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Abstract The ultraviolet rays from sunlight pose a
natural hazard to human health and can cause serious
health problems. Some medical artificial lights also emit
ultraviolet radiation. Unprotected human skin exposed to
ultraviolet (UV) light can cause serious health problems,
including skin aging, photosensitivity (rash), erythema
(redness of the skin), and melanoma (skin cancer). To
protect human skin from UV radiation, UV-blocking or
protective products are used. According to medical pro-
fessionals, UV protection products must be safe, chemi-
cally inert, non-irritating, non-toxic, and resistant to light,
and completely block the replication of UV rays. Sun-
screen cream/lotion products are used for UV protection,
but these products cannot provide complete protection.
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According to experts, one of the most efficient strategies
to avoid sun damage is to wear protective gear. Researches
are going on the manufacture of smart textiles that can be
deployed as a protective shield with an adornment look to
wear. Therefore, researchers have paid great attention to
the development of fibers with anti-ultraviolet function.
This review discusses the upshot of UV radiation on tex-
tile materials in particular cotton fabrics. It also describes
the correlation between ultraviolet protection factor (UPF)
and the physicochemical and structural properties of cot-
ton fabrics. This review focuses on the manufacturing of
UV protective cotton fabrics by applying UV absorbers
and nanoparticles, their application process, and effects.
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Introduction

The Sun is the largest source of ultraviolet radiation.
As a result of the depletion of the ozone layer, UV
rays cannot be absorbed by O; and therefore, enter the
surface of the earth. Besides the ozone layer depletion
index, UV rays transmittance varies with the longev-
ity of daytime, season, latitude, and altitude. These
geological factors affect the increase in the transmit-
tance of UV rays. For example, the transmittance of
ultraviolet B (UVB) rays increases with each degree
decrease in latitude. Therefore, meteorological factors
such as fog, clouds, and pollution have an impact on
lowering the transmittance of UV rays (Manaia et al.
2013; Frederick 2015; Bais et al. 2018). The UV rays
are not strong enough to affect deep biodiversity, but
they can cause mutations in species composition, and
species with poor protection can get harmed at an
early stage of their life. UV radiation promotes the
deterioration of both natural and synthetic polymers
(Koci¢ et al. 2019). In the case of humans, the power
of penetration of UV radiation is very low. Therefore,
it cannot dive deep into the organ, except for the lay-
ers of the skin. Two beneficial outcomes of ultraviolet
radiation (UVR) on humans include the stimulation of
vitamin D production and the treatment of skin infec-
tions such as psoriasis and eczema (Parisi and Wilson
2005). It does, however, have certain severe health
consequences, like skin cancer. UV is a type of elec-
tromagnetic wave radiation with a wavelength of 100-
400nm. These UV rays are classified as ultraviolet A
(UVA) (320-400 nm), ultraviolet B (UVB) (280-320
nm), and ultraviolet C (UVC) (100-280 nm). UVA
rays have a longer wavelength and are quite safe. UVB
harms the skin and eyes of humans. Despite the fact
that UVB is absorbed by the ozone layer to a degree
of 95%, it can still reach the atmosphere of the Earth.
UVC is the most dangerous and deadly ray, with a
shorter wavelength that is utterly absorbed by the
atmosphere of the Earth before reaching the surface
(Kerr and Fioletov 2008; Fioletov et al. 2010; Kang
et al. 2011; Barnes et al. 2019). UVB is thought to
be the primary cause of sunburn, tanning, wrinkling,
aging of the skin, and skin cancer. UVA is taken into

@ Springer

account harmless, but recent research has indicated
that it can be potentially harmful in the long run (Xu
and Fisher 2005; Marionnet et al. 2014; Knollmann-
Ritschel and Markowitz 2017).

The most efficient strategy to reduce the detrimen-
tal accomplishments of UVRs would be to avoid sun
exposure altogether, which is clearly impractical or
undesirable. Therefore, it is recommended to wear UV-
blocking clothing, sunglasses, and sunscreen that limit
exposure to sunlight at noon when maximum UV rays
enter the surface of the earth (Gies et al. 2018; McKen-
zie and Lucas 2018). Even if the textile material itself
is susceptible to limited degradation due to UVRs, the
light protection of textiles can be very considerable
against the harmful effects of solar UVRs (Andrady
et al. 2015). Clothes are the most effective tool for pro-
tecting the skin from the harmful rays of the sun. Pre-
viously, such protective clothing was developed taking
into account the thickness and therefore the absorption
coefficient of certain textile materials (Wilson and Par-
isi 2006; Zaratti et al. 2014). Studies have shown that
the sequels to sun disclosure and the depletion of the
ozone layer have the highest ratings in summer. Dur-
ing the summer season, New Zealand, Australia, South,
and Eastern Europe experience the highest level of UV
radiation in the world (Laperre and Gambichler 2003).
In order make these protective cloth users friendly and
high comfort, studies have come up with some mag-
nificent solutions to make these clothing as protec-
tive and cozy at the same time. Among all other natu-
ral fibers, cotton is the most popular fabric in the hot
season because of its hygroscopicity, air permeability,
biodegradability, lack of static electricity, and so on. It
is a plentiful natural fiber made up almost entirely of
cellulose (about 88-96%) (Mahbubul Bashar and Khan
2013). Cotton has the highest moisture regain proper-
ties in both slack and tight fabric dyeing, which also
indicates the comfort of cotton fabric (Cil et al. 2009).
Several factors are considered during the develop-
ment of UV protective clothing. Factors that influence
the UPF of fabrics are structures, materials, dye, and
yarn morphology, UVR absorbing additives, moisture
absorption, and fabric deformation. UPF values above
40 (rating 40+) and 50 (rating 50+) are entertained as
the ultimate sun-blocks (Gambichler et al. 2001; Duan
et al. 2011; Mishra et al. 2014). UPF is higher in fabrics
with closer and tighter structures, higher GSM (weight
per unit area), or thickness (Aguilera et al. 2014; Louris
et al. 2018). The UPF values are also influenced by the
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materials used. Synthetic yarns perform better than
natural fibers in terms of UV performance (Gies et al.
1998; Aguilera et al. 2014). UVR is absorbed more
by darker hues, leading to greater UPFs (Hustvedt and
Crews 2005; Aguilera et al. 2014). UPF is also affected
by yarn morphology. Yarns with a more wavy filament
structure have a structure that allows for increased UV
transmission (Singh and Singh 2013). The UV protec-
tion efficacy of clothes can be improved by using fabric
with UVR absorption compounds (Gies et al. 1998).
Although many studies have been conducted on the
development of UV protective textiles, there is still
a lack of comprehensive reviews that provide a clear
conception of UV protective cotton clothing that can be
worn comfortably in the summer season. In this com-
prehensive review, the development of UV protective
cotton fabric is focused on. This review discusses the
UV protection factor of cotton fabric and the factors to
consider while making UV protective clothing. It also
describes the use of UV absorbers and nanoparticles
for UV protection. In this review, the nanoparticle syn-
thesizing process is also discussed to apply them onto
the fabric. Finally, this review presents the current situ-
ation and future directions for further developments.

UV protection of textile materials

The potency of UV blocking is evaluated by the UV
protection factor of UVA and/or UVB. UV transmit-
tance through a fabric, both direct and diffuse, is a
vital component in determining UV protection of the
fabric (Gambichler et al. 2002; Dubrovski and Golob
2009). The UV protective textile should have reflect-
ing and absorbing properties that it can head off UV
rays to reach the skin. The vital property of a protec-
tive textile is determined by its transmittance (Parisi
et al. 2000; Gabrijelci€ et al. 2009). Fabric structures
for both woven and knit fabrics are essential factors
for UV transmission modification. Figure 1 shows the
effect of UV radiation on textile materials.

