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Abstract: The surface modification of textile fabrics and therefore, the development of advanced
textile materials featuring specific implemented and new properties, such as improved durability
and resistance, is increasingly in demand from modern society and end-users. In this regard, the
sol-gel technique has shown to be an innovative and convenient synthetic route for developing
functional sol-gel coatings useful for the protection of textile materials. Compared with the
conventional textile finishing process, this technique is characterized by several advantages, such
as the environmentally friendly approaches based on one-step applications and low concentration
of non-hazardous chemicals. The sol-gel method, starting from inorganic metal alkoxides or metal
salts, leads to inorganic sols containing particles that enable a chemical or physical modification of
fiber surfaces, giving rise to final multifunctional properties of treated textile fabrics. This review
considered the recent developments in the synthesis of inorganic nanoparticles and nanosols by sol—
gel approach for improving wear and UV resistance, as well as antibacterial or antimicrobial effects
for textile applications.

Keywords: inorganic coatings; functional coatings; stimuli-responsive polymers; sol-gel;
antimicrobial; wear-resistance; photo-catalytic activity; UV protection

1. Introduction

During the last decades, chemical finishing treatments for natural and synthetic
fibers or fabrics have been widely used to improve their specific properties and confer
particular functionalities. In this regard, textile materials are treated with various
functional chemical finishes with antimicrobial, durable press, repellent, flame retardant,
soil release and antistatic properties as well as many others. Furthermore, the interest in
developing functional fabrics mainly arises from the consumers’ needs in terms of
comfort, health, hygiene, protection against chemical, thermal or mechanical agents and
easy care.

In this perspective, functional high-tech fabrics represent a challenge for the textile
industry, with interesting implications in terms of future benefits and technological
advancement, also related to the lengthening of the average life of textile products in
compliance with the need for saving raw materials. Simultaneously, with the conferment
of functional properties to the fabrics, the maintenance of textile properties, such as
washing durability, feel and appearance should be guaranteed. Indeed, the employed
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finishing process (i.e., preparation method, if batch or continuous, dyes and dyeing
methods, finishing agents and application techniques), mechanical and thermal
combination treatments (sueding, sanding, calendering, brushing, sanforizing, etc.) have
a relevant impact on the wearing and performance characteristics of textiles.

A quick look at recent literature [1] shows that various chemicals are frequently used
as finishes to improve fabric performances. However, due to the intense pressure to ban
harmful chemicals, such as halogen-containing flame retardants or chemical anti-
microbial agents, different attempts have recently been made to reduce or replace
questionable safety chemicals with new environmentally friendly solutions. Furthermore,
the selection of the finishing process influences the industrial closing costs, making it
another critical parameter to consider. To fulfil all these requirements, advanced and
innovative technologies should be involved. In this regard, textile modifications through
the creation of polymeric nanocomposites mainly based on metallic or inorganic
nanostructured materials are constantly being developed due to their distinct and quite
unique characteristics. Until now, surface modification of textiles has been accomplished
using a variety of techniques, including (i) use of plasma pre-treatment [2,3]; (ii)
ultraviolet irradiation of textiles [4]; (iii) sputtering of nano-particles during plasma
polymerization [5]; (iv) in situ synthesis of metal nanoparticles [6] involving cellulose
nanoporous structure; (v) use of ion-exchange functionalized surfactant during the
polymerization process [7]; (vi) loading of nano-particles into liposomes [8]; and (vii)
conventional pad-dry-cure systems.

Among these, most recently, the sol-gel process, which results in the formation of
self-assembled (nano) layers on the fiber surface, has notably demonstrated its unique
potential for the synthesis of new coatings with high molecular homogeneity and
outstanding physical-chemical properties [9-11]. From 1984, more than 24,000 scientific
papers reported sol-gel protective coatings and finishings. The sol-gel is a versatile
synthetic route based on a two-step reaction (hydrolysis and condensation), generally
starting from (semi) metal alkoxides (e.g., tetraethoxysilane (TEOS), tetramethoxysilane,
titanium tetraisopropoxide), which conduct to the formation of completely inorganic or
hybrid organic-inorganic coatings at, or near, room temperature [12,13]. These coatings
can protect the polymer surface by acting as an insulator, thus improving the advanced
performance of treated materials, such as flame retardancy [14-16], antimicrobial or UV
radiation protection [16-19], anti-wrinkle finishing [20], washing fastness of dyes [21,22],
bio-molecule immobilization [23] and super-hydrophobicity [24,25]. Moreover, the sol-
gel technique has recently been investigated for novel applications, such as for imparting
sensing [26-29] or self-cleaning [30] properties for fabrics, or for hydrogen production via
water photo splitting [31]. This environmentally friendly method, in particular, has
several advantages over other methods of film deposition, including the ability to develop
a protective thin hybrid layer on the surface of a textile with well-defined physical
characteristics, optical transparency and excellent chemical stability, as well as the ability
to preserve the mechanical and chemical properties of the fibers, thereby introducing
durability and highly performant functionalities [32-37]. Furthermore, the developed
film, which is useful for the previously mentioned textile applications, does not have
cytotoxic effects on human skin cells, providing additional benefits in the application of
this technology [38]. An easy functionalization approach in order to improve the
mechanical and thermal features, but also the chemical resistance and functional
properties of the final coating, concerns the blend of the sols with proper hybrid modifiers.
In this regard, a wide range of functional nanofillers can be employed as metals [39,40]
and metal oxide nanoparticles [41], carbon-based nanomaterials [42,43] and silica-based
nanofillers [44].

Although the majority of the literature data refers to sol-gel reactions for
synthesizing hybrid organic-inorganic silane-based materials, on the other hand, this
technology also contemplates the involvement of other inorganic precursors, such as Al,
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Ti, Zr, Sn, V salts or other alkoxides and organometallic substrates, in which the metal is
linked to organic moieties able to hydrolyze and then condensed [45,46].

As already mentioned, the sol-gel process is based on the transition phase from a
liquid (sol) into a dense system (gel), which is then dried and heated to form a hybrid
organic-inorganic porous matrix. The involved organic and inorganic precursors can
interact via weak bonds, such as ionic, hydrogen, or van der Waals (Class I) or covalent,
coordination, or iono-covalent bonds (Class II) [33,47,48]. Therefore, the covalent
interaction of organic and inorganic moieties results in final supramolecular Hybrid
Organic-Inorganic Materials (HOIM), based on organofunctional alkoxysilane precursors
(Class II) of the general chemical structure R'»-Si(OR)+n (where R’ is an alkyl or organo-
functional group and R is mainly methyl, propyl, or butyl group) useful in the chemical
modification of textile fabrics. In particular, these three hydrolyzable and polymerizable
R groups, together with a different functional group, such as an epoxy, vinyl, or
methacryloxy group [33,47,49], are involved in forming well-oriented three-dimensional
(3D) network structures.

As shown in Figure 1a—d, silica alkoxide precursors are hydrolyzed in water by acids
(Figure 1a,b) or bases (Figure 1c,d), followed by parallel condensation reactions that result
in the formation of a final 3D network bearing Si-O-5i bonds (Figure 2).
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Figure 1. Hydrolysis and condensation reactions of silica alkoxide precursors in acid (a,b) and
alkaline (c,d) conditions.
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Figure 2. The obtained 3D network after the hydrolysis and condensation reactions of silica
precursors.
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When compared with other techniques, the sol-gel approach has several advantages,
including low-temperature conditions during the process, easily removable solvents
during the handling period and a high purity of the obtained products. Furthermore, it is
possible to control the physical properties of the final inorganic matrix to obtain several
porous materials, such as glass, dry gel, polycrystalline powder or coating films by
tailoring the synthesis conditions, such as concentrations, temperature, time, pH, reactant
ratios, solvents and catalysts [50]. Accordingly, the addition of acidic or basic catalysts is
normally used to achieve complete and rapid hydrolysis, and the polymerization process
is also strongly pH-dependent. Moreover, the type of hydrolysis catalyst influences both
the pH of the sols and the nature of the sol-gel polymer aggregates towards the fabrication
of films, powders, or monoliths [50-52]. Acidic hydrolyzed nanosols may form small-
particle aggregates with larger pores, whereas base-catalyzed sols form weakly cross-
linked condensation products with a denser layer structure [53,54]. It should be noted that
the hydrolysis and drying conditions govern the density, porosity and mechanical
properties of the layers when coating textiles (and other material surfaces) and critical
thickness for cracking. In particular, thermal post-coating treatment is required to achieve
strongly adhesive and stable coatings on textiles, increasing the washing speed and
mechanical properties of the obtained films.

Nonetheless, for most textiles, the temperature of thermal treatments must not
exceed 180 °C to avoid the thermal destruction and degradation of polymeric fibers. The
resulting xerogel layers are very interesting for functionalizing textiles because the
coatings can be easily modified chemically or physically [55,56], allowing a broad range
of changes in the textile properties by reacting with different opportune nanosol
precursors. Moreover, because of the low temperature of sol-gel material processing and
the porosity of the resulting 3D network, the inorganic matrix can be doped with various
organic/inorganic functional molecules, resulting in advanced functional hybrid materials
[57].

