droplet as captured
by a camera. Once the droplet contacts the solution surface, the carboxyl groups in Alg
rapidly bind to the amino groups in e-PL, forming a coacervate barrier through electrostatic
interactions. This coacervate layer between the two aqueous phases prevents the further
diffusion of solutes from the Alg droplet into the solution beneath [35]. Meanwhile, a strong
Marangoni flow drives the droplet to spread outward across the horizontal liquid surface.
Since the rate of droplet spread is slower than the rate of interfacial complexation, some
peripheral regions form a dense coacervate layer earlier, leading to spatially nonuniform
diffusion confinement. In contrast, regions with weaker complexation allow for continued
solute transport, giving rise to protrusions and the eventual formation of “tentacle”—like
structures. This process occurs within approximately six seconds and the tentacle morphol-
ogy remains stable thereafter, as shown in the time-lapse images (Figure 4a). To further
support the proposed formation mechanism, microscopic imaging of the edge regions
(Figure 4b) revealed spatial variations in thickness across the tentacle structure. From left
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to right, the images represent the tentacle structure extending from its base toward the
outer edge. A dense shadow adjacent to the root of the tentacle indicates the formation of a
thick coacervate layer at the interface. As the tentacle extends outward, the microscopic
images become progressively lighter, suggesting a gradual reduction in material content
and concentration. Additionally, the accompanying video (Supporting Information Video
S1) dynamically captures the formation and stabilization of the tentacle structures within
seconds, further corroborating the proposed mechanism.

Figure 4. The tentacle formation process of the biomimetic jellyfish-like hydrogel. (a) Time-lapse
images showing tentacle growth within 6 s after droplet deposition. (b) Microscopic images from
tentacle root to tip (from left to right).

The SEM images of the central, transition, and peripheral regions of the jellyfish-
like droplets (Figure 5a) reveal that the central region of the droplet is relatively dense
(Figure 5b). As the structure extends towards the tentacle edges, it becomes increasingly
porous and loose. This porous architecture facilitates the attachment of enzymes and
other nanomaterials [36]. In the transition zone at the periphery of the central circular
region, which corresponds to the base of the tentacles, wrinkle-like structures are observed
(Figure 5c¢). These wrinkles are likely a result of the antagonistic forces between viscous
forces and Marangoni flow. At positions closer to the tentacle edges, a sponge-like porous
structure becomes evident (Figure 5d,e), and the tentacle itself becomes extremely thin,
with a thickness of approximately 3.46 um.

Further elemental composition analysis was performed on the three regions using
EDS point scanning (Figure 5f-h, Table S1). The low sodium content indicates that the
counterions (Na*) from the Alg and e-PL complex dissociate into the surrounding solution,
providing the coacervate predominantly composed of polymer chains that have lost their
coordinating counterions. A significant change in sulfur content was observed as the
tentacles developed—the proportion of sulfur, originating from SDS, increased from 2.2%
in the center to 5.3% at the edge. Additionally, the oxygen content from the sodium alginate
decreased from 28.3% in the center to 11.1% at the periphery, indicating that alginate
concentration is higher in the central region and gradually decreases towards the outer
tentacles. Another notable change was in the nitrogen content from ¢-PL, which increased
from 11.8% in the center to 17.5% at the tentacle edge, supporting the idea that e-PL
interacts with SDS in the outer regions. Since the complexation between ¢-PL and SDS is
weaker than that with alginate, this likely contributes to the looser, more porous sponge-
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like structure observed at the tentacle periphery (Figure 5e). The coacervate forming the
tentacles contains abundant hydroxyl, carboxyl, and amino groups, which facilitate enzyme
attachment [37,38]. These findings confirm that as the position shifts from the central region
to the tentacle edges, e-PL/SDS complexes progressively replace e-PL/Alg complexes. Due
to the lower molecular weight and weaker complexation strength of e-PL/SDS compared to
e-PL/Alg, the central region remains dense and compact, while the tentacle edges represent
a looser, more porous structure.

el rar€lion

S

17.5%

Figure 5. (a) An optical image of a biomimetic jellyfish-like droplet formed by depositing 0.2 wt%
SDS and 1 wt% Alg into a 1 wt% e-PL solution, with three distinct regions marked. (b-d) SEM images
of the jellyfish-like droplet at different regions: (b) the central region, (c) the transition region, and
(d) the peripheral region. (e) A cross-sectional SEM image of the tentacle edge. EDS point scanning
results for elemental composition analysis of (f) the central region, (g) the transition region, and
(h) the peripheral region, showing the distribution of C, N, O, Na, and S.

The FT-IR analysis shows peaks at 1407 cm ! and 1630 cm ™! (carboxylate -COO™~
stretching from sodium alginate), 1036 cm™! (S=0 stretching from sulfate ester), and
1540 cm ! (amide II band from N-H bending and C-N stretching). The 1540 cm ! peak
is notably stronger in the peripheral region than in the central region, consistent with
EDS results, confirming the increased presence of ¢-PL/SDS complexes at the periphery
(Figure 6).
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Figure 6. FT-IR spectra of the central and edge regions of a biomimetic jellyfish-like droplet formed
by dropping 1 wt% Alg (with 0.2 wt% SDS) onto 1 wt% &-PL solution.
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As all of the materials used are biocompatible, and the porous tentacle structure fa-
cilitates enzyme binding, the biomimetic jellyfish-like hydrogel is well-suited for enzyme
immobilization in catalytic applications. The porous morphology increases the surface area
and provides physical confinement for enzyme molecules (Figure S5). Meanwhile, potential
weak interactions—such as hydrogen bonding, electrostatic attraction, or hydrophobic
interactions—may also contribute to the immobilization. Given its high perimeter-to-area
ratio, we selected 1 wt% Alg with 0.2 wt% SDS for hydrogel fabrication. As shown in
Figure 7a, a droplet was first deposited onto a 1 wt% e-PL solution to form a biomimetic
jellyfish-like droplet. After stabilization for 10 min, 0.1 mL of 25 wt% Fe3O4 nanoparticle
dispersion was added to the center, allowing the nanoparticles to uniformly sediment at the
bottom, and they were then left undisturbed for another 10 min. The droplet was then trans-
ferred to 0.1 M CaCl,, inducing Alg crosslinking to encapsulate the Fe3O4 nanoparticles
(10 min). After washing with deionized water, the hydrogel was immersed in 0.25 mg/mL
catalase solution, gently stirred (5 h), and incubated (10 min) to allow enzyme attachment.
The hydrogel was then washed and stored in PBS (Figure 7b). The immobilization likely
involves a combination of physical entrapment facilitated by the hydrogel’s porous tentacle
structure, as well as possible non-covalent interactions (hydrogen bonding, electrostatic or
hydrophobic interactions), similar to mechanisms reported in previous studies [39,40]. Zeta
potential measurements further support this interpretation, showing that catalase carries
a net negative charge while e-polylysine (e-PL) is positively charged under experimental
conditions, indicating that electrostatic attraction plays a key role in the enzyme attachment
process [41,42]. As the tentacle regions of the hydrogel are enriched in e-PL, these regions
exhibit higher local loading as a result of enhanced electrostatic interaction. MTT assays
confirmed the biocompatibility of the system. PBS solutions containing 1 wt% Alg with
varying SDS concentrations (Figure 7c), as well as the biomimetic jellyfish-like hydrogels
formed from them (Figure 7d), showed no significant changes in corrected OD values
compared to the blank group, indicating no cytotoxicity [43,44].
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Figure 7. (a) A schematic illustration of the biomimetic jellyfish-like hydrogel fabrication process.
(b) A photo of the fabricated biomimetic jellyfish-like hydrogel. (c) The zeta potential measurements
of individual components used in the hydrogel system under the experimental conditions, CAT
(—=11.67 £ 0.42 mV), e-PL (18.87 £ 1.84 mV), and Alg (—47.36 + 2.72 mV). (d) The cytotoxicity
assay results of Alg solutions with varying SDS concentrations. (e) The cytotoxicity assay results of
biomimetic jellyfish-like hydrogels formed from Alg solutions with varying SDS concentrations.

In practical biocatalytic applications, enzymes are often subjected to environmental
fluctuations, including extreme pH or temperatures conditions. Therefore, the chemical and
catalytic robustness of the immobilized enzyme system is a key factor for its reusability and
practical implementation. Compared with the hydrogel without tentacles, the jellyfish-like
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hydrogel exhibited higher catalytic efficiency (Figure 8a), which can be attributed to its
enhanced enzyme loading capacity enabled by the tentacle structure (Figure S6). As shown
in Figure 8b,c, the relative activity of catalase (CAT) immobilized within the biomimetic
jellyfish-like hydrogel declined significantly more slowly than that of free CAT under both
acidic (pH = 5) and alkaline (pH = 10) conditions, indicating better pH tolerance. This
improved pH stability may be attributed to the porous tentacle network of the hydrogel,
which physically confines the enzyme and provides a microenvironment that buffers
against extreme pH-induced denaturation. In addition, the long-term thermal and storage
stability of the immobilized enzyme system was investigated by incubating the jellyfish-like
hydrogel-immobilized CAT at different temperatures (40 °C, 25 °C, and 5 °C) for 7 days
(Figure 8d—f). Compared with the free CAT, the immobilized CAT retained a significantly
higher proportion of its initial activity over time. At5 °C, a common storage temperature,
immobilized CAT maintained its activity better than the free enzyme, indicating that the
hydrogel provides structural stabilization across diverse thermal conditions. Moreover, we
tested the reusability of the hydrogel platform using other enzymes, including x-amylase
and 3-amylase. As illustrated in Figure 8g—i, all three enzymes retained over 50% of their
initial activity after 12 catalytic cycles, highlighting the practical reusability of the jellyfish-
like hydrogel framework for different enzyme systems. These results demonstrate that the
jellyfish-like hydrogel not only enables effective enzyme immobilization but also enhances
enzyme durability under multiple conditions, thereby confirming its potential for robust
and reusable biocatalysis.
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Figure 8. (a) Decomposition of H,O, catalyzed by free CAT, CAT immobilized in hydrogel without
tentacles, and CAT immobilized in jellyfish-like hydrogel over time. (b,c) Relative activity of free CAT
and jellyfish-like hydrogel-immobilized CAT after incubation at pH =5 (b) and pH =10 (c) in PBS
buffer for up to 60 min. (d—f) Relative activity of immobilized and free CAT incubated at 40 °C (d),
25 °C (e), and 5 °C (f) for 7 days, respectively. (g—i) Relative activity of catalase (g), x-amylase (h),
and p-amylase (i) immobilized in jellyfish-like hydrogel over 12 catalytic cycles.
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The biomimetic jellyfish-like hydrogel was used to simulate a spatially controlled en-
zymatic reaction in 0.2 wt% HO, solution (Supporting Information Video S2). Figure 9a—c
demonstrate its controlled movement under non-contact magnetic actuation, forming a
rectangular trajectory. In contrast, Figure 9d—f show a linear back-and-forth motion of a
non-jellyfish-like hydrogel under identical conditions, suggesting the maneuverability of
the biomimetic jellyfish-like hydrogel and the effective functionality of the magnetically
loaded nanoparticles introduced via simple injection. The distinct motion trail left by the
hydrogel is attributed to oxygen microbubbles adhering to the container bottom, whereas
the non-jellyfish-like hydrogel leaves no visible trace. This suggests a significantly higher
catalase loading capacity in the biomimetic jellyfish-like hydrogel, which is directly related
to its high perimeter-to-area ratio and porous tentacle structure, providing an expanded
enzyme immobilization space.

Figure 9. The motion states of the biomimetic jellyfish-like hydrogel at (a) 0's, (b) 65, and (c) 12's,
respectively. (d-f) The motion states of the hydrogel without surfactant at (d) 0 s, (e) 3 s, and
(f) 6 s, respectively.

4. Conclusions

In this study, we developed a biomimetic jellyfish-like hydrogel with a highly tun-
able structure and enhanced enzymatic catalytic performance by leveraging Marangoni
flow-driven self-assembly at the liquid-liquid interface. The formation mechanism was
systematically investigated, revealing that SDS-induced Marangoni flow drives tentacle
formation, while Alg viscosity restricts outward extension, resulting in a high perimeter-
to-area ratio and a tentacle-rich structure. SEM and EDS analyses confirmed the gradual
transition from a dense central region to a porous tentacle periphery, which is attributed to
the progressive replacement of e-PL/Alg complexes by ¢-PL/SDS complexes. FI-IR spec-
troscopy further validated the composition distribution, supporting the structural findings.

By incorporating Fe3O4 nanoparticles and catalase, the hydrogel demonstrated ex-
cellent spatial control and catalytic efficiency, as evidenced by its precise magnetically
guided motion and distinct oxygen bubble trails in H,O, solution. The high catalase load-
ing capacity was directly correlated with the porous tentacle structure, which enhances
enzyme immobilization. Furthermore, comparative studies of relative enzymatic activity
under different conditions—including pH extremes, temperature variation, and repeated
reuse—confirmed that the immobilized enzymes retained significantly higher activity than
their free counterparts, demonstrating the hydrogel’s practical potential in biocatalysis.
Biocompatibility assessments via MTT assays confirmed that the biomimetic hydrogel
exhibits no cytotoxicity, ensuring its suitability for biocatalytic and biomedical applications.

Overall, this study presents a simple and scalable strategy for fabricating biomimetic
hydrogels with tunable morphology and high enzymatic catalytic efficiency. This ap-
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proach not only advances the design of bioinspired catalytic platforms but also offers new
opportunities for applications in biocatalysis, controlled drug delivery, and bioinspired
material engineering.
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surement results; Figure S2: Image processing of biomimetic jellyfish-like droplets; Figure S3: Pho-
tographs of Alg droplets without surfactants on the ¢-PL solution surface; Figure S4: Biomimetic
jellyfish-like droplets formed under different e-PL concentrations; Table S1: Elemental weight per-
centages of C, N, O, Na, and S; Figure S5: Images of magnetic nanoparticle-loaded jellyfish-like and
tentacle-free hydrogels; Figure S6: CAT loading capacity of the jellyfish-like hydrogel and tentacle-
free hydrogel; Video S1: Biomimetic jellyfish-like hydrogel; Video S2: The time-lapse microscopic
recording of tentacle formation in a jellyfish-like droplet.
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Abstract: The invasive presence of nanoplastics in various ecosystems makes them a sig-
nificant environmental problem nowadays. One of the main production mechanisms of
nanoplastics is mechanical wear. The combination of friction, abrasion, and shear forces can
indeed lead to the progressive fragmentation of polymeric materials. The high surface area—
volume ratio of the resulting nanoparticles not only alters the physicochemical properties
of the polymers but also leads to increased interaction with biological systems, which raises
questions about the persistence of nanoplastics in the environment and their potential toxi-
city. Despite the growing body of research on microplastics, studies specifically addressing
the formation, characterization, and impact of wear-induced nanoplastics remain limited.
This article describes current research on the formation mechanisms of nanoplastics gener-
ated by mechanical wear, highlighting the tribological processes underlying their release.
Advanced characterization techniques used to identify the morphology and composition of
these particles are also mentioned. The techniques include atomic force microscopy (AFM),
scanning electron microscopy (SEM), and, to some extent, Raman spectroscopy. In the
case of AFM, an example of application to the extrusion of nanoplastics from polystyrene
surfaces subjected to repeated nanoscratching is also provided.

Keywords: nanoplastics; mechanical wear; environmental impact

1. Introduction

Microplastics, recognized as an important environmental pollutant of the Anthro-
pocene, are widely studied due to their presence in marine and terrestrial ecosystems [1,2].
Defined as plastic particles less than 5 mm in size, microplastics can fragment due to
mechanical wear and environmental degradation, leading to the formation of even smaller
particles known as nanoplastics [3]. This definition is usually limited to plastic fragments
usually below 100 nm in size [4], and definitely not above 1000 nm [5], as we assume in
the following. Compared with microplastics, nanoplastics have different physicochemical
properties, and they interact more strongly with biological systems [6]. Because of their
size, nanoplastics can indeed penetrate deeply into organisms, raising concerns about their
potential toxicological and environmental impact. Their detection and characterization
require advanced techniques such as atomic force microscopy (AFM) [7], scanning electron
microscopy (SEM) [8], or Raman spectroscopy [9]. In this work, we review the mechanisms
of nanoplastic formation due to mechanical wear, briefly describe the aforementioned
techniques, and exemplify the extrusion of nanoplastics in the case of a standard polymer
surface scratched and imaged by AFM.
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The wear of polymers is one of the most important mechanisms for the release of sec-
ondary micro- and nanoplastics into the environment [10,11]. Mechanical processes, such
as friction, abrasion, and various shear forces, consume polymeric materials and release
plastic particles from them into air, water, and soil [12,13]. These processes, which lead
to progressive plastic fragmentation [14], are found in different environments: industrial
machinery, vehicle tires, marine equipment, and consumer products. In this way, micro-
and nanoplastics end up in oceans, fresh waters, and atmospheric samples [15]. Because of
their tiny size, nanoplastics move easily in ecological systems and biological organisms [16].
For instance, they can enter the human body through inhalation or ingestion, potentially
triggering inflammation, oxidative stress, and cellular damage [17]. New mitigation strate-
gies for processes accompanied by polymer surface wear are therefore required to stem
the flow of nanoplastics into the ecosystem and the resulting pollution [18]. To effectively
reduce nanoplastic release associated with polymer surface wear, targeted mitigation strate-
gies based on material science advancements are essential [19]. One approach involves
surface modifications, such as low-friction coatings (e.g., diamond-like carbon coatings),
which can significantly reduce mechanical degradation by minimizing direct polymer-to-
surface contact [20,21]. Additionally, reinforced polymer composites, incorporating carbon
fibers, glass fibers, or nanofillers, enhance structural integrity and wear resistance, thereby
reducing fragmentation under stress [22,23]. Another promising strategy is the use of
biodegradable or high-durability thermoplastics, such as polyetheretherketone (PEEK) or
bio-based polylactic acid (PLA), which offer improved mechanical stability and reduced
wear under repetitive loading [24,25]. Furthermore, processing techniques like plasma
treatment or UV stabilization can enhance polymer resistance to environmental stressors,
preventing premature degradation and subsequent nanoplastic generation [26,27]. By
integrating these material science approaches, the release of nanoplastics due to wear can
be significantly mitigated, contributing to a more sustainable polymer usage framework.

Studies on the environmental impacts of nanoplastics are rapidly increasing, with a
strong focus on toxicological research. Extensive literature exists on the effects of nanoplas-
tics on biological organisms, their accumulation in aquatic ecosystems, and their inter-
actions with chemical pollutants [28-30]. However, there are relatively limited data
on the formation mechanisms of nanoplastics via mechanical wear and the physical-
mechanical dynamics of this process. Therefore, the fragmentation of plastics due to
wear, the morphology of the resulting particles, and their environmental dispersion remain
insufficiently understood.

The results outlined below emphasize that wear resistance and surface deformation
characteristics significantly influence the amount and morphology of nanoplastic debris
generated from polymer surfaces. Nevertheless, long-term dynamics under mechanical
loads and the environmental transport of wear-generated nanoplastics remain largely
unexplored. Future investigations should integrate tribological, spectroscopic, and compu-
tational modeling approaches to predict nanoplastic generation across various real-world
applications. Moreover, expanding experimental studies on different polymer types and
their degradation behavior under mechanical stress will be essential for a comprehensive
understanding of nanoplastic pollution.

2. Recent Advances in Nanoplastics Research
2.1. Formation Mechanisms of Nanoplastics

The main mechanisms of nanoplastic generation by mechanical wear involve re-
peated mechanical stresses, including friction, shear forces, and abrasion, which lead to
the gradual fragmentation of larger polymer structures [31]. In brittle polymers, such as
polystyrene (PS), mechanical stresses exceeding the material strength threshold can result
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in the formation of microcracks, which propagate due to cyclic loading, fatigue, or external
environmental factors such as temperature fluctuations and UV exposure [32]. These cracks
may eventually lead to the detachment of nanometer-sized plastic particles [33,34]. In
contrast, ductile polymers, such as polyethylene (PE), primarily undergo plastic deforma-
tion under mechanical stress, where material removal occurs through mechanisms such
as tearing and plowing rather than crack formation [35]. This distinction is important in
understanding how different polymer types contribute to nanoplastic generation under
wear conditions.

Recent tribological studies have demonstrated that nanoplastics are released through
different wear mechanisms, including abrasive wear, adhesive wear, and fatigue wear [11,36].
Pin-on-disk tribometry and reciprocating wear tests have been employed to simulate
real-world plastic wear conditions, such as tire-road interactions and synthetic textile
friction [37,38]. Findings from these studies indicate that thermoplastics with lower molec-
ular weight and weaker intermolecular forces tend to release more nanoplastics under
mechanical stress. Further, Alkhadra et al. [35] highlighted that tire wear particles (TWPs),
a significant source of microplastic emissions, enter the environment through multiple
pathways, including atmospheric deposition, wastewater effluents, and surface runoff.
Their work demonstrated that smaller TWP fragments exhibit longer transport potential,
contributing to the widespread dispersion of nanoplastics in marine ecosystems. The study
also emphasized the role of pyrolysis-GC-MS in detecting benzothiazole as a molecular
marker for TWPs, underscoring the need for more refined analytical methods to quantify
nanoplastic release. Yu et al. [16] illustrated in Figure 1 the process of secondary micro- and
nanoplastic (MNP) release through surface interactions, shear forces, compression, and
repeated cycles of wear acting externally. Similar to natural beach settings, where wave
action and sediment interactions accelerate plastic fragmentation, daily mechanical wear in
industrial and consumer spaces intensifies nanoplastic production. While Figure 1 cate-
gorizes tire wear under adhesive wear, it is important to note that tire wear is not limited
to adhesive wear but also involves abrasive wear. Adhesive wear occurs due to repeated
friction between the tire and the road surface, leading to material detachment, whereas
abrasive wear results from rough road textures progressively eroding the tire material.
Furthermore, personal protective equipment (PPE) and personal care products, also de-
picted in Figure 1, contribute to micro- and possibly nano-plastic release through different
wear mechanisms. PPE items, such as gloves and face masks, are subject to adhesive wear
due to frequent frictional forces during use, leading to gradual degradation. On the other
hand, personal care products, such as exfoliating scrubs, sponges, and brushes, experience
abrasive wear, where continuous mechanical action causes material fragmentation [39].

The morphology of these fine particles differs depending on the direction of motion.
Forces applied perpendicularly to the polymer surface (normal forces) create localized
stress concentrations, initiating cracks that propagate and lead to tile-like secondary frag-
ments. In contrast, shear forces acting parallel to the surface induce material fatigue and
peeling, leading to flake-like detachments. This differentiation is consistent with reported
fragmentation scenarios, where vertically applied forces tend to create cracks and sharp-
edged particles, while shear forces promote surface peeling and flake-like structures, as
noted in studies investigating particle formation during plastic wear and environmental
stress [16]. Such processes are critical in effective mitigation strategies, especially in high-
friction environments such as those associated with vehicle tires, synthetic textiles, and
plastic packaging.
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Figure 1. The formation of secondary MNPs through adhesive and abrasive wear processes and their
corresponding activities. Reprinted with permission from Ref. [16]. Copyright 2024, MDPI.

Particulate matter arising from tire road wear (TRWP) is considered one of the sig-
nificant factors in micro- and nanoplastic pollution (in Figure 2). According to recent
estimations, about 10% of the plastic pollution stemming from tire wear may be found in
the world’s oceans. Although direct evidence is still lacking for the formation of nanoplas-
tics from TRWPs, these particles are comprised of heavy metals and organic additives that
may increase their risk to the environment and toxicologically. Nonetheless, importantly,
there is still little investigation into the nanoscale dynamics of tire wear, hence the need
for new hypotheses and modeling approaches for a much better understanding of the
fragmentation processes taking place [40,41].

Particulate matter (PM) from
road abrasion and brakes
wear

Microplastics from tyre wear
(TRWP)

Environmental and
Health Effects

Figure 2. Diagram illustrating the formation and effects of TRWPs. Reprinted with permission from
Ref. [40]. Copyright 2024, MDPI.

Road

It is assumed that under actual road conditions, abraded tires actually produce nanoplas-
tics through localized stress concentration and interfacial debonding at rubberfiller inter-
faces [41]. Repeated mechanical contact, high-pressure loading, and lateral shear between
the tire tread and road surface may create microscale fatigue, leading to nanoscale fragments
being detached from the viscoelastic matrix itself [42]. This process might be further affected
by fillers such as carbon black or silica, which are points of stress concentration facilitating
the development of cracks and release of nanoparticles. Finally, we also recognize the fact
that nanoplastic particles can be caused by ultraviolet-induced destruction of pre-existing
microplastic tire fragments. This photodegradation pathway is not abrasion-dependent but
could significantly contribute to secondary nanoplastic pollution in sun-exposed environ-
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ments. Therefore, both mechanical and photo-induced fragmentation pathways could be
treated as complementary contributors to tire-derived nanoplastics.

The events associated with plastic weathering in the natural environment are dynamic
and complex, since the degradation of polymers from UV irradiation and mechanical weath-
ering leads progressively to the formation of microplastics and nanoplastics and the release
of chemical additives [43]. Yang et al. showed that extended exposure to environmental
stressors oxidizes the surface of the polymer, rendering it brittle and initiating crack or flake
formation, which allows the detachment of nanoscale plastic particles [44]. The presence
of reactive oxygen species (ROS) during photo-oxidation further exacerbates nanoplastic
release, emphasizing the importance of environmental conditions in wear-related pol-
lution. Nanoplastic release is closely linked to the aging of plastics, with smaller sized
fragments becoming more predominant over time. While infrared and Raman analyses
indicate that aging also promotes the leaching of polymer additives, this process is distinct
from mechanical fragmentation. Additive leaching occurs due to polymer oxidation and
degradation, whereas nanoplastic formation primarily results from surface cracking and
flake detachment under mechanical stress. Both phenomena contribute to environmental
pollution, but nanoplastic formation is directly tied to the physical breakdown of polymer
structures. These findings are also relevant for tire road wear particles, as their ongoing
mechanical wear against road surfaces similarly leads to progressive micro- and nanoplas-
tic generation. Understanding these degradation mechanisms is essential for predicting
nanoplastic pollution and designing effective mitigation strategies.

Figure 3 illustrates the surface morphological changes in aged polystyrene (PS) plastics,
as observed through SEM imaging. The images show the progressive development of sur-
face roughness, granular oxidation, and ultimately the formation of cracks and lamellar pro-
jections. As aging advances, cracks widen, increasing the likelihood of nanoplastic detach-
ment. These observations support the idea that surface degradation mechanisms—such as
crack formation and flake detachment—are primary contributors to the release of nanoplas-
tics from weathered polymer surfaces. While this process is particularly evident in PS,
similar degradation patterns have been reported for other thermoplastics under prolonged
environmental exposure [44].

Figure 3. SEM images of polystyrene (PS) at various stages of weathering (a—e) along with an SEM
image depicting the resulting nanoparticles (f). Note the formation of holes after 1 day and of
granular protrusions after 5 days (highlighted by red circles and ovals). Adapted with permission
from Ref. [44]. Copyright 2024, Elsevier.
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In this context, it is also worth mentioning the multi-scale abrasion mechanics model
developed by Li et al. [45] to describe the formation of particulate matter during wear
processes. Their findings indicate that nanoplastic generation is directly linked to fracture
mechanics, where fatigue-induced microcrack propagation plays a critical role. Their model
quantitatively relates abrasion-induced emissions to material properties, revealing that
materials with lower fracture toughness tend to release higher concentrations of smaller
plastic fragments. This approach provides a robust theoretical foundation for predicting
and mitigating nanoplastic emissions from polymeric surfaces under repeated stress. In
addition to mechanical wear, environmental factors also contribute to the degradation of
TWPs over time.

As highlighted by Gnecco et al. [46], nanoripples can emerge due to periodic instabili-
ties occurring under shear stress of polymeric surfaces. Their formation and evolution are
governed by the interplay between lateral forces and the plastic response of the material.
This process is particularly significant for PS, a commonly found plastic in the environment,
and repeated mechanical stresses can trigger nanoparticle detachment. As shown by Hen-
nig et al. [47], nanoplastics are nucleated from the crests of the ripples and easily displaced
by the scratching tool (i.e., an AFM tip, see below). Similar results were recently obtained by
Khaksar et al. on polymeric blends [12]. In both cases, the release of nanoplastics is possibly
the result of crazing mechanisms in the polymer surfaces under tension. Although these
studies were conducted using AFM under controlled nanoscratching conditions (constant
loading forces in the sub puN range and constant scan velocities of few tens of um/s at
most), it is not excluded that similar mechanisms of nanoparticle detachment and surface
instabilities occur in everyday life. For instance, tire abrasion on roads introduces continu-
ous and fluctuating mechanical stresses, leading to progressive polymer degradation and
nanoplastic detachment [48]. Processes similar to those observed under rather idealized
laboratory conditions may also occur, although, at the time of writing, we are not aware of
any systematic investigations extending the aforementioned studies in this direction. The
same can be said for synthetic polymer coatings on ship hulls and industrial equipment,
which experience mechanical erosion due to abrasive contact with sediment contributing
to nanoplastic release, and for the wear of polymer fibers in textiles during washing cycles.