The UV transmission factor of woven and knitted
fabrics is associated with the cover and gauge of the
fabric; closer and tighter structures with fewer pores
result in less transmission (Wilson et al. 2008). UV rays
that contact textiles are partially reflected, absorbed,
and transmitted over the fibers and interstices, and the
optical porosity of a fabric inhibits its probability to

UV radiation

Textile
structure

Reflected
part of UVR

A
L bies

Absorbed
part of UVR

Transmitted part
of UVR

Fig.1 UV radiation effect on textile materials (Singh and
Singh 2013). Published under a CC-BY license, Hindawi

furnish UVR protection (Saravanan 2007; Koci¢ et al.
2019). According to Krste Dimitrovski et al. (Dim-
itrovski et al. 2010), the UV protection level of fabric
can be determined by its designs and constructional
parameters. The transmitted UV radiation in textiles is
made up of two constituents: a diffuse component that
is affected by the absorption qualities of the fabric and
an unchanging component that passes directly through
the gaps between the yarns. Changes in the construc-
tion parameters of textile materials can be used to
reduce UV transmission. The right combination of the
thickness, areal density, and weave of woven or knitted
fabric, as well as the yarn type (mono or multifilament)
and fineness, offers the possibility of UV-protective
textiles. The chemical properties of the fiber and the
construction parameters of the fabric influence the UPF
(Majumdar et al. 2010, 2012; Wong et al. 2013).

Standard for measuring UV protective factors

The UV protection factor (UPF) is a significant sta-
tistical tool of the protection provided by UV ray pro-
tection products such as sunscreen or clothing, and
it is considered to be an excellent representative of
in vivo methods for determining the photo protection
(Laperre et al. 2001). The corollary of UPF is the sun
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protection factor (SPF). The core difference between
UPF and SPF is that SPF is measured by human tests,
whereas UPF is measured by instruments (Hustvedt
and Crews 2005; Grifoni et al. 2009). To measure the
UPF based on transmitted radiation, the international
scientific community has established Equation (1).

400
UPF = 200 Ea X Sy X Ay
= 400 (D
200 B X S X Ty X A,
Where,

E, is the solar UVR spectral irradiance (in
W-m-2-nm-1)

S,  is the relative erythemal effectiveness according
to the Commission Internationale de 1’Elcairage
(CIE) (Webb et al. 2011).

A,  is the bandwidth (in nm)

T, 1is the spectral transmission through the textile is
the wavelength (in nm)

Based on this UPF calculation method, UV protec-
tive excellence has specific categories of international
standards. The higher the rating indicates the better
the protection. For better understanding, we can give
examples like if an uncovered fair skin starts show-
ing redness or erythema under the sun exposure at
10 minutes then under the protection of UPF rating
20 will increase the time by 20 times, which means
200 minutes. UPF ratings 40+ or 504 are considered
as excellent protection. The method mentioned in
Table 1 has gained widespread acceptance as a lab-
oratory-based test procedure (Stankovic et al. 2009).
The UV Protection Factor rating categories according

to AS/NZS, ASTM, and European standards are
shown in Table 1.

Factors considered for fabric construction for UV
protection

Nature of fiber

Natural fiber has a great impact on the UPF of
fabric. Due to the variations in ultraviolet trans-
parency, the chemical nature of the fibers has
an effect on UPF. Fibers with a large conjugated
aromatic polymer system were found to be more
effective in blocking UV radiation (Daoud and
Kong 2004; Paul et al. 2010). Researchers have
found that hydrophobic fibers, like polyester, have
a high UV light transmittance protection ratio.
The presence of a benzene circle in polyester may
help it obtain a specious property of UV protection
(Gorensek and Sluga 2004; Shim et al. 2009; Pan
and Sun 2011). Benzene exhibits very strong light
absorption properties. The minimal comfort prop-
erties made polyester the least used fabric during
the summer. Natural fiber-made fabrics are more
comfortable and are mostly used instead. Among
all other natural fibers, cotton is the most widely
used fabric in summer and hot weather. Most of the
researchers and scientists who are interested in UV
protection of natural fibers have their attention on
cotton fabric. Natural fibers, such as cotton, silk,
and linen, absorb less ultraviolet radiation than
synthetic fibers. Spectroscopic studies of ‘WB
Achwal’ show that cotton has relatively high UV
transmission in the range of 280-400nm. Bleached
cotton has a high level of permeability to ultravio-
let radiation. Gray cotton shows higher UPF prop-
erties. The presence of natural pigments, pectin,

Table 1 UV protection

AS/NZS 4399:1996 & ASTM D6603

EN 13758-2:2003

factor rating categories

UPF UPF

Range Ratings

% UVB UPF UPF

Transmittance Range Ratings

according to AS/NZS, Protection % UVB
ASTM, and European .
standards (Gambichler et al. Transmittance
2006; Stankovic et al. 2009;

Harrison and Downs 2015: Excellent  Less than 2.5
Downs and Harrison 2018; Very good  4.1-2.6
Louris et al. 2018) Good 6.7-4.2

Above 40 40, 45, 50, 50+ Less than 2.5

Above 40 40+

25-39 25, 30,35 3.3-25 30-40 30
15-24 15, 20 5.0-34 20-29 No
value
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and waxes in gray cotton acts as ultraviolet absorb-
ers. Flax, hemp, ramie, and jute are examples of
natural fibers that are strong UV barrier raw mate-
rials. They include colors, lignin, waxes, and pec-
tin, all of which function as natural UV radiation
absorbers (Zimniewska and Batog 2012; Subra-
maniyan et al. 2013). Researchers have observed
a high UPF naturally-pigmented cotton fabric
(Hustvedt and Crews 2005). A fabric composed of
a mixture of polyester and cotton would be much
more protective than one made solely of cotton.
Furthermore, for warm-weather clothes, a combi-
nation of polyester and cotton would give higher
absorbency and comfortability at the same time
(Bajaj et al. 2000; Osterwalder et al. 2000; Stott
2010). In the case of cotton fabrics, it is obvious
that greige fabrics (raw) have superior UVR pro-
tection, regardless of fabric construction (Sarkar
2007; Jansen et al. 2013). The ability of a cloth
to block UV radiation is also affected by its fiber
chemistry. Fibers containing a large conjugated
aromatic polymer system were shown to be more
effective at UV blocking (Xin et al. 2004). The
chemical modification of the fiber influences the
UPF. An inclusion complex was developed by the
reaction of p-cyclodextrin (f-CD) with 4-hydroxy
benzophenone (4-HBP), since f-CD acts as a host
molecule for 4-HBP. The complex was added up
to a finishing bath comprising citric acid (CA) and
sodium hypophosphite (SHP) as a catalyst to pro-
vide the anti-crease and ultraviolet (UV) protection
properties of the cotton fabric. The best concentra-
tion for both the UPF and anti-crease qualities was
found to be 0.25 g of B-CD and 4-HBP. The UPF
and the wrinkle recovery angle increase when the
concentrations of CA and SHP increase. The fin-
ished fabrics show an excellent durability against
30 successive washing cycles (El Tahlawy et al.
2007; Abidi 2018). The sunscreen ingredient octyl
methoxycinnamate was integrated into cyclodex-
trin cavities and covalently bonded to cloth fib-
ers in another investigation. Tencel, a cellulosic
fabric, was grafted with B-cyclodextrin molecules
via a monochlorotriazinyl-p-cyclodextrin process
(p-CDMCT). The finished fabric showed better
photoprotective characteristics than the unmodi-
fied textile material even after repeated washings
(Scalia et al. 2006a, 2006b).

Yarn properties

The UPF of the fabric is inversely proportional to the
yarn count. Fabrics constructed from finer yarns have
a finer composition (Sarkar 2004). For fabrics with
finer yarns, it may also be a result of higher porosity
in the fabric. However, according to another analysis,
with increasing yarn fineness, the UPF increases first
and then decreases (Dubrovski and Brezocnik 2009;
Chattopadhyay et al. 2013; Gorjanc et al. 2014). The
cross-sectional structure of the fiber can influence
the UPF of textiles. According to optical theory, the
cross-section of fiber has an impact on light trans-
mittance and reflectance. Triangular configurations
outperform other forms in single yarns with cube,
rectangular, and rectangle cross-sections, while the
round one has the least UV protection impact (yu
et al. 2015; Yu et al. 2017). Yarn twist is a crucial ele-
ment in determining the core and surface characteris-
tics of the fabric, as well as the porous structure. As
a result, it has a great influence on UV transmission
through the fabric. Due to the increased fiber density
caused by high-twist yarns, the UVR transmittance
through them is reduced (Stankovic et al. 2009). The
yarn hairiness may also influence the UV protection
properties of the textiles. However, further studies are
needed to determine the impact of yarn properties on
UV shielding of cloth (Stankovic et al. 2009).