Furthermore, chemical modification is possible through co-condensation with
additives that can form covalent bonds with the metal oxide matrix as co-reactants (Figure
3a) [46,58] or between different metal alkoxides (e.g., the reaction of tetraethoxysilane
Si(OC:2Hs)4 (TEOS) with other metal alkoxides with generic formula M(OR). (M = Al, Ti,
Zr, Zn, etc.) [59] (see Figure 3b). When the hydrolysis rates of the precursors of mixed
nanosols differ significantly, selective complexation of the more reactive component is
necessary to coordinate the rate. Furthermore, trialkoxysilanes R-Si(OR)3 containing an
organic substituent R that is chemically bonded to the silica matrix (according to
hydrolysis and condensation) can also be used for functional chemical modifications
(Figure 3c).

S S S
S O
(a) N‘/‘O—Sll—O—Sli—O—Sli—O—SlI—OJ‘N‘
o] o} o] o]
O
$ $
o] o]
(b) NV‘O—Sli—O—M—O—Sli—O—M—Om M=ie.Ti, Zn, Al
6 6 o o
O A -
g s + Alkyl
(|) R o) R » Epoxyalkyl

(c) v O—Gi—0—Gi—0—di—0—gi—0m Reie< * Fluoroalkyl
| | | * Heterocycles
g * Other organic compounds

* Biological compunds

o
~rO
~rO

o



Inorganics 2023,

11,19

5 of 34

Precursors
+

Additives

RO

Precursors

Figure 3. Examples of the chemical functionalization of nanosols including the co-condensation
with additives that can form covalent bonds with the metal oxide matrix as co-reactant (a),
between different metal alkoxides (b) and other trialkoxysilanes containing an organic substituent

(c).

The nanosol coatings can be modified in various ways using the incorporated
substituent R. For example, alkyl or perfluoroalkyl containing trialkoxysilanes can be used
to achieve hydrophobic or oleophobic properties [60-63]. On the other hand, modified
nanosols with epoxy alkyl or acrylate R groups favor the thermal or photochemical
coating crosslinking and linking to the textile surface, thus significantly improving the
mechanical properties of the coating as well as its adhesion to the textile fiber [58]. Physical
modification of the oxide matrix is a universal method for preparing coatings with
immobilized additives (Ad), such as inorganic colloidal metals [64,65], dyes [66-68],
oxides [69] and pigments [70], biomolecules [71-73] or organic polymers [74,75] and living
cells [71,72,76]. The immobilization can be performed by adding the ingredients either
before (Figure 4a) or after (Figure 4b) hydrolysis of the precursors. Since encapsulation
occurs during the condensation step, both variants “a” and “b” have nearly identical
composite structures and immobilization behavior. Therefore, it is very efficient to
immobilize the additives within the inorganic matrix, and it can be controlled by several
parameters, among which are the composition and structure of the oxide matrix, the
Ad:oxide ratio and the addition of pore-forming agents [77,78].

i
) I |
Textile =T
coating i LS 2]
iV )’.\4 Y /:4 |
=] 7,
~
~ 2y
ey }
Nanosol Nanocomposite

functional film

Figure 4. Physical modification of nanosol coatings by doping the precursor solution (a) or the
nanosol after the hydrolysis reaction (b).

As a result, combining chemical and physical modifications offers limitless potential
for developing and applying inorganic nanosol coatings for textile functionalization
(Figure 5) [79].
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Figure 5. Some possibilities of textile functionalizations by proper sol-gel-based nanocoatings.

In this wide panorama of sols, sols-modification techniques and functional
applications for textile materials, the following review aimed to provide an overview of
inorganic sols based on nanoparticular-modified silica and other metal oxides for textile
finishing.

The relevance of inorganic sol coatings in the functionalization of textiles can be
ascribed to the following [80]:

1. The formation of well-adhering transparent oxide layers on textiles due to particle-
diameter dimensions (smaller than 50 nm) of the modified silica or other metal oxide-
based nanosols;

2. High stability of these inorganic oxide layers against heat, light, microbial and
chemical attacks;

3. The capability of these oxide coatings to improve the mechanical properties of the
textiles (e.g., wear and abrasion resistance), thus further offering possible methods of
varying the surface properties and high mechanical strength;

4. Layer porosity and the degree of immobilization of the embedded compounds (e.g.,
organic, or biological compounds, inorganic particles, and polymers) for whom oxide
coatings can serve as carriers, can be easily controlled;

5. Common textile finishing processes (i.e., pad, exhaustion, dip-coating or spraying)
can be used for coating application at room temperature and normal pressure.

The enormous interest in textile materials with even higher added values for
application in several fields, such as industrial, workers’ protection or healthcare and
medical uses continuously prompts scientific research towards innovative and efficient
solutions for introducing specific functionalities in textile fibers. Particularly, to the best
of our knowledge, this review considered the most relevant applications, as well as the
most recent developments [81-98], of nanostructured materials for textile and polymeric
material modifications to improve the wear- or UV-resistance properties or to introduce
antibacterial effects. With this aim, the inorganic materials involved, as well as the textile
material and functionalities achieved from the application of the inorganic coatings were
described, taking into consideration the unique advantages and high potentialities of the
nanostructured materials for producing high-performance textiles.
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2. Inorganic-Based Materials for Improving Wear Resistance of Textile Fabrics

As commonly mentioned, textile fibers are very sensitive to wear generated from
external mechanical effects, such as cellulose which, contrary to synthetic fibers, is less
sensitive to such wear. In this regard, applying protective films on the fibers” surfaces
increases their durability against mechanical actions. For this purpose, sol-gel technology
is very promising since it leads to the formation of surface ceramic-like inorganic
nanocoatings characterized by high hardness and resistance to abrasion [99,100]. On the
other hand, however, for producing inorganic protective coatings for fabrics, which allow
them to improve their abrasion resistance, some fundamental aspects must be taken into
account, meaning this application is not always easy to carry out. In particular, applying
such coatings, also in several layers, must not significantly affect the natural soft, pleasant
handle or other aspects relating to the “fibrous” nature of the fabric, and also must not
increase its stiffness or negatively affect its aesthetic or hygienic properties.

This can be accomplished by applying inorganic xerogel coatings as thin as possible,
as well as being elastic, transparent and having durable characteristics ensured by
establishing chemical bonds between the coating and the fibers. Conversely, thick coating
on textiles can deteriorate the abrasion resistance instead of improving it by accelerating
the wear compared with untreated fabrics. Accordingly, inorganic sol-gel coatings with
thicknesses in the range of 150-500 nm are already reported in the literature [13,53,101].

Moreover, these inorganic colloidal suspensions (i.e., in water, alcohol, water/alcohol
medium) should have good stability, and, as a consequence, they should contain particles
smaller than 50 nm. This condition is applied not only to inorganic sols but also to doping
nanoparticles incorporated in the crosslinked xerogel for increasing the coating abrasion
resistance (e.g., A2Os nanoparticles) [13,53,102].

When silica sol is applied to fabric, it forms an inorganic glass-like network that
contains siloxane and silanol groups and is highly interconnected with fibers via stable
covalent bonds as well as weak interactions, including dipolar—dipolar and hydrogen-
bond interactions. In this regard, the greater the dipolar—dipolar and hydrogen-bond
interaction, the stronger the coating adhesion must be. Additionally, the polar chain
structure, combined with the former cotton-fiber chemical structure, is one of the primary
factors for dipolar—dipolar and hydrogen bond interaction, so a high add-on percentage
is expected. During the treatment, the diffusion of silica nanoparticles or nanosols from
the surface into the fabric texture, particularly in the first layer, controls the contribution
to adhesion [103]. Table 1 reports some systems and precursors involving the production
of functional nanosols with the objective of improving the wear resistance of different
fabrics.

Table 1. Preparation and properties comparison of some inorganic nanosols employed as wear-
resistant finishings for different textile substrates.

Precursors and Additives Synthetic Textile SubstrateDeposition Approach Wear-Resistance Tests Ref.
Approach Performed
Continuous
filament Custom aging-abrasion-

Methyltrimethoxysilane Sol-gel polyester double- Soaking impact, wicking and [104]

knit interlock laundry testing protocols

fabric

GPTMS*, TEOS and _1’2’3f4_ Solgel Cotton fabrics Impregnation Abrasion resistance (dry [105]

butanetetracarboxylic acid crease-recovery angle test)

Nonwoven PET Mechanical resistance

Aluminum isopropoxide Sol-gel Impregnation (breaking strength and  [102]

fabri
abrics elongation at break)
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Mechanical resistance

TEOS and Dibutyltindiacetate  Sol-gel Cotton fabrics Pad-dry—cure process  (tensile strength and [106]

TEQOS, GPTMS, Aluminum
(III) isopropoxide

elongation)
Commercial
Abrasi 1 i
Sol-gel cotton woven Pad-dry—cure process brasion and laundering [100]
fabric tests

Reaction mixture:

* GPTMS = (3-Glycidyloxypropyl)trimethoxysilane

Anti-abrasion-coated textiles have relevant applications in several industries, such as
polyester sieves in paper production, home textiles, carpets or furniture. For example,
alkyl-modified silica nanosols coated on polyester sieves used in paper production can
improve their abrasion properties due to the excellent smooth surface structure of the
treated fibers and the homogeneous films that completely cover the fibers [80]. SEM
characterizations of mixed-cotton textiles treated with different sol-gel coatings yielded
similar results [80]. For this purpose, polyethylene terephthalate (PET) fabrics were also
treated with methyltrimethoxysilane in an alkaline alcoholic solution containing
ammonium hydroxide (Figure 6a) as the catalyst to achieve excellent resistance against
different kinds of wear damage by mimicking superhydrophobic biological systems
(Figure 6b,c) [104].