Altogether, these studies illustrate that nanoplastic formation during mechanical
wear is influenced by intrinsic material properties, wear mechanics, and external envi-
ronmental factors. A comprehensive understanding of these parameters is essential for
developing sustainable materials and wear-resistant polymers to mitigate nanoplastic pol-
lution. Despite these advancements, significant research gaps remain in fully elucidating
the relationship between mechanical wear parameters and nanoplastic release rates. In
addition to mechanical wear, environmental aging mechanisms—particularly UV radi-
ation and elevated temperatures—play a crucial role in the progressive degradation of
polymeric materials [27]. Studies have shown that prolonged exposure to sunlight and
heat promotes surface oxidation and polymer chain scission, resulting in embrittlement
and enhanced fragmentation potential [49,50]. This photo-oxidative degradation pathway
facilitates the detachment of nanoscale fragments, even in the absence of direct mechanical
abrasion. Notably, Yang et al. [44] demonstrated that the generation of reactive oxygen
species (ROS) during UV-induced aging exacerbates crack formation and flake detachment,
further contributing to nanoplastic release. These aging effects can also interact with wear
mechanisms: for example, aged and oxidized surfaces are typically more susceptible to
fragmentation under mechanical stress. Therefore, a comprehensive understanding of
nanoplastic generation must account for the synergistic effects between environmental
aging and tribological wear.
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2.2. Mechanical Properties and Wear Behavior

Nanoplastics exhibit distinct mechanical properties that influence their formation,
durability, and environmental persistence [51]. The elastic modulus, hardness, and wear
resistance of plastic films determine how easily they are fragmented under mechanical
stress. Different polymers respond to mechanical wear differently, affecting the amount
and morphology of nanoplastics they generate [52].

Polymers with high brittleness and low tensile strength release more nanoplastics
under wear tests [11,53]. Thermoplastics such as PE, PP, and PS exhibit varying degrees of
mechanical properties and wear mechanisms. PE and PP are widely regarded as ductile
polymers with moderate tensile strength, exhibiting plowing wear behavior, characteristic
of ductile materials [13,54,55]. While they are mechanically softer than high-performance
engineering polymers, they do not possess high brittleness. In contrast, PS and other
amorphous thermoplastics demonstrate greater brittleness and are more prone to cutting
wear behavior [56]. The distinction in wear mechanisms is crucial for selecting appropriate
materials in tribological applications. Additionally, studies have demonstrated that me-
chanical degradation and fragmentation of thermoplastics like PE, PP, and PS can lead to
the formation of microplastics and nanoplastics under environmental stressors [57-59]. A
key aspect in this context is the mechanical breakdown of the materials, which is influenced
by the molecular weight and structural stiffness of the polymers [60]. Environmental
stressors also include ultraviolet (UV) light, which weakens polymer chains and increases
fragmentation susceptibility, and consequently worsens the degradation of PE and other
thermoplastics [61].

Frictional forces and roughness also play a crucial role in wear-induced nanoplastic
generation [62]. Pin-on-disk tribological tests have demonstrated that increased sliding
speed and applied load results in higher nanoplastic release rates. Surface modification
techniques, such as adding fillers or reinforcing fibers, have been explored to reduce
polymer wear and mitigate nanoplastic generation [63]. Despite these insights, challenges
remain in accurately quantifying nanoplastic generation under real-world conditions. Many
studies focus on controlled laboratory settings [64], whereas real-world factors such as
temperature variations, humidity, and UV exposure can significantly alter polymer wear
behavior [65,66].

2.3. Characterization Techniques

The accurate detection and characterization of nanoplastics are essential for under-
standing their formation, environmental fate, and toxicity [67], and a few analytical tech-
niques can be used to identify and quantify nanoplastics.

Atomic force microscopy (AFM) is one of the most important tools for studying the
morphology of polymer surfaces on the nanoscale [68]. It also plays a crucial role in
understanding the nanoscale fragmentation process [69]. As an example, Figure 4 shows
the formation of surface ripples as observed while scratching initially flat polystyrene
surfaces with an AFM tip. Scratching was repeated one, three, or five times along a series
of parallel lines, left to right only in the so-called “hover mode” [70]. The resulting particles
had diameters in the order of 100 nm.

As seen in the previous example, AFM provides very accurate images of surface
changes caused by wear and allows the process of generating individual nanoplastics
to be observed. In addition, AFM plays a key role in quantifying nanoplastic removal
mechanisms [71]. AFM-based nanoscratching is a powerful technique for investigating
wear mechanisms at the nanoscale, offering valuable insights into how polymeric mate-
rials respond to mechanical interactions under controlled conditions [72]. The method
employs diamond-coated tips under precisely controlled normal loads, effectively repli-
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cating abrasive wear commonly observed in real-world applications [73]. For instance, in
marine environments, ship coatings endure continuous exposure to sand and debris [74]; in
biomedical applications, polymeric implants experience frictional wear [75]; and in indus-
trial settings, polymer seals and gaskets undergo tribological degradation due to repetitive
mechanical contact [76]. One of the significant advantages of AFM-based nanoscratching is
its ability to provide precise control over normal force, sliding speed, and environmental
conditions such as humidity and temperature, which are crucial factors affecting polymer
wear behavior [77,78]. These controlled experiments allow for a systematic evaluation
of how material properties—such as cross-linking density, molecular structure, and the
presence of reinforcing fillers—impact wear resistance in conditions that resemble those

encountered in real-world applications.

e e

0 100 nm nanoplastics

Figure 4. (a—c) Topography images of three polystyrene surfaces previously scratched in ambient con-
dition (one, three, and five times) by a silicon probe (NSG-01 NT-MDT, spring constant k = 5.1 N/m)
with a normal force Fjy = 100 nN and a scan velocity v = 15 um/s. Frame sizes: 5 x 4 pm?. Reprinted
with permission from Ref. [47]. Copyright 2021, Elsevier.

Furthermore, studies have shown that wear behavior observed through AFM nano-
scratching correlates well with macroscopic tribological tests, reinforcing its effectiveness
as a predictive tool [79,80]. By enabling the analysis of plastic deformation, material trans-
fer, and debris formation at the nanoscale, this method provides valuable data on the
early-stage wear mechanisms that contribute to the long-term degradation of polymeric
materials. Thus, AFM-based nanoscratching serves as a bridge between fundamental
nanoscale wear analysis and the broader understanding of wear mechanisms in practical
applications. AFM plays a crucial role in understanding nanoscale fragmentation processes
and mechanical wear behavior [81]. However, obtaining high-resolution images and con-
ducting well-controlled nanoscratching experiments require extensive fine-tuning [82]. Key
factors include tip characterization, contact mechanics, and force modulation, all of which
influence the accuracy of wear track analysis [83]. Tip radius, material properties, and can-
tilever stiffness must be carefully selected to ensure reproducibility in nanoplastic detection.
Additionally, advanced AFM modes, such as PeakForce Tapping mode, provide further
advantages in force control and nanoscale mechanical property mapping [84]. Unlike
conventional contact-mode AFM, PeakForce mode dynamically modulates the tip-sample
interaction forces, minimizing sample damage while simultaneously capturing quantita-
tive mechanical properties such as adhesion, modulus, and deformation at a nanometer
resolution [85]. In this context, PeakForce mode is particularly relevant for nanoplastic
characterization, as it allows for real-time tracking of dynamic wear processes. Furthermore,
AFM-IR (Atomic Force Microscopy-Infrared Spectroscopy) has emerged as a powerful tool
for simultaneously obtaining morphological and chemical characterization of nanoplas-
tics [86]. This hybrid technique overcomes AFM’s limitation in chemical identification by
integrating IR absorption mapping, which can detect polymer-specific spectral fingerprints
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with nanometer-scale spatial resolution [87]. Given its ability to combine topographical
imaging with molecular identification, AFM-IR provides a more comprehensive approach
to nanoplastic analysis, particularly in distinguishing different polymer types in mixed
samples. Altogether, these AFM-based characterizations provide fundamental insights
into the mechanical processes governing the formation of nanoplastics and their potential
dispersion in the environment. A limitation of AFM remains, however, in the inability
to chemically identify the surfaces under investigation, a limitation that can be mitigated
by complementary spectroscopic methods [88]. It is worth noting, for instance, that the
integration of AFM with infrared (IR) and Raman spectroscopy allows for simultaneous
morphological and chemical characterization of surfaces [86].

Nanoplastics’ size and shape can also be investigated using SEM [89] and TEM [90].
While SEM provides high-resolution surface imaging [91], TEM offers superior resolution
for sub-micron polymer debris, making it particularly suitable for detecting nanoplastics
smaller than 100 nm [92]. Additionally, Energy-Dispersive X-ray Spectroscopy (EDS) can be
combined with both SEM and TEM to determine elemental composition, offering valuable
insights into the chemical characteristics of nanoplastics [93]. High-resolution transmission-
mode SEM (T-SEM) has also been employed (in Figure 5) to enhance the detection of
nanoplastic particles at the nanoscale [94,95]. However, the quality of SEM images can
be affected by various factors, such as accelerating voltage, beam current, and sample
charge [96]. The physical state of some polymeric materials can be modified by the vacuum
conditions used for SEM, which is especially critical for nanoplastics, as a high vacuum
might distort polymeric structures or cause volatile components to evaporate [97]. To
address these issues, low-voltage SEM methods and cryo-SEM are often used to preserve
the natural structure of sensitive materials [98]. Furthermore, adjusting the working
distance, detection angle, and beam energy can further improve SEM imaging quality
while minimizing sample damage. Advances in SEM-EDS technology, particularly the use
of high-sensitivity silicon drift detectors (SDDs), have significantly improved elemental
mapping at the nanoscale. Similarly, TEM-EDS allows for precise elemental characterization
of nanoplastics at much smaller dimensions, making it a complementary technique for
detecting wear-induced plastic debris [99,100].

Raman spectroscopy and Fourier Transform Infrared (FTIR) spectroscopy are also
useful for determining the chemical composition of polymeric fragments, although their
application is, admittedly, limited to microplastics [101]. Raman spectroscopy allows for
the analysis of those particles non-destructively and for distinguishing between various
polymer components. However, it can occasionally be difficult to interpret Raman spectra
due to fluorescence interference. Functional groups and polymer-specific spectral finger-
prints can be easily identified using FTIR spectroscopy, especially for weakly Raman-active
polymers [102]. Because of its sensitivity to surface characteristics, the attenuated total
reflectance (ATR-FTIR) mode is widely utilized and a crucial tool for microplastic investiga-
tion. Furthermore, Raman spectroscopy can be improved by employing metal nanoparticles
for surface-enhanced Raman scattering (SERS), which provides ultra-sensitive detection
and broadens its uses in biomedical domains [103]. To fully characterize microplastics in
environmental samples, both approaches are frequently applied in tandem, and for best
results, they should be combined.
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Figure 5. Schemes of SEM/EDS technique: (a) Bulk sample analysis in an SEM. (b) Thin sample
analysis. (c) Thin sample analysis in transmission mode (T-SEM). (d) Photograph of the T-SEM setup
in working position (close to the pole shoe). (e) Geometry of the annular SDD EDS. Reprinted with
permission from Ref. [94]. Copyright 2016, IOP.

Besides mapping techniques based on AFM and SEM, Raman imaging has recently
emerged as a powerful technique to identify and visualize nanoplastics down to 100 nm.
As shown by Sobhani et al. [104], Raman mapping enables nanoplastics’ chemical character-
ization by detecting polymer-specific vibrational fingerprints at the nanoscale. This study
involved the identification of polystyrenic nanoplastics with a size of down to 100 nm us-
ing a confocal Raman microscope with high-resolution pixel stepping (100 nm x 100 nm).
Figure 6 clearly demonstrates that even a single nanoplastic particle smaller than the laser
spot (~300 nm) can be visualized through pixel-specific spectral analysis. The immense
advantages of this imaging method compared to conventional ones, especially in finding
nanoplastics from complex environmental samples like polishing dust from vehicle paints,
cannot be overstated. The ability to discriminate between microplastics and nanoplastics
through their Raman spectra is opening new gateways in environmental risk assessment.
Thus, Raman characterization supports AFM and SEM in carrying out simultaneous chemi-
cal identification and spatial resolution of plastic debris on the nanoscale.
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Figure 6. Raman technique for characterization of nanoplastics (NPs) or microplastics (MPs) on a
gold surface: (a) SEM image, (b) Raman mapping image, (¢,d) single nanoplastic without/with pixel
color interpolation, (e) laser spot scans and excitation of the NP. Reprinted with permission from
Ref. [104]. Copyright 2020, Elsevier.

Although nanoscale experiments, such as AFM-based nanoscratching, enhance our
understanding of surface instabilities and the development of nanoplastic under very
well-defined conditions, it must be noted that neither the type nor the extent of results
would be in any way comparable to those formed with engineered or natural environments.
Parameters such as contact pressure, asperity size, and force magnitudes vary greatly in
real-world scenarios—ranging from nN at the tip—sample interface in AFM to N or kN
ranges in applications such as tire-road interactions or marine equipment wear. Thus,
direct quantitative extrapolation remains challenging. Nonetheless, the ripple formation
and nanoparticle detachment observed at the nanoscale represent fundamental surface
phenomena that may also manifest during the early stages of macroscale wear, especially
under cyclic or repetitive loading. To effectively close the scale gap, such future endeavors
will combine nanoscale understanding with multiscale computational modeling approaches
and upscaled experimental work to predict wear behavior for various conditions. Also,
we acknowledge that definitions of abrasive wear in natural environments have not yet
gained a quantitative foundation; thus, much more research on reliable metrics—such
as energy dissipation, particle emission rates, and force distributions under uncontrolled
environmental stress—is needed to serve as an input for further developments.

3. Conclusions

Because of their distinct physicochemical characteristics and tiny size, nanoplastics
cause serious environmental and health risks. These particles are commonly found in
different ecosystems because of the fragmentation of larger plastic materials caused by
friction, abrasion, and shear pressures. Their high surface area—volume ratio makes them
more prone to adsorb contaminants and interact with biological systems. Determining
the long-term environmental fate and potential hazards of nanoplastics requires an un-
derstanding of the mechanisms behind their generation, but investigations focusing on
wear-induced nanoplastic formation remain limited so far. Thus, comprehensive studies
are needed to establish direct correlations between material properties and fragmentation
behavior. Integrating tribological analyses with spectroscopic and microscopic techniques
can enhance the accuracy of nanoplastic detection and provide a deeper understanding of
their release dynamics under real-world conditions. In this context, AFM is particularly
useful for investigating the wear-related mechanisms leading to nanoplastic release, while
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SEM, Raman spectroscopy, and IR spectroscopy provide crucial insights into the size,
morphology, and chemical composition of the generated nanoplastics.

To sum up, nanoplastics produced by mechanical wear processes are a new environ-
mental problem that needs to be addressed urgently. Developing successful mitigation
techniques will require filling in the current information gaps regarding the toxicity, char-
acterization, and generation of nanoplastics. To fully evaluate nanoplastic contamination,
future studies should concentrate on interdisciplinary techniques that integrate environ-
mental chemistry, material science, and toxicology. To minimize the release of nanoplastics
into the environment, it will also be essential to promote sustainable material alternatives
and enhance waste management techniques.

A final remark is necessary. Although our focus remained on nanoplastics, it is impor-
tant to note that the number of direct studies on their wear-induced formation is still limited
compared to the literature on microplastics. Consequently, findings from microplastic re-
search cannot be downscaled a priori. However, recent evidence by Jurkschat et al. [105]
demonstrated that vehicle tires—historically known to release microplastics—can also con-
tribute to nanoplastic pollution. In their study, TWPs accounted for the largest proportion
of nanoplastic mass in remote Alpine snow samples. These results justify the inclusion
of tire wear in discussions of nanoplastic generation, even if mechanistic studies are still
developing in this area.
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Abstract: The increasing demand for sustainable materials in the coatings industry is
driving the replacement of synthetic components with bio-based alternatives. In this study,
Tagua powder, derived from the seeds of Phytelephas macrocarpa, was incorporated as a filler
in a waterborne acrylic-based coating to evaluate its effects on abrasion and protective prop-
erties. Two different particle size ranges (40-63 pm and <40 pm) and concentrations (1 wt%
and 3 wt%) were tested. Morphological analyses confirmed a homogeneous dispersion of
the filler within the coating matrix, with larger particles inducing surface roughness. The
results demonstrated that the addition of Tagua powder significantly improved abrasion
resistance, with the coating containing 3 wt% of larger particles (40-63 pum), reducing mass
loss by 24.5% after 1000 Taber abrasion cycles compared to the reference coating. However,
due to its lignocellulosic nature, the filler increased water uptake, leading to a decrease
in barrier properties. Coatings with 3 wt% filler exhibited a reduction in electrochemical
impedance modulus by approximately one order of magnitude after 670 h of immersion in a
3.5 wt% NaCl solution, indicating lower corrosion protection. Despite this, the performance
in filiform corrosion resistance remained comparable to the reference, suggesting that Tagua
powder does not critically affect adhesion properties. These findings highlight the potential
of Tagua powder as a functional bio-based filler, offering enhanced mechanical durability
while requiring a strategic coating design, such as a multilayer system, to mitigate moisture
sensitivity. This study provides valuable insights into the development of environmentally
friendly coatings with improved wear resistance.

Keywords: organic coatings; waterborne paint; bio-based filler; tagua powder; natural
pigment

1. Introduction

During the past century, the prices of raw materials have been consistently climbing
as a result of the unsustainable linear economic model. This system has made resources
less available and more expensive while also inflicting irreversible damage on the environ-
ment and leading to a growing accumulation of waste [1-3]. One possible solution to this
problem is a production aimed at the minimization of the impact on the environment. In
this scenario, sustainable sources, such as bio-based materials, are applied to replace the
products derived from fossil fuels in order to optimize waste management systems [4]. For
example, in the paints field, researchers are increasingly focused on ecological and multi-
functional alternatives to standard synthetic fillers because their production typically does
not consider characteristics of environmental sustainability [5]. A sustainable approach
is to use pigments that can be produced without chemical reactions, with reduced energy
consumption and zero waste.
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Recent research indicates that fillers derived from food and natural waste materials
can significantly enhance the value of composite materials by reducing production costs
and repurposing recycled resources effectively [6]. For example, the use of bio-based
feedstock in material production grew from 5% in 2004 to 12% in 2010, reaching around
18% in 2020. Forecasts predict this could rise to 25% by 2030 [7]. These aspects have driven
the research and the industrial sector toward the adoption of polymeric matrices added
with bio-based fillers, in particular, those sourced from natural materials or derived from
agricultural and food waste. One promising example of a natural bio-based filler is CaCOj3
powder from chicken eggshells tested in several organic coatings [8-10]. All these studies
highlighted that thanks to their high content of CaCO3, about 95%, chicken eggshells
can replace commercial CaCO3 without compromising the protective performances of the
coating. Similarly, seashell waste from various mollusks provides an abundant supply
of CaCOj3 that can be used to enhance the mechanical and thermal properties of bio-
composites. In coatings, this natural filler also improves flame retardancy and reduces
smoke emissions [11]. Additionally, agro-industrial waste offers a low-cost and valuable
option as a filler. Materials like pistachio nutshells [12], cherry seeds, olive pits [6], peanut
shells [13], avocado seeds [14], and groundnut and coconut shells [15] have been studied
and utilized to improve mechanical, thermal, and wear-resistant properties of polymer
composites.

An intriguing alternative filler material emerges in the form of Tagua, often referred
to as “natural ivory”. This remarkable material is derived from the seeds found within the
fruits of the Phytelephas Macrocarpa tree, a palm species native to tropical regions of South
America [16,17]. Known for its exceptional hardness and dense, ivory-like texture, Tagua
has been prized for centuries in both artisanal and industrial applications [18]. Historically,
it has been extensively used in the production of jewelry, chess pieces, billiard balls,
buttons, and various decorative items [19]. During its peak industrial usage, this material
constituted up to 20% of all buttons manufactured in the United States, underscoring
its importance as a sustainable and versatile resource. It is naturally available and only
needs to be pulverized. Its production does not lead to deforestation; on the contrary, it
supports the sustainable development of local communities. Tagua is harvested in Ecuador
when it naturally falls from wild trees, contributing to forest conservation and preventing
deforestation risks. The collectors are independent farmers who supply Tagua to local
wholesalers. Drying and initial processing stages are carried out locally, further supporting
the regional economy [20].

Despite its long history and recognized potential, the use of Tagua in advanced mate-
rials remains underexplored. In particular, no studies have investigated the incorporation
of Tagua powder as a functional filler in organic coatings. Leveraging its inherent hardness
and unique physical properties, this work seeks to fill that gap by evaluating the impact
of Tagua powder on the aesthetic qualities, durability, and mechanical performance of
waterborne paints. In the current context of environmental concerns and stricter volatile
organic compounds (VOCs) regulations, the coatings industry has been driven toward
more sustainable alternatives, with waterborne paints emerging as a key solution. Widely
adopted in the DIY and residential markets, these coatings offer advantages such as low
VOC content [21], reduced odor, non-flammability [22], and easy cleanup with water. Their
formulation has evolved to replicate the application and processing properties of traditional
solvent-based systems through the use of water-dispersible or -emulsifiable resins.

The challenges of water sensitivity in waterborne paints, primarily linked to the use
of hydrophilic additives, highlight the need for innovative solutions to enhance their
protective properties [21]. Natural fillers such as Tagua could be interesting as sustain-
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able alternatives to synthetic components, offering potential benefits in improved wear
performance of the outer layer of the coating system.

This study explores the potential of Tagua as a filler in waterborne acrylic paints,
evaluating its impact on water absorption, film integrity, and overall coating performance.
The findings aim to advance the development of eco-friendly, high-performance waterborne
coatings on steel substrates while leveraging the sustainable attributes of natural materials.

The paint was prepared by adding two different amounts of Tagua powder for two dif-
ferent particle size ranges to assess how the filler concentration and the granulometry
influence the coatings’ performance. The morphology and the aesthetic characteristics of
the coatings were characterized by scanning electron microscope (SEM), optical microscope,
gloss and roughness analysis, and contact angle to study the influence of the Tagua pow-
der. The influence of bio-filler on the corrosion resistance and performance of composite
coatings in aggressive environments was investigated through neutral salt spray chamber
exposure (NSST), humidostatic chamber, and electrochemical impedance spectroscopy
(EIS). Moreover, it was possible to study the promising mechanical wear improvement of
the different coatings by exploiting the Taber test [23] and the Scrub test [24].

2. Materials and Methods
2.1. Samples Preparation

Natural ivory in the form of Tagua buttons was supplied by Mabo (Telgate, BG, Italy).
The buttons were ground using a batch mill (IKA® WERKE M20, Staufen, Germany) to
produce a fine powder. The resulting powder was sieved, yielding two distinct particle size
distributions: one containing particles with sizes between 63 um and 40 um and the other
containing particles smaller than 40 um. The white waterborne 2K acrylic-based paint,
AQUACRIL SATIN DTM, was supplied by FRANCHI & KIM (Castenedolo, BS, Italy).
The Tagua powder was added to the paint at concentrations of 1 wt% and 3 wt% for each
particle size range. The resulting formulations were mixed for 5 min using a high-speed
homogenizer IKA® ULTRA TURRAX T18, Staufen, Germany) to ensure homogeneous
dispersion of the bio-filler particles. The paints were then applied onto the carbon steel
substrates using a spray deposition technique. Five different coating types were prepared,
including four bio-filler-enriched paints (two particle size ranges at two concentrations
each) and the reference paint, free of bio-filler. Table 1 summarizes the coating types.
Carbon steel substrates (Q-panel type R; composition: 0.15% C, Fe bal.) were used in three
different dimensions: 76 mm x 152 mm x 0.81 mm, 102 mm X 102 mm x 0.81 mm, and
102 mm x 203 mm x 0.81 mm. These substrates were provided by Q-Lab (Westlake, OH,
USA). After deposition, the coated samples were dried at room temperature for 15 min,
followed by oven curing at 60 °C for 40 min.

Table 1. Coatings formulation considered. Different particle content and particle size were evaluated.

Sample Particle Content [wt%] Particle Size [um]
Co 0 -

C1563 1 40<d <63

C3563 3 40<d <63

C1540 1 d <40

C3540 3 d <40

2.2. Characterization Methods

The morphology and composition of the Tagua powder and acrylic-based white paint,
as well as the cross-sections of the coatings, were analyzed using a low-vacuum scanning
electron microscope (SEM, JEOL IT 300, Tokyo, Japan). Powder size distribution was
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determined from SEM images using Image]J software 1.53t. The gloss at 60° incident light
rays of the coatings, influenced by different amounts of Tagua powder, was measured with
an Erichsen 503 glossmeter (Milan, Italy) according to ASTM D523-14 [25]. Measurements
were performed on three specimens per coating type, with five measurements per specimen
for a total of 15 readings per coating. Coating roughness was assessed using a MAHR
MarSurf PS1 profilometer (Mahr Gruppe, Goéttingen, Germany) to evaluate R, and R,
parameters. The coating thickness was measured with a Phynix Surfix FN thickness gauge
(Phynix Sensortechnik, Neuss, Germany). To evaluate the effect of the filler on the surface
wettability of the coatings, contact angle measurements were performed following the
ASTM D7334/08 standard [26]. A Nikon 60 mm lens f/2.8 (Nikon Instruments, Tokyo,
Japan) for macro pictures was used, and the wetting angle was measured by using the
NIS-Elements Microscope Imaging software. The drops were formed with a syringe and
dropped from a height of about 2 cm. Once the drop was focused, the picture was captured,
and the wetting angle was measured by imaging software. In total, 10 measurements
were performed for each sample to obtain statistical validity. Abrasion resistance was
evaluated using the Taber and Scrub tests. The Taber test, performed following ASTM
D4060-19 [23], utilized a Taber Abraser 5135 (Taber Industries, Tonawanda, NY, USA)
with CS10 abrasive wheels loaded with 250 g each. Samples underwent 1.000 cycles at
60 rpm, with mass loss measured every 100 cycles. The wheels were cleaned and resurfaced
every 250 cycles as per the standard. The Scrub test was conducted with an Elcome-
ter 1720 Abrasion and Washability Tester (Elcometer, Manchester, U.K.) in accordance
with ASTM D4213-24 [24]. Samples were subjected to 2000 cycles using an abrasive pad
(90.0 £ 0.5 mm x 39.0 & 0.5 mm) weighing 400 g, moving at 37 cycles per minute. Weight
loss was evaluated every 500 cycles. The test was performed in dry mode to prevent
solution absorption into the coatings. The NSST was performed to assess the corrosion
protection provided by the coatings in accordance with ASTM B117-19 [27]. Images of the
tested samples before aging is reported in Appendix A. Samples were exposed to a 5 wt.%
sodium chloride solution in a salt spray chamber (Ascott Analytical Equipment Limited,
Tamworth, U.K.) for 1.000 h. Since the NSST does not provide a complete characterization
of the common failure mechanism [28], filiform corrosion (FFC) resistance was performed
at a constant humidity of 80% at 40 °C after a 5 h chlorides contamination stage in the
salt spray chamber [29]. Observations were made periodically to identify defects such
as pores, blisters, and rust [30]. EIS was employed to evaluate coating defect levels and
resistance to water and aggressive ion absorption. Measurements were conducted using an
Autolab PGSTAT302N potentiostat (Metrohm, Herisau, Switzerland) controlled by Nova
1.11 software. A sinusoidal signal with a 20 mV peak-to-peak amplitude was applied
over a frequency range of 100 kHz to 10 mHz. The setup included an electrochemical cell
with a 15 cm? area in contact with a 3.5 wt.% sodium chloride solution. The cell housed
an Ag/AgCl/3M KCl reference electrode and a platinum counter electrode. Impedance
measurements were taken at different immersion periods.

3. Results
3.1. Filler and Coating Characterization

The initial analysis conducted was Energy-Dispersive X-ray Spectroscopy to determine
the composition of the Tagua powder. The results, presented in Table 2, reveal that the
powder is primarily composed of carbon (51 wt.%) and oxygen (46 wt.%), with trace
amounts of other elements, including Al, K, Cl, Cu, Ca, P, S, Mg, and Si.
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Table 2. Composition of Tagua powder.

Normalize Mass
Sample

[%]
C 51.04
O 42.28
F 0.04
Al 0.98
P 0.15
Cl 0.32
K 0.57
Ca 0.21
Cu 0.25
S 0.07
Mg 0.07
Si 0.03

The SEM images of the two powders differently sieved are reported in Figure 1a and 1c,
respectively, and for both images, the size distribution of the powders, determined with
the aid of Image] software, was extracted (Figure 1b,d). The particle size was measured
considering the maximum dimension of the particles. As a result, elongated particles with
a major dimension larger than the sieve aperture may still pass through it due to their
shape. However, the dimension of the maximum dimension for 90% of the particles (D90)
for the coarse powder, 60.3 um, indicates that nearly all granules are smaller than the sieve
aperture size (63 pm). For the other type of powder, D90 is calculated at around 40.2 um.

In addition to evaluating the morphology and particle size distribution, their adhesion
to the matrix was also observed. To evaluate the compatibility between the paint matrix
and the bio-based filler, the samples underwent a brittle fracture process by means of liquid
nitrogen, allowing investigation of the cross-sectional structure through SEM analysis.
In Figure 2, the cross-section of samples C3563 and C3540 is shown, and the images
reveal the presence of Tagua granules well embedded within the paint layer. Despite the
brittle fracture process, the bio-based filler remains firmly integrated into the matrix. This
observation confirms strong compatibility between the filler and the polymeric matrix
for both the bigger and the smaller particles. Interestingly, larger particles, as shown in
Figure 2a, induce the formation of surface bulges, which increase surface roughness. In
contrast, smaller particles, depicted in Figure 2b, result in a less pronounced effect on the
surface texture.

Regarding the coating surface properties, the gloss values of the coating change not
only as a function of the filler concentration but also as a function of its granulometry.
The presence of the Tagua determines a decrease in the gloss value, providing a matt
effect. This feature is in agreement with the higher roughness detected on the loaded
paint with respect to the reference one (C0) in Table 3. Furthermore, a greater amount
of Tagua added determines lower gloss together with higher roughness regardless of
the particle size. The most relevant change is reached by adding 3.0 wt% of powder in
coating type C3563, which shows a decrease in gloss of around 30% with respect to the
reference sample CO. Therefore, the introduction of the bio-based filler causes a gradual
opacification of the coating. This trend is more evident when increasing the dimension of
the filler. This bio-based filler influences both the surface morphology and texture of the
coating, demonstrating its potential to provide aesthetic multifunctionality. Regarding the
modification of the wettability of the coating, the contact angle is reported in Table 3 as
being hydrophilic, which leads to an increase in the contact angle. So, increasing the content
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and the dimension of the particles increases the contact angle of the droplets deposited on
the coating.