Fabric structure

Sun protective knitted and woven fabrics must have
higher cover factor properties. Higher cover factors
mean higher UV protection. The primarily construc-
tional parameters of the fabric are determined by its
weave/knit design, yarn count, and thread density.
Yarn crimp, fabric cover factor, fabric porosity, fab-
ric thickness, fabric mass, and fabric mass density are
the secondary constructional parameters. Generally,
woven fabric has a higher UV protection rate com-
pared to knit fabric (Kathirvelu et al. 2009; Alebeid
and Zhao 2017). The woven fabric has frequent inter-
lacements with yarn. Comparatively knit fabric has
more open structure, the porosity further increases
due to stretching (Bajaj et al. 2000). Porosity and the
cover factor are quite related, as both measure the
tightness of the weave and the knitting (Stankovic
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et al. 2009; Behcet and Halil Rifat 2010). Tighter
fabric structures with smaller pores occupied more
percentage of the area and created more opaque UV
radiation. The fabric cover factor is proportional to its
weight per unit area; a heavier fabric allows the least
UV transmission, as it has a smaller space between
the yarns. This gives the advantage of blocking more
radiation (Sarkar 2004). The UPFs for fabrics of vari-
ous densities are mentioned in Fig. 2. The designed
cotton fabric can give good UV protection (UPF >
15) when the air permeability is high, and it can give
excellent UV protection (UPF > 40) when the air per-
meability is low (Majumdar et al. 2010)(Stankovic
et al. 2009).

Satin, twill, and plain weaves among woven struc-
tures give better UV protection than sateen weave
because of its higher cover factor (GabrijelCi¢ et al.
2009). Twill and satin materials provide an excel-
lent UPF at 70-80% tightness (Dubrovski and Golob
2009). In addition, the UPF of the different tightness
weaves varied, with satin coming out on top, followed
by twill and plain weaves among the three weaves
important points to consider (Dubrovski and Brezoc-
nik 2009; Khan et al. 2020). In knit construction, the
double knit fabric shows higher UV protection than
the single knit structure. The interlock fabric provides
the highest level of UV protection, right ahead to the
1x1 rib structure, full Milano, and full cardigan (Kan
2014). Because their UPF ratings were less than 15,
the plain weave and sateen weave fabrics cannot be
considered to provide any level of protection based on
the previously established classification parameters.
The UV protection of the undyed twill weave fabric is
rated as good, with a UPF of 19.2. The UPF values of
undyed fabrics can be addressed using the fiber com-
position and the structure of the fabric (Sarkar 2004).

Fig. 2 UPFs for fabrics of 430
various densities. Repro- i
duced with permission -
(Zimniewska and Batog

2012). Copyright © 2012,

Elsevier

Value
=

-

Plain weave

b x|
Sateen weave

Twill weave
Fabric structure
UPF 8 UV Protection Class

Fig. 3 UPF and UV protection class of undyed cotton fabrics
for different structures

The structure and UPF of the undyed cotton fabrics
are demonstrated in Fig. 3.

The UPF of undyed materials was greatly
increased by dyeing with natural colorants, particu-
larly for fabrics like plain weave and sateen weave,
which had no protective properties in their original
state. The amount of protection provided after dying
was determined by the concentration of colorant in
the fabric. The UPF values increased as the percent-
age depth of the shade increased within the same fab-
ric type (Sarkar 2004). The UPF values, protection
class, and color strength of different weave cotton
fabric dyed with natural colorants at different concen-
trations are shown in Table 2.

Bleaching and dyeing effect

Pretreatment of the fabric is done to remove natural,
applied, and obtained impurities, and coloring parti-
cles. Certain UV blocking agents are often removed
or reduced in the fabric, yarn, and fiber structure. The

Al

UPF~40
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Table 2 UPF, and protection class of different weave cotton
fabrics treated with natural colorants at different concentrations
[UV protection class indicators: No class: 1; Good: 2; Very
good: 3; Excellent: 4] (Sarkar 2004)

Fabric structure Dyes UPF UV pro-
tection
class

Plain weave 2% madder 11.1 1

4% madder 15.8 2
6% madder 16.6
2% cochineal 28.5 3
4% cochineal 34
6% cochineal 36.6
2% indigo 43.1 4
4% indigo Above 50
6% indigo
Twill weave 2% madder Above 50 4
4% madder
6% madder
2 % cochineal
4% cochineal
6% cochineal
2% indigo
4% indigo
6% indigo
Sateen weave 2% madder Above 50 4
4% madder
6% madder

2% cochineal
4% cochineal
6% cochineal
2% indigo
4% indigo
6% indigo

removal of hydrophobic impurities from the fabrics is
known as bleaching.

The bleached cotton significantly provides less UV
protection than the unbleached cotton (Gabrijelci¢
et al. 2009; Ibrahim et al. 2009). Bleaching cot-
ton textiles massively increases their transmittance
and reduces their UV protection, according to stud-
ies. The presence of wax, pectin, and natural color-
ing particles in unbleached cotton exhibits more UPF
than bleached cotton itself. Because of the bleaching
agent and consequently low UV absorbance, even the
most tightly woven and maximally coated samples
have inadequate UPF (Gabrijel¢i€ et al. 2009; Samant

et al. 2020). Bleaching techniques, as well as the
addition of optical brightening, fluorescent, and whit-
ening agents, have an effect on transmission (Downs
and Harrison 2018). Optical brightening chemicals,
also known as fluorescent whitening agents, are
poor chemical compounds that absorb and re-emit
light at various wavelengths. They make white per-
sons appear to be "whiter than white" (Sarkar 2007).
Optical brightening compounds included in laundry
detergents enhanced the effectiveness of UV radia-
tion blocking of cotton clothing and cotton/polyes-
ter blends, according to the study (Algaba and Riva
2002; Riva and Algaba 2006; Abidi et al. 2007; Wang
et al. 2010).

Ultraviolet protection capabilities of textile mate-
rials substantially depend on the type of pigment
and dyestuff, the depth of the dyeing, the group of
absorptives in the dyestuff, the uniformity and addi-
tive (Bajaj et al. 2000; Saravanan 2007; Riva et al.
2009; Alebeid et al. 2015; Wong et al. 2016a). When
UV protection can be obtained by using dyes and pig-
ments, it is not so wise to choose a heavy fabric for
summer conditions. Darker colors of the same fab-
ric type (black, navy, dark red) absorb UV radiation
significantly more powerfully than light colors for
equivalent weaves with UPF in the ranges of 18-37
and 19-34 for cotton and polyester, respectively. The
UPF rating of some dyes, such as direct, reactive,
and vat dyes, is greater than 50 (Bajaj et al. 2000;
Grifoni et al. 2011). Several direct dyes increase the
UPF of bleached fabric by a large amount, which is
determined by the relative UVB absorbance of the
dyes. The UPF of natural dyes varies from 15 to
45, depending on the mordant utilized (Gupta et al.
2005; Kim 2006; Kamel et al. 2007; Bonet-Aracil
et al. 2016; Islam et al. 2021a, b, ¢; Liman et al.
2021; Rahman Liman et al. 2021). Cellulosic fabrics
transmit UV-A and UV-B equally, according to the
research, with a transmittance ratio (TA/TB) of 0.9.
And if the same fabric is dyed with reactive dye, the
UPF increases from 4.7 to 5.0-14.0, depending on
the concentration, which is not enough to meet the
minimum standards (Oda 2011; Emam and Bechtold
2015; Wong et al. 2016b). Cellulosic fabrics dyed
with some vinyl sulphone dyes and monochlorotria-
zine dyes exhibit the reduction of UV ray transmis-
sion from 24.6% to 10-20% and 27.8% to 8-22% for
UVA and UVB collectively. The UPF increases syn-
ergistically when these dyes are mixed together. For
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polyester/cotton blends, some dispersed reactive mix
combinations may provide long-lasting UV defense
with a UPF of 50+ (Alebeid and Zhao 2017). The
structures of some dyes with good UV absorption are
shown in Fig. 4.