MTMS:NH,OH:EtOH (e.g.1:4:22@1:25:25) (a) )

R-S: 30-10, 30-30, 60-5, 60-15@120-2

Particles 2.4 ~ Oligomers
(silica)

Particle 2
aggregates _

Reaction active species
l Soaking

e

oating Formation 4
(covalently bound) @&

min

.........

Sequential Aging-Tape
Peeling (4x)

state

Water droplet on air-cushioned
PET hydrophobic surface

Hierarchical Structure

\

PET-coated surface after aging-peeling cycles

= Hydrophobic patches 6 Hydrophilic patches - el g &
(CH3 groups) (Reactive OH groups) SU8230 1.0V 16.8mm X500 LM(UL) 04/13/2017 100um

Figure 6. Schematic representation of methyltrimethoxysilane coating preparation for PET fabrics
(a) and relative SEM images describing the appearance of the nanocoatings after standard abrasion-
resistance testing: 1:4:22 (120-2 min) (b) and 1:25:25 (120-2 min) (c). Reproduced with permission
from ref. [104] Copyright 2018 Elsevier.

Indeed, several fiber materials, such as cellulose, polyamide and glass fibers have
reported improved abrasion resistance and tensile strength when coated with inorganic
nanosol [105,107]. However, as far as cotton is concerned, experimental findings
demonstrated that the adding epoxy silanes, such as (3-
Glycidyloxypropyl)trimethoxysilane (GPTMS), increases the adhesion of the organic-
inorganic nanosol coating on the fibers, thereby improving their mechanical properties
and the elasticity of the obtained coating.
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However, in high concentrations, organic moieties can lead to adverse effects on the
mechanical resistance of the final coating [13,53]. Certainly, the stiffness of nanosol-treated
textiles is also affected by bridging or gel combinations between adjacent fibers that
stabilize their mutual position and do not allow them to displace. Such bridging increases
when excessively high concentrations of (or partially gelled) nanosols are applied on
textile fibers, thus lowering the textile elasticity and increasing the coating thickness [100].

An attempt to slightly ameliorate the stiffness properties of textile materials treated
by inorganic TEOS-based coatings can consist of the addition of positively charged
cationic softeners and uncharged nonionic softeners separately to silica-based sols [92]. In
this regard, the mechanical properties of commercial denim fabrics were improved,
showing an increase in abrasion resistance and tear strength when using nonionic and
cationic softener-doped silica coatings.

Generally, using inorganic nanoparticles for surface modification of textiles makes
coatings impermanent, and susceptible to washing. The majority of the stabilization
methods of inorganic nanostructured materials on textile surfaces necessitate several
preparatory steps (e.g., functionalization, drying, curing, final treatment and other ones)
that are expensive and time-consuming for large-scale manufacturing, and/or
environmentally harmful due to the use of numerous chemicals or organic solvents. Most
of them result in a decrease in tensile properties, abrasion resistance, softness, appearance
and other properties of textiles, as well as color change. For example, UV irradiation was
used for generating radical groups on the textile surface, able to bond nanoparticles [4] or
reduce metallic salts to nanoparticles in a polymeric matrix. Besides economic
disadvantages, such as being costly and time-consuming, the presence of free radicals on
the textile surfaces that can migrate during clothing usage results in some health risks for
people. For example, ZnO is used to improve wear resistance and anti-sliding properties
in composites [108] and reinforce polymeric nano-composites [109] due to its high elastic
modulus and strength. However, the use of acrylic binders for the fixation of ZnO-soluble
starch nano-composite particles on cotton fabrics [109] not only reduces the abrasion
resistance and the cloth’s comfort, but the possible decomposition of starch or acrylic
binder during processing should also be of concern.

As an inorganic sol-gel precursor, TEOS, is widely used to prepare inorganic silica
homogeneous films on textile materials due to its low temperature and cheap method of
processing. Moreover, the TEOS gelation process through acid or alkaline catalysts
[110,111] has been widely investigated by evaluating its viscoelastic behavior during the
sol—gel transition.

In this regard, the influence of organic-tin compounds (i.e, DBTA-
Dibutyltindiacetate) as polycondensation catalysts for TEOS was investigated in a
multistep deposition process on cotton fabrics, thus leading to a coating well adhered to
fabric surfaces [103]. The study was conducted by using two TEOS concentrations (0.03 M
and 0.3 M) and evaluating the presence or not of the DBTA catalyst. In particular, the
coating realized with the lowest TEOS concentration (0.03 M) showed the best mechanical
properties when compared with untreated cotton or cotton treated with the highest TEOS
concentration (0.3 M, Table 2). Although ensuring the highest thermal stability and
washing fastness, this latter leads to surface coatings characterized by high rigidity that
makes fiber movements difficult, thus lowering strength, yarn elongation and tensile
strength (Table 1). On the other hand, DBTA was proven to increase the abrasion
resistance, as well as the thermal and washing speed.

Table 2. Tensile strength and elongation for untreated (CO_UT) and treated cotton fabrics in both
warp and weft directions (standard deviation lower than +3%; nL = number of layers, C = catalyst).
Adapted with permission from ref. [103] Copyright 2013 Elsevier and ref. [106] Copyright 2020 IOP
Science.

Tensile Strength (N)  Elongation (%) Tensile Strength (N) Elongation (%)

Warp

Weft Warp Weft Warp Weft Warp  Weft
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CO_UT 240.3
CO_0.03M-1L  325.2
CO_0.03M-3L  302.4
CO_0.03M-6L 3179
CO_0.03M-1L-C 317.2
CO_0.03M-3L-C 357.1
CO_0.03M-6L-C 282.3

265.5 17.0 16.0 240.3 265.5 17.0 16.0 CO_UT
225.5 17.5* 15.3 207.3 220.1 16.8 13.9 CO_0.3M-1L
326.6 16.3 17.8 190.9 2224 13.8 12.2 CO_0.3M-3L
302.4 15.5 16.3 150.0 125.5 7.5 11.0 CO_0.3M-6L
250.3 16.3 16.7 200.1 205.7 15.2 140 CO_0.3M-1L-C
230.2 16.3 17.9 185.0 203.1 13.8 139 CO_0.3M-3L-C
306.7 14.5 16.1 150.7 179.2 10.5 13.5 CO_0.3M-6L-C

* The best results are highlighted in bold.

The efficiency of inorganic sols was also proven for the protection of cellulose-based
polymers in cultural heritage textiles, thus representing a valid alternative to existing
materials [106]. However, the use of the DBTA catalyst should be further investigated in
terms of its mechanism and replaced with more environmentally friendly alternatives.

Recently, the development of sustainable coatings of SiO2 NPs-chitosan (with an
average size of 150 nm) was proven to be efficient for multifunctional effects on polyester
and viscose fabrics (both warp and braids structures) [91]. Concerning the mechanical
properties, this nanocomposite led to an overall increase in both the elongation and tensile
strength of the coated samples, thus measuring enhanced mechanical properties for
increasing the SiO2 NPs-chitosan mass loading. However, the further increase of the
nanocomposite on textiles resulted in the failure of both tensile strength and elongation
due to the inclusion of nanoparticles in the fibers rather than on the fabric surfaces.

3. Inorganic-Based Materials for UV Protection Textile Finishing

Some textile polymers are slightly resistant to ultraviolet radiations (UV) and thus
decompose, as is the case of cellulose, polyester, phenylenebenzobisoxazole (PBO) and p-
aramide fibers. However, the textile kind of use could necessitate increased UV resistance
relative with the intrinsic resistance of the fabrics themselves. For example, the light
stability of polyester textiles is enough only for clothing applications; the fibers of a textile
roofing exposed for several years to sunlight can decompose, showing decreased
mechanical strength over the years.

In this regard, several textile polymer fibers can be modified before the spinning
process with UV-absorbing pigments (e.g., titania) or using organic molecules acting as
radical scavengers to improve their UV resistance [13].