Figure 1. SEM-BED images of Tagua particles sieved through 60 um mesh (a) and its particle size
distribution (b). SEM-BED image of Tagua particles sieved through 40 um mesh (c) at 120 and its

particle size distribution (d).

Figure 2. SEM-BED-C images of cross-sections for (a) C3563 and (b) C3540.
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Table 3. Thickness and surface properties of the analyzed coatings.

Title 1 Thickness Gloss 60°  Roughness Roughness Contact Angle

[um] [GUI] Ra [um] Rz [um] [°1
(@] 70+ 7 41 £ 2 0.26 £+ 0.02 1.62 £0.16 50+5
C3563 64 +11 28 +1 1.00 £ 0.12 5.61 +£0.72 62+2
C1S63 55+2 35+1 0.52 +0.10 3.40 + 0.76 55+ 4
C1540 56 £5 34+1 0.37 +0.03 2.56 +0.26 55+5
C3540 67 £ 8 33+1 0.64 £+ 0.10 3.95 4+ 0.72 60 +1

3.2. Wear Resistance

The graph in Figure 3a illustrates the mass loss recorded for each coating type as a
function of the number of Taber test abrasion cycles. As the test progresses, the mass loss
consistently increases due to the continuous removal of the surface wear by the rotating
wheels. The hardness of the Tagua particles in all the concentrations and granulometries
leads to a reduction in mass loss. However, the paint added with the 3 wt% of particles
having bigger particles appears to be the best choice for optimizing the abrasion resistance
of the paint. Indeed, C3563 shows a saved mass loss of 24.5% after 1000 cycles compared
to the reference CO. The behavior during abrasion of the coating charged with smaller
particles in higher amounts gives a similar result to the one of the coating charged with
bigger particles but in lower amounts. A slight improvement in wear resistance is observed
when tripling the amount of smaller particles; however, their tendency to remain embedded
within the matrix reduces their effectiveness in reinforcing the coating. In contrast, larger
particles protrude more from the surface, providing greater mechanical resistance against
abrasion, while smaller particles are more easily detached during wear. On the other hand,
the difference in mass loss between C3563 and C3540 is much more pronounced, indicating
that the influence of filler size is less significant when particle content is small but becomes
considerably more impactful as particle content increases.

It is noticeable that the damage after 1000 cycles on the C3563 surface in the right
region of Figure 3b. In contrast, the left portion of the image, which represents the region
of the sample not subjected to abrasion, displays bulges caused by particles coated with
paint. A detail of the same specimen is displayed in Figure 3c.

It can be observed that the motion of the wheels during the 1000 Taber cycles has
removed the outer layer of the coating composed of paint, and it seems that the Tagua
particles are well anchored to the polymer matrix, and no signs of pull-off were observed.
During the cycles, the surrounding polymer was removed, while the filler remained
attached to the paint, leading to a reduction in material loss thanks to the good wear
resistance of the granules. Referring to Figure 3¢, it is possible to see a sort of cut in the
particle, so it is clear that the Tagua also gets abraded, and it is unable to provide complete
shielding to the paint. However, by observing the edges of the particle, it is possible to
see that the particle is slightly elevated compared to the matrix. These kinds of “steps”
created between these granules may serve as resistance points against the grinding wheel’s
movement. As a result, the wheels tend to glide over these steps, reducing the removal of
the polymeric matrix in the coating. Indeed, it can be seen how the mark left by the wheel
stops above the particle and then starts again in a region slightly distant from it. Therefore,
for this type of superficial abrasive process, Tagua powder effectively reduces the removal
of the polymer matrix, thereby enhancing the durability of the coating in repeated abrasive
contact.
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Figure 3. Mass loss evolution during 1000 cycles of Taber test (a). SEM-BED images (b,c) highlight the
different morphologies on the tested coating surface for the C3563 sample at different magnifications.

The Scrub test is one reliable method exploited for the characterization of the mechani-
cal properties of organic-based composite coatings. It provides valuable insights into the
reinforcing effects of pigments and both inorganic and organic fillers on the mechanical
strength of coatings. The abrasion resistance of the coatings was assessed by subjecting
the samples to wear cycles caused by an abrasive pad. The weight loss of the samples was
monitored every 500 abrasion cycles, and then it is necessary to calculate L, which is the
loss in coating mass per unit area, following Equation (1) in which it is possible to find the
sample’s initial weight (m9) and the weight after the nth cycle (m;). Additionally, A is the
area of the sample occupied by the pad during the test [31].

Mo — Ny
L= M

By observing the trend of mass loss per unit area (L) as a function of abrasion cycles in
the graph shown in Figure 4a, it is possible to evaluate the contribution of the concentration
and the granulometry of the filler on the abrasion of the composite coating. It is noted
that under such testing conditions, the addition of Tagua particles in all granulometries
and concentrations increases the mass loss during the entire sequence of abrasion cycles
compared to the sample coated with paint free of filler. In particular, for coatings containing
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the same concentrations of particles, the bigger size of the filler causes an increase in mass
loss. In addition, also the measures of roughness reported in Table 3 corroborate the
outcome of the mass losses. C3563 contains big particles, resulting in higher roughness
than the other samples. This means offering many protruding points where the pad can
exert its abrasive action in a severe manner by removing the paint that covers the particles,
and sometimes, it is also able to remove some of them, which results in a significant
mass loss. The explanation of these data can be found by comparing the images of the
area subjected to the abrasion for C3563 and CO0 taken after 2000 cycles and reported in
Figure 4b,c. The C3563 surface shows that the pad performs strong abrasive action on the
raised areas corresponding to the places where are present the particles covered by paint,
while the surface of C0 is smoother than C3563, and it seems that the pad exerted less
abrasive action. However, for this type of test, as was found for the Taber test, no cases of
pull-off were detected.

1.0

T T T
—e— CO—e— C3S63—e— C1S63—e— C1S40—e— C3S40

0.5 1 B

Mass loss per unit area L (g/m?)

0.0 1 B

T T
0 1000 2000
Scrub cycles

(a)

Figure 4. Mass loss evolution during 2000 cycles of the Scrub test (a). SEM-BED images (b) and
(c) highlight the different roughness morphologies on the tested coating surface for C3563 and CO
samples, respectively.

Lowering the particle concentration to 1 wt% leads to smaller mass losses after
2000 Scrub cycles, likely because the elevated points are less numerous. Additionally,
the lower amount of filler reduces the contribution of cut particle pieces to the mass loss.
This test involved a different type of abrasive action compared to the Taber test, and as a
result, the findings differ significantly from those of the Taber test, which identified C3563
as the best option.
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3.3. Aging Tests

The coated samples were placed in the NSST for a total duration of 1000 h, and the
samples were observed after 24, 72, 150, 300, 500, and 1000 h. The blister formation caused
by water uptake was visually inspected during each monitoring session. After 300 h, some
blisters became visible in the area for samples C3540 and C3563. The appearance of the
coated steel panels after 1000 h is displayed in Figure 5. The inclusion of the bio-based filler
does not enhance the protective properties of the coating; rather, it appears to influence
them by promoting water uptake by its hygroscopic tendency. Tagua is composed of
lignocellulose and is characterized by a hygroscopic behavior, which is already highlighted
in several works [32-35].

Figure 5. Coated samples after 1000 of NSST exposure.

After 1000 h in the salt spray chamber, the samples loaded with 3% Tagua powder
(C3563 and C3540) exhibit blisters evenly distributed across the tested surface, accompanied
by visible delamination. In the case of sample C1540, the blisters are fewer and smaller in
size, with better durability. Conversely, sample C1563 might initially appear to be the most
damaged. According to [36] ISO 4628-2, a blistering grade can be assigned based on the
density and size of the blisters for each sample, focusing on the area reasonably far from the
edges. These evaluations are summarized in Table 4. A higher amount of filler translates to
a wider area damaged by blisters, while bigger particles cause a reduced number of blisters
but have bigger dimensions. In the NSST, the higher absorption of water caused by the
presence of Tagua particles is aggravated by the humidity set at 100 r.h.%, which may not
be fully representative of the real durability performances.
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Table 4. Percentage of area covered by blisters, number of blisters, and blistering grade.

Title 1 Area Covered Number of ISO 4628-2 ISO 4628-2
by Blisters [%] Blisters Blister Density Blister Size
C0 / / / /
C3563 6.3 58 3 4
C1563 1.4 28 3 3
C1540 1.1 36 2 3
C3540 3.1 103 4 3

Furthermore, the comparison between C3563 and C3540 underscores the impact of
particle size. Larger particles appear to exacerbate water absorption, potentially creating
pathways that facilitate water transport through capillary action. Meanwhile, for the
samples containing 1 wt% of particles, it is observed that the blistering is less noticeable,
and the effect of particle size is less pronounced. The barrier properties of the composite
layers are weakened by the presence of these fillers, as their interface with the polymer
matrix creates pathways that allow moisture and aggressive ions to penetrate. Larger
particles, due to their hydrophilic nature and increased likelihood of surface exposure
with incomplete matrix coverage (see Figure 2), create preferential pathways for electrolyte
infiltration. This effect, combined with the expanded interface between the polymer matrix
and the filler, promotes higher water uptake and reduces the overall barrier performance of
the coating. Similar behavior has been reported in previous studies [6], where lignocellulose-
based fillers increased water absorption by forming percolating pathways that facilitate
water transport through capillary action within the filler.

A similar aging campaign was performed on similar samples where a longitudinal
scratch in the coating was introduced. The results are not reported here since no differences
have been detected between the coating loaded with Tagua and the reference. In the case
of a damaged coating, the effect of the filler results is hidden by the macroscopic source of
electrolyte from scratch, and the paint wet adhesion seems not altered.

To evaluate durability not only against cathodic delamination but also in relation to a
similarly common yet less frequently considered failure mechanism, FFC resistance was
tested in a humidostatic chamber at 80 r.h.% (FFC test). This setup favors the electrochemical
processes driving FFC over those responsible for cathodic delamination. In this scenario,
closer to natural exposure in a continental environment, low chloride contamination and
relatively lower humidity compared to NSST conditions were simulated. Under these
conditions, delamination driven by the nucleation and propagation of filaments through an
advancing anodic front showed less critical results regarding the use of Tagua powder. In
fact, no significant worsening was observed with the introduction of the filler with respect
to the reference (Figure 6a). As already reported in the literature [28,37,38], different aging
conditions could lead to opposite performance in coatings durability. In the case at hand,
the sample with the higher amount of particles loaded and the biggest size (C3563) displays
after 500 h of cabinet FFC test the minor degradation in terms of fewer filaments nucleated
(Figure 7b), focusing on the average and maximum threads length this sample presents
feature fully comparable with the blank one (Figure 7a). The increased water uptake
due to the presence of Tagua particles does not exacerbate FFC as observed with cathodic
disbonding. Instead, it appears to alter the typical propagation pattern, leading to fewer but
wider threads rather than the characteristic fine filaments. This suggests that the presence
of the bio-based filler and the resulting modification of the barrier layer may disrupt the
formation of the differential aeration cells necessary to sustain the conventional anodic
undermining mechanism. As a general consideration, the FFC degradation was comparable
to the reference and aligned with propagation rates reported in the literature [39]. Thus, in
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the tested humidity range, it is estimated to be a more frequent exposure condition rather
than the NSST [40,41].

Figure 6. Coated samples after 500 h of FFC test. Samples CO0 (a), C3563 (b), C1S63 (c), C1540 (d), and

(3540 (e) are displayed.

CO  C3363  CISE3  CIS40  C3SAO Co  C3%63  C1S63  C1S40  C3S40

T T T
104 I Average Filament Length
[ Max Filament Length

IS

w

Length (mm)
~

Number of Filaments (1/cm)

o

(a) (b)

Figure 7. FFC degradation parameters after 500 h of humidostatic test at 80 r.h.% and 40 °C. (a) reports
the mean and maximum filament length, while (b) displays the specific number of nucleated threads
per unit length.

Moreover, considering the results obtained, Tagua powder emerges as an excellent
filler for enhancing abrasion resistance. Its strategic application in the topcoat layer, where
wear resistance is crucial, could improve the durability of the coating. When combined with
a protective system design featuring a thinner primer layer, this approach may offer a well-
balanced solution, ensuring both mechanical durability and effective corrosion protection.
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3.4. Electrochemical Impedance Spectroscopy

EIS monitoring during electrolyte immersion is commonly employed to evaluate
the protective performance of paints, including their adhesion properties, barrier proper-
ties, and potential defects. The impedance modulus in the Bode plot at low frequencies
(1072 Hz), denoted as | Z | (0.01), in some cases, could serve as a key parameter for approxi-
mating the overall coating’s level of protection. This is commonly recognized as a potential
source of misinterpretation in the case of organic coatings with a high level of barrier
properties [42]. However, in the present study, the waterborne nature of the paints and
the increased permeability introduced by the addition of Tagua powder provide suitable
boundary conditions for a reliable evaluation of these parameters as a representative index
of the coating’s protective performance. According to various authors [43,44],a | Z | o)
value of 10° Q-cm? is generally considered the minimum threshold for classifying a coating
as “protective”. The performance of the coatings was assessed by monitoring the evolution
of their impedance modulus, | Z 1 g7, over time. The results, depicted in Figure 8, show
the variation in | Z | g1y throughout the 670 h exposure to the test solution. Initially, all
samples exhibited similar values for | Z1 1) around 10'° O-cm?. In the following 8 h
after, the low-frequency impedance continues to decrease significantly reaching a value
around 108 Q-cm? for all the samples, and this is due to the water uptake typical of the
waterborne paint [45]. This type of coating containing additives like wetting and dispersing
agents, stabilizers, and thickeners having hydrophilic characteristics makes the films more
susceptible to water absorption. However, after 24 h of immersion, all samples appear to
stabilize, with for | Z1 (1) remaining relatively constant for the remainder of the test. As
indicated in the NSST, the presence of Tagua particles in the paint, due to their hydrophilic
tendency, leads to a general decrease in the impedance modulus at the end of the test,
compared to the paint without particles, which retains the highest impedance modulus.
(3563 shows the lowest for | Z1 ¢ 1) after 670 h of exposure to the electrolyte, while C3540
containing the same amount of filler shows a higher value, also highlighting this time the
negative effect of bigger particles, which favor the formation of detrimental pathways that
allow the electrolyte to reach the substrate.

1
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Figure 8. Bode impedance modulus | Z10.01 evolution with time.

Figure 9 displays the Bode spectra of the monitored samples in time. In Figure 9d, it is
possible to see that after 24 h for the extreme case of C3563, a shoulder at a low frequency
(0.1 Hz) develops, and the impedance drops at higher frequencies at increasing times. The
outcome at low frequencies is representative of a second low-frequency time constant
appearance that is typical of the electrochemical reactions at the coating—substrate interface.
Instead, for sample C3540 (Figure 9j), there is the evolution of the Bode phase spectrum, and
the second low-frequency time constant is less visible in the sampled range and likely starts
at lower frequencies. Regarding the other samples, reference C0, low-loaded C1540, and
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C1S63, their spectra exhibit a single time constant curve at high frequencies that gradually
shifts toward higher frequencies over time.
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Figure 9. Bode impedance modulus and the Bode phase spectra for CO0 (a,b), C3563 (c,d), C1563 (e f),
C1540 (g,h), and C3540 (i,j).
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4. Discussion

The incorporation of Tagua powder as a bio-based filler significantly influences the
aesthetic, mechanical, and protective properties of the waterborne acrylic paint. The
addition of this filler effectively reduces gloss and increases surface roughness compared to
the unfilled paint. Notably, filler concentration plays a more significant role in altering these
properties than particle size. While variations in particle size do impact gloss and roughness,
their effect is less pronounced compared to differences in filler content. When comparing
coatings with the same filler concentration but different particle sizes, the changes in surface
characteristics are minimal, whereas coatings with different filler concentrations exhibit
more substantial variations in gloss and roughness.

Mechanical performance results show contrasting trends depending on the type of
abrasion stress. In the Taber test, which evaluates resistance to abrasive forces, Tagua
powder enhances durability due to its compact structure. A higher filler concentration and
larger particle size contribute to lower mass loss, with the best performance observed in the
coating containing 3 wt% of the largest particles, showing a 24.5% reduction in mass loss
compared to the unmodified acrylic matrix. This highlights the potential of Tagua powder
as an effective reinforcement for applications requiring high abrasion resistance. However,
in the Scrub test, which involves another type of abrasion, the results differ. Here, the
best-performing coating is the one with the lower concentration of the smallest particles.
The increase in surface roughness caused by the filler creates more protruding points where
the abrasive pad can exert force, leading to greater mass loss at higher filler concentrations.
While the Taber test provides valuable insights into the mechanical wear resistance of
coatings, it does not always fully reflect real-world performance across all applications. For
instance, in the automotive industry, discrepancies have been observed between Taber test
results and actual service conditions, where factors such as delamination and chipping play
a significant role [46]. This highlights the importance of considering multiple evaluation
methods. Scrub tests, for example, can offer complementary data, particularly for coatings
exposed to frequent cleaning cycles. Therefore, selecting the most appropriate test method
requires a thorough understanding of the specific environmental and mechanical stresses
the coating will face in its intended application.

Regarding protective properties, despite good compatibility between the filler and the
polymer matrix, the lignocellulosic nature of Tagua powder introduces challenges related
to water absorption. Both NSST and EIS measurements indicate that the addition of the
filler negatively affects the barrier properties of the coating in saturated, humid environ-
ments. Higher filler concentrations and larger particle sizes exacerbate this issue, leading to
reduced protective performance. This effect is less pronounced when the coating is exposed
to lower humidity levels, where FFC may become the primary failure mechanism for this
type of coating [47]. The hydrophilic nature of lignocellulosic materials represents a key
industrial concern, and ongoing research aims to address this limitation [48]. Promising ad-
vancements have been reported by successfully enhancing the water resistance of bio-filled
coatings by functionalizing olive pit powder with silane and wax [6]. The functionalization
processes applied to such fillers can significantly alter their hydrophobic properties, poten-
tially mitigating issues related to water absorption and enhancing barrier performance in
high-humidity environments.

The introduction of Tagua powder into the waterborne acrylic binder significantly
increases the interfacial area between the filler and the matrix. Despite this, no voids or
delamination were observed, indicating good compatibility between the two components.
However, this interfacial region can represent a potential weak point in terms of coating
durability, particularly concerning barrier properties and cohesion. It is important to note
that the size of the Tagua particles plays a crucial role in determining the behavior of the
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filler within the coating system. Smaller particles provide a greater interfacial area, leading
to better dispersion and stronger interactions with the binder. In contrast, larger particles
often result in incomplete coverage by the binder, leaving the filler partially exposed to the
environment. This effect may negatively influence the coating’s protective performance,
especially in terms of moisture and corrosion resistance. Thus, particle size is a key factor in
optimizing the interfacial properties and overall performance of bio-based filled coatings.

This technology could also be implemented in the case at hand. However, the most
promising strategy appears to be the design of a multilayer organic coating consisting of
an unfilled primer ensuring strong adhesion to the substrate, a thicker barrier layer, and a
topcoat functionalized with Tagua particles to enhance wear resistance [49]. Furthermore,
the increased water uptake resulting from the porous or hydrophilic nature of bio-fillers
used for wear resistance can be mitigated by integrating hybrid fillers. A dual-filler strategy,
combining bio-fillers to enhance mechanical properties with hydrophobic additives to
improve water resistance, offers a balanced solution [50,51]. This synergistic approach not
only enhances durability in humid environments but may also contribute to improved fire
resistance, making it a promising strategy for high-performance protective coatings.

This paper, for the first time, explores the potential of Tagua as a coating additive. To
assess its fundamental properties, a single-layer system was adopted. At this stage, the
objective was not to develop a fully formulated multilayer coating system but rather to
establish a fundamental understanding of the effects of Tagua powder as a bio-based filler
in coatings. By adopting a single-layer configuration, we aimed to accurately assess its
influence on key properties such as abrasion resistance, gloss, and water uptake without
the interference of additional layers. The findings confirmed that while Tagua powder
improves wear resistance, its hydrophilic nature increases water absorption, making it
unsuitable for direct application in a layer in contact with a metallic substrate. Based on
these results, a more practical and effective two-layer coating system is proposed, where
a primer ensures adhesion and corrosion protection while a Tagua-containing topcoat
enhances mechanical durability. This study lays the groundwork for further optimization,
aligning with the growing interest in sustainable coatings for environmentally oriented
engineering applications.

5. Conclusions

This study demonstrated the potential of Tagua powder as a bio-based additive for
acrylic coatings, particularly in improving abrasion durability. One of the key findings is
its significant contribution to wear resistance, a fundamental parameter for the long-term
performance of organic coatings. The incorporation of Tagua particles effectively reduced
mass loss in abrasion tests, confirming its role in enhancing the mechanical strength of the
polymeric matrix. In particular, coatings containing 3 wt% of larger particles (40-63 um)
exhibited a 24.5% reduction in mass loss after 1000 Taber abrasion cycles compared to the
reference coating, while coatings with smaller particles (<40 pm) at the same concentration
showed a more modest improvement of approximately 10%.

However, the lignocellulosic nature of Tagua also introduces hydrophilic character-
istics, leading to increased water uptake. EIS revealed that coatings with 3 wt% Tagua
powder, especially with larger particles, experienced a reduction in impedance modulus by
approximately one order of magnitude after 670 h of immersion in a 3.5 wt% NaCl solution,
indicating a decrease in barrier properties. Despite this, filiform corrosion resistance tests
showed comparable performance to the reference, suggesting that the adhesion properties
of the coatings were not significantly affected by the presence of the bio-based filler.

These results highlight the need for an optimized coating design to balance the benefits
of increased wear resistance with the challenges of water sensitivity. A multilayer approach,
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where a topcoat reinforced with Tagua powder is combined with a dedicated barrier layer,
could provide a viable solution for applications requiring both durability and environmen-
tal sustainability. This study provides a foundation for further research aimed at optimizing
formulation strategies and evaluating long-term performance in real-world conditions.
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Appendix A

Figure A1. Coated samples before NSST exposure.
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Figure A2. Coated samples before the FFC test. A 3 cm longitudinal scratch is introduced in the
organic layer.
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Abstract: Piping system failures in process industries pose significant financial, environ-
mental, and social risks, with inadequate design and corrosion being major contributors.
This review synthesizes the academic and normative literature on pipeline design and anti-
corrosive protection strategies, providing a comprehensive examination of pipeline layout
determination, material selection, and methods for mitigating corrosion. A particular focus
is placed on organic coating as a pivotal strategy for corrosion reduction, with in-depth
insights into their selection and evaluation criteria. By highlighting best practices and
advancements in design and protection strategies, this review aims to enhance the overall
integrity and safety of piping systems. The findings are intended to support industry
professionals in implementing more effective measures to prevent pipeline failures and
improve system reliability, while also presenting recent advances and current demands.

Keywords: industrial piping design; anti-corrosion protection; coatings

1. Introduction

Piping systems have existed for millennia, being fundamental to the functioning of
society and considered the most important infrastructure in today’s world [1-3]. They
are defined as a set of tubes and their accessories are used to transport liquids, gases,
and suspended solids. Every industry relies on piping systems, and their importance is
particularly pronounced in process industries, where they account for an average of 20
to 25% of installation costs, 45 to 50% of equipment assembly costs, and 20% of the total
project cost [4].

To maximize process profitability, piping systems are generally designed to last over
15 years, with this duration often extending in developed countries. For instance, in Calgary
(Canada), a significant portion of the sewage infrastructure is old: 5.24% of the pipes are
over 65 years old, and 3.4% have been in place for more than 100 years. There is a trend
towards not only designing longer-lasting systems but also extending the life of existing
ones, raising concerns about the safety and reliability of aging pipelines [5,6].

The tendency for reliability to decrease over the lifespan of pipelines is evident in
increased downtime and accidents [7]. Studies such as Kidam and Hurme [8], shown in
Table 1, indicate that most accidents in process industries occur within piping systems.
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Table 1. Equipment with the highest frequency of accidents in chemical industries [8].

Kidam and Vilchez et al.

Process Equipment Hurme [8] Duguid [9] [10] Instone [11] Marsh Inc. [12] Mean
Piping system 25 33 16 14 33 24
Reactors 14 9 14 5 10 10
Storage tank 14 20 2 14 17 13
Pressure vessels 10 9 18 3 5 9
Heat transfer eq. 8 11 6 19 4 10
Separation eq. 7 - - 5 3 5
Others + unknown 22 18 44 40 28 30
Such behavior is undesirable, especially in process industries where greater reliability
is required than in other sectors. In this type of industry, there is usually continuous
operation, with no daily stops for inspection and/or maintenance; continuous process
chains, where the stoppage of a section can results in the shutdown of the entire plant; and
the transportation of hazardous products, which increases socio-environmental impacts in
the event of leaks or accidents [13].
Thus, new methodologies that manage and optimize risks, project costs, maintenance,
and availability have been developed [14,15]. Among these, studies on the influence of
certain factors on pipeline reliability have intensified [16-18].
However, although the use of new tools such as finite elements, the Internet of Things
(IoT), Cyber—Physical Systems (CPSs), machine learning, etc., are gaining ground, inad-
equate design remains the main cause of pipeline accidents [19-22]. Table 2 shows the
largest contributors and sub-contributors to pipeline accidents. In this table, inadequate
layout stands out as the main cause of accidents, accounting for almost 50% of them.
Table 2. Major contributors and sub-contributors in pipeline accidents [8].
Sub-Contributors 2 = =
g g H o
] g - 9 &
) b 2 = 5 o
B XN = = > = = = ]
g § |2 |8 | 3 o 5 5|8 2
=] = -~ ] . 5] — k=] g <
O | £ |E L= 2 | |2 [ |8 € |2 G
£ Q |= |8 |3 | = g 8 3 2 2= | 8 [~
= E g = o~ 2 5 S @ E < M g = S >
= | E|g|5|g|8|S8|s |E |E |8 |€ |8 |5|¢2 |2
° = Y s = - =
Main Contributors z | 2 |8 |2 2|2 |3|€ |8 |8 |2 |&a|&|5|4a|b
Human/organizational 12 3 3 2 2 3 1 1 1 1
Contamination 5 3 1 2 2 1 1
Heat transfer 7 3 4 1 2
Flow related 9 6 2 2 1 1 1 1
Layout 19 8 7 2 5 3 1 2 1 1
Fab. const. & inst. 17 4 1 1 2 5 6
Corrosion 9 2 2 1 2 2 4 2
Construction material 13 3 3 1 4 7 1 1 1
Utility related 1 1 1
Sub-contributor (total) 92 29 12 | 10 | 14 | 10 | 6 13 13 6 8 2 4 8 6 1

There are no cases where the following contributors are main: reaction, mechanical failure, static electricity,
external factor, vibration, and erosion.

Another significant contributor is corrosion. Its effects are generally mitigated during
repairs, as predictive maintenance can minimize the occurrence of accidents. However,
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studies such as those by Kidam and Hurme [8] and Biezma et al. [13] have observed that
corrosion is associated with 1 in 4 accidents.

The latest report by the European Gas Pipeline Incident Data Group (EGIG) identifies
corrosion as a leading cause of accidents, as well as external interference (Figure 1). Unlike
external interference, however, corrosion does not show a downward trend, and its impact
on accidents is likely to become even more significant in the future [23]. Consequently,
most studies on pipeline reliability and failures currently focus on or relate to corrosion, not
only due to the risk of accidents but also because it reduces the time between maintenance
intervals, as well as the useful life and reliability of the system [24,25].

13.0%

1.6% 27.2% M External interference
m Corrosion

m Construction defect /
Material failure

15.8%

# Ground movement
Hot tap made by error

Other and unknown

Figure 1. Distribution of pipeline failures by cause [23].

In this sense, this work aims to present a narrative review, covering the main recom-
mendations for layout preparation, accessories used in pipelines, calculations for pipeline
design, and corrosion protection mechanisms (with an emphasis on organic coatings). This
review gathers information from the various types of literature to enable the realization of
safer and more profitable projects.

2. Recommendations for Industrial Layout and Projects

In addition to articles, this section primarily references piping design standards from
the American Society of Mechanical Engineers (ASME), the main international developer
of codes and standards associated with practices in this area. However, standards from
the following organizations were also used as references: American National Standards
Institute (ANSI), American Society for Testing and Materials (ASTM), American Petroleum
Institute (API), American Water Works Association (AWWA), National Fire Protection
Association (NFPA), and Petréleo Brasileiro SA (Petrobras), among others.

2.1. Layout

To design an efficient industrial plant layout, it is necessary to understand the instal-
lation site, the plant’s objectives, and the operation of the equipment. The layout should
be designed to reduce piping, structures, energy consumption, and machine power, while
maintaining safety and facilitating operations and maintenance, as well as allowing for
future expansion in piping arrangements. In this sense, it is generally recommended to
install piping above ground level [26].

The layout begins with a conceptual study of the terrain, analyzing the preliminary
locations of the main units, equipment, roads, buildings, safety fences, location of flares,
heaters, process units, direction of prevailing winds, pipe racks, and sleepers. Subsequently,
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two orthogonal directions are determined as references, termed North-South and East-
West, which will guide all the constructions within the industrial facility. In the next
stage, information such as the basic activities of the industry, the calculation of the area
required for these activities, and the block diagram of material circulation are collected.
This information is obtained during the process design, which forms the basic design for
the installation’s operation [26-28].