UV radiation is absorbed by several dyes. Accord-
ing to studies, the darker the shade of a specific color,
the greater the protection. In general, navy, black,
and olive tones offer more protection than light pas-
tels and, as a result, have a higher UPF rating. The
influence of color on the UPF of cotton fabrics with
identical weaves and weights is shown in Fig. 5. This

Fig. 4 Molecular structures
of C. I. Reactive Blue 109.

should only be used as a reference, as different fabrics
may have different properties.

The naturally coloured cottons demonstrated con-
siderably higher UPF values than conventional cotton
(Hustvedt and Crews 2005). The natural dye produced
from henna leaves can be used to produce outstand-
ing UV-protective cotton fabric. The dyeing tempera-
ture and time were found to be important factors in
improving UV protection (Alebeid et al. 2015). Feng
et al. developed ultraviolet protective cotton fabric
using Rheum and Lithospermum erythrorhizon. The
materials coloured with natural dyes exhibited good

Reproduced with permis- /
sion (Pal 2017). Copyright
© 2017, Elsevier; C.I.

Direct Red 81 (Walger et al.
2018). Published under a

CC-BY license, MDPI and NaO,S I
C. I. Vat Red 13. Repro- N
duced with permission Chromogen

(Golob and Ojstrsek 2005).
Copyright © 2005, Elsevier

\ NaO,S

cl
SO,Na NaO,S ) N)\
NH, O N
H

Reactive
group

Bridging group

SO, Naj

Reactive dye (C. I. Reactive Blue 109)

Auxochrome
groups
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Fig. 5 UPF of different identical cotton fabrics

ultraviolet protection characteristics, according to the
results of the experiments. They were able to absorb
around 80% of UV radiation (Feng et al. 2007). When
natural dyes are exposed to UVR, they can undergo
a photochemistry reaction, as seen in Fig. 6. Salah
investigated the antibacterial activity and UV protec-
tion properties of cotton fabrics treated with aque-
ous extract from banana peel and discovered that the
mercerized cotton fabrics had excellent antibacterial

Fig. 6 Illustration of a
UV-absorptive scheme for
the natural dyes: a. Rheum
and b. Lithospermum
erythrorhizon. Reproduced
with permission (Feng et al.
2007). Copyright © 2007,
Elsevier
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activity, high dye uptake, and high UV protection
properties compared to control and unmercerized cot-
ton (Salah 2013).

Moisture and swelling effect

The UPF of the moist garment is slightly better than
that of the same garments in the dry state. The pres-
ence of water molecules in the fabric’s interstices
decreases scattering and thereby increases its per-
meability to ultraviolet radiation. The UPF rating
of the fabric decreases from 30% to 50% when it is
wet. The capacity of textile fibers to protect against
UV radiation varies depending on their structure and
other additions (Tsuzuki and Wang 2010; Sayed et al.
2015). The UPF of textile materials is also impacted
by the construction characteristics and wear circum-
stances of textile materials, as well as the moisture
and additives used during production (Bajaj et al.
2000). Moisture has a strong impact on the form and
hygroscopicity of the fibers, as well as on the condi-
tioning time, resulting in swelling phenomena (Hearle
and Morton 2008; Grishanov 2011). The UPF of a
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fabric is affected by the relative humidity percentage
or the moisture content of the fibers in two ways. Fib-
ers swell as a consequence of moisture absorption,
reducing interstices and thus the UV penetrance. The
presence of water, on the other hand, decreases scat-
tering effects because the refractive index of water
is similar to that of the textile polymer, resulting in
higher ultraviolet transmission compared to a lower
UPF value (Bajaj et al. 2000). When a cotton garment
is wet, it can emit up to 50% more UV rays than when
it is dry. For sufficient and exceptionally good protec-
tion, ultraviolet radiation transmission should be less
than 6% and 2.5% (Saravanan 2007).

UV absorbers

Colorless organic or inorganic compounds that absorb
substantially in the UV range of 290-360 nm are
termed as UV absorbers (Krizek and Gao 2004; Sara-
vanan 2007; Das et al. 2010). UV absorbers operate
as radical scavengers and quench singlet oxygen in
the fibers, converting electrical excitation energy into
heat energy. The high-energy, short-wave UVR stim-
ulates the UV absorber to a higher energy state, and
the energy absorbed can then be dissipated as longer-
wave radiation (Das et al. 2010). Isomerization can
occur, on the other hand, causing the UV absorber to
fragment into non-absorbing isomers. UV absorbers,
which are used in sunscreen lotions, physically block
UVR (Aloui et al. 2007; Das et al. 2010). 2-hydroxy-
benzophenones, 2-hydroxyphenyl benzotriazoles,
and 2-hydroxyphenyl-s-triazines seem to be the most
important classes of ultraviolet absorbers. The most
widely used UVB screens, 2-ethyl hexyl-4-methoxy
cinnamate, have a high refractive index (RI) and con-
tribute significantly to the skin RI matching (Smith
et al. 2002; Shen et al. 2014). To avoid color deterio-
ration or loss, an effective UV absorber must be able
to absorb across the spectrum, remain stable against
UVR, and disperse the energy absorbed (Wong et al.
2013). O-hydroxybenzophenones, O-hydroxy phe-
nyl triazines, and O-hydroxy phenyl hydrazines are
the most commonly used organic UV absorbers. The
chemical structures of UV absorbers for cotton fabric
are mentioned in Table 3.

The orthohydroxyl group is known to promote
absorption and ensure that the chemical is soluble

@ Springer

in alkaline solutions. UV absorbers often employed
include 2-hydroxy benzophenones, 2-hydroxy phe-
nyl benzotriazoles, 2-hydroxy phenyl-striazines,
and compounds such as benzoic acid esters and hin-
dered amines (Sekar 2000). The significant absorp-
tion of 2, 4 dihydroxybenzophenone near UV is due
to conjugate chelation between the orthohydroxyl
and carbonyl groups. Organic compounds, including
benzotriazole, hydro benzophenone, and phenyl tri-
azine, are commonly employed in coating and pad-
ding techniques to produce a wide UV protection (J.
Rupp 2001). Synergistic effects can be achieved by
using the right mixture of UV absorbers and antiox-
idants (Smith 2000; Hussain et al. 2012; Khan et al.
2017). Low energy levels, quick diffusibility, and
low sublimation fastness characterize benzophe-
none derivatives. Orthohydroxyphenyl and diphe-
nyltriazine derivatives have excellent sublimation
fastness, and a self-dispersing formulation can be
utilized in both pad-baths and print pastes for high-
temperature dyeing (Kathirvelu et al. 2009).

UV absorbers applied to the spinning dope
prior to fiber extrusion and dye bath in bath dye-
ing increase the light fastness and weatherability
of spun-dyed fibers (Hearle and Morton 2008). UV
absorbers to the extent of 0.6-2.5% are sufficient to
provide UVR protection fabrics (Wong et al. 2006).
Even so, recent findings have shown that these
chemicals have limitations in terms of application
due to toxicity, poor activity, and poor washing
fastness.

The performance of two common UV absorb-
ers, benzophenone, and its derivative 2, 4 dihy-
droxybenzophenone, was investigated in terms of
UV protection factor (UPF), color fastness, tensile
strength, handling, and other factors. The abil-
ity of two novel UV absorbers, avobenzone alone
and in conjunction with octocrylene, to absorb UV
radiation over a broader spectrum was also tested.
Compared to benzophenone, the effect of UV fin-
ish with 2, 4 dihydroxybenzophenone was found
to be more apparent; UPF ratings increased up to
200 with avobenzone alone and in conjunction with
octocrylene. In the UV-A and UV-B ranges, the
combination of innovative UV absorbers signifi-
cantly reduced UV transmission to well below 1%
(Chakraborty 2014). The influences of benzophe-
none, 2, 4-dihydroxy benzophenone, avobenzene,
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Table 3 Chemical design UV absorber Chemical design
of UV absorbers for cotton .
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and avobenzene + octocrylene on UPF of white and
reactive dyed cotton are shown in Fig. 7.