Moreover, ultraviolet (UV) protection finishes (or UV shielding) are some of the most
important groups of chemical finishing agents used on textile materials to protect people
and fabrics from the harmful effects of UV radiation. Indeed, the energy of UV radiation
is significantly higher than that of visible light, having the potential to cause a variety of
chemical reactions that are hazardous to human health, besides deteriorating textile fibers.
Even though moderate sun exposure has health benefits, excessive exposure to UV
radiation can cause serious harm since both UVA (320-400 nm) and UVB (280-320 nm)
rays induce different cellular responses that can generate skin aging, sunburn,
pigmentation, skin cancer and DNA damage [112]. In addition, long-term UV weathering
of textiles is associated with the cleavage of different chemical bonds by absorbed UV
radiation, which results in the photochemical degradation of textile fibers, color fading,
increased crystallinity and other chemical and physical changes [113]. As a result, UV
protection finishes are used to manufacture functional textiles for sportswear, high-
altitude clothing, covering materials, wearable sensors and other high-value technical
textiles.

UV protection of fabrics varies depending on their type, porosity, thickness and
color, with white summer clothes, in particular, providing only low UV protection. It is
worth noting that textiles of darker shades provide relatively higher UV protection since
the used dyestuffs can more readily absorb the ultraviolet radiation from the sun [13].
Moreover, the kind of textile material can affect UV protection: cotton fabrics are more
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sensitive to UV light than polyester materials because of their aromatic structure, which
is responsible for higher UV absorption [13]. Furthermore, parameters such as thickness
or the setting of threads strongly influence the UV-protection properties [114]. However,
laundry detergents doped with optical-brightening agents can improve a textile material’s
UV radiation blocking.

As a result, treating textiles to provide UV protection is a growing field of research.
This can be accomplished through several approaches, such as the pigmentation (before
the spinning) of the fibers with UV-absorbing inorganic pigments, such as titania
nanoparticles (in rutile form) [13] or the covalent bonding of organic UV absorbers onto
textile fibers. Recently, Attia et al. [91] synthesized a sustainable coating based on SiO2
NPs-chitosan for polyester and viscose fabrics (both warp and braids structure), observing
an improvement of 260% in the UPF (UV protection factor) of the coated fabrics with
respect to the uncoated ones and demonstrated that the textile-type structure has a
fundamental role in the performance of UV-shielding properties. Liang et al. [97]
proposed an ultra-thin amorphous TiOz nano-film for silk fibers by the atomic layer
deposition (ALD) method. The experimental findings revealed a decrease in the sample
transmittance and an increase in the UPF values for increasing the film thickness, thus
confirming the excellent UV-light protection of the TiO2 nanofilm toward silk and the
maintenance of the tensile strength of the original fiber after exposure to UV light.

Nanosols and the sol-gel technique are promising approaches for obtaining highly
effective UV-protective coatings for textiles (Figure 7a—c). For this purpose, the nanosols
should contain inorganic UV-absorbers, such as ZnO [107,115] or titanium dioxide [116—
120], that readily absorb UV radiation. These nanosols reveal strongly increased
absorption in the radiation range between 200 and 400 nm since ZnO and TiO: have
extinction coefficients for ultraviolet radiation.

Nanostructured
(C) functional coating

(b)

UV rays

Scattered Reflexed

/ O Textile fibers
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functional nanosol
finishing for fabrics
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Figure 7. Schematic representation of the comparison of untreated (a), treated (b) fabrics with sol—
gel based functional nanosol finishings featuring UV-protection properties and details of the
possible appearance of the final nanostructured coating at SEM analysis (c).

Moreover, at the transition from UV to visible light, the corresponding UV-Vis
spectra reveal a steep drop in the absorption curves that ensure high protection against
UV radiation and a colorless finish useful for maintaining the textile appearance [13].
Using TiO2 or ZnO with particles sizes no greater than 50 nm not only ensures the coating
to be colourless, but also ensures its transparency (only towards visible radiation) since
no light scattering occurs within the filled coatings [13].
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Zhai et al. [98] developed an aramid fiber chemically coated with uniform and a
thickness-controlled amorphous TiO: coating by modified atomic layer deposition
(mALD). The thickest coating (160 nm) achieved the highest mechanical performance and
the best UV protection even after 10 accelerated washing cycles, thus confirming the UV-
shielding effect and the good thermal stability of TiOz-based layers.

Moreover, a dual-layer ultrathin Al2Os-TiO: coating with a thickness of 70-180 nm
realized by a modified atomic-layer deposition (ALD) method on aramid fibers
significantly improved their UV resistances, showing no yellowing effect after intense UV
light for 90 min, and excellent washing durability with an ultraviolet protection factor
higher than 70 after 50 commercial washing cycles [83].

Alternatively, the decomposition of gases [121], the effects of an electronic field on
the optical properties of nano-TiO2[122], their structural and optical properties [123], the
effects of UV irradiation on the hydrophilicity of TiO: treated fabric [124], cellulose
decreasing with multi-functional organic TiO2 catalytic effects on acid (carboxylic acids)
under UV irradiation [122] and the UV-protective effect of TiO2 on fabric [125] have been
investigated.

ZnO has recently been discovered to be extremely appealing due to its significant
potential applications in sensors, gas sensors, solar cells, varistors, displays, piezoelectric
devices, electro-acoustic transducers, photo-diodes and UV light-emitting devices, sun-
screens, anti-reflection coatings, catalysts, photo-catalysis and UV absorbers [126,127].

Behnajady et al. [128] demonstrated the ability of ZnO to remove dye from textile
effluent under UVC light. Moreover, ZnO and TiO: are n-type semiconductors. Only these
two metal oxides in the 3D transition metal oxide semi-conductor series have sufficient
photo-excitation-state stability. TiO2 and ZnO completely absorb light with energies
greater than their gap energies (e.g., Egap/TiO2 3.0 eV; Egap/ZnO 3.2 eV), which correspond
to wavelengths of 413 nm and 387 nm, respectively [13].

The combination of nanotechnology and textiles will enable fabrics to become more
multifunctional and valuable, thus resulting in a significant economic impact.
Nanotechnology is currently being used to develop UV light resistance, antistatic
properties, antibacterial properties and water and oil repellency [129]. Table 3 reports
some systems and precursors involving the production of functional nanosols with the
objective to improve the UV-protective features of different fabrics.

Table 3. Preparation and properties comparison of some inorganic nanosols employed as UV-
protective finishings for different textile substrates.

Precursors and Additives

Titanium isopropoxide, TEOS

and chitosan

Synthetic Textile SubstrateDeposition Approach UV-Response Features  Ref.
Approach
Acrylic acid Self-cleaning by
Sol-gel binder-coated Spin-coating photodegradation of [130]
cotton fabrics methylene blue dye

Tetrabutyl titanate

UV resistance and self-
cleaning towards wine and [131]
coffee stains

Dip—pad-steam

Sol-gel Cotton fabrics
process

Degussa P-25 TiO2 powder
and polyglycol

Cotton woven
fabric and a
polyester/cotton Pad—dry—cure process
blend woven
fabric

Aqueous
dispersion

Decomposition of gaseous

; [121]
ammonia

Zinc acetate dihydrate

Self-cleaning by
Sol-gel Cotton fabrics Spin-coating photodegradation of [132]
methyl orange dye
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Due to its intriguing properties as a photocatalyst [134,135] for the degradation
reaction of environmental organic pollutants [136,137], crystalline TiO2 has received
increasing attention in recent years, and many works have been devoted to the
preparation and modification of this semiconductor. Additionally, TiO: nanoparticles
have received special attention due to their photo-catalytic activities [80,138]. The
photoactivity property is associated with structure, microstructure and powder-
purification properties [139,140].

The use of semiconductor systems to initiate and control various photo-catalytic
processes has sparked interest in understanding the photophysical properties of
semiconductor colloids, as well as the dynamics of interfacial processes at
semiconductor/electrolyte interfaces [141,142]. The photo-catalytic process activates TiO2
by illuminating it with UV light with an energy greater than the band gap.

The photo-catalytic breakdown reaction of organic compounds proceeds in different
steps, culminating in the mineralization of water, carbon dioxide and mineral acids. The
formation of electron-hole pairs is the first step, followed by their separation. Electrons
can be used in reduction processes, while holes can be used in oxidation processes.

Titania’s photo-catalytic activity varies depending on its crystal phase, particle size
and crystallinity. Anatase and rutile are the most active phases of titania, as opposed to
brookite [143]. A review of recent literature reveals that there are many studies on the
photocatalytic activity of anatase and rutile crystalline forms [144,145] and that only a few
studies on amorphous TiO: thin films show rather low photo-catalytic activity, implying
that crystallization treatment at high temperatures [146] or doping [147] is required to
improve the photo-catalytic properties.