Barker [27] presents a logical design diagram (Figure 2). It shows that, before the
development of the plot plan, project input data and project design data must be established.
Project input data can be classified into three categories: project design data, supplier data,
and internally generated engineering data. Additionally, engineering companies and clients
typically use Process Industry Practice (PIP) plant layout design specifications that must
also be met.

Prelim  Project scope PFD

PED Client spec Incorporate Incorporate Incorporate
. . comments comments comments
e from 30% from 60% from 90%

30% model review review review review

Equip. locations
fixed 60% model review
Client review X . Model
Operation review frozen
Construction review
ﬁ HSE review
Client review 90% model review
_ Operation review
Construction review
ﬁ HSE review
Client review
Conceptual phase IFD plot plan
IFD equip.
layouts
Study phase L 100% IFC
> layouts I
4 | I
All critical lines modeled All small bore lines modeled
Issue all Iso's

Issue equip. layout

All large bore lines modeled I Issue piping layout

Abbreviations:

PFD - Process Flow Diagram Issue isometrics

IFD - Issued for Design

IFC - Issued for Construction Isometrics can start to be issued
HSE - Health, Safety, and Environment critical lines, large bore lines

Figure 2. Logical design diagram [27].

The layout of an industrial facility is carried out through the development of several
drawings, such as the following:

Block Flow Diagram (BFD);

Process Flow Diagram (PFD);

Piping and Instrumentation Diagrams (P&IDs or PIDs);
Equipment layout drawings;

Plot plans;

Isometric drawings;

Control instrumentation drawings.
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2.1.1. Classification of Risk Areas

The classification of risk areas is essential, as there are atmospheres prone to explosions
due to the type of flammable substance present in the environment and there is a probability
that these substances will be released into the external environment. This is intended to
allow electrical devices to be operated safely in the environment, as well as to signal existing
risks [29,30].

Some measures must be taken in places where there may be an explosive atmosphere,
such as eliminating the likelihood of an explosive gas atmosphere occurring around the
ignition source, developing an explosion-proof (containment) design, limiting the range of
explosion flames and explosion pressures to a safe level. If there is a high likelihood of an
explosive atmosphere occurring, the use of electrical appliances should be limited to those
that have an extremely low likelihood of creating an ignition source [29,31].

According to the National Fire Protection Association (NFPA) 70 [32], classifica-
tions should be made according to the properties of the flammable gas, vapor pro-
duced by flammable liquid, vapors produced by combustible liquid, combustible dust, or
fibers/flyings that may be present, and the likelihood that a flammable or combustible con-
centration or quantity is present. In addition to defining the type of hazardous substance
and quantities sufficient to cause explosions, this publication classifies them according to
Table 3. Each condition can be classified according to the type of material and whether it is
flammable or combustible (Class), the frequency where this condition occurs (Division),
and the risk (Zone).

Table 3. Classification of risk areas [32].

Classification Description

ClassI Flammable vapors and gases present
ClassII Combustible dust may be found
Class III  Presence of flammable fibers or particles
Flammable concentration exists under normal or
frequent operating conditions
Flammable concentration exists under abnormal
operating conditions
Zone 0 (if ClassI) Location where the hazard is present for long
Zone 20 (if Class Il ou IlI)  periods of time
Zone 1 (if ClassI) Location where flammable concentrations are likely
Zone 21 (if Class Il ou III)  to exist under normal operating conditions
. Location where flammable concentrations are
Zone 2 (if Classe I) . . . .
. unlikely to occur and if they do, they will exist for
Zone 22 (if Classe II ou III) . .
short periods of time

Division 1

Division 2

In this context, specific standards such as IEC 60079-10-1 provide essential guidelines
for the proper selection and construction of structures [33].

2.1.2. Piping

The route of the piping passages is previously established in the plant layout study.
To facilitate maintenance and contribute to project cost savings, the arrangement of non-
underground piping is usually chosen in an industrial installation. The general rules for
this arrangement are to form parallel groups of the same elevation, alternating larger
diameters with smaller diameters. This way, the number of supports can be reduced,
making the project more cost effective. Whenever possible, the piping should follow
orthogonal directions and have different elevations for different directions, allowing for
crossings and branches [34].
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—{ Fipeway |

For ease of operation, maintenance, and safety, usually the piping is arranged on
supports, classified according Figure 3. It is recommended that the passageways should be
in the central part of the land, adjacent to the process areas, utility areas, and fluid storage
areas. Spaces are also reserved in pipeline bridges for the passage of instrumentation ducts
and electrical cables [26].

*Passage where the elevation of the pipes is lower, equal to, or up to 1m
higher than the grades of the adjacent areas.

—{ Fipesa |

ePassage where the elevation of the pipes is more than 1 m above the
grades of the adjacent areas.

—{ Trenches |

ePassage in the form of a gutter, where the elevation of the pipes is lower
than the grade of the adjacent areas with a maximum width of 2 m,
generally built in reinforced concrete, and may or may not have a cover.

Figure 3. Classification of piping passage structures according Petrobras [26].

ASME B31 classifies pipelines according to the degree of danger related to the fluid
being carried, with category “D” having a lower risk and thus less rigorous design, ex-
amination, and testing requirements, while category “M” has a high degree of danger
and requires more stringent requirements. Calculations are made considering the design
conditions such as pressures, temperatures, and loads to which the pipelines may be
subjected [34,35]. Thus, ASME B31 is currently subdivided into seven standards that are
presented in Table 4.

Table 4. Standards for piping design based on flow conditions [36—42].

Standard Description
ASME B31.1 Power Piping
ASME B31.3 Process Piping
ASME B31.4 Pipeline Trar:mspprtahon Systems for Liquid Hydrocarbon
and Other Liquids
ASME B31.5 Refrigeration Piping and Heat Transfer Components
ASME B31.8 Gas Transmission and Distribution Piping Systems
ASME B31.9 Building Services Piping
ASME B31.12 Hydrogen Piping and Pipelines

Additionally, ASME B31G is utilized to determine the remaining strength of corroded
pipes, which differs from the standards presented in Table 4 [43].

2.1.3. Drains, Purgers, and Vents

Drains serve the function of completely emptying the pipes. They can be described as
valved branches for draining the pipes and are placed at all low points of the piping system,
whereas vents allow air to enter to prevent a vacuum and are placed at high points. Low
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points refer to sections of the pipe that have a lower elevation than the adjacent sections,
while high points are higher than the surrounding sections. Drains are also installed in
check valves when they are placed in vertical pipes to allow for emptying. Depending on
the piping system, gate valves for liquids, plug valves for gases, or ball valves for both
gases and corrosive services can be used. Drains and vents must be flanged when used for
high-risk services such as pipelines transporting toxic fluids or hydrogen [44].

Traps are intended to separate or eliminate condensate that forms in steam pipelines
and heating equipment, preventing steam from escaping. Like drains, these devices must
be located at low points in the pipeline. Their use is recommended before block valves,
control valves, check valves, closed ends of blind flanges, steam engine inlets, and in long
sections of the pipeline [4,45].

2.1.4. Connections

According to Stewart [34], the selection of tubular connections depends on factors
such as pipe diameter, pipe material, pressure and temperature ratings, and service re-
quirements. In the oil industry, the most common connections are threaded connections,
welded connections, bell spigot, groove, and clamp. Accessories include elbows and 45°
and 90° return bends, eccentric and concentric reducers, olets, weldolets, elbolets, latrolets,
sweeplets, and flanges.

Flanges are essential components in a piping system, used to connect pipes, valves,
and vessels. They are generally classified according to their pressure classes, which dictates
their strength and suitability for different applications. Flanges facilitate the assembly
and disassembly of piping systems, making them crucial for maintenance and operational
flexibility. They provide secure connections and are designed to handle various pressures
and temperatures, depending on the system requirements [46].

Table 5 presents the main standards utilized for flanges, outlining the specifications
and requirements for their application in different piping systems.

Table 5. Main flanges standards [47-58].

Standard Description

ASME B16.1 Gray Iron Pipe Flanges and Flanged Fittings
ASME B16.5 Pipe Flanges and Flanged Fittings
ASME B16.24 Cast Copper Alloy Pipe Flanges, Flanged Fittings, and Valves
ASME B16.36 Orifice Flanges
ASME B16.42 Ductile Iron Pipe Flanges and Flanged Fittings
ASME B16.47 Large Diameter Steel Flanges
ASME B16.48 Line Blanks
AWWA C115 Flanged Ductile-Iron Pipe with Ductile-Iron or Gray-Iron Threaded
Flanges
AWWA C207 Steel Pipe Flanges for Waterworks Service
MSS SP-44 Steel Pipeline Flanges
MSS SP-51 Class 150LW Corrosion Resistant Flanges and Cast Flanged Fittings
MSS SP-65 High-Pressure Chemical Industry Flanges and Threaded Stubs for
Use with Lens Gaskets

The arrangement of eccentric reductions must be carefully considered regarding their
positioning. For instance, when used in horizontal lines, they should maintain the same
elevation at the bottom of the pipes. However, when used at the inlets of suction pumps,
the positioning should be leveled from above if the suction line is vertical to prevent
the formation of air pockets. If the suction line is vertical and the flow is downward,
the reductions should be leveled downward to avoid fluid stagnation, which can lead to
drainage issues [4].
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2.1.5. Valves

Valves are essential components in piping systems and are classified based on their
function into blocking, regulating, and control valves. The design should minimize the use
of valves due to their high-pressure losses and cost. They should be easily accessible for
operation and maintenance. Blocking valves are recommended at the boundaries of each
process unit, while check valves should be placed close to the equipment’s interconnection
with the lines. For control valves, blocking valves and a bypass line with a regulating valve
should be installed to allow repairs without interrupting the flow. Valves should not have
stems facing downward to avoid debris accumulation in the valve bonnet. In pump suction
lines, it is preferable for the stems to be horizontal or inclined to avoid air pockets [4,26].

When selecting valves, factors such as their function, material suitability, pressure
and temperature ratings, plant service life, connection ends, operation, weight, availability,
maintenance, and cost must be considered [59]. Several standards provide requirements
for these valves, and the main standards currently in use are presented in Table 6.

Table 6. Main valve standards [60-80].

Standard Description
ASME B16.10 Face-to-Face and End-to-End Dimensions of Valves
ASME B16.34 Valves-Flanged, Threaded, and Welding End
API 526 Flanged Steel Pressure-relief Valves
API 594 Check Valves: Flanged, Lug, Wafer, and Butt-welding
API 599 Metal Plug Valves—Flanged, Threaded, and Welding Ends
API 600 Steel Gate Valves—Flanged and Butt-welding Ends, Bolted
Bonnets
API 602 Gate, Globe, and Check Valves
Corrosion-resistant, Bolted Bonnet Gate Valves—Flanged and
API 603 .
Butt-welding Ends
API 608 Metal Ball Valves—Flanged, Threaded, and Welding Ends
Butterfly Valves: Double-flanged, Lug- and Wafer-type, and
API 609 :
Butt-welding Ends
AWWA C500 lg/]{:%"l;ﬁéiESEATED GATE VALVES FOR WATER SUPPLY

AWWA C504 RUBBER-SEATED BUTTERFLY VALVES
Corrosion-Resistant Gate, Globe, Angle, and Check Valves with

MS5 5P-42 Flanged and Butt Weld Ends

MSS SP-70 Gray Iron Gate Valves, Flanged and Threaded Ends

MSS SP-71 Gray Iron Swing Check Valves, Flanged and Threaded Ends

MSS SP-72 Ball Yalves with Flanged or Butt-Welding Ends for General
Service

MSS SP-80 Bronze Gate, Globe, Angle, and Check Valves

MSS SP-81 Stainless-Steel or Stainless-Steel-Lined, Bonnetless, Knife Gate
Valves with Flanged Ends

MSS SP-85 Gray Iron Globe and Angle Valves, Flanged and Threaded Ends

MSS SP-88 Diaphragm Valves

MSS SP-105 Instrument Valves for Code Applications

2.1.6. Supports

Pipes are usually supported by supports or hangers designed by engineers. There are
various standards for the design of pipe supports. This standard serves as a guide for the
selection, design, and production of pipe supports and defines their different types [81].
Pipe supports must be sized considering their location, type of pipe and fluid flow, line
temperature, height, width, sizes and numbers, anchors, and loads [27,34].
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The type of support and its interaction with the pipe are crucial, as they can wear
away coatings due to friction and/or accumulate water, making them more vulnerable to
corrosion. When the support is fixed and attached to the pipe, it becomes an anchoring
point, reducing the pipe’s flexibility and increasing the stresses caused by thermal expan-
sion. Therefore, several studies are currently being conducted to investigate this accessory
and the mechanisms involved [82-84].

2.2. Piping Project

The design of a pipeline can be divided into several stages, including material selection,
nominal diameter choice, wall thickness calculation, loads acting on the pipeline, structural
resistance, span calculations between supports, pressure loss calculations of the conveyed
fluid, and flexibility.

2.2.1. Material Selection

The pipeline material must meet requirements such as mechanical resistance, chemical
resistance, and thermal resistance. Inadequate material selection can lead to corrosion, line
rupture, cracks, safety risks, or excessive costs. Therefore, material selection requires the
consideration of data such as operating pressure and temperature, type of conveyed fluid
(analyzing corrosion and contamination aspects), material cost, required safety degree,
external overloads, and resistance to fluid flow in the pipeline [4].

Standardization organizations, such as ASTM, provide documents specifying material
requirements, including physical, mechanical, or chemical properties, safety, quality, and
performance criteria, as well as testing methods to verify compliance with each requirement.
According to ASTM, a range of materials is used for pipe manufacturing; however, carbon
steel pipes are the most frequently used due to their cost and mechanical properties [85,86].

Standards, such as those indicated in Table 4, specify the permissible stresses for
the materials used, considering working conditions and design temperature. This infor-
mation is essential for the pipe selection stage. However, the ongoing development and
optimization of materials are crucial [87,88].

Some piping will need to have some thermal insulation that is categorized into groups
based on their temperature ranges. Table 7 presents the respective groups and materials
used, along with their applicability and possible materials.

Table 7. Main materials used as thermal insulation according to temperature and applications [89].

Insulation Classification = Application Examples Material Examples

Refrigerators, Cold and ~ Cork, Expanded Polystyrene,

Hot Water Systems, 85% Magnesia, Mineral Fibers,
Storage Tanks Polyurethane, and Wood

Heating and Steam

Low Temperature
(up to 90 °C)

Medium Temperature Asbestos, Calcium Silicate, 85%

o o Raising Equipment, : . .
(90 °C to 325 °C) Steam Lines, Flue Ducts Magnesia, and Mineral Fibers
Asbestos, Calcium Silicate,

. Super-heated Steam Mineral Fiber, Mica and

High Temperature S . .
o ystem, Oven Dryer, and  Vermiculite-based Insulation,

(Above 325 °C) . o
Furnaces Fireclay- or Silica-based

Insulation, and Ceramic Fiber

Thermal insulation materials can also be classified as organic and inorganic. Organic
materials are based on hydrocarbon polymers, such as Thermocol (expanded polystyrene)
and Polyurethane Foam (PUF). Inorganic insulation, on the other hand, is based on siliceous,
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aluminous, and calcium materials in fibrous or particulate forms, such as mineral wool and
calcium silicate, among others [90].

Pipe manufacturing is generally standardized by norms such as ASME B.36.10M and
ASME B.36.19M, with custom-made pipes being expensive to produce [91,92]. Thus, select-
ing the appropriate pipe involves initially analyzing the nominal diameter and schedule to
be chosen from commercial options. The calculation of the nominal diameter is directly
related to the pressure drop in the pipe. Larger diameters result in higher pipe costs
but lower pressure drops, which implies reduced machine power and energy consump-
tion. Therefore, the internal diameter of pipes is typically determined based on tabulated
economic velocities, which vary by country and material used [93].

Wall thickness calculation is generally performed according to Equation (1), if it meets
the usage conditions expressed in Equations (2) and (3) [37]. Additionally, it should be
noted that the standards governing pipe manufacturing include manufacturing tolerances
that must be considered when ordering the pipes [91,92].

P.D
=G ETDY) &
P/(Sh-E) < 0.385 )
t<D/6 3)

where
P: Internal design pressure (kgf/cm?);
D: External diameter of the pipe (mm);
Sh: Allowable stress of the material at the design temperature (kgf/cm?);
E: Welding efficiency [values provided in ASME B31] (%);
t: Wall thickness (mm);
Y: Reduction coefficient (%);
C,: Margins for corrosion, erosion, as well as thread and chamfer openings (mm).

2.2.2. Thermal Insulation

The purpose of thermal insulation is to reduce heat loss along a pipeline, make
the surface safer to touch, and prevent condensation on cold surfaces to avoid resulting
corrosion. When designing thermal insulation materials, factors such as location, surface
dimensions, temperature conditions, type of internal or external insulation, required finish,
and service requirements (e.g., compression resistance, fire resistance, vibration resistance)
must be considered [94].

From a personal protection perspective, it is desirable for the external surface of the
pipeline to be at a temperature close to that of the human body, as required by various
standards. If this requirement is not met, modifications around the pipeline should be
made to increase protection for those nearby [95,96]. However, new insulation materials
are being developed that, while allowing the surface to reach high temperatures, have
significantly lower thermal exchange capacities. These materials offer an alternative to
conventional solutions and have the potential to reduce water accumulation, which can
lead to corrosion and compromise insulation efficiency [97-99].

For the use of thermal insulation in industrial pipelines, studies comparing insulation
costs with the costs related to energy dissipation along the pipeline are necessary to
reduce costs and achieve project efficiency. Factors such as the pipeline’s location, ambient
temperature, air humidity, and wind speed are also analyzed. Practical tables provide
established values for thermal insulation thicknesses for different materials based on pipe
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diameters and operating temperatures [95,96]. Additionally, other methods can be applied
according to project specificities [100,101].

2.2.3. Flexibility

Pipeline flexibility is crucial due to temperature variations, which cause thermal
expansion in the material. These expansions result in increased longitudinal sections
at high temperatures and contraction at low temperatures, which can induce stresses
according to system restrictions. Failure to adequately account for flexibility can lead to
catastrophic failures in industrial installations, such as pipeline section collapse, fatigue,
leaks, distortions in valves, equipment, and pipelines. Therefore, it is recommended that
pipelines be designed to enhance flexibility, reduce disproportionalities, and maintain
symmetry in their dimensioning [93,102]. ASME B31 specifies three main requirements for
pipeline flexibility [35]:

e  The calculated stress range at any point due to system displacements must not exceed
permissible limits;

e  The calculated reaction forces must not be detrimental to supports or connected equipment;

e  The calculated movement of the pipeline must be within any prescribed limits.

When a layout does not meet design requirements, adjustments are generally made
because, while expansion joints can be used, their application should be avoided due to
their limited reliability and potential as weak points in the design [103]. Although flexibility
calculations can be performed using equations, they are typically conducted with the aid
of spreadsheet and modeling software, which allows for meeting regulatory requirements
more efficiently and quickly adjusting calculations as needed. Additionally, specialized
software provides more precise calculations [93,104].

3. Corrosion Protection Mechanisms

Steel is the main material used in industrial pipelines, with 90% of them being made
of low carbon steel, given its mechanical properties, weldability, ease of forming, and low
cost [4]. However, unlike materials such as aluminum and stainless steel, which form an
oxide layer that tends to remain adhered to the surface, minimizing corrosion, carbon steel
generates a layer that comes off more easily, making it susceptible to corrosion in various
environments [105-107]. ISO 12944-2 [108] classifies the degree of corrosivity according to
the thickness and mass lost after the first year of exposure to a given environment, with the
classifications for low carbon steel being presented in Table 8.

Table 8. Corrosivity classification for low carbon steel in atmospheric environments [108].

Degree of Corrosivity Thickness Loss * (um) Mass Loss * (g/m?)
C1 Very low <1.3 <10
C2 Low 13t025 10 to 200
C3 Medium 25t0 50 200 to 400
C4 High 50 to 80 400 to 650
C5 Very high 80 to 200 650 to 1500
CX Extreme 200 to 700 1500 to 5500

* Values relative to the first year.

Corrosion can occur through chemical or electrochemical action. The main factors that
contribute to the corrosive process include the type of soil or metals in contact, the fluids
transported, the environmental conditions, the external loads, and the existence of stray
currents [109-111]. Figure 4 illustrates an example of the aggressive nature of corrosion
in metallic systems. In this case, a process pipeline of a Floating Production Storage and
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Offloading (FPSO), exposed to the marine environment, experienced galvanic corrosion,
and differential aeration corrosion, resulting in significant material degradation. After only
five years of operation, the pipeline had deteriorated to the condition shown in the image,
emphasizing the rapid progression of these corrosion mechanisms and their detrimental
impact on the structural integrity of the component.

Figure 4. Degradation of an FPSO pipeline due to galvanic and differential aeration corrosion after
five years of operation.

In this regard, the adoption of combined approaches for corrosion control is essential,
especially in units like FPSOs, as repairs to this equipment take time, particularly when
the acquisition of specific materials, such as certified ones, is required. These strategies
help minimize degradation, reduce downtime, and extend the service life of the structure,
ensuring greater operational efficiency and cost savings [112,113].

The practical methods used to reduce the corrosion rate in metallic materials are
shown in Figure 5, where the environmental conditions in which these methods are nor-
mally used are represented by the letters: A (atmosphere), W (submerged in water), and
G (underground).

—[ Process Modification }
eStructure design (A, W, G)
eSurface conditions (A, W, G)
*Cathodic protection (W, G)

—[ Modification of Corrosive Environment }
eDeaeration of water or neutral solution (W)
e Purification or reduction in air humidity (A)
* Addition of corrosion inhibitors (W/A and G in special cases)

—[ Metal Modification ]
eIncreased purity (A, W, G)
* Addition of elements: alloying (A, W, G)
eHeat treatment (A, W, G)

—[ Protective Coatings }
*Coatings with reaction products: chemical or electrochemical treatment of
the metal surface (A and W)

*Organic coatings: paints, resins or polymers, etc. (A, W, and G)
eInorganic coatings: enamels, cements (A, W, and G)

*Metallic coatings (A, W, and G)

eTemporary protectors (A)

Figure 5. Methods of reducing corrosion rates [114].
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Furthermore, minimizing mechanical effects can mitigate the effects of corrosion.
Surface wear (abrasion, erosion, cavitation, fretting, etc.) can not only accelerate corrosion
in low carbon steels, but also in materials that form an adherent oxide layer. These effects
act synergistically, meaning that the resulting degradation is greater than the sum of the
individual effects due to one agent enhancing the action of the other [115-118].

In addition to the effects resulting from surface wear, the application of stress, whether
cyclical or continuous, can also act synergistically with corrosion (stress corrosion/fatigue).
The application of stress can generate and propagate cracks that favor corrosion (which act
as an anodic region), while corrosion can reduce the amount of material, increasing stress
and/or acting as a stress concentrator [119-122].

Similarly, microbiologically influenced corrosion (MIC) is another critical factor, as it
results from the metabolic activity of microorganisms that interact synergistically with elec-
trochemical and chemical processes, accelerating material degradation. This phenomenon
can lead to severe forms of localized corrosion, such as pitting and under-deposit corrosion,
especially in environments with stagnant flow and the presence of water [123,124].

Aiming to take advantage of the characteristics of low carbon steel, combat corrosion,
and minimizing costs, the main form of pipeline protection is through the application of
coatings [25].

3.1. Piping Coatings

Piping protection through coating makes it possible to minimize corrosion in several
ways, for example, by acting as a barrier between the flowing fluid and the pipe, stabilizing
the oxide layer, promoting cathodic protection, etc. [125-129].

Figure 6 shows the publications evolution of papers and patent families on anticor-
rosive coatings for industrial pipelines. Both types of publications are growing, with a
greater number of patents and greater growth in the publication of articles, especially in
recent years. In the period from 2011 to 2023, the number of patents grew by 80%, while
the number of publications increased by 490%, indicating a significant increase in academic
research in this segment.

@ Articles Patent Family

3600
3000
2400
1800

1200 [ B

Number of publications

600 W

2001 2003 2005 2007 2009 2011 2013 2015 2017 2019 2021 2023

Year of publication

Figure 6. Evolution of article and patent publications on anticorrosive coatings for industrial pipelines
over time [130,131].
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Coatings can be classified as metallic and non-metallic, are subclassified as organic
and inorganic, and are generally applied after the pipe has been manufactured. Among
the most used metallic coatings, galvanization and bimetallic (cladded) sheets stand out.
Galvanization is the most common metallic coating and is often used in conjunction with
other protection methods. This involves the application of metallic coating, and its main
advantages include low cost and corrosion rate, as well as the possibility of protecting the
pipe even when the coating has its continuity compromised [132-134].

Table 9 shows the corrosivity levels of zinc, and when compared with low carbon steel
(Table 8), a loss of material that is considered low for carbon steel would be an extreme loss
for zinc, given its lower corrosion rate.

Table 9. Corrosivity classification for zinc in atmospheric environments [108].

Thickness Loss *

Degree of Corrosivity Mass Loss * (g/m?)

(um)
C1 Very low <0.1 <0.7
C2 Low 0.1t0 0.7 0.7to5
C3 Medium 0.7to 2.1 5to 15
C4 High 21to4.2 15 to 30
C5 Very high 42t084 30 to 60
CX Extreme 8.4 to 25 60 to 180

* Values relative to the first year.

Another type of metal coating consists of manufacturing pipes with clad layer. That
is, bimetallic layers that can be obtained by various methods such as co-rolling, explosion
bonding, and welding. Its advantage is that it allows the use of two metals, usually carbon
steel and stainless steel, to combine their characteristics, being a good solution for services
with high corrosion rates and chemical incompatibility of the pipe material with the fluid
being flowed [87,135,136].

“Organic-metal” coatings are conductive or semi-conductive organic coatings, such
as doped polymers and polymer matrix composites [137-139]. However, although their
application was proposed about 40 years ago, there is still a challenge in understanding the
behavior of these materials, which is one of the biggest challenges in using this solution.
Nevertheless, there are already robust solutions in the literature and on the market, such
as zinc-rich coatings that are marketed as an alternative to galvanization and as a way of
repairing damage that the latter may have received during transportation [140-142].

The main inorganic coatings applied to pipelines are concrete, glass, and porcelain [4].
These materials have high resistance to corrosion and temperature, with glass and porcelain
being expensive, fragile, and difficult to handle, but they are recommended especially when
absolute purity of the conveyed fluid is desired. Concrete, on the other hand, is a cheap
coating, and can be applied at higher temperatures, reaching up to 1800 °C depending
on its composition. However, an anticorrosive coating needs to be continuous; otherwise,
corrosion will occur in a concentrated manner at the exposed site. Due to the impossibility
of guaranteeing the non-appearance of cracks, concrete is not recommended for services
involving high levels of corrosion and responsibility [25,143].

Another inorganic material is geopolymer, which consists of the union of precursor
elements, rich in aluminosilicates, and an activating alkaline solution. Its application as
an anticorrosive coating is still in the early stages of development, but studies and patents
indicate it as a promising material [143-145].

Organic coatings can be divided into two main groups: thermoplastic/rigid and
elastomeric. Elastomeric coatings are notable for their ability to inhibit corrosion while
offering excellent anti-abrasive protection. Thermoplastic/rigid coatings stand out not only
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for their high corrosion resistance, but also for their low cost and coefficient of friction. It
should also be added that both coatings have low density [4,146].

Criteria for Selection and Development of Organic Coatings

Inorganic coatings are generally zinc-based and have undergone extensive standardiza-
tion and studies. Thus, the development of new materials has focused on organic coatings,
the selection of which is more complex [130,131]. This section focuses on anticorrosive
coatings, addressing the main materials used and their desirable properties.

The performance of coatings is linked to their adhesion, barrier properties, ability
to inhibit corrosion, as well as their thermal, chemical, and mechanical resistance [146].
However, their effectiveness depends on prior preparation of the substrate on which it
will be coated. Such preparation is generally carried out with the aim of providing greater
roughness and cleanliness to the surface [86]. Therefore, it is common to specify minimum
surface preparation conditions. These specifications generally consist of a minimum
roughness value and degree of cleaning, as well as a maximum time between surface
cleaning and application of the coating [147,148]. Currently, the main reference used to
measure the degree of cleaning of metal substrates is ISO 8501-1 [149].

Another factor that must be observed before qualifying the coating is associated with
control over the quality of the coating application. In general, in addition to requiring
the qualification of the professional who will apply the coating, the standards provide for
control over the conditions of the environment in which the material will be applied, the
thickness of the coating, and the integrity of the applied material. These variables have a
significant influence on the performance of the materials, having specific criteria that vary
depending on the material and thickness used [150,151].

The main polymers used in organic coatings are Acrylics, Epoxy, Polyurethanes, and
Vinyls [146]. Of these, acrylic and vinyl coatings stand out for being resistant to abrasion,
impacts, and deformations, as well as for their sustainability [152,153]. Epoxies stand out
for their corrosion resistance to various media, less contraction during curing, thermal
stability, mechanical strength, and durability [154,155]. Finally, polyurethane coatings
stand out for their mechanical properties, corrosion resistance in various environments,
and resistance to ultraviolet radiation, being one of the main materials used in external
coatings [156,157].

In addition to the materials mentioned earlier, there are multilayer coatings that
combine the characteristics of different materials to maximize performance and reduce
costs [158,159]. A notable example is polyethylene coating, which offers excellent me-
chanical and thermal properties, as well as weather resistance. This type of coating is
often applied both during pipe manufacturing and in the field, typically over an epoxy
layer [160]. This combination of polyethylene and epoxy stands out as one of the most
effective, being recognized in EGIG reports as one of the highest-performing options [23].