Nanoparticles for UV protection

Common textile finishing methods for imparting
various properties to cotton fabric do not always
to produce long-term results, and their effect is
impaired after laundering or usage. Nanoparticles
(NPs) have a larger surface area and energy; thus
they can provide a large surface area for treated fab-
rics, resulting in a significant affinity for the fabric
and a better endurance of the intended textile func-
tionalities (Wong et al. 2006). The use of semicon-
ductor and metal nanostructures in textile finishes
has exploded in recent years due to their unique
properties (Roe and Zhang 2009). In addition to UV

protection properties, researchers have found that
cotton fabric treated with different nanoparticles is
useful in a variety of applications, including hydro-
phobicity, antimicrobial, and self-cleaning (Wong
et al. 2006; GorenSek and Recelj 2007; Shateri-
Khalilabad and Yazdanshenas 2013).

ZnO as UV protective nanoparticles

ZnO (zinc oxide) nanoparticle has unique photocata-
lytic, electrical, electronic, optical, dermatological,
and antibacterial properties; due to these characteris-
tics, ZnO 1is the most vastly studied material (Cakir
et al. 2012; Barani 2014; Ibanescu et al. 2014). Many
recent studies have found that cotton fabrics contain-
ing nano-ZnO provide better UV protection. The per-
formance of ZnO nanoparticles as UV absorbers can
be efficiently transferred to fabric materials by coating

@ Springer



7566

Cellulose (2022) 29:7555-7585

—_
Q
~

UV Protection factor (UPF)

0 10 20 30 40 50
Benzophenone (g/1)

White + padding

----- White + Exhaust and padding

~——a— Reactive dyed (1%) + padding

- =wa--- Reactive dyed (1%) + Exhaust and padding
—+— Reactive dyed (2%) + padding

--+--- Reactive dyed (2%) + I;xhausl and padding
——e&— Reactive dyed (3%) + padding

()

UV protection factor (UPF)

0 10 20 30 40 50
Avobenzene (g/1)

= White + padding

(b) 250 4

UV protection factor (UPF)

0 10 20 30 40 50
2,4 Dihydroxy benzophenone (g/1)

——— White + Padding

----- White + Exhaust and padding

—a— Reactive dyed (1%) + padding
--#---Reactive dyed (1%) + Exhaust and padding
—— Reactive dyed (2%) + padding

== o= Reactive dyed (2%) + Exhaust and padding
—=&— Reactive dyed (3%) + padding

(d) 200 |

g 8 g

UV protection factor (UPF)

'y
=)

0

T 1 T T
a,\\\ >g\ Q\ \s,\ A 8 ,,\\ ROPRON K\
& 2 Lt

—s— Reactive dyed (1%)+ padding
—— Reactive dyed (2%)+ padding
—e— Reactive dyed (3%)+ padding
—e— Reactive dyed (4%)+ padding
—=— Reactive dyed (5%)+ padding

= === White + Exhaust and padding

- = = Reactive dyed (196)+ Exhaust and padding
- -+ - Reactive dyed (2%)+ Exhaust and padding
- =o- - Reactive dyed (3%)+ Exhaust and padding
- =e = Reactive dyed (4%)+ Exhaust and padding
- -% - Reactive dyed (5%)+ Exhaust and padding

2V o o
NN &P ST N
Avobenzone + Octocrylene (/1 each)
—— White + padding

----- White + Exhaust and padding
—— Reactive dyed (1%)+ padding
--e-- Reactive dyed (1%)+ Exhaust and padding
—e— Reactive dyed (2%)+ padding
--+-- Reactive dyed (2%)+ Exhaust and padding
—e— Reactive dyed (3%)+ padding

Fig. 7 Influence of (a) benzophenone, (b) 2, 4dihydroxy benzophenone, (c) avobenzene, and (d) avobenzene + octocrylene on the

UPF of white and reactive dyed cotton (Chakraborty et al. 2014). Published under a CC-BY license

them with ZnO nanoparticles on the surface of cot-
ton (Vigneshwaran et al. 2006; Becheri et al. 2008;
Li et al. 2011; Abd Elhady 2012; Shateri-Khalilabad
and Yazdanshenas 2013; Advances 2019). The nano-
particles must be diffused in a suitable solvent and a
series of processes must be performed to enhance the
stability of the ZnO nanoparticles and inhibit particle
aggregation in order to manufacture UV-protective
textiles (Kathirvelu et al. 2009; Lee 2009; El Shafei
and Abou-Okeil 2011; Sivakumar et al. 2013). ZnO
nanoparticles were produced using a solution of
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ZnCl12 and 2-propanol in the research conducted by
S. Kathirvelu et al. As a result, samples made in an
aqueous medium are larger than those produced in a
more monodisperse propanol solution (see in Fig. 8).
The results of the UV transmission and UPF values
for the UVA and UVB ranges found that cotton sam-
ples containing ZnO nanoparticles provided greater
protection than cotton samples manufactured using
the synthesis 2 techniques. It should be remembered
that the padding method of applying ZnO nanoparti-
cles to fabrics will result in particle penetration into
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Fig. 8 (A) water-synthe-
sized samples (synthesis 1)
and (B) samples synthe-
sized in 1, 2-propanol
solution (synthesis 2).
Reproduced with permis-
sion (Kathirvelu et al.
2009). Copyright © 2009,
NOPR

the yarn interstices. Since these nanoparticles may
not remain on the surface of the fabrics, they might
not quite be effective (Kathirvelu et al. 2009).
Electrospinning was utilized in another study to
investigate the influence of ZnO nanoparticle accu-
mulation on polypropylene nonwoven fabrics (Lee
2009). The solution of polyurethane in DMF and the
addition of zinc oxide nanoparticles at various con-
centrations to the solution produce electrospinning
solutions. Depending on the degree of ZnO content
(02 wt%), UPF increased from 2 to 50+ (see in
Fig. 9). Wang et al. used the sol-gel finishing pro-
cess to create dumbbell-shaped ZnO crystallites with
a size greater than 500 nm on cotton fabric. Using a
dip-pad-cure technique, clear solutions of zinc acetate
and triethenamine in 2-methoxyethanol, equal to 3
percent by the weight of ZnO, were added twice to
cotton fabrics and then cured at up to 400°C. Curing
at temperatures above 150°C resulted in a UPF value

(b)

of >400. After five laundering cycles, this approach
offered consistent fastness (Wang et al. 2005). Yadav
et al. used zinc nitrate and sodium hydroxide as pre-
cursors and soluble starch as a stabilizing agent to
make ZnO using a wet chemical process. Around 75%
of the incident UV ray was blocked by 2% nano-ZnO
on cotton fabric (Yadav et al. 2006). Noorian et al.
employed a bi-component metal oxide to improve UV
protection in textiles and polymers. Cu,0/ZnO nano-
particles were produced in situ on the cotton fabric
surface to improve UV protection. According to the
findings, the use of Cu,0/Zn0O nanoparticles on cot-
ton fabric provides significantly better UV protection
than using ZnO and Cu,O nanoparticles alone. They
claim that ZnO nanoparticles have higher UV absorp-
tion and reflectance than Cu,O nanoparticles, which
protect treated cotton fabric, and that both can shield
fibers together by forming a thin layer of particles on
the fabric surface in situ (Noorian et al. 2015).

Fig. 9 SEM of electrospun polyurethane nanofiber web (A),
electrospun polyurethane/zinc oxide nanocomposite fiber web
(B) cross-sectional view of a nanocomposite fiber (inset),

and cross-sectional view of a layered fabric system (C).
Reproduced with permission (Lee 2009). Copyright © 2009,
Springer nature
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Lu et al. recommended that cotton fabrics be
treated with encapsulated ZnO in polystyrene.
Although a grainy coating on the fibers provided a
high UPF value, after 10 home washings, the UPF
value decreased significantly from 86.6 to 15.3 (Lu
et al. 2006). Fig. 10 shows a ZnO-PS based nano-
sphere with carboxylic surface functional groups,
as well as the attachment of a ZnO-PS based hybrid
nanosphere to cotton through an esterification reac-
tion between the cotton —OH groups and the ZnO-PS
based hybrid nanosphere -COOH groups. A primary
hydroxyl group is found at C6 in a cellulose moiety of
cotton fabric, whereas secondary hydroxyl groups are
found at C3 and C2 (Seth et al. 2020).