When exposed to UV light, TiO:2 excites electrons from the valance band to the
conduction band whenever the light energy exceeds the band gap energy (e.g., 3.2 eV).
The resulting electrons and holes can be separated and used in a redox reaction with
chemicals from the outside world. When water is added, oxygen is reduced to a
superoxide radical, which reacts with water molecules to produce hydroxide ions and
peroxide radicals. These lasts combine with H* ions to form hydroxyl radicals. The
combination of these radicals with highly oxidant species causes photocatalytic
degradation of organic substrates as dyes (peroxide radicals). Because the resulting «OH
radical is a strong oxidizing agent with a standard redox potential of +2.8 V, it can rapidly
oxidize the majority of azo dyes to mineral end-products. In heterogeneous
photocatalysis, reductive pathways have been observed to play a similar role in the
degradation of several dyes, albeit with less importance than oxidation.
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Furthermore, many factors influence titania crystallization, including annealing
temperature, heating rate and atmosphere. These factors cannot be emphasized in the case
of treatment to improve the amorphous-anatase transformation because they would
destroy the textile polymer. From the standpoint of increasing the efficiency of the photo-
catalytic process, it is clear that the tailoring and development of new and alternative
photocatalysts are of great interest.

The photo-catalytic reactions activated by TiO2 nanoparticles not only ensure UV-
protection properties, but also self-cleaning, antibacterial effects, as well as ecological and
economical wastewater treatment [148,149].

As an example of self-cleaning properties, TiO2-5i02 nanocomposite powder was
synthesized through a sol-gel process from titanium isopropoxide and TEOS as
precursors with different molar ratios, diethanol amine (DEA) as the stabilizer,
isopropanol as the solvent and chitosan in acetic acid as the dispersing agent [130].
Therefore, an acrylic acid binder-coated fabric was immersed in a TiO>-5iO:2 suspension
containing a surfactant and isopropanol and finally coated with the TiO2-5iOz suspension
by spin-coating with the aim of obtaining a homogeneous finishing. Rilda et al. [130]
demonstrated that fabrics treated with TiO-SiO: powders (1:2 molar ratios) were
responsible for the absorbance falling of methylene blue when UV-irradiated for 120 min,
thus providing self-cleaning properties. Similarly, cotton fabric treated with TiO2-5iOz
colloidal solution showed increased discoloration of a wine stain under a solar light
simulator for increased exposure times 0, 4, 8 and 24 h [150].

Cotton fabric, treated through a dip—pad-steam process with acidic TiO2, prepared
with titanium (IV) butoxide as the precursor, demonstrated excellent UV-protection
properties, as well as a self-cleaning effect [131]. Moreover, Wang et al. [131] demonstrated
that a higher photocatalytic activity of TiO2 was obtained when prepared by a low-
temperature steaming process instead of TiOz dried at 150 °C and that the higher the water
amount in TiO2 hydrosol, the higher the crystallinity and photocatalytic activity of TiO-.

In another paper, a titania-based sol with the addition of PEG at acidic conditions
was used for the TiO: finishing of fabrics with high photocatalytic activity, useful for self-
cleaning or environmental applications [30]. Accordingly, different TiO: sols were
synthesized from titanium tetraisopropoxide using three acidic solutions (nitric,
hydrochloric and acetic acids) and two concentrations of PEG (0.025 M and 0.25 M). In
particular, a titanium glycolate complex could be formed by adding PEG to the
hydrolyzed precursor that is not present in the inorganic network of titania, as shown in
Figure 8.
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Figure 8. Illustrative scheme of the TiO2 inorganic network (a) and possible titania glycolate cross-
linking mechanism (b). Adapted with permission from ref. [30] Copyright 2012 Elsevier.
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Indeed, as already demonstrated [151,152], PEGs are used as a template for obtaining
high-porosity, crystalline TiO: (after calcination), thus realizing the TiO: cluster break
from organic PEG structures instead of a complete inorganic matrix. This mechanism can
explain the weak shift of the energy-gap value of amorphous titania. An optical analysis
performed by the Tauc plot model showed an energy gap in a range of 3.3 eV to 3.5 eV,
which is higher than the values for anatase (3.2 eV) [30]. It was demonstrated that the
photocatalytic activity increased when the concentration of precursors increased, thus
playing a fundamental role (Figure 9a-d).
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Figure 9. The photocatalytic activity of treated samples by 0.025 M TiO: (sample code 1) and 0.25 M
TiO2 sols (sample code 2) by UV (a,b) and visible (c,d) source. (A = acetic acid, H = hydrochloric
acid, N =nitric acid, P = PEG). Adapted with permission from ref. [30] Copyright 2012 Elsevier.

Moreover, increased photocatalytic activity was proved by moving from acetic to
nitric and finally to chloride acid, as well as when PEG was added in the presence of
mineral acids and using a UV source rather than visible light. Indeed, the dye degradation
rate under UV exposure dramatically increased when PEG was added to the mineral sol-
gel solution. However, while the decomposition trend was maintained, its rate slowing
down at longer wavelengths was evident. On the other hand, in the absence of PEG, the
TiO: films revealed a rate of degradation linearly correlated with the pKa of the acid used.
Shaban et al. [132] used a sol-gel spin-coating process to coat cotton fabrics with ZnO
nanoparticles or ZnO solution containing zinc acetate dihydrate as a precursor, 2-
methoxyethanol as a solvent and monoethanolamine as a stabilizer. Because of their high
bandgap energy, ZnO nanoparticles had photocatalytic activity, especially under UV
irradiation, and the methyl orange dye on cotton fabrics coated with ZnO nanoparticles
or ZnO solution degraded under sunlight and 200 W lamp illumination [132]. In situ
synthesis was used by Noorian et al. [133] to create precursor solutions based on copper
sulfate and/or zinc chloride that contained folic acid, NaOH and water. Cotton fabric was
immersed in the solutions, dried and finally washed. Authors stated that the combination
of ZnO and Cu20, and the addition of folic acid, improved the UV protection and anti-
crease properties of the fabric samples, with 87.31% enhanced UVP and 100.75° of the
crease recovery angle [133]. In another study, Noorian et al. [96] imparted UV protection
to cotton fabrics involving a sonochemical modification process, according to which the
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Zn0O nanoparticles were synthesized in situ on pre-oxidated cotton fabric and further
treated with 4-aminobenzoic acid (PABA) (UV-blocking agent). The latter generates more
sites for the ZnO-NP growth and allows cross-linking to occur between the nanoparticles
and oxidized cellulosic fibers, thus improving the coating’s durability. In particular, the
textile treated by the nanocomposite revealed an excellent level of UV protection factor
percentage (EUPF %) of 62.19% and 61.92% after the washing and abrasion processes, with
a decrease of 4.65% and 5.06%, respectively, with respect the unwashed samples. In a
recent study, Sui et al. [84] proposed a nano-ZnO/fluorosiliconepolyacrylate emulsion
finishing agent for the development of multifunctional linen fabric prepared by a semi-
continuous seed emulsion polymerization method. The treated linen fabric showed
excellent UV resistance, antibacterial properties and washing speed. In particular, by
increasing the concentration of nano-ZnO, an increase in the UPF factor was also
observed: the highest UV protection factor of 43.21 was measured for 1.0% of nano-ZnO,
thus confirming the excellent UV protection performance. In another research, PET fabrics
treated with ZnO-NPs revealed enhanced UPF as well as excellent protection for low
concentrations of nanoparticles (0.5%) and nano-PU (50 g/L) [86]. In another experiment,
Arik et al. [85] realized several sol-gel coatings with Zn salts (zinc acetate, zinc nitrate and
zinc sulfate) and ZnO nanopowders dissolved in water and acetic acid/water [30:170],
respectively. The sols were applied to linen fabrics using the pad—dry—cure method to
improve the UV performance of textiles.

Otherwise, the effect of silver [153] and silver nano-particles (AgNPs) on the electrical
conductivity of polymeric matrices [154,155], the effect of dyeing on the ultraviolet
protection factor (UPF) [156] and the improvement of UV-protection properties [157] have
also been reported. Babaahmadi et al. [93] developed a high-performance multi-layer
nanocomposite coating for PET fabric by in situ synthesis of reduced graphene oxide-
silver (rGO-Ag, average size of AgNPs lower than 100 nm) using ultrasonic and thermal
treatment. The UV protection of this nanocoating on PET substrates was measured in
terms of UPF by reaching 6145.66, up to 183-fold higher than uncoated PET fabric (UPF
33.63) thanks to the incorporation of the Ag-decorated rGO as a UV-blocking system.
Porrawatkul et al. [94], for the first time, used Averrhoa carambola fruit extract as a reducing
agent for the synthesis of Ag/ZnO composites using domestic microwave irradiation for
imparting UV protection and antibacterial activity on cotton fabrics. According to the
synthetic strategy, zinc acetate dihydrate (Zn(CH3CO2)2) was used as a ZnO nanopowder
precursor in the presence of the crude star fruit extract. Moreover, different concentrations
of silver nitrate hexahydrate (Ag(NOs)2:6H20) were added to the zinc acetate solution,
and the resulting Ag/ZnO NPs were dissolved in a chitosan solution for padding cotton
fabric. Ag/ZnO-coated fabric revealed a UPF value of 69.67 + 1.53, which indicated an
excellent ability to block UV radiation

The unique properties of carbon nanotubes (CNTs) have consistently attracted the
interest of researchers [158,159]. In this regard, UV protection [160], increasing garment
comfort [160], high stiffness and high strength properties by using low CNT content in
polymeric nano-composites are described in literature [158,161]. In addition, CNTs/TiO:z
nanocomposite preparation has also been reported [162] with an expected synergistic
photocatalytic effect. Additionally, the UV protection properties of a nonwoven
polypropylene (PP) were improved using magnetron sputter deposition of Cu
nanoparticles [163]. Good UV-protective properties were also reported for cotton fabrics
treated by the pad—dry—cure method with a TEOS-based sol-gel coating containing CuO-
NPs involving the chemical reaction between the -OH group of cotton and the Si-OMe
group of TEOS [87].