It is still possible to combine polymers and make modifications to their manu-
facturing processes, which makes it possible to modify their properties for specific
applications [157,161]. In addition to matrices, it is common to use particulates to generate
visual and performance changes in organic coatings [162]. In general, these are named as
pigments classified as organic and inorganic, with the latter being subclassified as shown
in Figure 7.
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Pigments
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— Quinacridone
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Figure 7. Main types of pigment [163].
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Currently, the development of more sustainable (water-based, bio-based, and using
waste) and intelligent coatings (with hyperbranching, antimicrobial action, self-repair,
corrosion sensitivity, self-cleaning, and anti-fouling action) has intensified [146,164]. Thus,
we can observe the use of increasingly varied dispersed phases with strategic functions,
such as nanomaterials, microcapsules, waste, etc. [165-167].

A representative example of this evolution is the advancement in controlling microbi-
ologically influenced corrosion (MIC), which has minimized the use of heavy metals and
biocides in pursuit of more sustainable strategies [168-170].

To optimize the properties of a polymeric coating, additives can be added to a coating.
The main additives are shown in Table 10, including solvents and plasticizers, which are
the most used. However, their use must be evaluated according to the purpose of the
material’s application, as it may result in undesirable changes in other properties [171].

Table 10. Main coating additives and their applications [163,172-174].

Additive

Function

Antifoaming agents
Anti-skin
Anti-sedimenting

Bactericide
Catalysts
Coalescent

Deaerators
Deflocculators

Dispersant

Thickener
Fungicide
Insecticide

Wetting agent
Plasticizer

Preservatives

Rheological

Drying agent
Solvents

Surfactants

Surface
Wetting

Reduces foam formation during product processing and
application

Minimizes the formation of skins during storage and/or curing
of coatings

Prevents the formation of hard, non-homogenizable sediment at
the bottom of the packaging

Prevents the development of bacteria that cause putrefaction of
liquid-phase plastic paints

Accelerates the curing process of a material

Reduces the minimum film formation temperature of

aqueous products

Reduces the presence of voids in the coating

Reduces the support capacity of particulates

Facilitates the dispersion of pigments and fillers, preventing
their re-agglomeration

Increases the viscosity of the coating

Prevents the development of fungi in the dry film

Ensures the elimination of insects in contact with the dry film
Reduces the interfacial tension between the solid phase and the
liquid phase

Gives flexibility to the dry film

Acts to minimize the socio-environmental impacts of the coating
and/or acts to protect the coating from various external factors
Provide safe and practical means of regulating the fluidity of

a resin

Reduce the drying, hardening, and/or curing time of the coating
Solubilize and dissolve other materials

Improve the coating by controlling surface tension, stabilizing
interfaces, and optimizing physical properties such as fluidity
and spreading

Correct surface defects of the coating

Accelerate the wetting process and reduce interfacial tension

Table 11 presents 20 of the main tests for evaluating the performance of pipeline coat-
ings and their respective reference standards. This table is based on standards such as ISO
21809-2:2014 from the International Organization for Standardization (ISO), SP-2217:2017 from
Petroleum Development Oman (PDO), N-2843 C and N-2912 A from Petréleo Brasileiro S.A.
(PETROBRAS), SP 0394 from the National Association of Corrosion Engineers (NACE), and
M501 from Norsk Sokkels Konkurranseposisjon (NORSOK), among others.
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Table 11. Main tests for evaluating the performance of pipe coatings [150,175-194].

Test Standards
Cross section porosity NACE SP 0394
Interface porosity NACE SP 0394
Interface contamination NACE SP 0394
Penetration resistance ASTM G17
Flexibility = ASTM D522/D522M | NACE SP 0394
Variation in gas pressure PDO sP-2217
Pull off ASTM D4541
Cathodic disbondment ASTM G8/ASTM G95
Strained coating, Cathodic disbondment 1SO 21809-2
Electrochemical Impedance Spectroscopy ASTM G3
Impact resistance ASTM G14 INACE SP 0394
Abrasion resistance ASTM D4060
Water vapor permeability ASTM D1653
Water absorption ASTM D870
Water resistance ASTM D2247 1150 2812-2
Accelerated weathering ASTM D4587
Chemical resistance ASTM D6943
Salt spray ASTM B117
Autoclave NACE TM0185 & ASTM D714
Differential Scanning Calorimetry ASTM E1356

Of these, the adhesion test stands out because it is often used alongside other tests
to determine if there has been a loss of adhesion when the coating is exposed to certain
conditions. However, it is essential to standardize not only the test parameters but also the
equipment and plates used. Fragata et al. [195] observed significant variations in results
when the same coating was evaluated in different laboratories and noted that variations in
plate thickness could lead to significant differences in the results obtained.

Finally, it is important to emphasize that the tests and conditions used for coating
qualification can vary. Therefore, while Table 4 is a good reference for development
purposes, a complementary analysis is recommended for commercial purposes to meet
the demands of potential buyers. For instance, both SP-2217:2017 from PDO and N-2912
A from Petrobras include chemical resistance tests, but they analyze different fluids or
concentrations. The former assesses resistance to HCI (pH 2.5-3); HF (pH 2.5-3); H,SO4
(pH 2); NaCl and H,SO4 (pH 3); NaCl; and Toluene, while the latter evaluates resistance to
NaOH (30%); H>SO4 (40%); xylene; coke naphtha; and fuel ethanol [148,150].

Additionally, besides the tests used for qualification requirements, other tests are
desirable for characterizing the coating. Table 12 presents 10 of the main properties and the
corresponding standards.

Table 12. Main complementary tests for pipe coatings [151,196-204].

Test Standards
Specific mass ASTM D1475
Dry film roughness PETROBRAS N-2843 C
Decay ASTM D4400
Consistency ASTM D562
Pot-Life ABNT NBR 15742
Hardness ASTM D2240
Solids by mass ASTM D2369
Solids by volume ISO 3233-1
Linear thermal expansion ASTM E228
Drying time/painting interval ASTM D1640
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4. Challenges and Future Perspectives

Figure 8 shows the variation in the causes of pipeline failures in Europe, the segment
with the highest incidence of pipeline accidents. It is observed that failures have become
increasingly less frequent, with a notable reduction in those caused by external interference.
Regarding corrosion, despite the significant growth in the length of pipeline systems (400%
between 1970 and 2010), pipelines built since the end of the last century have adopted more
efficient protection mechanisms, resulting in the probability of failure not increasing with
the age of the pipeline [23].

=o== External interference Construction defect / Material ==e= Ground movement

=t COFrosion failure o Other and unknown
=o== Hot tap made by error

Figure 8. Primary failure frequency per 1000 km by cause (five-year moving average) [23].

However, the growing complexity of technological systems in industries has increased
efficiency, but also the risk of accidents. In surveys detailing human errors, a significant
incidence of accidents due to human error is observed during stages such as design, mainte-
nance, and operation, especially in less developed countries, due to the lower enforcement
of safety standards. Thus, the trend points to the continuous need to improve business pro-
cedures and their enforcement. Although new technologies have been developed to assist
such processes, the human factor can also present resistance to their adoption [205-208].

Additionally, incorporating a life cycle cost analysis for pipelines is a methodology
that can promote the adoption of more efficient and safer measures during the design
phase. This approach helps counterbalance the tendency to prioritize short-term costs at
the expense of long-term benefits and safety and aligns with what is observed in other
types of projects [209,210].

An example of a challenge arising from current technological advances is the trans-
portation of green hydrogen. Although green hydrogen is a promising alternative for the
energy transition, its handling and transportation present significant challenges. One of
the main issues is hydrogen embrittlement, a phenomenon in which hydrogen penetrates
metallic materials, such as steel, causing degradation of their mechanical properties and
making them more susceptible to cracks and fractures [211-214].

Moreover, beyond the challenges of designing a pipeline system to transport green
hydrogen, plans are being made to repurpose structures originally intended for transporting
natural gas to carry hydrogen, as well as mixtures of natural gas and hydrogen [215,216].
While this process remains costly, it is anticipated that with technological advancements
and economies of scale, economic viability will significantly improve [217,218].
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An example of technological development is the application of advanced techniques
to characterize and inspect materials. These methodologies enable not only the production
and selection of materials with optimized properties but also contribute to maximizing
operational efficiency and minimizing failures, resulting in greater safety and reliability of
industrial systems [219-221].

5. Conclusions

The field of pipeline engineering is both extensive and technically demanding, with its
complexity increasing in parallel with technological advancements. This review has aimed
to underscore the most critical factors in ensuring the security, reliability, and profitability
of pipeline systems, with a particular focus on design considerations and anticorrosive
protection. Additionally, it has addressed the challenges and future directions that are
pertinent to this evolving field.

In terms of project execution, a structured sequence of essential steps was outlined,
covering the classification of risk areas, the strategic distribution of pipelines and their
accessories, and the crucial calculations required for selecting appropriate materials. With
respect to anticorrosive protection, the review explored the fundamental corrosion mecha-
nisms that affect pipelines, along with a range of mitigation strategies. Special emphasis
was placed on the selection of coatings, a primary method for safeguarding industrial
pipelines, and the criteria and methodologies for evaluating the performance of polymeric
materials were discussed in depth.

The analysis of current trends reveals a positive trajectory, with a notable decrease
in the frequency of pipeline failures, suggesting that projects are safer and more resilient.
Effective management of corrosion, even in aging pipelines, has further reduced the risk
of failures over time. However, it is important to note that this progress is not uniformly
distributed across the globe. In developing regions, the limited adoption of advanced
technologies and best practices continues to result in a higher incidence of pipeline-related
incidents, highlighting the need for increased attention to human factors within indus-
trial operations.

At last, while significant strides have been made in the field of pipeline engineering,
there remains a pressing need to develop more efficient and innovative solutions to ad-
dress emerging challenges. The transportation of green hydrogen, for instance, presents
complex issues, such as hydrogen embrittlement, that require comprehensive research
and development to ensure safe and sustainable implementation. Future efforts must
continue to focus on enhancing the safety, reliability, and efficiency of pipeline systems,
particularly in the context of the global energy transition and reuse of existing structures
for other applications.
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Abbreviations

The following abbreviations are used in this manuscript:

ANSI American National Standards Institute
API American Petroleum Institute
ASME American Society of Mechanical Engineers
ASTM American Society for Testing and Materials
AWWA American Water Works Association
BFD Block Flow Diagram
CPS Cyber-Physical Systems
EGIG European Gas Pipeline Incident Data Group
FPSO Floating Production Storage and Offloading
HSE Health, Safety, and Environment
IFC Issued for Construction
IFD Issued for Design
IoT Internet of Things
ISO International Organization for Standardization
MIC Microbiologically Influenced Corrosion
MSS Manufacturers Standardization Society
NACE National Association of Corrosion Engineers
NORSOK  Norsk Sokkels Konkurranseposisjon
NFPA National Fire Protection Association
P&ID Piping and Instrumentation Diagrams
Petrobras  Petrdleo Brasileiro SA
P&ID Piping and Instrumentation Diagrams
PDO Petroleum Development Oman
PFD Process Flow Diagram
PID Piping and Instrumentation Diagrams
pPIP Process Industry Practice
PUF Polyurethane Foam
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Abstract: Complex coacervation using proteins and polysaccharides enables efficient mi-
croencapsulation with high thermal stability, facilitating continuous core component release
and yielding coacervates with superior properties for diverse applications. This study in-
vestigates the use of casein and pectin for microencapsulating Ocimum basilicum L. essential
oil (EO) and phenolic extract (PE). Microencapsulation yield and efficiency were 85.3% and
89.8% for EO microcapsules (EO-MC) and 53.1% and 70.0% for PE microcapsules (PE-MC).
Optical microscopy revealed spherical microcapsules; EO-MC had smooth surfaces, while
PE-MC had porous surfaces. Thermal analysis showed stability, with both types exhibiting
two stages of weight loss. XRD analysis indicated increased crystallinity in EO-MC and
high crystallinity in PE-MC due to phenolic interactions. FTIR spectroscopy confirmed
molecular interactions, including hydrogen bonding between phenolic compounds and
the biopolymer matrix and amide bonds between the carboxyl groups of pectin and the
amino groups of casein, ensuring the successful encapsulation of the bioactive compounds.
These findings highlight the potential of casein and pectin for microencapsulating extracts,
particularly EOs, for food industry applications.

Keywords: encapsulated compounds; biopolymer; freeze-drying; thermal behavior;
crystallinity

1. Introduction

The genus Ocimum, Lamiaceae, commonly known as basil, showcases remarkable
diversity and is predominantly cultivated in Mediterranean regions [1-4]. Among its
various species, Ocimum basilicum L., or sweet basil, stands out as a popular culinary
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herb available in fresh and dried forms, owing to its multifaceted pharmacological ef-
fects [5,6]. Basil, with its extensive range of applications, demonstrates potent antimicrobial,
antifungal, antioxidant, and anti-inflammatory properties, making it a promising can-
didate for therapeutic interventions in both human and animal health [1,7-9]. Ocimum
basilicum L. comprises numerous active compounds within its essential oil (EO), including
phenols, alcohols, esters, and oxides, contributing to its distinct aroma and therapeutic
potential [10,11]. Furthermore, the EO of sweet basil finds applications in pharmaceuticals
for treating various ailments such as coughs, headaches, and gastrointestinal issues [12,13],
while also being extensively utilized in the food and perfume industries due to its flavor-
ing and aromatic properties [14-16]. Extracts derived from Ocimum basilicum L. leaves
encompass a wide array of bioactive components, including rosmarinic acid, a phenolic
compound renowned for its antioxidant qualities and therapeutic benefits against oxidative
stress-related disorders and cancer proliferation [17-19]. Additionally, rosmarinic acid
demonstrates hepatoprotective, lung-protective, and cardioprotective effects, attributed
to its antioxidant and anti-inflammatory activities [20-23]. All these findings underscore
the immense therapeutic potential of basil extracts and highlight the importance of further
research to harness their benefits effectively [24,25].

Polysaccharides, particularly pectin, are pivotal renewable resources with diverse
applications in the food and pharmaceutical industries. Pectin, renowned for its abundance,
biodegradability, and versatility, acts as a crucial component within the plant cell wall,
facilitating structural integrity and cell adhesion [26]. Beyond its role in plant physiology,
pectin serves as a multifunctional ingredient in food production, contributing to texture and
stability while serving as a gelling agent, thickener, emulsifier, and sugar substitute [27,28].
In pharmaceuticals, pectin functions as a valuable drug carrier, offering diverse applications
in gel beads, matrices, and film-coated tablets [29,30].

Conversely, casein, a major milk protein, showcases remarkable properties such
as exceptional surface activity and insolubility in aqueous mediums at low pH levels,
making it invaluable across various applications [29,31]. Its unique structure endows
it with excellent barrier properties against oxygen and non-polar molecules, rendering
it suitable for the production of protein-based edible capsules [32]. Furthermore, its
compatibility with other encapsulation materials and its potential to stabilize acidified
dairy drinks highlight its versatility and importance in industrial applications [30]. The
interest in studying the interactions between pectin and casein has surged, particularly
in enhancing their physicochemical properties and exploring novel applications in the
food and pharmaceutical sectors. Research has elucidated various factors influencing their
interactions, including pH, temperature, ionic strength, and the presence of oil droplets,
particularly in the development of acidic milk drinks [31].

Complex coacervation, a phenomenon driven by electrostatic interactions between
oppositely charged biopolymers, finds wide applications in the food and pharmaceutical
industries [26,33]. Influenced by factors like pH, temperature, and biopolymer ratios, it
enables the encapsulation of bioactive compounds, ensuring protection and controlled
release [34,35]. Despite being miscible in solvents, coacervates form through solute interac-
tions, offering potential in food processing and encapsulation [36]. The process, crucial for
creating coacervates, is utilized in various food applications and offers innovative solutions
for enhancing food functionality and shelf-life through the improved stability of bioactive
compounds [37-39]. This technology, driven by electrostatic attraction between proteins
and polysaccharides, holds promise in protecting bioactive compounds and improving
their stability during processing and storage, thereby offering innovative solutions for
enhancing food functionality and shelf-life [40]. Several researchers delved into the mi-
croencapsulation of basil extracts. Ozdemir et al. [41] explored the microencapsulation
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efficiency of basil essential oil through various combinations of gum arabic, whey protein
isolate, and maltodextrin. Similarly, Paul et al. [42] and Fadel et al. [43] examined the im-
pact of coating materials such as maltodextrin, sodium caseinate, carboxymethyl cellulose,
sodium alginate, and chitosan on the microencapsulation of basil oil using spray drying
techniques. Expanding on this, chitosan and sodium alginate biopolymers were utilized
by Thuekeaw et al. [44] to microencapsulate basil essential oil, employing a hot air oven
for the drying process. Meanwhile, Tomé and da Silva [45] obtained basil ethanolic extract
microcapsules using sodium alginate as the wall material, dried via air drying.

While numerous studies have explored the microencapsulation techniques, there is
a paucity of investigation about understanding the potential of complex coacervation for
encapsulating Ocimum basilicum L. essential oils and phenolic extract efficiently. This novel
study aims to fill this gap by investigating the efficacy of complex coacervation employing
casein from bovine milk and pectin from citrus peels as wall materials. The choice of
freeze-drying as the drying method underscores the commitment to preserving the delicate
bioactive compounds inherent in basil extracts. This innovative approach not only ad-
dresses a significant research gap but also holds promise for unlocking novel applications
in various industries. What sets this study apart is its innovative approach to combining
complex coacervation with these specific biopolymers for the encapsulation of basil oil and
phenolic extract. By employing sophisticated physicochemical characterizations such as
thermogravimetric and differential scanning calorimetry analysis, X-ray diffraction, and
FTIR spectroscopy, this research delves into elucidating the moisture content, thermal be-
havior, crystallinity, and chemical structure of the resulting microcapsules. Additionally, the
meticulous evaluation of particle size and distribution adds depth to this study’s findings,
contributing valuable insights into the potential applications of these microencapsulated
basil extracts in various sectors.

2. Materials and Methods
2.1. Material and Reagents

Ocimum basilicum L. aerial parts were collected (Lakhdaria province of Bouira, Algeria),
and air-dried for a week. An electrical grinder (SAYONA) was used to grind the plant
into a fine powder, which was then sieved through a sieve shaker with a porosity of
100 um. The powder was stored in an amber flask until use. Ethanol (C;HgO), hexane
(CeHi4), methanol (CH30H), casein from bovine milk ((Purity: 87-94% protein basis,
high molecular weight phosphoprotein), (C7078, Lot §BCCD1666)), pectin (Ps) from citrus
peel ((Purity: galacturonic acid >74.0% dried basis, poly-D-galacturonic acid methyl
ester, molecular weight may range from 10 kDa to 300 kDa), (P9135, Lot {SLCB2455)),
trichloroacetic acid (CoHCl30,), sodium sulfate (NaySOj4), sodium hydroxide (NaOH), and
hydrochloric acid (HCI) were purchased from Sigma-Aldrich (Brendby, Denmark). Sodium
phosphate monobasic (NaH,PO4.H,0O) and sodium phosphate dibasic (NayHPO4.12H,0)
were purchased from VWR Chemicals (Fontenay-sous-Bois, France).

2.2. Extraction of Bioactive Compounds

The bioactive compounds extracted from basil powder in this study employed uncon-
ventional extraction methods. Basil essential oil (EO) was obtained through microwave-
assisted extraction using a Samsung ME6124ST (Samsung, Seremban, Malaysia) (2450 MHz,
1000 W) oven with interior dimensions of 373 mm x 233 mm x 393 mm (W x H x D) [46].
Following the protocol outlined by Bellik et al. [47], 20 g of basil powder was mixed with
200 mL of distilled water in a flat-bottom flask, and then subjected to microwave irradiation
at 500 W for 15 min. Subsequently, the EO was separated from the water and stored in an
amber flask at 4 °C.
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The phenolic extract of basil (PE) was acquired via ultrasound-assisted extraction [48].
An amount of 10 g of basil powder was combined with 100 mL of ethanol (70% v/v) and
set to ultrasound treatment in a bath operating at 40 kHz and 40 °C for 30 min, as described
by Pedrosa et al. [49]. The resulting extract was obtained through centrifugation at 4025x g
for 15 min using a Sigma 3-16 L centrifuge (Osterode, Germany), followed by filtration [50].
After solvent evaporation, the phenolic extract was dried using lyophilization (Christ Alpha
1-2 LD plus, Osterode am Harz, Germany) and stored at 4 °C.

2.3. Preparation of Microcapsules by Complex Coacervation and Freeze-Drying

The microcapsules containing basil EO and PE were prepared based on the methodolo-
gies outlined by Medeiros et al. [51] and Guazelli et al. [52], with adaptations. The essential
oil was added directly while the PE extract was hydrated in deionized water. Biopolymer
solutions were prepared by dispersing pectin and casein in distilled water, with a solid
content of 10% w/v (5% casein and 5% pectin), and left to disperse fully at 4 °C overnight.

To create the microcapsules, the extracts were added to the casein solution (pH 8) at
proportions of (1:10) and (5:10) substance-to-polymer for basil EO and PE, respectively.
The mixture was homogenized at 362x g for 10 min using an Ultra-Turrax (OS40-IBX
instrument, IKA-Werke GmbH & Co. KG, Staufen im Breisgau, Germany). The pectin
solution was then slowly added while the mixture was agitated. Subsequently, the mixture
was stirred continuously and the pH was gradually reduced to 3.5 using a solution of TCA
(1.0 M).

To ensure successful complex coacervation and microcapsule precipitation, the mixture
was left overnight at 4 °C. After filtration, the mixture was frozen at —25 °C in a Liebherr
Comfort-NoFrost freezer (Ochsenhausen, Germany) before undergoing lyophilization for
48 h using the Christ Alpha 1-2 LD plus freeze dryer (0.1 mbar, —60 °C).

2.4. Determination of the Encapsulation Yield and Efficiency

The yield (Y%) of the freeze-dried microcapsules was determined using Equation (1)
as described previously by Mebarki et al. [53], with modifications. Encapsulation efficiency
was assessed by dispersing 500 mg of basil EO microcapsules (EOMC) and phenolic extract
microcapsules (PEMC) in 2 mL of hexane and shaking the mixture for 10 min. After
filtration (0.22 um syringe filter), the amount of basil EO and PE on the microcapsule
surfaces was quantified using a spectrophotometer (UV-visible, Optizan Pop, Daejeon,
Republic of Korea) at 280 nm and 330 nm, respectively.

Alternatively, 1.5 mL of 2.0 M HCI was added to the microcapsules and stirred (161x g,
37 °C) for 5 min. Subsequently, 2 mL of ethanol was added, and the mixture was centrifuged
at (2516 g, 25 °C) for 5 min using a Sigma centrifuge (Osterode, Germany). The amounts
of basil EO and PE in the supernatant were determined spectroscopically at 280 nm and
330 nm, respectively, using calibration curves (EO: y = 8.7153x + 0.0132, R? = 0.99/PE:
y = 0.5168x + 0.0307, R? = 0.9958). Encapsulation efficiency (EE %) was calculated using
Equation (2) [53-55].

B Dried microcapsules (g)
~ Initial amounnt of substance (g) + Polymers (g)

Y (%) 100 1)

Total amount of substance — Surface amount substance
EE(%) = 100 2
( ) Total substance amount ¥ @)

2.5. Morphology and Size Characteristics

The morphology and size of the microcapsules were assessed through optical mi-
croscopy (Axiom 2000, OPTICA, Ponteranica, Italy) and scanning electron microscopy
(Thermo Fisher Scientific (formerly FEI Company), FEI Quanta 250, Hillsboro, Oregon,
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USA), following the procedures outlined by Benammar et al. [56]. Additionally, the size
distribution of the dried microcapsules was analyzed using specialized software.

2.6. Moisture Content

Moisture content in the freeze-dried microcapsules was performed according to the
protocol outlined by Bakry et al. [57]. Basil EOMC and PEMC samples were weighed and
placed in glass Petri dishes, then heated in an oven at 105 °C until a constant weight was
achieved, indicating complete evaporation of moisture from the microcapsules.

2.7. Thermal Behavior, Crystallinity, and Structure of Microcapsules

The thermal properties of casein (CN), pectin (PN), EOMC, and PEMC were evaluated
according to the procedure described by Chaib et al. [58]. Thermogravimetric analysis (TG-
DSC) was performed using a SDT Q600 analyzer (TA Instruments, New Castle, Delaware,
USA) under a nitrogen atmosphere (N3). Each sample (20 mg) was heated from 25 °C to
650 °C at a rate of 10 °C/min. The microcapsules’ crystalline structures and their phase
compositions were examined using X-ray diffractometry with a panalytical-Empyrean
X-ray diffractometer (Almelo, Netherlands). The instrument was equipped with a copper
tube and utilized Cu-K« radiation with a wavelength of 1.5418 A at 45 kV and 40 mA. The
analysis involved examining samples across a diffraction angular range of 5-70° with a step
of 26 = 0.0262°. The peak position (26), full width at half maximum (FWHM), crystallite size
(nm), and lattice strain (%) of the samples were obtained using X-PertHighScore software
(version 3.0e (3.0.5)) with the Scherrer equation (Equation (3)) [52]. Also, the degree of
crystallinity (Xc) of the pectin/casein complex was calculated by Equation (4) [26].

K.A
p= B.cosb ®)

Area of crystalline peaks

Xe= Area of all peaks (Crystalline + Amorphous)

4)

The infrared spectra were collected using an attenuated total reflectance (ATR) cell
in an infrared spectrum (FTIR) instrument (JASCO Corporation, Jasco-ATR PRO 450-
FT/IR4200, Tokyo, Japan) in a wavenumber range of 4000 to 400 cm~! and a resolution of
1 em~1[59,60].

2.8. Statistical Analysis

All experiments were conducted in triplicate (n = 3), and the results are expressed
as mean =+ standard deviation (SD). Statistical analysis was performed using two-way
ANOVA, followed by Sidak’s multiple comparisons test to assess differences among groups.
Graphs and statistical evaluations (assuming a normal distribution) were generated using
Origin (version 2019b (9.6.5.169)) and GraphPad software (9.5.0 (730)). A p-value of less
than 0.05 was considered statistically significant.

3. Results
3.1. Encapsulation Yield and Efficiency

Microencapsulation yield and efficiency are critical parameters in the encapsulation
process, determining the success and cost-effectiveness of the technique. Yield refers
to the proportion of core material successfully encapsulated within the microcapsules,
typically expressed as a percentage of the initial amount of the core material [61]. A high
yield indicates efficient encapsulation, minimizing wastage and ensuring the maximum
utilization of materials. On the other hand, efficiency encompasses various factors such as
encapsulation rate, uniformity of capsule size, and stability of the encapsulated material.
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Achieving high efficiency implies not only a high yield but also consistent and reliable
encapsulation performance, leading to desired product characteristics such as prolonged
release profiles, improved stability, and enhanced bioavailability [62,63].

In this study, the microencapsulation of EO and PE yielded distinct results in terms
of both yield and efficiency (Table 1). The yield of EO microencapsulation (EO-MC) was
notably higher at 85.3% compared to PE microencapsulation (PE-MC) at 53.1%. Similarly,
the efficiency of EO-MC was substantially higher at 89.8 = 1.4% compared to 70.0 & 1.01%
for PE-MC.

Table 1. Characteristics of EO and PE microcapsules.

Sample Yield (%) Efficiency (%)  Moisture (%) Size (um)
EO-MC 853 +18? 89.8+14° 4.08 £0472 9.70 £2.82°2
PE-MC 22297 £0.5° 70.0 +£1.01° 44140252 6.95+1.94°

Values with different letters indicate statistically significant differences (p < 0.05).

3.2. Microcapsule Morphology and Particle Size Distribution

The microcapsules derived from both EO-MC and PE-MC exhibited a characteristic
spherical shape, as evident from the results obtained through SEM (Figure 1a,b), indicative
of the typical outcome of microcapsules produced via complex coacervation.

Figure 1. Microcapsules observation under scanning electron microscopy: (a) EO-MC; (b) PE-MC.

The SEM analysis of basil PE-MC unveiled a notably porous surface texture (Figure 1b),
contrasting with the smoother surface of EO-MC. These figures further illustrate the success-
ful microencapsulation process utilizing casein and pectin as encapsulating agents through
coacervation, with clear evidence of a protective layer enveloping the core, indicative of
the presence of the extracts.

On the other hand, particle size holds significant importance, particularly concerning
the utilization of food ingredients, as excessively large particles can yield an unpleasant
mouthfeel. Conversely, there are cases where large particles are pursued, such as when
aiming for visible particle presence in products. Furthermore, larger particles have the
potential to facilitate an extended release of active compounds [61,64]. Both EO-MC and
PE-MC displayed comparable sizes on average, with EO-MC showing a slightly larger
average size of 9.70 £ 2.82 um (Table 1, Figure 2a). On the other hand, PE-MC exhibiting a
slightly smaller average particle size of 6.95 &= 1.94 um (Figure 2b).
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Figure 2. Particle size average and distribution of the microcapsules: (a) EO-MC; (b) PE-MC, the red
line in both figures represents the normal distribution of particle size.

3.3. Moisture Determination Results

The moisture content of microcapsules obtained through complex coacervation was
determined to be 4.08 + 0.47% for EO-MC and 4.41 4+ 0.25% for PE-MC (Table 1). These
results align closely with the minimum moisture content specifications required in the food
industry for dried powders, which typically range between 3% and 4% [65].

3.4. Thermal Behavior

The thermal behavior of wall materials (casein and pectin) and the obtained EO-
MC and PE-MC were evaluated using thermogravimetric analysis (TGA) and differential
scanning calorimetry (DSC). The TGA curves exhibited three distinct stages of thermal
degradation, characterized by weight loss relative to temperature. The wall material
curves were previously presented in Hamid et al. [55]. Briefly, two distinct thermal events
were observed for pectin (50-100 °C and 200-250 °C), attributed to thermal salvation
and degradation of pectin chains. The weight losses for these stages were 11% and 62%,
respectively, with a total weight loss of 73%. Casein exhibited two thermal stages between
50-250 °C and 280-370 °C, resulting in a total weight loss of 76%, with maximum loss at
280 °C.