Becheri et al. synthesized ZnO nanoparticles from
ZnCl, and NaOH in a homogeneous phase process in
H,0 or C,HO, at high temperatures and then applied
them to cotton and wool fibers. The UV transmit-
tance of the textiles was lowered from 90% to 20%
(Becheri et al. 2008). Mao et al. developed ZnO nan-
oparticles directly in situ on SiO,-coated cotton fibers
using a hydrothermal mechanism (Mao et al. 2009).
Hydrothermal techniques have been recognized as
a favorable and easy control approach for the crea-
tion of crystalline nanoparticle metal oxides with a
limited size distribution, excellent crystallization,
few agglomerates, and phase purity (Ledwith et al.
2004). Cotton fabric was pretreated with SiO, sol to
optimize wash and light color fastness (Mahltig and

TIH= CH,

@ (3 + Y

I
CH= CH— C- OH

Polymerization

O Cotton Fiber

HO HO HO HO HO HO HO HO HO HO

Fig. 10 Schematic showing a ZnO-PS based hybrid nanocoat-
ing on cotton fabrics. (a) ZnO-PS nanosphere with carboxylic
surface functional groups; (b) esterification reaction of cotton —
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Textor 2006). The cotton was coated with needle-
shaped ZnO nanorods with a diameter of 24 nm after
hydrothermal processing. The UV-blocking quality
of the coated fabrics was excellent, with a UPF value
of over 50. However, after 5 launderings, the UPF
dropped to half what it was before (Fig. 11) (Mao
et al. 2009). Another study discovered that cotton fab-
ric functionalized with biosynthesised NP ZnO had
a higher efficacy in blocking ultraviolet light (UV)
(Asmat-campos et al. 2021).

Cotton fabrics treated with ZnO nanoparticles
demonstrated significant UV protection (87.8 UPF),
hydrophobicity (155), and zone of bacterial inhibition
against E. coli and S. aureus (25.13, 0.05 mm and
30.17, 0.03 mm, respectively). This study used zinc
acetate as a precursor to green synthesis of ZnO nan-
oparticles from Acalypha indica leaf extract (Karthik
et al. 2017). When the cotton fabric was treated
with AuNPs/ZnONPs, it demonstrated a significant
increase in UV protection. Even after 15 washings,
the imparted functional qualities showed outstanding
preservation. The antibacterial activity of the acti-
vated fabric samples is significantly improved against
both S. aureus and E. coli (Ibrahim et al. 2016). In
another study, aminopropyltriethoxysilane was used
as a silane cross-linker to anchor zinc oxide nano-
particles to a pristine cotton fabric surface, which
was then modified using hexadecyltrimethoxysilane,
a silane hydrophobe. With a water contact angle of

OH groups and ZnO-PS hybrid nanosphere -COOH groups to
connect the ZnO-PS hybrid nanosphere to cotton. Reproduced
with permission (Lu et al. 2006). Copyright © 2006, Elsevier



Cellulose (2022) 29:7555-7585

7569

Fig. 11 SEM images of
cotton (A) before modifica-
tion, (B) after soaking in
the SiO, solution, (C) after
chemical deposition of
ZnO, and (D) after hot H,O
treatment at 100°C for 2.5
h. Reproduced with permis-
sion (Mao et al. 2009).
Copyright © 2009, Elsevier

154°, a water shedding angle of 2°, antibacterial
activity of up to 98%, and UV-blocking ability more
than 200 times that of pure cotton, this dual-silaniza-
tion technique produces highly functional fabrics with
superhydrophobicity. The materials are extremely
resistant to abrasion, ultrasonic washing, immersion
in various pH solutions, and UV irradiation when
used as is (Agrawal et al. 2019).

TiO, as UV protective nanoparticles

TiO, (titanium dioxide) is widely used in photocata-
lytic processes rather than any other semiconductor,
including ZnO, SnO,, ZrO,, Fe,0;, and TiO;, since
it is chemically and thermally stable and non-toxic
(Roessler et al. 2002; Akhavan Sadr and Montazer
2014; Karimi et al. 2014). Special properties of TiO,
nanoparticles such as higher stability, long-lasting,
safe, and broad-spectrum antibiosis, have paved
the way for new applications as an appealing multi-
functional material (Roessler et al. 2002; Bae et al.
2003; Abidi et al. 2009). All these properties make
TiO, nanoparticles useful in a variety of applications,
including self-cleaning, antibacterial, UV-protection,
and environmental purification (Han and Yu 2006;
El-Naggar et al. 2016; Ahmad et al. 2019). Three
well-known crystalline forms for TiO, are anatase
(which has a wavelength of 388 nm), rutile, and
brookite (Park and Kim 2005). Anatase is metastable
at lower temperatures, according to Reidy, Holmes,

and Morris, and is particularly suitable for cataly-
sis and photo-catalysis along with its greater surface
area (Reidy et al. 2006). Anatase titanium dioxide has
excellent catalytic activity than rutile, according to
another research (Fu et al. 2005). As titanium diox-
ide is irradiated with light that has higher energy than
that of its band gaps, electron hole pairs form at the
surface, causing redox reactions. As a consequence,
electrons in TiO, jump from the valence band to the
conduction band, resulting in the formation of elec-
tron (e-) and electric hole (h+) pairs on the photo-cat-
alyst surface. Negative electrons and oxygen form O,,
while positive electric holes and water form hydroxyl

Reduction
@ @

Conduction band

. m f=%

UV light 3 TiO2 8 3.79|ev
2| Quantum dots I
5 m

Valence band

000
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process

Fig. 12 The mechanism of photocatalytic activity of TiO,
quantum dots (QDs). Reproduced with permission (Gnana-
sekaran et al. 2015). Copyright © 2015, Elsevier
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radicals (see in Fig. 12) (Wong et al. 2006; Dastjerdi
et al. 2010).

For the synthesis of TiO, nanoparticles, a variety
of techniques have been used. Sol-gel processing is
one of the most popular processes (Keshmiri et al.
2004). The anatase form of the TiO, nanoparticles
was produced using the sol-gel technique. The pH
of the solution and the rate at which isopropoxide is
supplied are thought to affect particle size. Titanium
dioxide nanoparticles have been used to achieve anti-
bacterial, self-cleaning, UV protection, hydrophilic or
ultrahydrophobic characteristics, and color degrada-
tion in textile effluent (Daoud et al. 2005; Mahmoodi
et al. 2006).

According to a report, because of its large specific
surface area and high surface energy, nanoscale TiO,
has a strong affinity for fabrics. When used as a solar
UV protector, however, the blue change of the nano-
absorption TiO, edge is disadvantageous because
it decreases UVA absorption (Yang et al. 2004).
According to Zheng et al., treating cotton fabrics with
nano-TiO, sols can lead to improved UV resistance.
For cotton fabrics treated with nano-TiO, sols, the fol-
lowing finishing method is recommended: 40 % nano-
TiO, sols, two dip-two pads with 70% wet pickup,
drying at 50°C for 5 minutes, and curing at 165°C for
3 minutes (Zheng et al. 2011). Abidi et al. treated the
cotton fabric with TiO, nano sol, which gave the cot-
ton fabric excellent UVR protection, particularly in
the UVB [290-315 nm] area. The establishment of
covalent bonds between the (OH) groups of cellulose
and the (OH) groups of the titania network resulted in
excellent durability of the treatment in repeated home
laundering (Abidi et al. 2007).