Organic UV absorbers, such as phenyl-acrylates or benzotriazoles, can also be
embedded in silica—sol coatings [164] and fixed on textiles, similarly to dyes. In fact, due
to the typical absorption bands of molecular systems, organic UV absorbers absorb only
UV light of specific wavelengths. As a result, in all of these cases, the UV protection of
coatings containing only inorganic or organic UV absorbers is insufficient.
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The sol-gel technique, which can embed both inorganic and organic UV absorbers in
one and the same nanosol coating, can be used to create optimized UV-protective coatings
with the full absorption of virtually all UV light, as demonstrated in principle for coatings
on glass [123]. On textiles, analogous coatings can be prepared just as well.

Chemical bonding between the organic UV absorbers and the alkoxysilane
compounds can be used to improve durability. The organic UV absorber can be directly
covalently bonded to the inorganic matrix of the nanosol coatings using this method [13].
Moreover, nanosol coatings modified with both inorganic and organic UV absorbers
improve UV absorption over a wide range [13]. Alternatively, a fluorescent whitening
agent combined with a TiO2 sol can be used to increase UV absorption, particularly in the
UVA region. The addition of such a fluorescent whitening agents reduces the slight
yellowing of the textile that occurs when titania-based nanosols are used for UV
protection [13].

4. Inorganic-Based Materials for Antimicrobial Textile Finishing

Thanks to their large specific surfaces with good adhesion and water-storage
properties, textiles provide ideal conditions for the settling of micro-organisms and offer
ideal temperature conditions for this purpose, especially in the case of worn apparel. As
a result, there is a high demand for antimicrobial finishes to prevent microbial
degradation of textile fibers, limit the incidence of bacteria, reduce odor formation (due to
microbial degradation of sweat) and protect users by preventing pathogen transfer and
spread [13].

Antimicrobial coatings, also known as self-sterilizing [165] or hygienic coatings [166],
are currently the most commercially important bioactive nanosol systems. In 2003, it was
estimated that the potential European market for biocide textiles amounted to around
28,000 tons, or 180 million m? [80]. In the case of traditional clothing, sportswear, home
textiles or outdoor textiles, such as tents or marquees, the antimicrobial property is critical
for convenience and/or aesthetic reasons: a T-shirt should not have an odor, and a
marquee should not be mildewed. On the other hand, the application and development
of antimicrobial textiles that do not act selectively are especially important for medical
applications.

Another important application of antimicrobial coatings is the use of antimicrobial
wound dressing to prevent germ contamination of wounds [167]. In this regard, simple
plasters or bandages could be modified with enough nanosols to aid the healing process.
As an example, in innovative research, Maghimaa et al. [88] synthesized AgNPs from the
aqueous extract of Curcuma longa leaf and the so-obtained AgNPs-coated cotton fabrics,
revealing significant antimicrobial activity against Staphylococcus aureus, Pseudomonas
aeruginosa, Streptococcus pyogenes and Candida albicans as well as potent wound-healing
activity in the fibroblast (L929) cells.

Existing commercial products are made of special fibers with embedded organic
biocides, such as bisphenols, biguanides or incorporated silver. Other products include
blended fabrics with silver-coated nylon (e.g., X-StaticTM) [168] or chitosan fibers [169].
Despite the wide range of specific applications mentioned, a finishing material that can be
used for any common fiber while providing a defined antimicrobial efficiency combined
with a low biocide consumption is highly desirable.

Because of the particular interest in coatings to prevent biocontamination, the
following sections describe various strategies for realizing an antimicrobial textile
through nanosol treatment. As examples, nanosol coatings containing non-diffusible
antimicrobial additives, as well as those employing controlled release of embedded
biocides, or photoactive coatings that kill germs by oxidizing them during light exposure,
should be mentioned.

Biocer (biological ceramics) refers to inorganic nanosol materials that contain
embedded biological components, such as enzymes, proteins or even entire cells; by
embedding biological components into inorganic xerogels, new composite materials are
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created [72,76,170]. Inorganic bioactive components should also be included in this
definition, such as silver-containing nanosol coatings that show antimicrobial properties
[18], titania coatings that interact with biotin and protein [171] and aluminosilicate
coatings that improve biocompatibility [172].

Various biocides, such as silver, triclosan, chitosan, quaternary ammonium salts, N-
halamines, biguanide derivatives, synthetic dyes and peroxyacids, have been applied to
the surface of textiles to serve as antibacterial and antimicrobial finishes [173-175]. The
combination of antibacterial biopolymers with titania and silica matrices is a novel
method that has been shown to provide ecological benefits as well as antibacterial activity
in the presence or absence of light. Arik and Seventekin [176] investigated the antibacterial
activity of chitosan/titania and chitosan/silica hybrid coatings. The sol-gel method was
used to prepare coating solutions, which were then applied to cotton fabric. According to
these findings, hybrid coatings outperformed chitosan, titania and silica coatings in terms
of antibacterial activity and washing resistance. Recently, a chitosan nanocomposite
containing ZnO, Ag and Ag:ZnO was prepared by sol-gel method using GPTMS and
TEQOS for antimicrobial textile finishing [177]. The findings revealed chemical interactions
between dispersed Ag and ZnO nanoparticles, confirming the attachment of chitosan with
siloxane moieties resulting in the formation of a siloxane-polymer network. Good
antimicrobial activity was observed for all samples, with a reduction of up to 50%-95% in
the viability of bacteria.

Because of many chemical antimicrobial agents” potentially harmful or toxic effects,
natural materials have recently been preferred for textile modification [178]. The use of
inorganic nanoparticles and their nanocomposites would be a good substitute [179,180],
potentially opening up a new alternative path for antimicrobial and multi-functional
textile modification. The hydroxyapatite nano-ribbon spherites containing nano-silver
were effectively synthesized by Liu et al. [181] due to the wide surface area and strong
adsorption properties of hydroxyapatite nano-ribbon to adsorb bacteria and the high
bioactivity of silver nano-particles. A composite coating of hydroxyapatite and silver was
specifically developed to prevent bacterial infections following implant placement [182].
Magania et al. created silver-modified montmorillonites through ion exchange with silver
and tested the modified clay’s antibacterial properties [183]. Copper nanoparticles were
embedded in submicron Sepiolite (MgsSi2030(OH)+(H20)4.8H20) particles, and their
antibacterial properties were compared to those of triclosan, thus demonstrating that both
these composites and triclosan have strong bactericidal properties [184]. However, Le
Pape et al. confirmed that copper nanoparticles have significantly lower antibacterial
activity than silver nanoparticles [185]. The combination of a bio-pretreatment using
laccase from Cerrena unicolor and a further modification with CuO-SiO:z hybrid oxide
microparticles by a dip-coating method of woven linen fabric results in strong
antibacterial activity against Staphylococcus aureus, Escherichia coli and the fungus Candida
albicans, besides good UV protection (UPF 40), thanks to the presence of CuO-5iO:
particles on the flax fiber surface [90]. Hu et al. [186] investigated the antibacterial activity
of ion-exchanged montmorillonite with Cu ions. On the other hand, the antibacterial
properties of a nano-layer structured organo-clay-loaded fiber matrix have not been
reported. Moreover, Kang et al. reported the first evidence of the antimicrobial activity of
carbon nanotubes (CNTs) against E. coli using single-walled carbon nanotubes (SWNTs).
The CNT antibacterial mechanism is defined as cell membrane damage caused by direct
contact between bacteria cells and CNTs [187]. The highly stronger antibacterial efficiency
of SWNTs over multi-walled carbon nanotubes (MWNTs) against E. coli is emphasized
based on their subsequent findings, which involved the flattening of bacterial cells and
the comprising of their integrity [188].