The thermal stability of the microcapsules EO-MC and PE-MC is illustrated in
Figure 3a,b. EO-MC presented two stages of weight loss with a total weight loss of 69.68%.
The first stage occurred from 20 °C to 135 °C, with a weight loss percentage of 4.24%, and
the second from 125 °C to 650 °C with 65.62%. The PE-MC showed similar behavior, with
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two major stages of weight loss: 8.97% from 25 °C to 190 °C and 70.17% from 200 °C to
650 °C, with a total weight loss of 79.14%.
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Figure 3. Thermogravimetric analysis (TGA) of EO-MC (a) and PE-MC (b) (for interpretation of the
references to color in this legend, the reader is referred to the web version of this article).

3.5. Crystallinity (X-Ray Diffraction)

The crystalline behavior and phase composition of the pectin/casein complex, basil
essential oil microcapsules (EO-MC), and phenolic extract microcapsules (PE-MC) were
investigated through X-ray diffraction (XRD) analysis.

Figure 4a,b illustrates the XRD patterns, while Table 2 summarizes the crystallographic
parameters for these materials. In Figure 4a, the XRD pattern of the pectin/casein complex
reveals two broad peaks spanning the range of 9.9° to 19.9°, with an additional small peak
observed at 26 = 21.75°. These features are indicative of the presence of amorphous struc-
tures, attributed to the casein component [66]. The XRD pattern of EO-MC exhibits three
new peaks at 31.8°, 45.5°, and 56.6°, corresponding to characteristic peaks of pectin [67],
suggesting the presence of pectin crystals, likely formed due to essential oil-induced re-
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crystallization. Additionally, the peak at 21.75° shifts to 22.2° and becomes more intense,
indicating changes in casein’s crystallinity within the polymer complex.
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Figure 4. XRD patterns (a) of pectin/casein, EO-MC, and PE-MC. Effect of different microcapsule
formulations on the degree of crystallinity of the pectin/casein complex (b); values with different
letters indicate statistically significant differences (p < 0.05).

Table 2 shows the decreased full-width at half maximum (FWHM), increased crystallite
size, and reduced lattice strain for this casein peak, supporting enhanced crystallinity in
the pectin/casein complex due to the microcapsule formulation.
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Table 2. Crystallographic parameters of samples obtained by XRD pattern.

Sample 20 (°) FWHM (°)  Crystallite Size (nm) Strain (%)
Pectin + Casein 21.747 0.461 14.6 1.047

EO-MC 22.204 0.358 23.1 0.796

PE-MC 22297 0.614 13.4 1.359

FWHM: full width at half maximum.

The XRD pattern of basil PE-MC shows an increase in the intensity of characteristic
pectin peaks, suggesting the enhanced crystallinity of pectin chains, likely due to physical
interactions between the phenolic substances and the pectin. However, there is a slight
decrease in the intensity of the casein characteristic peak, potentially caused by reduced
pectin/casein interface interactions as a result of increased pectin crystallinity promoted by
the phenolic molecules [68]. This is supported by an increase in the value of FWHM and
the lattice strain, along with a decrease in crystallite size, corresponding to the characteristic
peak of casein (as indicated in Table 1).

Figure 4b illustrates the impact of various microcapsule formulations on the degree
of crystallinity of the pectin/casein complex, with values marked by different letters indi-
cating statistically significant differences (p < 0.05). The data reveal that the unmodified
pectin/casein complex exhibits a low crystallinity, characteristic of an amorphous struc-
ture, while the introduction of specific microcapsule formulations, such as EOMCs and
PEMCs, substantially increases the degree of crystallinity. This enhancement suggests
that the encapsulation process induces a more ordered molecular arrangement within the
biopolymer matrix, likely due to interactions between the encapsulated components and
the pectin/casein network. Notably, the formulation differences between EO-MCs and
PE-MCs further imply that subtle variations in the encapsulation protocol or the nature of
the additives can significantly influence the structural ordering of the complex, which may,
in turn, affect the stability and release properties of the encapsulated bioactive compounds.
This observation underscores the pivotal role of these bioactive compounds and their syn-
ergistic interactions in modulating the crystalline architecture of the complex [69]. Notably,
such structural modifications are anticipated to influence the controlled release profile of
the encapsulated drug. Enhanced crystallinity reinforces the structural integrity of the
pectin/casein matrix, thereby reducing molecular diffusion, impeding the release kinetics
of the active ingredient, and improving the overall stability of the microcapsules [70].

3.6. Infrared Spectroscopy

Figure 5a,b illustrates the FTIR spectrum of microencapsulated samples (EO-MC and
PE-MC) alongside a comparison of the wave numbers from the FTIR spectra corresponding
to the basil compounds and wall biopolymers.

The FTIR analysis validated the successful encapsulation process by detecting the
presence of basil EO and phenolic extract in the casein/pectin microcapsules. This analysis
revealed similarities among the samples, with variations observed in peak width and
intensities, likely due to differences in the type and quantities of compounds used to
formulate the microcapsules. The basil EO displayed distinctive peaks, revealing its
chemical composition. These included broad peaks in the ranges of 3000-2800 cm ™!
and 3750-3500 cm !, indicating C-H stretching vibrations and O-H/N-H vibrations,
respectively [58]. A strong C-O stretching vibration band was observed between 1200 and
1100 cm ™!,

Additionally, peaks from 1600 to 1000 cm~! confirmed the oil’s aromatic nature,
with C=C stretching of a benzene ring, O-H bending, and C-O stretching of an aromatic
group [69]. In the case of basil PE, bands identified within the wavenumber range of 1800 to
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750 cm~ ! are associated with polyphenols found in plants, such as C-OH, C-O-C, and C-C
stretching vibrations [71]. The absorption bands of the aromatic ring stretching vibrations
of C—H were observed at 2900 cm ! [72]. The band detected between 3700 and 3300 cm !
is attributed to hydrogen bonding and the stretching of the O-H bond in carbohydrates
and carboxylic acids [32,73]. The functional groups of the wall biopolymers (casein and
pectin) were previously detailed in our study [55]. FT-IR analysis confirmed the generation
of amide bonds due to the interaction between the free carboxyl groups of pectin and the
amino groups of casein in the complex.
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Figure 5. FTIR spectra of pectin and casein, basil essential 0il and phenolic extract, and the obtained
microcapsules (a) EO and (b) PE.
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4. Discussion

Basil extracts exhibited significant biological activity, attributed to their rich compo-
sition of phenolic and volatile compounds. The basil phenolic extract (PE) demonstrated
potent antioxidant properties, while the basil essential oil (EO) exhibited remarkable an-
timicrobial efficacy. These findings highlight the promising bioactivity of basil extracts,
suggesting their potential applications in health and culinary contexts (Erez et al., 2024 [1],
Chu 2022 [6], Pedrosa et al., 2021 [49], Moussa et al., 2024 [74], Darrag et al., 2022 [75],
Fernandes et al. [76], Fayoumi et al. [77], and Rezzoug et al. [78]. This underscores the
utility of basil extracts, not only as functional ingredients in food but also in therapeutic
applications, further supporting the relevance of encapsulation techniques to enhance their
stability and bioactivity.

In terms of microencapsulation, the results indicated that the encapsulation of the
essential oil (EO) was more efficient than the phenolic extract (PE). The higher yield and
efficiency of EO microcapsules (EO-MC) suggest a more successful encapsulation process,
likely due to the inherent chemical properties and solubility of essential oils compared to
phenolic compounds. Essential oils are typically composed of smaller, volatile compounds
with low molecular weights, which make them more readily encapsulated in contrast
to larger, more complex phenolic compounds. Furthermore, the hydrophobic nature of
essential oils facilitates their encapsulation in hydrophobic matrices such as those formed by
pectin and casein in complex coacervation [27]. In line with this, Garcia-Saldafa et al. [79]
encapsulated broccoli seed extract rich in sulforaphane using complex coacervation with
two biopolymer combinations (gelatin/pectin and gelatin/gum Arabic), reporting higher
yield values of 81% and 85%, respectively. However, their encapsulation efficiency was
lower than that observed in this study, with values of 18% and 12%, respectively. Similarly,
De Souza et al. [61] achieved encapsulation yield and efficiency values close to those of
our study, with values of 65% and 70%, respectively, when encapsulating cinnamon bark
extract in gelatin and k-carrageenan. In contrast, Chaib et al. [58] encapsulated Thymus
vulgaris essential oil in gelatin B and gum Arabic, reporting an efficiency of 98%, which
aligns closely with our results, although the yield (66%) was slightly lower than ours.

These differences are consistent with the typical outcomes observed in microencap-
sulation studies using complex coacervation. The porous surface observed on the PE-MC
microcapsules, in contrast to the smoother surface of EO-MC, can be explained by the phys-
ical and chemical characteristics of the encapsulated compounds. Phenolic compounds,
being larger and more complex than compounds present in essential oils, may influence the
formation and structure of the microcapsules during coacervation. The uneven distribution
or aggregation of phenolic compounds within the microcapsule core likely contributes
to the creation of void spaces or pores on the surface during drying. Additionally, the
solubility and interaction differences between the encapsulating biopolymers (casein and
pectin) and the core compounds (essential oil and phenolic extract) may lead to variations
in the surface morphology. Essential oils, composed of smaller and more homogeneous
molecules, may result in a smoother surface due to more uniform interactions with the
encapsulating agents, whereas phenolic extracts, with their larger and more heterogeneous
composition, tend to create a more porous surface. This observation is supported by previ-
ous studies that have examined the morphology of microcapsules encapsulating essential
oils and phenolic extracts from various plant sources [80-84].

Notably, the particle sizes observed in this study were considerably smaller compared
to those reported in the literature. For example, Silva et al. [85] encapsulated green tea
phenolic extract using cashew gum /maltodextrin and reported an average particle size
of 10 pum. Campini et al. [81] observed microcapsules of Cinnamomum cassia essential oil
encapsulated in polylactic acid with an average particle size of 80 um. In comparison,
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our study achieved smaller microcapsules, especially for essential oils, demonstrating the
effectiveness of the current encapsulation technique and the biopolymer combination used.
This result is also consistent with our previous study on the microencapsulation of Citrus
limon EO, which yielded spherical-shaped microcapsules with an average size of 25 pm [37],
highlighting the suitability of the chosen biopolymers for achieving smaller particle sizes.

The particle size of microcapsules plays a crucial role in determining their function-
ality and application potential. In this study, the microcapsules exhibited a particle size
of less than 10 um, which, while beneficial for enhancing surface area, solubility, and
bioavailability, may also lead to increased interparticle interactions that could affect their
flowability and dispersibility. To address these potential challenges, various strategies can
be employed, including the incorporation of anti-caking agents, surface modifications, or
controlled agglomeration during processing. Moreover, the specific application of these
microcapsules will dictate whether their small size presents a limitation or an advantage. In
pharmaceutical and food formulations, for example, finer particles can facilitate improved
dissolution rates and controlled release properties, making them highly desirable. There-
fore, despite potential concerns regarding interparticle interactions, the reduced particle
size of the microcapsules remains advantageous for their intended applications.

Moisture content is a critical factor influencing the stability and shelf life of micro-
capsules. Complex coacervation generally results in microcapsules with lower moisture
content due to water evaporation during the encapsulation process. In our study, mois-
ture content was relatively low in both EO-MC and PE-MC microcapsules. This is in
contrast to the findings of Silva et al. [86], who reported a moisture content of 5.96% in
microcapsules of lycopene encapsulated in gelatin/pectin. Vonghirundecha et al. [87]
reported a moisture content ranging from 5.10% to 6.65% for Moringa oleifera phenolic
extract encapsulated in maltodextrin, which was notably higher than our values for PE-MC.
Conversely, Wang et al. [88] observed a moisture content of 3.70% in microcapsules of
tuna oil encapsulated in gelatin/sodium hexametaphosphate. Low moisture content in
microcapsules is particularly beneficial in food applications, as it helps prevent microbial
growth and reduces biochemical reactions, thereby enhancing the shelf life of products [28].

The thermogravimetric analysis (TGA) of microcapsules revealed distinct thermal
events corresponding to various stages of degradation. The first stage of weight loss is
attributed to the evaporation of residual water and the release of volatile compounds
that are not encapsulated. This initial loss reflects heat absorption and is consistent with
typical moisture loss or desorption phenomena observed at lower temperatures [51]. In
the second stage, both the encapsulated compounds and the wall materials undergo
thermal degradation, involving the breakdown of proteins and polysaccharides. This
is indicative of the thermal decomposition of the biopolymers that make up the wall
materials, leading to significant mass loss. This observation is consistent with the findings
reported in the literature, such as those of Radiinz et al. [69] and Tavares and Zapata
Norefia [89], who describe similar degradation processes for proteins and polysaccharides
under elevated temperatures. The thermal degradation patterns observed in this study
align with previous research on the microencapsulation of volatile and phenolic compounds,
which has demonstrated that encapsulation enhances the thermal stability of bioactive
substances [51,90-92]. The microcapsules’ ability to protect the encapsulated compounds
from degradation at high temperatures supports the notion that encapsulation is an effective
strategy for improving the thermal stability of sensitive bioactive agents.

An X-ray diffraction (XRD) analysis of the microcapsules revealed important crys-
tallographic changes. The broad peaks observed in the pectin/casein complex suggest
an amorphous structure, likely due to the high casein ratio and the preparation method,
which inhibits crystallization [53,66]. The appearance of new peaks in the EO-MC pattern,
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particularly at 31.8°, 45.5°, and 56.6°, suggests pectin crystallization induced by the essen-
tial oil. The shift and increased intensity of the peak at 21.75° further indicate changes in
casein’s crystallinity, reflecting the impact of the encapsulation process on the polymer
complex. The enhanced crystallinity of pectin in the PE-MC formulation is likely a result
of interactions between phenolic substances and pectin, promoting a more ordered struc-
ture [53]. However, the decreased intensity of the casein peak in the PE-MC pattern may
be due to reduced interactions between pectin and casein, caused by the increased crys-
tallinity of pectin [68]. These crystallographic changes are crucial because they affect the
microcapsules’ structural integrity, potentially influencing the release profiles of the active
ingredients. Enhanced crystallinity in the polymer matrix may provide a better barrier
effect, slowing down the release and contributing to the stability of the microcapsules [93].
Finally, the results of FTIR spectroscopy confirmed the successful encapsulation of
basil essential oil (EO) and phenolic extract (PE) within the pectin/casein microcapsules.
The characteristic peaks corresponding to the molecular structures of the essential oil and
phenolic compounds were observed in the spectra of the microcapsules, confirming their
presence. Specifically, the basil EO exhibited distinctive peaks in the 3000-2800 cm !
and 3750-3500 cm ! ranges, attributed to C-H stretching vibrations and O-H/N-H vi-
brations, respectively. The strong C-O stretching vibration band was detected between
1200 and 1100 cm ™!, while peaks from 1600 to 1000 cm~! confirmed the oil’s aromatic
nature. Similarly, the presence of phenolic compounds in the microcapsules was confirmed
by absorption bands in the 1800-750 cm™~! range, corresponding to C~-OH, C-O-C, and
C—C stretching vibrations. Furthermore, modifications in the spectra of the microcapsules,
particularly the reduction or shifting of peaks associated with the functional groups of
pectin and casein, suggest molecular interactions between the encapsulated compounds
and the biopolymer matrix. The disappearance or shift of peaks in the regions associated
with pectin’s free carboxyl groups (-COOH, ~1730 cm~!) and casein’s amine groups (-NH,,
~1550 cm 1) indicates the formation of amide bonds, confirming electrostatic interactions
between pectin and casein in the coacervation process. Additionally, the hydrogen bonding
interactions between phenolic compounds and the biopolymer network are supported by
changes in the 3700-3300 cm ! region, associated with O-H stretching vibrations. These
results are consistent with previous studies that have demonstrated successful encapsula-
tion processes for volatile and phenolic compounds [78,94]. The successful encapsulation
process and the chemical stability of the bioactive compounds further support the potential
applications of these microcapsules in pharmacology and nutraceuticals [88,94].

5. Conclusions

This study effectively evaluated the complex coacervation method using a combina-
tion of biopolymers (casein and pectin) for the microencapsulation of bioactive compounds
derived from O. basilicum L. The resulting microparticles of basil essential oil and phenolic
extract exhibited promising characteristics. EO-MC demonstrated superior microencap-
sulation yield (85.3%) and efficiency (89.8%) compared to PE-MC (53.1% and 70.0%) for
yield and efficiency, respectively, while both types displayed spherical morphology with
PE-MC exhibiting a notably porous surface texture. An analysis revealed smaller particle
sizes for PE-MC (6.95 + 1.94 pum) compared to EO-MC (9.70 % 2.82 pm). The moisture
content aligned with the food industry standards for dried powders with values less than
5% for both EO-MC and PE-MC. Thermogravimetric and differential scanning calorimetry
analysis indicated two stages of weight loss for both EO-MC and PE-MC, reflecting the
evaporation of residual water and volatile compounds followed by the decomposition of
microencapsulated compounds and wall materials. X-ray diffraction analysis showed en-
hanced crystallinity in EO-MC due to essential oil-induced re-crystallization and increased
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pectin crystallinity in PE-MC attributed to interactions with phenolic substances, impact-
ing drug release and microcapsule stability. The results of FTIR spectroscopy confirmed
molecular interactions and the formation of new chemical bonds between encapsulated
compounds and wall materials. Specifically, hydrogen bonds are likely formed between
phenolic compounds and the biopolymer matrix, and amide bonds are generated through
interactions between the carboxyl groups of pectin and the amino groups of casein, facili-
tating the encapsulation of the bioactive compounds. Overall, these findings underscore
the potential of the complex coacervation method using these biopolymers for the effective
microencapsulation of bioactive compounds from plant sources, especially essential oils,
with implications for various applications in food, nutraceuticals, and pharmaceuticals.
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Abstract: Despite the fact that temperature is an important condition that affects the be-
havior of material interfaces used in integrated circuits (ICs), such as the case for epoxy
molding compound (EMC) and silicon (Si), this has not been thoroughly studied. To fill
this gap, the present work aims to examine the fracture of the bi-material interfaces in
multilayered semiconductor components and, more specifically, the EMC-Si, through the
experimental quasi-static mode I fracture experiments conducted at different temperatures.
The experiments were followed by numerical simulations using cohesive zone modeling
(CZM) implemented using Abaqus. Simulation results were aimed at matching experimen-
tal data using an inverse CZM approach to determine cohesive properties such as initial
stiffness and maximum traction. Experimental results revealed temperature-dependent
variations in fracture behavior, with low temperature (—20 °C) showing a decrease in
stiffness with values around 650 MPa/mm and a maximum tensile strength of 48 MPa;
high temperature (100 °C) revealed a maximum traction and stiffness of 120 MPa and
1200 MPa/mm, respectively. A possible explanation for the results obtained at high tem-
peratures is that temperature changes cause a significant redistribution of residual stresses
in the sample and at the interfaces, reducing the stiffness at lower temperatures.

Keywords: semiconductor; cohesive zone modeling; bi-material interface; quasi-static
test; silicon

1. Introduction

Over the past decades, microelectronic devices and semiconductors have become an
immeasurably important part of our daily lives. The industry responsible for manufactur-
ing these devices is driven by three fundamental objectives: enhancing reliability, reducing
costs, and minimizing the size of microprocessors.

Research in semiconductors began to intensify in the 20th century with the emergence
of modern electronics. The discovery and development of semiconductors as essential
materials for the manufacturing of electronic devices, such as transistors and ICs, spurred
a series of studies to understand the physical and chemical properties of these materials [1].
Advances in nanotechnology and microelectronics have sparked a growing interest in the
study of interfaces between different layers in semiconductor components. Commercial
solutions incorporating these technologies are becoming increasingly prevalent across
industries such as electronics, photonics, and energy. Companies like Henkel and Dow
offer thermal interface materials (TIMs) that use bi-material interfaces to improve heat
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dissipation in electronic devices. Solar cell manufacturers explore bi-material interfaces to
improve light absorption and charge transport in photovoltaic devices. The precise control
of the material interfaces significantly enhances device performance and functionality,
paving the way for next-generation electronic technologies.

Among different types of bi-material interfaces found in semiconductor devices, the
analysis of the EMC-Si interface has been relatively limited. Schlottig et al. [2] investigated
the interfacial fracture toughness of the epoxy molding compound (EMC) to silicon interface
using the Mixed Mode Chisel setup (MMC). They identified thermal residual stresses,
induced during the cooling process, as the most critical parameter impacting the energy
release rate and mode mix angle when interpreting fracture data of the EMC/Si interface.
Oh et al. [3] developed an adhesion shear test jig to measure the adhesion strength of the
EMC/Si chip interface at high temperatures (200 °C). This temperature was selected due
to the potential occurrence of interfacial failure in semiconductor packages during the
reflow process, which exceeds 200 °C. Conversion et al. [4] employed ANSYS simulation
software to undertake a thermomechanical analysis of adhesion forces at the interface
between EMC (epoxy molding compound) and Si (silicon) chips, as well as the relationship
between maximum shear stress and principal stress. The findings indicate that a mismatch
in the coefficient of thermal expansion (CTE) between the EMC and Si chip results in
a progressive increase in both shear stress and principal stress. This escalating stress
ultimately surpasses the adhesion force of the EMC/Si chip interface, leading to inevitable
interfacial delamination.

Xiao [5] investigated the delamination of the EMC and copper interface using a bi-
material two-layer beam structure. In this study, EMC and copper were bonded to create
a mixed-mode bending test, allowing for an assessment of the delamination toughness
of the EMC-Cu interface. The study revealed that residual stresses had a considerable
impact on the crack tip singularity and the interface toughness between EMC and copper.
Additionally, Sadeghinia [6] examined the effects of moisture, temperature, and mode
mixity on the interfacial fracture toughness of the EMC—copper interface. The study
concluded that residual stresses play a significant role in promoting delamination at the
EMC-copper interface in microelectronic components. Poshtan et al. [7], by performing
a Miniaturized Sub-Critical Bending (MSCB) test, demonstrated that interfacial crack
propagation is the dominant failure mode, with MC remaining contaminants observed on
the Load Frame (LF) surface. They stated that the amount of these embedded particles is
influenced by temperature, surface roughness, and mode mixity. Due to the significantly
different testing conditions and sample types, a direct comparison of all the results is not
feasible. However, a recent review paper has attempted to address this by normalizing the
parameters, enabling a comparative analysis of the results obtained in various studies [8].
Fan et al. [9] utilized Atomic Force Microscopy (AFM) to investigate the cohesion between
EMC and copper (EMC-Cu), while Khan [10] focused on the adhesion between transferred
graphene and silicon. As the results show, adhesion varies significantly with changes in the
graphene used. The values found for the interface of silicon and graphene are very similar
to the Mode I fracture energy (Gy.) found for the interface of EMC and copper, as Samet and
Woodruff [11] showed. Wang et al. [12] assessed interfacial fracture toughness in flip-chip
packages and bi-material systems. The results show a value of 0.02 N/mm for the fracture
toughness under Mode II loading conditions. Krieger et al. [13] analyzed the mixed-mode
fracture of EMC—copper using the CZM approach, and Raghavan et al. [14] developed
a framework based on the cohesive zone modeling approach to investigate interfacial
delamination in sub-micron-thick layers. However, none of these studies have examined
the behavior of the EMC-Si interface across varying temperatures. Consequently, this paper
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seeks to address this specific research gap by investigating the temperature-dependent
characteristics of the EMC-Si interface.

The properties of some materials, such as EMC, that are commonly employed to protect
and shield other fragile components from exterior conditions like heat, moisture, shocks,
etc., and silicon, one of the main materials used in microprocessors, have been thoroughly
investigated due to their vast array of applications, yet there has not been much focus on
studying the interfaces of these two materials when utilized in a semiconductor. The lack
of sufficient knowledge about how these interfacial properties change with environmental
factors, mainly temperature, poses significant challenges. This can lead to problems because
any damage at the interface may simply result in the initiation and subsequent propagation
of cracks through the component. Therefore, studying and analyzing the variation in
interface properties of these two materials with different temperatures is an important
barrier that needs to be taken in order to achieve further development of new products and
ideas. Because, as products get more sophisticated, the interaction between some of the
most common materials used in this sector turns into a pivotal aspect in making new ideas
come to life.

This paper aims to analyze crack propagation at the EMC-Si bi-material interface
under diverse temperatures and study interfacial damage evolution by determining the
interfacial cohesive contact characteristics of the examined bi-material interface. These
characteristics are essential for designers and engineers to forecast interface strength and
durability, especially under Mode I (tensile or opening mode) loading conditions. Therefore,
the cohesive zone model was essential to simulate the interfacial failure of the joint.

2. Materials and Methods
2.1. Design and Geometry

This study focused on the EMC-Si interface. EMC and silicon are typically joined
through a process that involves the application of heat and pressure during the molding
process [15,16]. The EMC, which consists of thermosetting epoxy polymers, is deposited
on the silicon wafer, allowing it to cure and create a strong adhesive bond between the
two materials. This bond is crucial for the reliability of electronic packages, helping to
prevent void formation and interface delamination. Figure 1 is a technical illustration
of the wafer’s layers; the specimen also comprises an inbuilt gold layer that serves as a
pre-crack to facilitate crack propagation along the bi-material interface during the DCB
(double cantilever beam) quasi-static tests.

Epoxy Mould compound (EMC)

Pre-Crack |

Silicon

Figure 1. Schematic representation of the tested specimens.

In consideration of the DCB testing setup in universal testing machines, the width and
length dimensions have been thoughtfully pre-selected to ensure compatibility, and the
holes incorporated into the steel bars serve the purpose of applying load to the wafers via
loading pins. The technical dimensions of the DCB and the loading pin reference point can
be seen in Figure 2.
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Figure 2. Illustration of the dimensions of the DCB (all dimensions are in mm).

2.2. Materials

The relevant mechanical properties of EMC and silicon are given in Table 1. It should
be noted that silicon exhibits anisotropic behavior [17]; the possible values of Young’s mod-
ulus (E) for silicon range from 130 to 188 GPa [18]. For silicon in the <100> crystallographic
direction, the Young’s modulus is typically around 130 GPa [19]. This value is commonly
used in simulations and approximations, especially in contexts where a simplified model
is appropriate to describe the mechanical behavior of the material. Among the materials
comprising the wafers, silicon is the most common material to be found in semiconductors,
with its ultra-high purity single crystal structure and very brittle characteristics, which play
a critical role in the operation of computers, smartphones, and various other electronic
gadgets. Another advantage of using a semiconductor, such as silicon, is that at low tem-
peratures the electrons are held in place by covalent bonds, acting as insulators. However,
at higher temperatures, these electrons gain enough energy to break free from their bonds
and move about the crystal lattice, allowing conduction to occur.

On the opposite side, EMC is essentially a ductile glass-fiber-reinforced epoxy made of
silica, hardener, epoxy resin, and, optionally, other fillers and additives that play a vital role
in protecting circuits on semiconductor devices from moisture, heat, and shock. It can, not
only enhance the reliability of the component by minimizing the impact of electromagnetic
interference (EMI) from external sources but also play a vital role in packaging semicon-
ductor devices, where their interaction with silicon significantly influences the structural
integrity of these components [20,21].

Table 1. List of material properties [22,23].

. Ultimate Tensile . , . Young’s Modulus
Materials Strength (MPa) Poisson’s Ratio (GPa)
Silicon 165 0.28 130
EMC 90 0.38 24
Steel PM300 1020 0.33 210

Changes in temperature and humidity can influence the interfacial strength [24].
Moreover, adding a very thin layer of a different material may contribute to a better
interface contact and, thus, a higher Gj.. The reason behind choosing gold as a pre-crack
material is because it is an inert material and has a low bonding strength with silicon and
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EMC; this way, the chemical reactions that may occur between silicon or EMC and gold
can be neglected.

It is important to note that when the wafers are produced, EMC and silicon are merged
at high temperatures. During the curing and cooling processes, the materials may warp,
resulting in residual stresses that must be considered. Introducing an initial defect such as
a pre-crack minimizes the chance of peak loads prior to delamination.

Two different adhesives were used. One for testing at room and low temperature,
Scotch Weld 163-2K (3M, Saint Paul, MN, USA), and another one for high temperature,
Delo Monopox AD286 (DELO, Windach, Germany). This was necessary due to the loss
of mechanical properties with high temperatures of the first adhesive. The parameters for
both adhesives were given by the producer and can be seen in Table 2.

Table 2. Adhesive properties.

. Tensile Strength . , . Young’'s Modulus
Adhesive [MPa] Poisson’s Ratio [GPal
Delo Monopox
AD236 64 - 3.8
Scotch Weld 163-2 48.3 0.34 1.1

According to the literature, silicon properties’ variation with temperature can be
ignored [25]. As for the EMC, the variation in its properties with temperature relies heavily
on its composition. EMC is a composite made with epoxy and fillers, and if, for instance, its
ratio changes from producer to producer, it is hard to tell how the variation in its properties
with temperature may occur [21,26]. Although there is strong evidence that with higher
temperatures, EMC'’s Young’s modulus decreases, this variation did not significantly affect
the numeric simulations.

2.3. Manufacturing Process

The manufacturing process starts with surface preparation of the steel bars and wafer
surfaces. The first step is sandblasting the steel bars. This technique enhances surface
roughness while deeply eliminating and cleaning contaminants and leftovers, guaranteeing
this way superior adhesion. Then, spare sand and dust are then removed from the steel
bars with the aid of compressed air and afterward cleaned with acetone.