The cotton fabrics coated with TiO, nanoparti-
cles were found to be resistant to domestic washing
by Roshan et al. The UPF values remained similar
even though the load of nanoparticles on the fabric
surface decreased after washing, indicating the per-
formance of the technology. The linking agent strat-
egy produced better results for both undyed and dyed
samples compared to the sol-gel method. Similarly,
it has been observed that the rutile crystalline phase
is more useful for UV protection in existing textile
mill gear, making it industrially feasible (Mukaihata
et al. 2008; Paul et al. 2010). Ukaji et al. coated thin
layers of aminoethyl aminopropyl trimethoxy silane
on TiO, particles in ethanol, by applying silane dur-
ing the ball-milling process (Ukaji et al. 2007). Shafi
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et al. used ultrasonic irradiation to coat octadecyltri-
hydrosilane on TiO, surfaces in heptane (Paul et al.
2010). Inert shells, usually composed of silica, were
recently coated onto TiO, cores to suppress the pho-
tocatalytic property of TiO, while retaining their UV-
protective property (Paul et al. 2010). Toni et al. used
a seeded sol—gel method of tetraethyl silicate (TEOS)
in ethanol to coat dense SiO, shells with TiO, parti-
cles (El-Toni et al. 2006). The techniques mentioned
here could be utilized to effectively create TiO,—SiO,
core-shell particles, however, they do have certain
limitations. TiO, colloids or TiO, dispersion must be
developed prior to the silica coating procedure. Sec-
ond, the silica layer is often formed in a non-aqueous
environment, requiring a considerable volume of
organic solvent. Finally, the core-shell particles man-
ufactured using the techniques described above are
relatively large due to the agglomeration of commer-
cial TiO, powders. As a result, these particles can not
be found in transparent materials (El-Toni et al. 2006;
Demirors et al. 2010).

Zhang et al. used a simple miniemulsion-combined
sol—gel approach to make the TiO,-SiO, hybrid. The
UV-blocking efficiency of this hybrid was excel-
lent without affecting the transparency (Zhang et al.
2010). Zhang et al. used the sol-gel technique to syn-
thesize TiO,—SiO,. Materials modified with TiO,/
SiO, had better protection compared to materials
modified with silica particles or materials that were
not treated. Furthermore, the coated nanoparticles
had no impact on the organic materials in terms of
photodecomposition. The TiO,/SiO, has potential
in UV blocking utilizations during inhibiting photo-
decomposition upshot on organic substrate, accord-
ing to the experimental results and the technological
approach (Zhang et al. 2011). Figure 13 exhibits SEM
of cotton colored with CI reactive red 120 at varying
concentrations of TiO,, as well as specimens colored
with commercial CI reactive red. Figures 14 and 15
demonstrate XRD, and SEM images of untreated and
treated cotton with TiO, NPs based on different urea
nitrate (UN) concentrations.

As indicated in Fig. 14, the structural characteri-
zation of TiO,NPs with various concentrations on
the cotton surface was studied using XRD with Cu
radiation. The peaks at 2theta 14.8°, 16.6°, 22.7°, and
34.4° (Fig. 14) correspond to the diffraction planes
of cellulose Ibeta (1-10), (110), (200) and (004),
respectively (French 2014). Some reasonably strong
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Fig. 13 SEM of colored
cotton with colour index
(CI) reactive red 120 doped
with various amounts

of TiO, nano-sol and
specimens colored with
commercial CI reactive red
120. Reproduced with per-
mission (Alebeid and Zhao
2016). Copyright © 2016,
Taylor & Francis

reflection peak at 27.56°, 40.44°, 43.33°, 65.88°, and
87.42° correspond to TiO,NPs (T1). There is a small
shift for the stated peak as the concentration of TiO,
NPs increases (T2 and T3). The produced TiO,NPs
were found to be well correlated to the rutile phase,
with significant diffraction peaks corresponding to
the (110), (101), (111), (211), and (220) orientations,
accordingly.

Figure 15 shows how treated cotton modifies the
morphological structure (T1, T2 and T3). As a result,
the surface of the cotton turns rough and uneven, sug-
gesting that TiO, NPs have been successfully coated
on the surface. The EDX spectrum revealed elemental
analyses of C, O, and Ti, indicating the existence of a
Ti layer coating on the cotton surface.

Graphene as UV protective nanoparticles

Because of its remarkable mechanical, electrical,
thermal, and optical properties, graphene and its
derivatives have attracted a lot of attention from the
semiconductor field (Bonaccorso et al. 2010; Ponraj
et al. 2016; Ergoktas et al. 2020; Bhattacharjee et al.
2021). The pad-dry-cure approach was employed by
Lijun et al. to functionalize cotton fabric coated with
low graphene nanoplate (GNP) (0.05-0.4 wt.%). With
only 0.4% weight of GNP, the modified cotton gave

outstanding UV protection, with a 10-fold increase
in UPF (from 32.71 to 356.74) (Qu et al. 2014). Pan-
diyarasan et al. proposed a new way for increasing
the UPF value of cotton fabric by using a non-toxic
hydrothermal technique to deposit reduced graphene
oxide (rGO). Before and after laundering, the UPF
values of bare cotton and rGO-deposited cotton fab-
ric were calculated to be 7.83, 442.69, and 442.32,
respectively. The manufactured material was estab-
lished to have outstanding UV protection properties
as well as a long lifespan (Pandiyarasan et al. 2017).
In order to improve the UPF value of cotton fabric,
Tian et al. developed a new electrostatic self-assem-
bly (ESA) technology (Tian et al. 2016).

Graphene oxide (GO) is a negatively charged
nanostructure in an aqueous solution that may be
simply constructed on a substrate with positively
charged polyelectrolyte through the ESA method to
form a multilayer network. They used the layer-by-
layer ESA technique to create a UV-protective cotton
fabric with GO as a polyanion and chitosan (CS) as a
polycation. The UPF values increased as the number
of GO/CS-deposited layers on the textile increased.
In comparison to cotton control fabric with a UPF of
9.37, fabric with a double layer of (GO/CS); had a
UPF of 88.93, while fabric with ten double layers of
(GO/CS),, had a UPF of 452. The UPF values of the
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Fig. 14 XRD of untreated and treated cotton fabrics with TiO,
NPs based on different concentrations of UN, (A) untreated,
(T1) treated cotton fabric with 0.2 g, (T2) treated cotton fabric

(GO/CS), and (GO/CS),, specimens decreased from
88.93 to 80.22 and 452 to 431.39, respectively, after
10 times water washings. The UV (UVA and UVB)
transmittance increased by less than 1%, showing that
GO/CS-deposited textiles delivered excellent UV pro-
tection and washing endurance. Figure 16 illustrates a
graphical representation of UV protection cotton fab-
ric developed through layer by layer self-assembly of
GO and chitosan technique (Tian et al. 2016).

Carbon nanotube (CNT) as UV protective
nanoparticles

Carbon nanotubes (CNTs) are one of the important
components of nanotechnology, with a length-to-
diameter ratio of more than 1,000,000. They are used
in a variety of sectors in material research because of
their anisotropic electrical, mechanical, and thermal
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with 0.4 g, and (T3) treated cotton fabric with 0.6 g of UN.
Reproduced with permission (El-Naggar et al. 2016). Copy-
right © 2016, American Chemical Society

properties. CNT has been created through a variety
of ways. They offer great promise for use in a variety
of industries, including nanoelectronics, biotechnol-
ogy, material science, polymer, composite, and tex-
tiles. Recent studies on the use of carbon nanotubes
in UV protection for cotton fabrics are covered in this
study. Fabrics treated with carbon nanotubes pro-
duce a wide range of conductive textiles with vary-
ing electrical characteristics. The fabric wear prop-
erties combined with carbon nanotubes expand the
possibility of creating composite materials for both
traditional and novel implementations, ranging from
traditional apparel and sportswear to protective cloth-
ing, heating equipment, automotive textiles, building
coverings, geotextiles, biomedical textiles, and so on.
Nanotubes are classified into two types: single-walled
nanotubes (SWNTs) and multi-walled nanotubes
(MWNTs). To develop single-walled nanotubes, a
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Fig. 15. SEM of (a) pristine cotton, TiO, NPs treated cotton
employing (b) 0.2 g of UN, (c) 0.4 g of UN, and (d) 0.6 g of
UN, (e) EDX, and (f) elemental contents of TiO,NPs treated

single graphite sheet is precisely coiled into a cylin-
drical tube (SWNT). The majority of SWNTs are
about 1 nanometer in diameter, although they can
be much larger. The multi-walled carbon nanotubes
(MWCNTs) were made up of tens of graphitic shells,
each with a high length-to-diameter ratio (Kuzmany
et al. 2004; Grobert 2007; Wu 2009; Bilotti et al.
2013; Cao et al. 2013; Mallakpour and Khadem 2016;
Siqueira and Oliveira 2017; Shahidi and Moazzenchi
2018; Devi and Gill 2021).