As an alternative method, sol-gel technology can provide benefits, such as ecological
treatment, less chemical use, low-temperature processing, low toxicity to human health,
protection of inherent textile material properties and excellent washing and usage
durability in this finishing process [80,173,189]. Indeed, various types of sol-gel systems
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feature antibacterial or antimicrobial properties. Photoactive titania coatings with anatase
modification and sol-gel coatings with embedded colloidal metal or metal compounds,
such as silver, silver salts, copper compounds, zinc or biocidal quaternary ammonium
salts are examples of these systems [190-192]. On the other hand, they have several
drawbacks, such as high operating temperatures to produce highly photoactive thin films
and the use of strong acids to keep aqueous sols in the peptized state, which causes textile
destruction. Furthermore, titania coatings require UV radiation to be antimicrobial or
antibacterial [116,193]. In addition to titania-based sol-gel coatings, silica-based coatings
are being investigated for antibacterial or antimicrobial effectiveness. Polycationic
components are incorporated within the silica layer matrix to enable the antibacterial or
antimicrobial effect, and positively charged polycationic components interact with
negatively charged microbial cell membranes, damaging their cellular functions
[18,80,190]. Overall, nano-structured materials based on inorganic active agents with good
antimicrobial activity on textile materials (Figure 10) can be divided into two categories:
inorganic nano-structured materials and their nanocomposites and inorganic nano-
structured-loaded organic carriers.
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Figure 10. Schematization of the procedure based on inorganic active agents for the preparation of
textile antibacterial nanosols and coatings.

Mahltig et al. reported that sol-gel processing exhibited antimicrobial activity based
on controlled release, contact action, or photocatalytic activity [189]. Rivero and
Goicoechea presented a detailed review of the sol-gel process for improving antibacterial
properties of textiles [194]. Finally, Zhang et al. classified the application methods on
cotton for colloidal suspensions of metal nanoparticles and precursor solutions of metal
ions, respectively, as sol and a solution to gain antimicrobial properties [173].

In the next paragraphs, an overview of the most relevant and most recent inorganic
antimicrobial coatings for textile fabrics is provided to the best of our knowledge, as a
function of the active metal nanoparticles involved. A comparison of these examples is
given in Table 4.

Table 4. Preparation and properties comparison of some inorganic nanosols employed as
antibacterial finishings for different textile substrates.

Precursors and Additives

Chitosan/titanium-IV-
isopropoxide and
chitosan/TEOS

Synthetic Textile SubstrateDeposition Approach Antibacterial Properties Ref.
Approach
Staphylococcus
Sol-gel Cotton Pad—cure method Aureus and [176]

Klebsiella Pneumoniae

AgNOsand nano-5iO:

Escherichia coli and

Ad ti Wool I ti
sorption 00 mpreghation Staphylococcus aureus

[195]
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AgNOs, TEOS and 3- Polvamide
glycidyloxypropyltriethoxys  Sol-gel fzbrics Pad-dry—cure process Escherichia coli [196]
ilane
Half-bleach: E ichia coli
ZnO and GPTMS Sol-gel alf-bleached ) 1 re method scherichia coliand o7
pure cotton Micrococcus luteus
Zinc acetate dihydrate and Staphylococcus aureus and
GPTMS Sol-gel Cotton Pad-dry—cure method Klebsiella peumoniae [190]
In situ
Zinc chloride and 4- synthesis by Bleached cotton _ Escherichia coli and
. . . . Immersion [96]
aminobenzoic acid sonochemical fabric Staphylococcus aureus
process
V4 d lyeth
nO nanopowder, POVETET  Water Bleached PET . Escherichia coli and
polyurethane emulsion and . . . Coating [86]
dispersion fabrics Staphylococcus aureus

folic acid

Copper nitrate (V)
trihydrate, sodium silicate
and laccase

Staphylococcus aureus,
Pad-dry—cure method  Escherichia coli and the [90]
fungus Candida albicans

Precipitation Raw linen woven
method fabrics

4.1. Titanium-Based Antimicrobial Textile Finishing

Nowadays, TiO: nanoparticles have been developed as a novel approach for
exceptional applications as an appealing multifunctional material. Thus, TiOz
nanoparticles have been used to obtain self-cleaning [2], antibacterial [116], UV protection
[125], hydrophilic [124] or ultra-hydrophobic properties [198]. Moreover, they are useful
in a variety of fields, such as environmental purification [199], dye degradation in fabric
effluent [200], water and air purifiers [201,202], gas sensors and high-efficiency solar cells
[139,140], as well as it being used as a nano-catalyst for crosslinking cellulose with
polycarboxylic acids [122,203]. As already reported, the sol-gel process is the most
common among several methods available for synthesizing TiO2 nanoparticles [204]. As
an example, textiles coated by TiO2 nanoparticles in combination with ZnO nanoparticles
synthesized from titanyl sulphate and zinc nitrate hexahydrate by sol-gel technology
revealed a suppression level of E. Coli of more than 99% [89]. Moreover, the method was
tested on a semi-industrial scale in roll-to-roll experiments, thus confirming the stable
antibacterial properties of the so-coated textile and the suitability of the method for
upscale and industrial use.

Actually, when exposed to UV light, crystalline TiO: coatings exhibit antimicrobial
properties due to photo mineralisation processes taking place on the semiconductive TiO:
surface [80]. Furthermore, many studies have confirmed that the addition of noble metals,
such as silver and gold, increases the photo-catalytic activity of titanium dioxide by
extending the light absorption range of TiO2 from UV to visible light [6,205,206].

4.2. Silver-Based Antimicrobial Textile Finishing

Since olden times, silver has been the most extensively studied antimicrobial agent
used to fight infections and prevent spoilage [207]. For this reason, many researchers are
currently focusing on the antibacterial and multifunctional properties of silver
nanoparticles [207,208].

For the manufacturing of nano-silver, several methods have been used, such as
photo-catalytic reduction [206], matrix chemistry [209], chemical-reduction processes
[210], photochemical or radiation-chemical reduction, metallic wire explosion, sono-
chemical, polyols [211], photo-reduction [212], reverse micelle-based methods [213] and
even biological synthesis [214,215].

With respect to other organic antimicrobial agents [216], which have been avoided
since they are hazardous to the human body [178], silver is a safer antimicrobial agent. In
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this regard, it has long been known as ‘oligo-dynamic’ due to its ability to exert a
bactericidal effect on silver-containing products, owing to its antimicrobial activities and
low toxicity to human cells [217]. Its therapeutic property has been demonstrated against
a wide range of microorganisms [218,219], including over 650 disease-causing organisms
in the body at low concentrations [220]. Silver has also been shown to prevent the
formation of biofilms [221]. Furthermore, silver ions and nanoparticles have been linked
to a similar mechanism [218].

Silver nanoparticles are non-toxic and non-tolerant disinfectants [222,223], and their
use may maximize antibacterial effects [224] by increasing the number of particles per unit
area.

According to a general silver antimicrobial mechanism, metal ions destroy or pass
through the cell membrane and bind to the -SH group of cellular enzymes [178]. The
resulting critical decrease in enzymatic activity alters micro-organism metabolisms and
inhibits cell growth, eventually leading to cell death. Metal ions also catalyze the
formation of oxygen radicals, which oxidize bacteria’s molecular structure. A chemical
reaction results in the formation of active oxygen (Equation (1)).

Metal ion

1)
H:0+ 2 02 — Hi02— H0+(0)

Since the active oxygen created by the antimicrobial agent diffuses from the fiber to
the surrounding environment, a direct interaction between the antimicrobial agent and
bacteria is not necessary for this method. As a result, metal ions prevent micro-organisms
from multiplying. Since bacteria are not always exposed to oxygen radicals, the ionic
addition does not appear to aid in the selection of resistant strains of bacteria [216,225].

Latterly, the antimicrobial mechanism of AgNPs, according to recent research by Kim
et al. [225], is linked to the production of free radicals and subsequent free radical-induced
membrane damage. They validated that the antimicrobial properties of silver
nanoparticles and silver nitrate was influenced by NAC (N-acetylcysteine). They have
also mentioned the possibility of free radicals that may have been produced from the
AgNPs surface, which was responsible for antibacterial activity via ESR (electron spin
resonance) [225]. According to research on the bio-innoxiousness of silver, smaller silver
particles at the same concentration are less harmful to the skin than larger ones. The anti-
fungal efficiency of polyamide fabrics treated with AgNPs, and retreated polyester, was
described by llic et al. [226].

Scientists are still interested in silver and silver-based antibacterial compounds. Silk
fibers were sequentially dipped in AgNOs and NaCl to produce silver chloride nano-
crystals. AgCl crystals have been pointed to exhibit antibacterial properties [227]. Wang
et al. studied the antibacterial effectiveness of Ag/SiO: grafted on wool [195], and Simoncic
et al. prepared silver nanoparticles through in situ methods and colloidal solutions to
attain antibacterial activity [228].