The preparation of the wafer starts by applying 800-grit sandpaper at 45° angles.
The surfaces are then cleaned with acetone and followed by a plasma treatment of 6 s on
each face. This process enhances the surface energy of the EMC by approximately 200%,
facilitating the application of the adhesive in them and, also, a better adhesion to the steel
substrates [20]. After this, two layers of tape are applied to the sides of the wafer to prevent
any excess adhesive from flowing out and to bind the interface at the sides.

Following the preparation of the bar and the wafer, it is necessary to use a mold to
regulate the alignment of the DCBs and the applied pressure during the curing process
(Figure 3). The adhesive is then manually applied. The curing process is carried out at a
temperature of 120 °C for 90 min with the use of three 1 kg masses that are placed on the
top aluminum plate along the length of the wafer.

The mold consists of two aluminum plates with small holes designed for inserting
pins to secure the DCBs in position. Nevertheless, given the short length of the steel bars
employed in the DCB assembly, it is imperative to incorporate spacers behind them to
ensure a snug fit onto the mold. Not only that, but tapes also (with the wafer height) were
positioned on the extremities of the wafer to ensure a more compact fit of the weights
during the curing process.
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Figure 3. DBC joint in the mold and application of adhesive.

2.4. Test Procedure

After completing all the steps mentioned and removing the tape and eventual excess
adhesive covering the edges of the wafer, the DCB joints will be tested under three different
conditions: room temperature (around 23 °C), low temperature (—20 °C), and high temper-
ature (100 °C). It should be noted that all tests are conducted at a relative humidity of 50%
to 60%. This variation in the relative humidity has a negligible impact on the results.

During the room temperature and low-temperature testing procedures, the INSTRON
8801 (INSTRON, Norwood, MA, USA) machine was used, and the displacement rate for
the tests was set at 0.2 mm/min. The load was applied using a Mode I loading tech-
nique throughout the test. For both low- and high-temperature testing, a thermocouple
(see Figure 4) was used to measure the temperature accurately during the test. By plac-
ing the thermocouple on the specimen or within the testing apparatus, it is possible to
monitor temperature changes accurately and adjust as needed to maintain the desired
testing conditions.

Thermocouple 3

, Wafer
supported by
i steel beams

o igh
temperature
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Figure 4. Testing procedure under low and high temperatures.
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The machine’s retrieved data were treated using the Compliance-Based Beam Method
(CBBM). This method assists in discerning the energy release rate of a crack without
requiring direct measurement of its size during testing.
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Instead, the compliance (C) of the specimen is used to calculate an equivalent crack
length (a.;) using Equation (1). This equivalent crack length is then utilized in Equation (2)
to determine the critical fracture energy. Equation (2) includes various parameters such
as the modulus of the specimen (G), the flexural modulus (Ef), which is obtained from
Equation (3), the load (P), the thickness of the substrate (1), and the width of the specimen
(B) [20,22].

This method relies exclusively on the joint’s compliance, which is ascertained by
measuring the load (P) and displacement (J) values during the experiment. By utilizing this
compliance, it becomes possible to estimate both the equivalent crack length (a.;) and the
critical fracture energy (Gj.) with a high degree of accuracy. CBBM’s superiority to classical
methods stems from its consideration of the fracture process zone (FPZ) (located ahead of
the crack tip), which can greatly impact the fracture behavior of adhesive joints. The FPZ is
a critical area at the crack tip where complex interactions, such as micro-cracking and plastic
deformation, significantly affect the material’s response to loading. The energy dissipated
within this zone must be accounted for when evaluating fracture toughness, particularly
for ductile adhesives that exhibit considerable deformation during crack propagation. The
FPZ influences the overall fracture toughness by absorbing energy. This absorption is
paramount in preventing catastrophic failure and can lead to an increase in the effective
fracture energy measured by tests using the CBBM. The method’s flexibility allows for
adjustments to the calculated elastic modulus to account for the differing energy dissipation
patterns in varying adhesives and joint configurations, thereby enhancing accuracy [27].
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The flexural modulus represents the stress concentration around the crack tip and is
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affected by the substrate dimensions (i and b), the initial crack length (ap), the adherent
shear modulus (G), and the initial compliance (Cp). C in Equation (1) is calculated by the
ratio of displacement (J) to the applied load (P). A correction factor for the crack length (A)
is applied and determined by Equation (4)
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To accurately interpret the experimental values, it is important to have a numerical
model that defines how the crack propagates. The interaction between silicon and EMC
is influenced by the stiffness coefficients, maximum traction, and fracture energy of the
interfaces. Since the value of Gy, is already known, an inverse approach was used to
determine the stiffness and maximum traction. This involved testing different values for
the two parameters and analyzing the resulting load—displacement curve. The final values
for maximum traction and initial stiffness were determined when the experimental and
numerical load—displacement curves matched.
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All these parameters are important for a CZM analysis, which has been widely used
for modeling crack propagation through interfaces. This technique works on the basis that
there is a unified surface where damage can occur and spread.

2.5. Numerical Simulation

From the experimental values retrieved from the quasi-static tests, an iterative process
using an inverse CZM approach was employed. The simulation tried to match the load—
displacement curves obtained experimentally by manipulating the values for initial stiffness
and maximum traction.

2.5.1. Cohesive Behavior

Cohesive elements are designed to simulate crack growth and cohesive behavior
within a homogeneous material. However, they may not capture the intricacies of interface
failure in the EMC-Si bi-material system. Accordingly, cohesive surface or cohesive contact
is the best choice for our specific application, since it provided a more robust solution
for the observed failure mechanisms. This approach assumes the existence of a cohesive
surface through which the damage will initiate and propagate through.

CZM is a model that uses the cohesive law to predict the behavior of materials under
fracture while regarding fracture formation as a gradual phenomenon (see Figure 5a),
where the crack propagation is resisted by cohesive tractions. The interface exhibits varying
degrees of damage along its length, with the crack tip showing the most severe damage,
as indicated by higher values in Figure 5a. The damage decreases for points farther from
the crack tip, eventually reaching zero. The damage index ranges from 0 (no damage) far
from the crack tip to 1 (complete failure) at the crack tip. Figure 5a also demonstrates that
traction on the crack surfaces is lowest near the crack tip and increases with distance from
the crack tip. The traction-separation curve in cohesive contact represents the cohesive
forces and energy dissipation at the bi-material interface between two adjacent surfaces
that are modeled as a distinct region with its own material properties and behavior.

(a) (b)

Glc

Failed Cohesive zone
(partially damaged) F
p: 60| 5 |

‘)

Figure 5. (a) CZM visual approach and (b) CZM traction separation curve.

Three parameters are required to conduct a triangular CZM analysis (Figure 5b):
fracture energy, initial stiffness, and maximum traction. The Gy, was obtained experimen-
tally; as for the other two, an inverse cohesive contact method was utilized, where values
for maximum nominal stress and initial stiffness were applied until the numerical and
experimental load—displacement curves matched.

The slope of the initial segment (5 < 6°;) indicates the typical cohesive stiffness, while
00 represents the maximum traction in this model. When 4°; is reached, damage begins at
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0 and progresses until it reaches 1 at 67}. At this point, tension decreases to zero, indicating
the absence of interactions between the contacting surfaces.

The damage gradually spreads along the bi-material interface, affecting each point to
varying degrees. Notably, the damage at the crack tip is more severe, with higher values
observed. However, as one moves away from this location, the level of damage decreases
and may even reach zero. The damage index ranges from 0 (indicating no damage) for
points far from the crack tip to 1 (indicating complete element failure) for the crack tip itself.

2.5.2. Numerical Model

The dimensions used for both the wafer and the steel bars are the ones mentioned in

the previous section, with the exception for the adhesive thickness, which was added to
the simulation with a value of 0.15 mm (on both sides). The modeled bonded joint, as well
as the different zones of the part, can be seen in Figure 6.

Adhesive
layers

EMC

Figure 6. DCB assembly and different parts (wafer).

The selected simulation method was quasi-static analysis, and considering the geomet-
ric configuration, it is imperative to establish interactions among the manufactured compo-
nents to ensure a precise simulation of DCB’s behavior on Abaqus software (2021). Empiri-
cal tests have revealed crack propagation occurring between the silicon and EMC interface.
Hence, a cohesive zone model was used to define the damage path along these interfaces.

Three constraints, more specifically two couplings (RP-1 and RP-2) and the fixed tip,
had to be defined. The two couplings in the center of the holes of the DCB, the second
ones from right to left, simulate the place where the vertical load was applied during
the experimental tests. Moreover, all the interfaces, except the EMC-Si surface, were tied
together, as can be seen in Figure 7.

To simulate the displacement applied through the loading pins, the y-axis displace-
ment was set to 1.5 mm, while the other two axes were not constrained. The simple support
only had the y-axis displacement constrained. These conditions restrict the model’s y-
directional movement and bottom bar rotations. A visual representation of each boundary
condition in the DCB can be seen in Figure 7.

To better simulate the pre-crack, a frictionless contact was added for the first 2 cm
(pre-crack length) of the wafer geometry, as shown in Figure 7. The CZM contact properties
were then defined for the EMC-Si interface, more specifically the Gi. and the viscosity
coefficient, and the other two parameters, the elasticity module and the shear tension, were
estimated to begin the inverse cohesive approach.
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Simple support

Frictionless Contact (pre-crack) Cohesive Contact

Figure 7. Loading and boundary conditions (the load was applied to RP-1 while RP-2 was simply
supported.

In order to obtain a simple but refined mesh, a global mesh with a medium density of
0.1 mm was applied in the entire wafer, and a local mesh with a maximum element size of
3 mm and a minimum element size of 0.1 mm was used along the steel bars. The DCB’s
mesh geometry can be observed in Figure 8. All the mesh element types are 4-node bilinear
plane stress.

Figure 8. Mesh configuration.

As mentioned before, it is needed to develop a cohesive law that can accurately predict
damage propagation; an iterative approach was utilized. This involved determining the
values of the cohesive zone properties that would yield a similar curve to the experimental
one. The final values were determined once the curves matched each other. The same
procedure was used for the other temperatures.

3. Results and Discussion
3.1. Failure Mode

Considering the experimental results, it was discovered that the crack did not always
propagate exclusively at the bi-material interface but instead partially or entirely through
another layer of the tested wafer. Consequently, the results may vary according to their
corresponding failure mechanisms, which include interfacial failure (when the crack propa-
gated through the bi-material interface), silicon failure (when the crack extended into the
silicon layer of the wafer), and mixed failure (when the crack simultaneously propagated
through the bi-material interface and the silicon layer); see Figure 9. It is worth noting that
the weakest part of the joint is the one to which the crack will extend.
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Figure 9. Different types of failure modes in wafers.

According to Oh et al. [3], interfacial failure is due to low EMC/Si interfacial adhesion
strength. They concluded that plasma treatment could significantly enhance the adhesion
strength of the EMC/Si chip interface by removing the contamination and forming the
functional groups like carboxylic acids on the surface of the Si chip. These carboxylic acid
functional groups can improve the interfacial adhesion by reacting chemically with the
epoxy and thus providing a mechanism of interfacial bridging through the formation of
covalent bonds, leading to better adhesion strength.

Xiao et al. [28] confirmed that the failure path of delaminated EMC/Cu samples
depends on the loading mode mixture, environmental conditions, and surface roughness.
Their analysis of various delaminated specimens revealed three scenarios. First, chunks of
molding compound remained on the leadframe surface, with heights up to several tens of
micrometers. These chunks contained less filler than the bulk molding compound, and their
distribution depended on the load mixture and temperature conditions, leading to holes in
the EMC counterparts. In the second scenario, cracking occurred at texture features on the
leadframe surface, where deep trenches were filled with sheared-off molding compound.
The third scenario involved clean detachment of the EMC from the leadframe surface.

According to Tian et al. [16], the entry of H,O and O, through polymer-based epoxy
plastic sealers or polyimide (PI) layers can lead to corrosion and oxidation reactions.
These reactions, combined with pre-existing thermal stresses, result in hybrid delamination
failures at the interface. They suggest that addressing delamination failures can be achieved
through two primary methods: enhancing production process technology or altering the
structure or material of the device package.

Schlottig et al. [2] observed that kinking cracks in the silicon material were primarily
caused by flaws in the silicon strip flanks. They emphasized the importance of careful
handling of this part of the sample during the preparation steps to avoid pre-damage. The
flaws were predominantly found at the flanks of prototype samples, resulting in cracks in
every experiment.
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3.2. Experimental Results

All three testing temperatures revealed an interfacial failure mode during the initial
moments of testing. However, under low temperature, crack propagation across the
wafer displayed a mixed mode failure after 8 mm of interfacial failure. This last phase,
characterized by the unpredictability of the crack show, has not been subject to study. The
quasi-static Mode I experimental results for the three temperatures are shown in Figure 10.
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Figure 10. Comparison of (a) the experimental load-displacement curves and (b) the experimental
R-curves at the respective temperatures.

The experimental results shown in Figure 10a,b are load—displacement and R-curves
for six specimens at three different temperatures. As for Table 3, the results presented for the
room temperature are a mean of two tests carried out during the experimental procedures;
the low temperature values shown were obtained from a mean of three experimental tests
conducted, and for high temperature, only one result was obtained.
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Table 3. Comparison of the interfacial properties at different temperatures.

Gic (N/mm) Failure Mode
Room Temperature (23 °C) 0.05 £ 0.001 Interfacial
Low Temperature (—20 °C) 0.13 + 0.005 Interfacial
High Temperature (100 °C) 0.37 Interfacial

It is important to notice that the value of the parameters for the room temperature
curve is lower than that of the other curves. Theoretically, there must be a correlation
between the variation in values from low to high temperatures. This anomaly can be
explained by the residual stresses that are significantly changed by changing the testing
temperature. This factor affects the behavior of the wafer and the tested joint. Defining
loading conditions is often not straightforward because stresses can be introduced through-
out the processing history. Typically, the constituents are stress-free at the processing
temperature, but chemical stressors like migration, oxidation, or polymerization can still
occur at this stage [29]. These residual stresses are usually compounded by stresses induced
by thermal mismatches during cooling from the processing temperature or environmental
temperature fluctuations, as well as time-dependent properties such as Young’s modulus
(because of the viscoelastic behavior of EMC) [29]. At low temperatures, materials typically
exhibit increased stiffness and reduced ductility. The differences in thermal contraction
rates between the polymer matrix (EMC) and the silicon layer lead to higher locked-in resid-
ual stresses [5,30,31]. In addition to this, the residual stress induced in the previous steps of
wafer production and DCB manufacturing is also re-distributed by changing the testing
temperature. At 23 °C, there is some degree of molecular mobility within the polymer
matrix, allowing for partial relaxation of the previously induced residual stresses. However,
this relaxation may still be insufficient to significantly improve energy absorption during
fracture due to the material’s inherent properties at this temperature. Room temperature
behavior can be influenced by competing effects; while some residual stresses may be
relieved, the low toughness of the polymer at this operational range may not facilitate effec-
tive energy dissipation, resulting in the lowest measured Gj, observed in the experiments.
The stress distribution might still manifest as tension at the crack tip, which could make
the material more susceptible to crack propagation at this temperature, further lowering
the fracture energy. At elevated temperatures, the polymer matrix experiences significant
thermal activation. The molecular mobility increases, allowing for the redistribution and
relaxation of residual stresses. This thermally driven process helps mitigate the tensile
stresses that may have been present at lower temperatures. As a result of stress relaxation,
the material can undergo larger deformations before fracturing, leading to an increase in
the energy absorption capability. The fracture energy observed at this temperature stands
at G = 0.37 N/mm, reflecting a significant enhancement in toughness.

3.3. Numerical vs. Experimental Results

- Room Temperature
The numerical simulation for the room temperature curve gave us a good approxima-
tion, with a maximum experimental load of 260 N and a fracture energy of 0.051 N/mm, as

can be seen in Figure 11. The CZM parameters obtained were 720 MPa/mm for the initial
stiffness and a maximum tensile strength of 31 MPa.
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Figure 11. Comparison of numerical and experimental load—displacement curves at room temperature.

As observed in Figure 12, the decline in value for the numerical Gj. happens after its
peak. The explanation for this phenomenon resides in the numerical load-displacement
curve format. In contrast with the experimental load—displacement curve, the numerical
curve presents the steepest decline in maximum load after its peak. This can possibly be
explained because mixed failure in crack propagation occurs after an initial interfacial
failure. The CZM model describes only crack propagation between a bi-material interface
(EMC-Si).
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Figure 12. Comparison of numerical and experimental R-curves for the EMC-Si interface (Room
temperature).

- Low Temperature

For the tested configurations at low temperature (—20 °C), after damage initiation,
the initial crack propagation, after peak loads, shows a relatively abrupt reduction in load.
The first peak of maximum load sits around 420 N (Figure 13), and the CZM parameters
obtained were 650 MPa/mm for the initial stiffness and a maximum tensile strength of
around 48 MPa. The R-curves are shown in Figure 14.
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Figure 13. Comparison of numerical and experimental load-displacement curves at low temperature.
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Figure 14. Comparison of numerical and experimental R-curves for the EMC-Si interface (low
temperature).

- High Temperature

At high temperature (100 °C), a maximum load of around 850 N with a fracture energy
of 0.37 N/mm can be observed (Figure 15). For the CZM parameters, an initial stiffness of
1200 MPa/mm and a maximum tensile strength of 120 MPa.

Given that wafers are assembled at high temperatures and are composed of a different
range of materials, each with different coefficients of thermal expansion, there are stresses
distributed through these specimens, which can alter the properties of the interface. This
can impact the results obtained; for example, it is possible that at lower temperatures these
stresses contribute to an easier delamination, allowing one to achieve lower mechanical
properties at low temperatures than at higher temperatures.

It should also be considered that since wafer manufacturing is carried out at high
temperatures, the redistribution of thermal stresses can play a great influence on the
variability of results of low vs. high temperature testing. It is important to highlight that
T, of the epoxy can vary significantly within a range based on different curing conditions
and formulations, typically measured between 120 °C and 190 °C for various epoxy
systems [2,8,28]. The high-temperature conditions tested are close but still below the
T, of the EMC. This also may affect the results at high temperature. In EMC interfaces,
interfacial strength only exhibits a significant decrease after reaching a testing temperature
of around 150 °C [8]. This can be attributed to the glass transition temperature (Ty) of the
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EMC, which causes the EMC to shift from a hard and glassy state to a soft and rubbery
state, accompanied by a significant decrease in Young’s modulus (up to 90% decrease),
leading to a considerable loss of interfacial adhesion strength.
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Figure 15. Comparison of numerical and experimental load—displacement and R-curves at high
temperature (100 °C).

The numerical results were, as mentioned before, obtained from the iterative pro-
cess that employed the inverse CZM approach, and the values presented in Table 4 are
representative of the last iteration.

Table 4. Numerical simulation parameters.

Initial Stiffness Gre Max. Tensile
(MPa/mm) (N/mm) Strength (MPa)
Room Temperature (23 °C) 720 0.051 31
Low Temperature (—20 °C) 650 0.13 48
High Temperature (100 °C) 1200 0.37 120
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4. Conclusions

In this study, crack propagation and interfacial failure at the EMC-Si bi-material in-
terface under varying temperatures were analyzed using experimental and numerical
approaches. The study was driven by the imperative need to enhance understanding
of material interfaces at different service temperatures crucial to the semiconductor in-
dustry’s development. Through experimental mode I fracture tests, valuable data on
fracture energy and crack propagation behavior under different temperature conditions
was obtained. The results showed significant temperature-dependent variations in fracture
behavior, highlighting the complex interactions of thermal and mechanical stresses at the
bi-material interface.

Additionally, numerical simulations using CZM allowed for a deeper understanding
of damage propagation and interface behavior. By employing an inverse contact CZM
approach, numerical simulations were matched with experimental data, determining this
way the cohesive properties of the interface under study. For room temperature testing,
the results showed an initial cohesive stiffness of 720 MPa/mm and a maximum traction
of 31 MPa. For low temperature, these parameters are 650 MPa/mm and 48 MPa for the
stiffness and traction, respectively. And last, for high-temperature testing, the findings
were 1200 MPa/mm for the initial stiffness and 120 MPa for the maximum traction. As the
results show, a linear relationship of fracture energy with temperature was not observed,
as the fracture energy at room temperature was lower than at low and high temperatures.
It should be noted that thermal stresses in the tested wafers may significantly contribute to
the failure mechanism and mechanical properties.

Understanding the behavior of bi-material interfaces is crucial for optimizing the
design and durability of microelectronic devices, which play pivotal roles in various
sectors, including health, communication, security, and education. Still further analysis is
required to better understand the interaction effects of thermal and mechanical stresses on
the fracture response of such bi-material interfaces.
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Abstract: This paper focuses on investigating the use of low-pressure oxygen plasma as a surface
treatment aimed at enhancing the wettability and dyeability of cotton fabrics for use in textiles and
footwear materials. Plasma activation modified the cotton fabric surfaces, increasing their affinity
for polar liquids. The research thoroughly characterised the treated fabrics through a combination
of analytical methods and physical testing. Plasma treatment was performed using a 13.56 MHz
RF generator at 90 W power, with an oxygen flow rate of 500 sccm and a pressure of 0.30 mbar, for
treatment durations of 30, 60, and 120 s. Changes in surface chemistry were analysed with XPS,
while SEM was used to observe morphological changes. Static water contact angle measurements
confirmed a reduction from 128.5° in untreated cotton to 25.6° in samples treated for 30 s, indicating
a significant increase in hydrophilicity. Water absorption tests showed a maximum absorption
capacity of 119.6% after 60 min for plasma-treated samples, compared to 65.7% for untreated cotton.
Contact angle measurements verified that surface hydrophilicity increased following the treatment.
Furthermore, physical tests, such as rub fastness, colourimetry, and water absorption, were carried
out to evaluate improvements in wettability, dyeability, and overall performance. The results showed
notable enhancements in the wetting properties of cotton textiles, enabling better absorption of water
and dyes, along with improved fixation. The comprehensive characterisations provided insights
into the mechanisms behind these improvements. This research offers a sustainable approach for
the textile industry, as plasma technology is a dry process that enhances dyeing efficiency while
maintaining fabric performance and lowering environmental impact.

Keywords: oxygen plasma activation; wettability; dyeability; cotton fabric; textile; footwear; surface
treatment

1. Introduction

Textiles, comprising materials such as cotton, silk, wool, and various other fabric
constituents, play a pivotal role in diverse applications, including clothing, footwear, home
furnishings, medical products, automotive interiors, and industrial gear. Additionally, they
serve purposes in civil engineering, sports equipment, aerospace and defence, agricul-
ture, and environmental applications, showcasing their wide-ranging utility [1]. Among
these, cotton is globally valued for its biodegradability, comfort, and versatility across
industries, making it a cornerstone of textile production and a key material in sustainable
practices [2,3]. Within the clothing and footwear industry, the differentiation between
hydrophobic and hydrophilic properties holds utmost importance [4,5]. Depending on
the specific product type and its intended use, a diverse range of textile characteristics is
needed. In the realm of both sectors, there is a perpetual quest for textiles to inherently
exhibit hydrophobic properties, thereby repelling water. However, in certain scenarios, it
becomes imperative for textiles to possess innate hydrophilicity, fostering an affinity for
water. This hydrophilic trait facilitates enhanced dye absorption during the textile dyeing
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process, proving indispensable in the clothing and footwear industry for achieving the
desired aesthetics and uniformity [6].

In the pursuit of textiles with heightened hydrophilicity, conventional chemical treat-
ments have been employed. There are several chemical processes and methods that can be
used to improve the dyeing of cotton, such as cold pad-batch dyeing, continuous dyeing,
alkali for dye fixation and hydrolysis, enzymes for pre-treatment, plasma treatment for
surface modification, supercritical fluid dyeing, ultrasonic-assisted dyeing, and microwave-
assisted dyeing, among others. These methods can be used to control different variables
such as temperature, time, pH, liquor ratio, and auxiliaries to achieve optimal dyeing
results [7]. However, some of these treatments may have adverse impacts on the environ-
ment and human health. For instance, certain treatments involve the use of surfactants
(R-SO4-Na+), chemical compounds that reduce the surface tension of water to promote
liquid absorption. While surfactants are effective in this regard, the discharge of these
compounds into wastewater without proper treatment can have detrimental effects on
aquatic ecosystems [8-10].

Moreover, specific chemical treatments utilised to enhance textile hydrophilicity may
encompass substances that raise environmental and health concerns. An example could be
the use of chemicals to improve water and dye absorption in textiles through the application
of agents such as chlorophenols (C¢Hs_,Cl,OH), formaldehyde (CH,O), and aromatic
amines (R-NHj). Aromatic amines are chemicals used to improve colour fixation in textiles,
but some of them are carcinogenic. Formaldehyde is used to improve the wrinkle resistance
and durability of textiles, but it is an irritant and can be harmful to human health. Therefore,
despite the advantages of improved hydrophilicity, it is important to take measures to
reduce the presence of these chemicals in the textile dyeing process and find safer and
more sustainable alternatives, as they can raise substantial environmental concerns related
to air quality and public health [11,12]. Furthermore, these conventional treatments often
result in significant wastewater throughout their various processing stages, exacerbating
the strain on water resources and increasing the environmental footprint of the textile
industry [13]. For instance, conventional dyeing processes can generate up to 200 L of
wastewater per kilogram of cotton, placing significant pressure on water resources and
contributing to pollution [14].

To address these concerns, the textile industry is actively exploring more environmen-
tally friendly alternatives to enhance textile hydrophilicity for dyeing applications [15-17].
This includes the development of treatments utilising natural enzymes or biodegradable
polymers in lieu of synthetic chemicals [18-20]. Additionally, some researchers are looking
for innovative approaches, such as low-pressure and atmospheric-pressure plasma activa-
tion, aligning with environmentally responsible practices [21,22]. These alternatives aim
to maintain or enhance textile hydrophilicity without resorting to chemicals that may be
detrimental to the environment and human health. Furthermore, researchers are investi-
gating methods of characterisation and analysis to assess the effects of these treatments
on the structure and properties of textiles [23]. Unlike other methods, low-pressure oxy-
gen plasma treatment achieves surface modification efficiently while reducing water and
energy consumption, presenting itself as a promising alternative for sustainable textile
processing [24,25].

Therefore, methods like low-pressure plasma activation with oxygen are being looked
into as long-term ways to make textiles more water-related, which is in line with prac-
tices that are good for the environment. Plasma treatment, particularly low-temperature
plasma, offers a versatile application to various fabric types, resulting in surface property
modifications while preserving bulk characteristics [26]. These plasma surface treatments
come with significant advantages, including the promotion of self-cleaning effects [27],
an increase in micro-roughness [28], the generation of radicals to achieve hydrophilic
surfaces, water-repellence, antibacterial properties [29,30], sterilisation benefits [31], and
the enhancement of antistatic properties [32].
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Moreover, plasma treatments contribute to improved dyeing and printing quality in
materials and increase the adhesion strength between dye and textiles [33]. In comparison to
conventional processes, plasma treatment brings several notable advantages to the table: it
represents a super dry process modification without the use of water (water consumption is
reduced by 100%), ensuring reliability and safety; it entails minimal chemical consumption
(chemical consumption is reduced by 80%); it efficiently modifies materials that are typically
challenging to change; it requires a short processing time (energy consumption is reduced
by 50%); and it minimises wastage [34,35].

Multiple studies have explored the surface modification of cotton and various other
textiles using plasma technology to enhance their dyeability and surface properties. How-
ever, previous studies have often faced challenges related to treatment durability, scalability,
or inconsistencies in controlling the dyeing process. Addressing these limitations, this work
provides a robust, quantitative assessment of low-pressure oxygen plasma treatment for
cotton, highlighting its potential for industrial scalability [36]. Ullah et al. [37] examined
how low-pressure glow discharge (LPGD) air plasma treatment affects jute—cotton blend
fabrics. The treatment improved surface morphology, wetting ability, and water absorption
in the fabrics, resulting in more intense colours when dyed. This plasma-based approach
could be an environmentally friendly option to enhance jute and cotton textiles, promot-
ing sustainable products. Similarly, El-Khatib et al. [38] did a full comparison study of
how plasma treatment affected a wool/polyester mix using different plasma gases like
oxygen, nitrogen, and air. The research encompassed a multifaceted evaluation, including
wettability, whiteness index, surface morphology, mechanical properties, dyeability, and
fastness properties, obtaining a discernible enhancement in colour intensity among the
plasma-treated samples, demonstrating the positive outcomes attributed to the specific
gases utilised in the process. Karahan et al.’s [39,40] study illustrated the potential of
low-pressure plasma treatment on cotton fabrics. They discovered that argon plasma was
better than air plasma at making materials more hydrophilic and wickable. They think
this is because noble gases have an etching effect that makes materials better. Similarly,
Bhat et al. [41] observed significant increases in the wettability of grey cotton fabrics follow-
ing atmospheric air plasma treatment, primarily due to the introduction of polar groups.
Furthermore, Zemljic et al. [42], Cai et al. [43], Persin et al. [44], and Hwang et al. [45]
demonstrated that when treated with either atmospheric pressure plasma or low-pressure
plasma, the water contact angle of different textile sources can be decreased, improving the
dyeability of the final product.

These collective studies demonstrate the diverse methodologies and positive outcomes
of plasma treatment for textiles, enhancing their dyeing capabilities and modifying their
surface properties in different ways [40,46].

This study explores textile surface engineering to enhance cotton fabric dyeability
through low-pressure oxygen plasma activation, aiming for industrial application in dyeing
processes. A range of analytical techniques and physical tests were employed to characterise
the treated fabrics. By employing advanced techniques such as XPS for surface chemistry
analysis and SEM for morphological evaluation, this study provides a comprehensive
and quantitative understanding of the effects of low-pressure oxygen plasma treatment
on cotton fabrics. Moreover, physical tests, including water fastness, spray resistance,
colourimetry, permeability, and water vapour absorption, were performed in order to
observe any significant improvement in wetting properties. Thus, this study aims to
explore low-pressure oxygen plasma treatment as a sustainable solution for improving
cotton dyeability and surface properties, aligning with the demand for efficient and eco-
friendly textile manufacturing practices.