Chemically, inorganic UV blockers are harmless
and chemically stable. UV radiation is efficiently
absorbed and scattered by nanoscale semiconductor
oxides. Scattering is affected by the size and wave-
length of the nanoparticles (Yetisen et al. 2016). The
surface coating approach was used to modify the

f Element We % At § K-Ratio 2 A
C K 35.55 57.91 0.1276 1.0817 0.3319 1.0003
0K 30.56 37.38 0.0663 1.0633 0.204 1.0000
TikK 4.35 1.78 0.0368 0.9085 0.9271 1.0031
Aul 29.53 2.93 0.2069 0.6828 1.0258 1.0000

Total 100.00 100.00

cotton fabrics. Reproduced with permission (El-Naggar et al.
2016). Copyright © 2016, American Chemical Society

properties of cotton fibers using CNT. CNT network
armor has indeed been constructed on the exterior
of cotton fibers, and cotton fabrics with 0.25 percent
CNT demonstrate remarkable UV protection (Liu
et al. 2008). The UV-blocking characteristics of poly-
mer materials can really be improved by carbon nano-
tubes. The coloring effect is a limitation of employing
CNT in textiles. After the operation, the cotton fab-
rics will turn black. Combining CNT with additional
UV-blocking chemicals is recommended to reduce
the coloring influence of CNT on fabrics (Liu et al.
2008). The schematic of the structures of cotton fiber
and cotton fiber with CNT network armor is shown
in Fig. 17. SEM images of pristine cotton fibers and
CNT-coated cotton fibers are presented in Fig. 18.

@ Springer
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Fig. 16 Schematic illustration of UV protection cotton fabric developed through layer by layer self-assembly of GO and chitosan.
Reproduced with permission (Tian et al. 2016). Copyright © 2016, Elsevier

The UV absorption capabilities of single and
multi-wall carbon nanotubes were investigated,
and the results obtained were compared to chemi-
cal and mineral UV absorbers (Mahmoudifard and
Safi 2012). CNTs, particularly SWCNTSs, have the
same specific absorption value as typical UV absorb-
ers in the UV region of the electromagnetic spec-
trum. Moreover, the cotton cloth impregnated with
the SWCNT had the highest UPF value. UV protec-
tion treatment for textiles might include SWCNT and
MWCNT (Amini et al. 2014). Cotton fabrics were

@ Springer

treated with MWCNTSs using a cross-linking agent.
It was found that treating cotton fabrics with MWC-
NTs boosts UV blocking performance significantly
(Karimi et al. 2014). The effectiveness of the cured
sample to block UV light is greater than that of the
uncured sample. It could be due to nanomaterials’
capacity to block UV light. To manufacture conduc-
tive cotton yarns, cotton yarns were dipped in SWNTs
solutions and then dried at room temperature—a
simple procedure that exhibits uniformity in coat-
ing cotton yarns with conductive CNTs. The impact
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\\CNT network armor

(b)

Fig. 17 Schematic showing the structures of: (a) cotton fiber
and (b) cotton fiber with CNT network armor. Reproduced
with permission (Liu et al. 2008). Copyright © 2008, Royal
Society of Chemistry

Fig. 18 SEM of pristine
cotton fibers (a, bar = 10
pm; b, bar = 1 pm) and
CNT coated cotton (c, bar
=10 pm; d, bar = 1 pm; e,
bar =1 pm; f, bar = 1 pm).
Reproduced with permis-
sion (Liu et al. 2008).
Copyright © 2008, Royal
Society of Chemistry

of manufacturing conditions on the conductivity of
SWNT-CY was investigated. According to the results
(Zhao et al. 2018), the conductive yarns can trans-
port weak bio-electrical impulses without significant
attenuation or distortion. Figure 19 shows a schematic
explanation of the manufacturing pathway for SWNT-
coated conductive cotton yarns.

Boron and nitrogen co-doped carbon dots (BN-
CD) were developed using one-pot hydrothermal
carbonization and used as UV-absorbers for cotton
textiles. The UV protection and washing resistance of
treated cotton fabrics are assessed. According to the
findings, as-prepared BN-CD has a substantial fluo-
rescence and down-conversion fluorescence emis-
sion. The UV transmittance of cotton fabric finished

@ Springer
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Fig. 19 Graphical pres- Original
entation of the fabrication Cotton Yarn
process for the conduc- —
tive SWNT-coated cotton g |
yarns (Zhao et al. 2018).

Published under a CC-BY

license, MDPI

with BN-CD and poly(vinyl alcohol) in the 280400
nm range is less than 4%, with a UV protection fac-
tor of up to 38.6 and remarkable laundry durability,
indicating that BN-CD has a promising potential as
UV absorbers for finishing cotton fabrics (Zuo et al.
2019). The possible mechanism of anti-ultraviolet
radiation for cotton fabrics by BN-CD is shown in
Fig. 20.

Nanoparticles synthesis

Multiple nanoparticle synthesis methods have been
applied, since they are appropriate for the synthesis
of nanoparticles of diverse formats. Synthesizing is
the primary step of preparing the ultimate solution
that coats the fabric and acquires a good UV protec-
tion ability. Various nanoparticles synthesis for cotton
fabric, their UPF and durability are shown in Table 4.

Conclusions and outlook

The UV protection factors of cotton fabric depend on
its structural parameters. The type of weave or knit,
yarn fineness, weave or knit density, relative fabric
tightness, cover factor, open porosity, and thickness
are the most key aspects to consider. Treating cot-
ton fabric with conventional ultraviolet absorbers is
another way to achieve ultraviolet blocking proper-
ties of a fabric. Even so, recent findings have shown
that these chemicals have limitations in terms of

@ Springer
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Fig. 20 Potential anti-ultraviolet radiation technique for cotton
using BN-CD. Reproduced with permission (Zuo et al. 2019).
Copyright © 2019, Springer nature

application because of toxicity, low activity, and poor
washability. Due to their effectiveness against UV
radiation and multifunctional properties, nanoparti-
cles have attracted much attention from researchers.
The effectiveness and durability of ZnO and TiO,
have been documented in a number of studies and
investigations. Because of its exceptional mechanical,
electrical, thermal, and optical properties, graphene is
also gaining attention as an excellent ultraviolet pro-
tective nanoparticle. In recent studies, UV-protective
substances derived from natural sources have been
disregarded and very few studies are available for dis-
cussion. Different nanoparticles are more advanced
solutions due to their superior fastness properties.
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Table 4 (continued)
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rus, 2.5 ml 0.001 M chloroauric

acid, 1 ml neutral buffer solution,

stirring at 240 rpm.

(Yu et al. 2020)

24.0 18.0 (25th wash cycle)

AgNO3 aqueous solution

Silver nanoparticles Cotton fabric

(20 mmol/L), 10 g of black rice
extract, shaking at 60 °C for

40 min.
30 ml of 0.21 M zinc acetate

(Asmat-campos et al. 2021)

78.01% absoption —

Cotton fabric

Zinc Oxide

precursor, 20 ml of C. sativum
extract, stirring at 600 rpm.

(Agrawal et al. 2019)

1650.3

12.5 mg of ZnO, aminopropyltri-

Cotton fabric

Zinc Oxide

ethoxysilane, hexadecyltrimeth-
oxysilane, stirred at 100°C

Different semiconductor nanoparticles like silicon
dioxide can be an advanced solution, as they also have
self-cleaning properties. Cotton surface modification
has been pioneered by textile and polymer scientists,
and R&D continues to prioritize the development of
functional textiles in a variety of industries, includ-
ing medical, defence, garments, and sports. Despite
the progress made thus far, a few research have been
carried out to verify all of the statements mentioned
in this review. There is not enough scientific evidence
to figure out how bioactive natural colorants work
once they have been applied to cotton substrates. As
a result, more research on surface changes is needed
to better understand how they attach to various tex-
tile substrates. The current point of view, according
to the authors, will help scientists in developing novel
green surface modification technologies for cotton
and understanding the dye-fiber bonding mechanism
for UV protection.
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