Mohamed et al. [229] prepared colloidal solutions of silver nanoparticles (10-25 nm)
synthesized by a chemical reduction process using dextran as stabilizing and reducing
agent and modified TEOS using ascorbic acid as a scavenging agent and (3-
aminopropyl)trimethoxysilane (APTES) by using 1,2,3,4-butanetetracarboxylic acid
(BTCA) or vinyltriethoxysilane (VTEOS) and applied it to cotton fabrics by the sol-gel
process by dip coating. A photoinitiator was used to cure silver nanoparticles modified
with TEOS and VTEOS. They demonstrated that the modified fabrics had antibacterial
activity against S. aureus and E. coli, with nearly 90% bacterial reduction even after 20
washing cycles, as well as thermoregulating properties [229]. The novel Ag decorated
conjugated PET-rGO hybrid materials developed by Babaahmadi et al. [93] were proven
to show antibacterial activity toward Gram-positive and negative bacteria, thus revealing
a good clear inhibition zone 1.33 and 2.16 mm against S. aureus and E. coli, respectively.
However, the nanocomposite showed better antibacterial effects on E. coli maybe due to
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the thinner cell wall since AgNPs can penetrate inside the cell membrane by disrupting
its structure and inactivating the bacteria. The innovative Ag/ZnO NPs modified cotton
through the use of Averrhoa carambola fruit extract as a reducing agent for the synthesis of
Ag/ZnO composites using domestic microwave showed better inhibition of Gram-
positive bacteria (S. aureus) compared with Gram-negative bacteria (E. coli), thus revealing
zone of inhibition with diameters of 55.48 + 2.52 nm and 36.24 + 2.08, respectively [94]. In
another research, a highly durable antimicrobial coating for cellulose fibers through the
in situ synthesis of Ag-NPs was developed using an extract of sumac leaves as the
reducing agent, by observing a 99%-100% reduction of both E. Coli and S. aureus bacteria
[95].

4.3. Zinc-based antibacterial textile finishing

ZnO was proven to have strong antibacterial effects on a broad bacterial spectrum
[230,231], as well as on high-temperature- and high-pressure-resistant spores. Moreover,
it was demonstrated that a decrease in the particle size (i.e., increasing specific surface
area) with a rise in the powder concentration [232] leads to enhanced ZnO powder
antibacterial activity. Indeed, as reported by Tam et al. [230], better antibacterial activity
was provided by smaller ZnO particles, which were not affected by surface modifications
(e.g., silane surfactant, gold nanoparticle attachments). Karunakaran et al. [233]
demonstrated that sol-gel synthesized nanocrystalline ZnO has more extensive
bactericidal activities against Escherichia coli than commercial ZnO nanoparticles.
Furthermore, ZnO nanoparticles seem to be the most promising unconventional
antibacterial agent that can fight methicillin-resistant Staphylococcus aureus (MRSA) and
other drug-resistant bacteria [234]. However, thanks to its capability to degrade dirt, ZnO
could also be used as a cheap self-cleaning substance [235]. Other advantages of this
inorganic material are its no drug resistance generation, heat resistance and long-lasting,
which make it of great interest [178]. Li and colleagues investigated the antibacterial
activity and durability of nano-ZnO functionalized cotton fabric to sweat. They treated
cotton fabrics at a concentration of 11 g/L ZnO and padded them to ensure 100% wet pick-
up. Actually, the antibacterial activity of the finished fabric has been tested in alkaline,
acidic and inorganic salt artificial sweat solutions. The treated fabrics demonstrated better
salt and alkaline resistance than acid resistance [197]. ZnO nanoparticles have a negative
surface charge and illumination can improve antibacterial performance compared with
normal conditions [197]. Farouk et al. [236] demonstrated that the enhanced bioactivity of
ZnO is attributed to the size of particles: the smaller their dimension, the higher the
surface area to volume ratio, resulting in up to 98.8% of E. coli and 97.3% of M. luteus
reduction within 5 h.

Recently, alcohol-based solutions applied at low temperatures on textile fabrics were
investigated as alternative methods to overcome the harmful effects of strong acids and
high temperatures on fabrics [189,190,196]. Accordingly, Poli et al. reported a less harmful
method than conventional ones, as well as simple, reproducible and cheap, to prepare
zinc-based coatings for cotton fabrics by sol-gel method in neutral hydro-alcoholic
medium for obtaining antibacterial activity [190]. Additionally, also in this case, the one-
step coating system used for preparing transparent antibacterial surfaces is simple and
reproducible when compared with the conventional methods (by starting from zinc
precursors in alkaline solution with reflux heating for obtaining ZnO powder). Moreover,
this method highlights that the precipitation of ZnO is not necessary and other advantages
are the low process temperature, the neutral media and the formation of the unique
morphology on the treated textile fabrics. In particular, the acetate group of the Zn
precursor plays a significant role in this innovative sol-gel finishing, in the absence of
other nucleophilic species competing for the Zn?>  Lewis acid center (i.e., HO- or bidentate
ligand). Furthermore, as reported in a previous study [237], colloids or precipitates are
formed as a result of the progressive condensation of hydrolyzed moieties, thus resulting
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in this case in stable acetate-capped colloidal nano-sized to sub-micrometer-sized particles
in dilute solutions (Figure 11).
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Figure 11. Schematic representation of the chemical equilibria of Zn-acetate precursor in neutral
hydro-alcoholic media during sol-gel reactions [190].

In this study, the nano-Zn acetate-based sol-gel finishing for cotton, in the presence
or not of GPTMS, showed significant bactericidal and bacteriostatic activities against E.
coli, S. aureus and K. pneumoniae bacteria, even after five cycles of washing in case of
highest concentration (Figure 12).

3.0% ZnO

3.0% ZnO_5W 3.0% ZnO_10W 3.0% ZnO_20W

Figure 12. Comparison of the bactericidal effects of untreated cotton (UT) and cotton treated with
Zn-acetate, at different concentrations and after washing cycles (5, 10, 20 washing), on the number
of colony-forming units (CFU) of Escherichia coli after 24 h. Adapted with permission from ref. [190]
Copyright 2014 Springer Nature.

In another study, the multifactional cotton treated with ZnO-NPs and PABA
developed from Noorian et al. [96] reveals antibacterial activity against E. coli and S. aureus
with a reduction bacteria percentage (R%) of more than 99.4% and 99.9%, respectively.
Moreover, excellent antibacterial activities after the abrasion process were observed
against E. coli and S. aureus bacteria with R % of 93.4% and 93.7%, respectively.

Literature data report inorganic antimicrobial finishing for substrates different from
cellulose, such as linen and PET. Indeed, the previously described linen fabric treated with
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nano-ZnO/fluorosiliconepolyacrylate emulsion showed also antibacterial activity due to
the inhibition zone against E. coli of about 7.4 mm [84]. PET fabrics treated with ZnO NPs
and nano-PU revealed efficient antimicrobial reductions of Gram-positive bacteria, Gram-
negative bacteria and yeast even after 25 washing cycles [86].

5. Conclusions and Future Perspectives

In recent decades, the growing demand from modern society for more sustainable
production and long-lasting, high-performance textile products has consistently
supported the research for innovative functional textile finishes. In this regard, different
examples and methodologies based on sol-gel inorganic coatings for the development of
advanced and functional textile finishings were evaluated in this review. In particular,
different sol-gel-based formulations were explored, employing a wide range of inorganic
precursors and functional additives to fabricate textiles featuring different implemented
properties. As a result, the as-obtained functional nanosols intended for treating natural
or synthetic fabrics represent a more eco-friendly and safe approach than the most
commonly employed formulations containing harmful substances. Furthermore, different
deposition approaches lead to the production of thin protective films on textile substrates,
enhancing their durability and general wear and washing resistance.

Moreover, by a proper rational design and using different inorganic precursors and
additives, it is possible to obtain UV-protective and photo-catalytic coatings, addressing
the challenge of covering a wide spectral range of UV light and leading to efficient
protection of the skin. Finally, the preparation and application of nanosols based on
different inorganic nanoparticles were described, focusing on those containing titanium,
silver and zinc for the development of antibacterial textile fabrics, able to prevent the
microbial degradation of fibers, odor formation and protect users by avoiding pathogen
transfer and spread. Therefore, it is possible to suggest that sol-gel synthesis is a key
technique for developing simple, scalable and sustainable approaches for functional
textile finishings.

The application fields involving the use of these functional and technical textiles
concern not only the individuals but embrace a wide range of sectors from the industrial
to the public. In particular, the innovative coatings described in this review aim to offer a
contribution to more well-performing textiles intended for automotive, naval, aero
spatial, furnishing, common clothes and workwear (i.e., protective suits) applications. The
main advantage comes from the ease of nanosol functionalization, as performed to obtain
hybrid and nanocomposite textile coatings with improved properties in terms of wear
resistance, UV-protectivity and antimicrobial traits, aiming at high-performance textiles
for better comfort in everyday life.

The scientific developments in the field of inorganic coatings for functional textile
materials presented in this review highlight the great potential of inorganic coatings and
nanotechnologies in developing increasingly high-added-value and competitive fabrics.
Indeed, the current high demand for features such as comfort, safety, aesthetics and
functionality as well as greener and more efficient products and processes push scientific
research towards increasingly innovative, cutting-edge and sustainable solutions.
However, the development of increasingly advanced materials capable of conferring
long-lasting or permanent multifunctional properties to textiles still represents a
challenge. Other future challenges concern the implementation of these inorganic
finishings on an industrial scale since they have not yet reached the market for some
application fields, and the reduction of the environmental impact of the finishing
processes. Moreover, future developments can be focused on innovative strategies,
already partially underway, for the design of functional textiles through inorganic
materials, taking into account consumer and environmental needs.
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