2. Materials and Methods

The materials and sample preparation were as follows. Raw cotton, provided by
Poveda Textil S.L. (Elda, Spain), was activated using a low-pressure plasma process for
footwear and textile applications. The fabric is 100% cotton, with two warp and four
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weft threads, weighing 480 g/m? and a thickness of 0.93 & 0.05 mm. Carburos Metalicos
S.A. (Barcelona, Spain) supplied oxygen (O, 99.995% purity) as the gas precursor for the
activation process. For dyeing both untreated and treated samples, Zaneline (Madrid,
Spain) provided the reactive dye, Panreac Quimica S.L. (Barcelona, Spain) supplied sodium
hydroxide (NaOH, 98.0% purity), and sodium chloride (NaCl, 99.5% purity) came from
Merck Life Science S.L.U. (Madrid, Spain).

Secondly, A low-pressure plasma activation setup was developed for treating raw
cotton samples using a low-pressure plasma system (Diener Electronic Vertriebs GmbH,
Ebhausen, Germany) with a 24 L stainless-steel chamber and a dedicated sample holder.
The reactor is equipped with a 13.56 MHz RF generator, delivering up to 300 W of power,
and includes two gas inlet channels and a microdosing pump. It supports various plasma
surface modification processes such as cleaning, activation, coating, and etching, and it is
suitable for laboratory-scale applications. The chamber’s temperature can be controlled
during treatment. Sample designations and corresponding process parameters are shown
in Table 1 [47].

Table 1. Sample nomenclature according to the operating conditions of the plasma activation
treatments studied.

Cotton Samples Gas Precursor Time (s) Power (W)
AC-0 - - -
AC-0.5 O, 30 90
AC-1 O, 60 90
AC-2 Oy 120 90

Figure 1 visually presents the low-pressure oxygen plasma activation treatment of
cotton textiles, showing the transition from untreated to plasma-activated cotton. During
this procedure, raw cotton samples measuring 110 x 110 mm are placed inside the chamber
of the low-pressure plasma system. The chamber is first evacuated to a base pressure
of 0.10 mbar. Oxygen is then introduced via a mass flow controller at a flow rate of
500 sccm, allowing the pressure to stabilise at a 0.30 mbar, ensuring uniform distribution
of oxygen molecules throughout the chamber. Once the gas supply phase is complete,
the RF generator is activated at 90 W of power input, ionising the oxygen molecules and
generating oxygen plasma between 30 and 120 s of activation time. This plasma uniformly
spreads across the chamber, modifying the surface of the exposed cotton samples. The
process ends when the preset activation time is reached, at which point the plasma is turned
off. The chamber is then brought back to atmospheric pressure by venting air, after which
the treated samples are removed [47,48].

Low-pressure plasma
oxygen treatment

Untreated cotton

Plasma-activated cotton

. Oxygen species/radicals

° Positive ions

® Electrons

Figure 1. Sketch of the low-pressure oxygen plasma activation treatment of cotton textiles.
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On the other hand, to study the improvement of the dyeing capacity of the treated
samples, the samples must be dyed after plasma treatment. For this purpose, a well-
established dye bath method by the supplier of the reactive dye has been carried out [49],
where the following reagents were used. For every unit of the fabric’s weight, a 1.5%
proportion of reactive dye is employed. Additionally, a solution of sodium hydroxide
(NaOH) is prepared, consisting of 3.6 g of NaOH per litre of water. Sodium chloride (NaCl)
is introduced into the distilled water at a concentration of 50 g per litre.

The methodology for dyeing samples begins with immersing the untreated cotton
fabric in distilled water for 10 min to remove impurities. For treated samples, fabric is
placed in a 2 L beaker with a magnetic stirrer (700-1000 rpm). Sodium chloride is added,
followed by reactive dye, adjusted to the fabric’s weight. The fabric is mixed for 5 min,
after which sodium hydroxide is gradually introduced for dye fixation, following a specific
formula. The temperature is raised to 60 °C and maintained for 40-60 min. The fabric
is then cooled to room temperature in a controlled environment and finally rinsed with
1.5 litres of water to remove excess dye, ensuring colourfastness. Samples are drained
and dried at room temperature. For improved dye fixation, some samples were ironed
at 90 °C, with 3 bar pressure for 30 s. The ironing was conducted using a ‘cotton mode
for optimal heat and pressure. The process follows standard textile practices to ensure
reproducibility and aligns with industry norms. Figure 2 clearly outlines the dyeing process
performed on the cotton samples, detailing each step from fabric preparation to the final
dyed product. The diagram highlights key stages, including the addition of NaCl and
NaOH, reactive dyeing under controlled conditions, cooling, washing, drying, and ironing
of the cotton fabric.

’

M wo on

\0/%/0 o 3 s
W o Distilled NaCl . Reactive Cotton
R Y water \, \[ “ dye solution \[ fabric

Enmg _)E

COTTON FABRIC
‘ é\ ( NaOH
Room
temperature
E cooling E Dyeing
60" 40/60 min
Z
&
S DYED
COTTON Room
FABRIC emperature

Ironing

drying E

Figure 2. Sketch diagram about the dyeing process carried out for the different cotton samples.

Various characterisation techniques were employed, providing comprehensive in-
sights into both the chemical interactions and physical attributes of the treated fabrics. The
techniques used are as follows:

X-ray Photoelectron Spectroscopy (XPS): The chemical composition of both treated
and untreated samples was examined using X-Ray Photoelectron Spectroscopy (XPS) with
a Thermo Scientific K-ALPHA instrument in Waltham, MA, USA. XPS determined the
film’s chemical properties with a 3 mA current, 12 kV voltage, Al-K radiation, and Avantage
software analysis, version 5.9925. No pre-treatment was performed on the samples prior to
analysis to maintain their native state. A flood gun prevented charging. Technical Research
Services (SSTTI) at the University of Alicante carried out the XPS analysis.
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Scanning Electron Microscopy (SEM): Surface modifications and morphological analy-
ses of treated and untreated cotton samples were conducted using a JEOL IT500HR /LA
high-resolution scanning electron microscope with EDS capabilities. This system, featuring
a field emission gun, provides resolutions of 1.5 nm at 30 kV and 4.0 nm at 1 kV, operating
from 0.5 to 30 kV. The microscope is also integrated with a Raith Elphy Quantum EBL
system. Samples were analysed in their native state without any metal coating to preserve
the original surface characteristics. The analysis was performed by the Technical Research
Services (SSTTI) at the University of Alicante [47,50].

Static Contact Angles: A Theta Flow optical tensiometer (Biolin Scientific Oy, Espoo,
Finland) was utilised to assess the wettability of both treated and untreated surfaces.
Contact angle measurements were conducted using three 4 uL drops of a polar liquid
(distilled water, H,O) [51] in accordance with the EN 828 standard [52]. The measurements
were performed in a controlled environment of 23 £ 2 °C and 50 £ 5% relative humidity.

Colour Difference: Plasma-treated and untreated textile colour variation was assessed
using a portable CM600d spectrophotometer (Konica Minolta, Tokyo, Japan), in line with
ISO 105-J03:2009 [53]. This device accommodates samples of diverse sizes and shapes,
employing an 8 mm fixed aperture. At three central points on the sample, measure-
ments were taken with the lighting/observer combination D65/10°, with the specular
component (SPEX) taken out. The mean value of the colour difference CMC (AEcmc (l:c))
was determined.

Water absorption: Due to the lack of a standardised test method for water absorption
in textiles, ISO 22649:2016 has been used (method A) [54] to determine the water absorption
of the textile under static conditions. Prior to testing, the fabrics were oven-dried at 23 °C
for 24 h and 50% humidity to ensure consistent initial moisture content. This standard,
specific to footwear regardless of the material, involves immersing a test specimen of textile
mass in water for a specified period, followed by the measurement of the percentage of
water absorbed based on the mass. The oven used was sourced from Memmert GmbH + Co.
KG, Biichenbach, Germany.

Colour fastness to rubbing and fade: The colour fastness of textiles can be determined
by colour fastness to rubbing and colour fastness to water tests. Colour fastness to rubbing
of textiles according to ISO 17700:2019 [55] may be performed in three different test methods
(method A, method B, and method C) for evaluating the degree of colour transfer from the
surfaces of materials during a dry or wet rubbing process. The methods apply to uppers,
linings, and insoles, regardless of the material. Method D also applies to sewing threads
and laces. The methods are method A, a reciprocating abrasion tester with a square head;
method B, a rotary abrasion tester; and method C, a reciprocating abrasion tester with a
circular head. The methods apply to footwear uppers, linings, and insoles, regardless of the
material. Method B was used in the investigation. According to the standard, the samples
were tested both dry and wet using circular pieces of washed pure wool felt, rotating with
a force of 24.5 N at 15.6 rad /s for 200 revolutions. Colour fastness to water according to ISO
105-E01:2013 [56] was performed to determine the probability of sample colour bleeding
using a standardised multi-fibre textile. The change in colour of the sample and the staining
of the felt or the multi-fibre textile have been measured according to the ISO 105-A03:2020
standard [57], where the samples are observed using D65 light and tilted at 45 degrees. The
Grey Scale Rate for each determination was established.

3. Results and Discussion

This Section presents a detailed account of the experimental results, followed by their
interpretation and the corresponding conclusions derived from the experiments.

In the following Section, a detailed characterisation of raw cotton samples subjected
to low-pressure oxygen plasma treatment using X-ray Photoelectron Spectroscopy (XPS)
is being conducted. Figure 3 presents the XPS survey of raw cotton and plasma-oxidised
cotton samples, showing the binding energy spectra. The Figure highlights the presence of
oxygen (O 1s) and carbon (C 1s) peaks, indicating surface modifications induced by plasma
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treatment. The untreated sample (AC-0) exhibits prominent peaks for oxygen (O 1s) and
carbon (C 1s) at binding energies of approximately 532 and 285 eV, respectively [58]. In
contrast, the plasma-activated samples revealed a notable decrease in carbon peak intensity
and a corresponding increase in oxygen intensity, indicating the incorporation of oxygen-
functional groups, such as hydroxyl (-OH), ethers (-O-), and carbonyl (C=0), onto the
cotton surface. These surface modifications occur due to the oxidation of carbon-carbon
(C—C) bonds and the introduction of new chemical functionalities by the plasma treatment,
such as the formation of carboxyl groups (-COOH). These changes at the molecular level
have a significant impact on the chemical and physical properties of the treated cotton
surface, as seen below [59].

AC-2
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Figure 3. XPS survey of raw cotton and plasma-oxidised cotton samples.

As summarised in Table 2, the elemental composition data clearly show that carbon
content decreased significantly, from 86.64% in the untreated sample (AC-0) to 62.78% in
AC-0.5 and 62.14% in AC-1, followed by a slight increase to 65.49% in AC-2. This decline in
carbon is coupled with a significant increase in oxygen content, reaching 33.87% in AC-1.
Such changes confirm the effective removal of carbon-based contaminants and the oxygen
enrichment of the cotton surface. The O/C ratio increased notably, from 0.14 in AC-0 to 0.55
in AC-1, further highlighting the oxygen-induced surface modification. However, a slight
decline at extended plasma exposure (AC-2) suggests a saturation effect. Overall, oxygen
plasma treatment reduces carbon and increases oxygen on the cotton surface, enhancing its
properties for scientific and technological applications [59,60].

Table 2. Elemental composition of untreated and plasma-activated cotton samples.

Atomic Percentages (% at.)

Element
AC-0 AC-0.5 AC-1 AC-2
C 86.64 62.78 62.14 65.49
N 0.97 1.85 1.85 1.71
O 12.39 33.42 33.87 31.40
O/C 0.14 0.53 0.55 0.48

To gain further insights into the chemical species formed, the C 1s and O 1s peaks
were deconvoluted, and the resulting atomic concentrations are presented in Table 3. The
aliphatic carbon (C1s) drops from 54.36% in the control to lower levels in treated samples
(23.37% for 30 s, 24.55% for 1 min, 30.25% for 2 min), indicating C-C and C-H bond
breakdown due to oxidation. C-O species at 285.6 eV initially increase after 30 s but
decrease with longer treatment, suggesting dynamic surface modifications. Conversely,
the carbonyl group (C=0) at 286.4 eV decreases after 30 s but significantly increases with
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extended exposure, reflecting the formation of stable oxygen-functional groups due to
plasma exposure. Carboxyl content (287.9 eV) rises in all treated samples, indicating the
formation of these groups through oxidation processes [60].

Table 3. The atomic percentages (at%) of chemical species identified by XPS at the C1s and O1s peaks
for both untreated and plasma-oxidised cotton samples.

Element Species Binding Energy Atomic Percentages (% at.)
(eV) AC-0 AC-05 AC1  AC-2
C-C/C-H 284.6 5436 2337 2455 30.25
Cle C-0 285.6 1199  14.46 0.36 3.86
C=0 286.4 1530  10.30 22.70 18.22
0-C=0 287.9 499 1465 14.53 13.16
C=0/0-C=0 531.2 3.55 7.68 8.98 8.46
O-C/OH 532.6 573  18.86 23.25 20.12
Ols 0=C-0/0=C=0 533.8 222 629 1.64 2.82
0=C=0 536.2 0.89 0.59 0 0

For the O 1s spectrum, Figure 3 illustrates notable changes in the chemical environ-
ment of oxygen. As indicated in Table 3, the contributions of ketone groups (531.2 eV) and
ether/hydroxyl groups (532.6 eV) increase significantly in all treated samples, reflecting
their incorporation and oxidation produced on the cotton surface. Ester groups (533.8 eV)
exhibit dynamic behaviour, increasing after 30 s, then decreasing, followed by another
rise in longer treatments. Additionally, the peak at 536.2 eV, assigned to weakly adsorbed
CO; or volatile oxygen-containing species, completely diminishes with increased plasma
exposure [61]. This disappearance reflects a surface cleansing effect, where plasma treat-
ment removes loosely adsorbed contaminants. Detailed deconvolution results, including
spectra for all samples, are provided in the Supplementary Material (Table S1), offering
further insights into the chemical composition and bonding configurations at different
activation levels.

In summary, XPS analysis highlights substantial chemical transformations induced by
low-pressure oxygen plasma treatment. The reduction in aliphatic carbon content and the
incorporation of oxygen-functional groups, such as hydroxyl, carbonyl, and ketone species,
are key contributors to the improved surface properties observed in plasma-treated cotton.
These changes are directly linked to the enhanced hydrophilicity and dyeing performance
discussed in subsequent sections.

Furthermore, Scanning Electron Microscopy (SEM) analyses were conducted on sam-
ples of textile cotton subjected to low-pressure oxygen plasma treatments. Figure 4 presents
Scanning Electron Microscopy (SEM) images of the cotton samples at x 1500 magnification,
showing the progression in surface morphology from untreated cotton (AC-0) to plasma-
activated samples (AC-0.5, AC-1, and AC-2). The images clearly highlight the increasing
surface modifications as a function of plasma exposure time.

As illustrated in Figure 4, the untreated sample (AC-0) exhibits smooth fibres with
minimal texture, which is characteristic of untreated cotton. After 30 s of plasma treatment
(AC-0.5), slight surface changes are observed, indicating the onset of etching due to plasma
exposure. The 1 min treated sample (AC-1) shows a more pronounced increase in surface
roughness, enhancing surface area and wettability. Finally, the 2 min treated sample (AC-2)
displays the most significant morphological changes, with a substantial increase in surface
texture and roughness, suggesting a more advanced etching effect as a result of prolonged
exposure to the oxygen plasma. This increased modification improves properties such
as dye uptake, wettability, and fibre-to-fibre friction [59]. The progression from (a) to
(d) presents that low-pressure oxygen plasma treatment has a cumulative effect on the
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surface of cotton fibres, with more extended treatment times leading to greater surface
roughness. This can be associated with increased hydrophilicity and changes in other
surface properties due to the plasma treatment’s ability to remove surface impurities and
oxidise the fibre surface [62].

(b)

(0) (d)
Figure 4. Scanning Electron Microscopy (SEM) images obtained at x 1500 magnification for (a) AC-0,
untreated cotton sample; (b) AC-0.5; (¢) AC-1; and (d) AC-2, plasma-activated cotton samples.

The static water contact angle analysis investigated the impact of low-pressure oxygen
plasma on cotton fibre wettability. Table 4 presents the contact angle measurements for
untreated and plasma-activated cotton samples, while Figure 5 shows the corresponding
contact angle images for each sample, illustrating the effect of plasma treatment on the
cotton surface. Cotton naturally exhibits slight hydrophobicity due to its structure and
chemical composition, with high contact angles indicating hydrophobic surfaces. As
shown in Table 4, untreated cotton (AC-0) had a contact angle of 128.50°, confirming its
hydrophobic nature. This is due to natural oils and waxes in the fibres, causing water to
form droplets rather than spread, indicating poor initial water absorption. These substances
are usually removed during textile finishing processes [63].

Table 4. Contact angle measurements for the untreated and plasma-activated cotton samples.

Sample Contact Angle (°)
AC-0 128.50 + 3.40

AC-0.5 25.60 £ 5.30
AC-1 36.00 £ 2.80
AC-2 31.20 £1.30

Conversely, cotton samples subjected to plasma treatment demonstrated significant
reductions in their contact angles. Specifically, fibres treated for durations of 30 s, 1 min,
and 2 min exhibited an average water contact angle reduction of approximately 76%
compared to the untreated sample. This transformation is consistent with findings in the
literature, where plasma-induced surface oxidation introduces polar oxygen-functional
groups such as hydroxyl (<OH), carbonyl (C=0), and carboxyl (-COOH), enhancing the
fibre’s hydrophilicity [64].
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(@) (b) (c) (d)

Figure 5. Contact angle images were taken for (a) AC-0, an untreated cotton sample; (b) AC-0.5, 30 s;
(c) AC-1, 1 min; and (d) AC-2, 2 min of plasma activation treatment.

This considerable decrease underscores a transition to a markedly hydrophilic nature.
For instance, Zemljic et al. reported a similar reduction in contact angles for cellulosic
fabrics treated with oxygen plasma, achieving values as low as 15-20° [42]. This change can
be attributed to the action of oxygen plasma, which introduces oxygen-functional groups
on the fibre surface and potentially modifies its surface morphology by a surface oxidation
process [43,65,66]. This transition from hydrophobic to hydrophilic character enhances
cotton’s interaction and affinity with water molecules [67].

Furthermore, the hydrophilic transformation achieved here aligns with practical appli-
cations requiring improved moisture management and dye uptake in textiles, confirming
the effectiveness of plasma treatment for industrial purposes.

It is noteworthy that, regardless of the plasma exposure time, the treated samples ex-
hibited similar hydrophilic behaviour, which underscores the efficiency of plasma treatment
in inducing significant changes in cotton’s surface properties within a short timeframe.

In this study, colour evaluations were carried out to assess potential colour changes in
cotton samples subjected to low-pressure plasma treatments with oxygen in comparison
to an untreated cotton control sample (AC-0). These colour changes were analysed in
triplicate using the CIELAB colour space, characterised by L* (luminance), a* (red/green),
and b* (yellow /blue) values, following the ISO 22700:2019 standard [68]. Table 5 shows the
variations in colour parameters after plasma treatment compared to the untreated sample.

Table 5. CIELAB component values untreated and plasma-activated cotton samples in accordance
with ISO 22700 standards.

CIELAB AC-0 AC-0.5 AC-1 AC-2
Components
L* 86.55 85.97 86.24 86.22
a* 1.29 1.41 1.36 1.34
b* 10.61 9.97 9.83 9.88
AE* 0.00 0.66 0.78 0.70

As shown in Table 5, the results showed no notable colour differences between the
treated samples and the untreated control. The AE* (total colour difference) value was
measured following the criteria established by the upper materials lab at INESCOP, with
the threshold set at <2.5. The values obtained for the AC-0.5, AC-1, and AC-2 samples were
0.66, 0.78, and 0.70, respectively. It is important to note that these AE* values demonstrated
a slight but non-significant increase, which is attributed to the exposure time to the low-
pressure plasma treatment with oxygen [66,69].

The limited colour change can be attributed to the shallow penetration depth of the
plasma treatment, which primarily modifies the surface layer of the fibres without affecting
their bulk properties. This shallow penetration is consistent with findings in the literature
regarding plasma technologies, where the treatment selectively enhances surface properties
(e.g., hydrophilicity) while preserving the original aesthetic qualities of the material [70].

Such colour preservation is advantageous for practical applications, as it ensures
that the visual appearance and colour consistency of the cotton fabric remain unchanged
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during plasma surface modification. This is particularly relevant for industrial applications
where maintaining the fabric’s aesthetic properties is essential, alongside enhancing its
functional performance.

In addition, in the study of water absorption in cotton samples, the influence of low-
pressure oxygen plasma treatment on fibre absorption capacity was investigated [71,72].
Cotton samples were categorised based on treatment exposure time: untreated (AC-0), 30 s
(AC-0.5), 1 min (AC-1), and 2 min (AC-2). Each sample underwent absorption tests at 15,
30, and 60 min intervals.

Table 6 presents the results on the water absorption capabilities of cotton fibres treated
with low-pressure oxygen plasma. The untreated sample (AC-0) displayed a gradual
increase in absorption over time, moving from 35.62% at 15 min to 65.72% at 60 min. This
progression illustrates the natural moisture-absorbing properties of cotton.

Table 6. Water absorption results obtained for untreated and plasma-activated cotton samples.

Water Absorption (%)

Sample
15 min 30 min 60 min
AC-0 35.62 55.47 65.72
AC-0.5 112.29 108.75 98.19
AC-1 118.45 115.51 119.64
AC-2 113.37 117.57 118.63

The plasma-treated samples, however, exhibited significantly enhanced absorption
from the onset. For instance, AC-0.5 absorbed 112.29% of water at 15 min, which gradually
decreased to 98.19% by the 60 min mark. While this could partially be attributed to
saturation, the relatively large difference (13%) suggests additional factors. One plausible
explanation is the redistribution of absorbed water within the fibre matrix, where water
initially adheres to surface-modified regions and subsequently diffuses into less accessible
areas of the fibre over time. Another potential factor involves structural rearrangements
within the fibre matrix or partial relaxation of the plasma-modified surface, which could
alter the water retention dynamics.

The samples treated for longer durations, AC-1 and AC-2, demonstrated even more
remarkable absorption capacities, maintaining high levels of water retention throughout the
60 min. This indicates that extending the duration of plasma treatment not only enhances
but also stabilises the hydrophilicity of the cotton fibres, allowing for sustained high water
absorption rates over time [63]. Conversely, plasma-treated samples showed a marked
improvement in absorption from the outset. Figure 6 shows images of untreated and
plasma-activated cotton samples after performing the water absorption characterisation
technique. The Figure compares the visual appearance of the samples, labelled as AC-0 (a),
AC-0.5 (b), AC-1 (c), and AC-2 (d), highlighting the effects of plasma treatment on water
absorption behaviour.

The significant increase in water absorption in plasma-treated samples is due to
physical and chemical modifications in the fibres. Oxygen plasma adds hydrophilic func-
tional groups to the cotton surface, improving water adhesion while also altering surface
roughness and internal morphology, enhancing water retention [73].

Regarding the plasma exposure time, it shows an increase in absorption, but not
proportionally. The sample treated for 30 s had similar absorption to those treated for
longer, indicating that surface and morphological changes occur quickly. Longer exposure
may intensify these changes without significantly improving water absorption. These
findings highlight plasma treatment’s potential for enhancing rapid liquid absorption
in textiles.
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(a) (b)

(c) (d)
Figure 6. Untreated and plasma-activated samples after performing the water absorption characteri-
sation technique. Being AC-0 (a), AC-0.5 (b), AC-1 (c), and AC-2 (d) samples, respectively.

Lastly, the data presented in Table 7 and the images in Figure 7 show the effects of
surface activation treatments on the colour fastness to rubbing of cotton samples tested
under dry and wet conditions. The samples were treated using low-pressure oxygen plasma
for varying durations: 30 s for AC-0.5, 1 min for AC-1, and 2 min for AC-2. This treatment
was aimed at enhancing the cotton’s surface characteristics to improve dye fixation without
the use of chemicals. Additionally, some samples were ironed after dyeing to assess the
impact of ironing on dye fixation [74,75].

Table 7. Colour fastness to rubbing obtained results for the different treated and untreated samples.

Fixing

Sample Method Test Method Transfer Deterioration Aspect
. Dry 5 3 Bleaching
Unironed Wet 1/2 2/3 Bleaching
AC-0 D 5 4 Bleachi

ry eaching

Ironed Wet 2/3 2 Bleaching

. Dry 5 3 Bleaching

Unironed Woet 2/3 2 Bleaching

AC-0.5 D 5 4 Bleachi

ry eaching

Ironed Wet 3/4 2 Bleaching
X Dry 5 4 Light bleaching
. Unironed Wet 4 3/4 Light bleaching
] Dry 5 4 Light bleaching
Ironed Wet 3/4 3/4 Light bleaching

Dry 5 4/5 Very hght

. bleaching

Unironed Very light

AC2 Wet 3/4 4/5 bleaching
Dry 5 4/5 Light bleaching
Ironed Wet 3/4 4 Light bleaching
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(b) (c) (d)
() (8) (h)

(e)

Figure 7. Colour fastness to rubbing characterisation of the different samples studied. (a) AC-0
Unironed, (b) AC-0 Ironed, (¢) AC-0.5 Unironed, (d) AC-0.5 Ironed, (e) AC-1 Unironed, (f) AC-1
Ironed, (g) AC-2 Unironed, and (h) AC-2 Ironed. In each image, the top circular wool is dry, and the
bottom circular wool is wet.

The results show consistent colour fastness under dry conditions, with all samples
achieving a rating of 5, indicating strong dye fixation, unaffected by plasma treatment
duration or ironing. However, under wet conditions, the untreated sample (AC-0) had poor
fastness (ratings of 1/2 unironed, 2/3 ironed), with significant colour transfer and a whitish
appearance. Plasma treatment improved wet fastness, with AC-0.5 rated 2/3 unironed
and 3/4 ironed and AC-2 achieving 3/4 for both. The improved colour fastness in plasma-
treated samples, such as AC-0.5 and AC-2, can be attributed to the surface modifications
induced by the plasma, which increase surface roughness and introduce oxygen-functional
groups like hydroxyl (-OH) and carbonyl (C=0), enhancing dye adhesion to the fibre.
This result aligns with previous studies reporting that plasma surface treatments enhance
dye fixation by improving fibre hydrophilicity and creating a more receptive surface for
dye molecules [76-78]. Ironing also enhanced fastness, suggesting it helps set the dye.
Thus, combining plasma treatment with thermal fixation may further stabilise the dye
molecules on the fibre surface, reducing dye transfer in wet conditions [79]. In conclusion,
both plasma treatment duration and ironing improve colour fastness, especially in wet
conditions, enhancing dyed textile durability [60,62,80].

4. Conclusions

This study has comprehensively investigated the effects of low-pressure oxygen
plasma treatment on cotton’s surface chemistry, morphology, wettability, water absorption,
and rubbing fastness. Employing a range of analytical techniques, including XPS and SEM,
significant chemical and physical modifications in the cotton samples were observed.

On the one hand, the XPS analyses were particularly revealing, showing changes in
the chemical composition, notably in the oxidation of cellulose, and a decrease in surface
carbon content. These changes have enhanced the surface properties of cotton, expanding
its practical applications in textiles requiring high hydrophilicity, such as improved dye
fixation for the fashion and textile industries. Additionally, this treatment holds potential
for medical textiles and absorbent products, where high water retention is essential.

On the other hand, SEM analysis, although more subtle, confirmed morphological
alterations like increased surface roughness, which, in combination with the chemical
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modifications, contribute to the overall improved properties of cotton. This is particularly
evident in the enhanced hydrophilicity and dyeing capacity of the treated fabric.

According to contact angle measurements and water absorption tests, the plasma-
treated cotton functionally demonstrated an increase in hydrophilicity and water absorption
capacity. Compared to conventional chemical treatments, this surface modification was
achieved efficiently without introducing harmful chemicals, thereby reducing environmen-
tal impact and water consumption. These improvements are crucial for applications in
sustainable textile manufacturing, addressing industry challenges such as reducing water
pollution and resource consumption.

Furthermore, the rubbing fastness tests showed enhanced resistance to rubbing post-
treatment in wet conditions as plasma exposure time increases, while colour difference
analysis confirmed that these functional improvements do not compromise the cotton’s vi-
sual appeal, with only minimal variations in AE* values observed. The shallow penetration
depth of the plasma treatment ensures that the surface properties are modified without
affecting the bulk characteristics of the fabric, preserving its original aesthetic qualities.

In comparison to traditional chemical treatments, low-pressure oxygen plasma treat-
ment emerges as a sustainable alternative, offering reduced chemical usage, energy ef-
ficiency, and improved material properties. This research highlights the practical and
environmental advantages of plasma technology, positioning it as a promising solution for
industrial applications in the fashion, textile, and technical sectors.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/surfaces7040071/s1, Table S1: Deconvoluted C1s and Ols peaks
during the oxygen plasma activation process on cotton samples: (a) C1s spectrum of AC-0; (b) Cl1s
spectrum of AC-0.5; (c) Cls spectrum of AC-1; (d) Cls spectrum of AC-2; (e) Ols spectrum of
AC-0; (f) Ols spectrum of AC-0.5; (g) Ols spectrum of AC-1; (h) Ols spectrum of AC-2. Each
spectrum provides insights into the chemical composition and bonding configurations at different
activation levels.
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