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has been the subject of extensive research, aimed at producing finished

fabrics with multi-functional performance. The novelty of this article is
application of p-cyclodextrin (5-CD) to control the release of zinc oxide
nanoparticles (NZnO) on the fabric surface, and therefore it increases the
stability and effectiveness time of this substance on the fabric surface. The
materials used to treat the silk fabrics were citric acid (CA) as an eco-friendly
cross-linking agent and NZnO as a catalyst. In addition, the grafting of -CD
onto the silk fabrics occurred through a pad-dry-cure process. In the other hand,
stability of NZnO on the fabric surface investigated by photocatalytic activity
before and after of washing. These nanoparticles along with CA were found to
be effective in enhancing the crease recovery performance of the silk fabric in
wet (2339 and dry states (310 9. As the SEM images suggested, the treated
fibers had CA, as a cross-linking agent, NZnO deposited on their surface. The
results indicated that the as-prepared silk fabric exhibits self-cleaning
performance (AE>10) and excellent antibacterial activity (>99 % for both E.
coli and S. areus). Prog. Color Colorants Coat. 16 (2023), 295-307© Institute for
Color Science and Technology.

O ver the last two decades, the use of nanoparticles as textile substrates

1. Introduction

treatment agents to functionalize fabrics due to their
withstanding harsh processing situations [6]. As a

Silk fiber, known as "the queen of textiles", has been
widely used in the textile industry. Excellent luster,
softness, light weight, availability in different rich
colors, aesthetic appearance, good absorbance, skin
affinity, human friendliness, and superior wearing
comfort are reasons for its use in the textile industry [1-
3]. On the other hand, silk has some drawbacks, such
as being easy to be dirtied, getting water spots, losing
strength when wet [1-4], turning yellow, and even
getting degraded by UV irradiation. These drawbacks
greatly limit the extensive use of silk fabrics [5]. So,
silk fibers are functionalized with other materials.
Certain metal oxides attract great attention as

modifier in the textile industry, zinc oxide (ZnO) is
widely applied to functionalize textile substrates. ZnO
particles are among the most effective forms of
photocatalytic, self-cleaning, antimicrobial, and UV-
protective agents. Their high photocatalytic activity,
thermal stability, and resistance to UV radiation are the
reason for ZnO's usefulness [7-15]. Thus, the use of
ZnO has recently increased extensively for producing
sunscreens, beauty care products (cosmetics), safety
garments, and all kinds of fabrics for the construction
industry [16].

The application of nanoparticles to textile materials
has been the subject of many studies over the last three
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decades. Furthermore, nanoparticles have a large area-
to-volume ratio compared to bulk materials, which
significantly increases photocatalytic oxidation activity
[17-23]. Due to its reasonable photocatalyst activity
and nontoxicity, ZnO is suitable for functionalizing
fabrics [21-25]. It has a band gap of 3.37 eV and photo-
generated holes with adequately strong oxidizing
power to decompose many small organic compounds
[23-27].

UV-blocking and Superhydrophabic silk fabrics are
usually fabricated by the in-situ synthesis of zinc oxide
nanorods on silk fabrics, but n-octadecanethiol (ODT)
modification process has been practiced by Huang et al.
[5] too. As-prepared silk fabrics have superhydrophobic
performance (Wrinkle Contact Angle (WCA) > 150°)
and excellent anti-UV ability (Ultraviolet Protection
Factor (UPF) over 50). The superhydrophobic surfaces
have proved to possess excellent mechanical and
chemical stability. As-prepared multi-functional silk
fabrics will be used in advanced protective textiles and
self-cleaning fields.

A Nano-ZnO sol solution was prepared with
Zn(CH3;CO0),:2H,0 as a raw material, and J-
cyclodextrin (B-CD) was added to it. Then, cotton
fabric was treated with the sol by the pad-dry-cure
technique. The results showed that the cotton fabric
treated with the sol solution containing B-CD had a
better ability to adsorb an essence, photocatalytic
degradation to formaldehyde, antibacterial activity, and
superior anti-UV property [29, 30].

In another study, citric acid (CA) and maleic
acid (MA) as eco-friendly carboxylic acid-based
formaldehyde-free cross-linkers were enhanced once
three different types of metal oxide nanoparticle (ZnO,
MgO, and CaO) were incorporated. The pad-dry-cure
fixation method was used with and without UV
irradiation. Zinc oxide, MA, and CA were found to be
the most effective in enhancing the crease recovery of
cotton fabrics [31].

Majumder et al. [13] tried to make biomimetic
composite wound dressings by grafting acrylamide and
acrylic acid on silk fibroin fabric. The wound dressings
had a core layer of silk-woven fabric and an outer layer
of poly(acrylic acid-co acrylamide) hydrogel. They
were further coated sonochemical with zinc oxide
nanoparticles. Salama [12] studied a chitosan/silk
fibroin blend as a cost-effective, sustainable, bioactive
material for embedding zinc oxide nanoparticles. The
results revealed that the chitosan/silk fibroin/zinc oxide
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iS a nanocomposite that can disinfect biomedical
applications, such as effectively inhibiting bacterial
growth and wound dressing.

Furthermore, poor wet resiliency of silk fabrics
during laundering creates problems with washing and
wear, a drawback for everyday use [4, 5, 32]. Nontoxic
cross-linking agents such as carboxylic acids have been
examined to cope with the problem. The most desired
compounds for this purpose are citric acid (CA) and 1,
2,3,4-butane tetracarboxylic acid (BTCA). Also,
polycarboxylic acids (PCA) are utilized on textile
surfaces due to their multi-functional properties, such
as high accessibility, environment-friendliness, and the
ability for simultaneous antimicrobial and cross-linking
finishing [5, 33, 34]. The carboxylic groups of PCA
bio-friendly cross-linkers are potential sites for binding
metal oxide nanoparticles [35].

As a cross-linking non-formaldehyde reagent and
an eco-friendly and economical compound, CA is
applied for the durable press finishing of artificial and
natural fibers. It has three carboxylic acid groups,
which can react with the reactive functional groups of
silk, including hydroxyl and amine groups, and form a
stable ester and amide bonds, respectively [36-40].

Cyclodextrins (CDs) are biodegradable and have no
toxicity. Each CD unit has an interior cavity that can
make a complex with a hydrophobic guest molecule.
Hence, they can accommodate a variety of organic
compounds in their cavities by host-guest complexation
[40-44]. Among various types of CD, B-CD is the most
accessible, most interesting, and the cheapest [45-47].
Grafting B-CD to fibers allows the properties of B-CD to
become intrinsic to the fibers [47-51].

The permanent binding of B-CD onto textile fibers
makes the properties of B-CD intrinsic to the fibers [30].
Salimpour [52] treated silk yarns using B-CD and cross-
linked them with citric acid (CA). Then, the treated
samples were dyed using natural dyes (extracted from
carrots, oranges, and tomatoes). As the results showed,
the color strength (K/S) of the finished samples had been
improved compared to the control sample.

The scientific contribution of the present study is the
modification of silk fabric with B-cyclodextrin and citric
acid through a pad-dry-cure technique and its curing
under UVC radiation. The treated samples were
characterized with FTIR, FE-SEM, and DSC.
Experiments were also conducted to study the influence
of NZnO, B-CD, and CA concentrations in the
appropriate percentages of these materials for the best
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weight gain, recovery of wrinkle angles in dry and wet
states, self-cleaning, and whiteness. The treated fabrics
proved to have a good self-cleaning property for the
degradation of methylene blue stains under UVA
irradiation and the benefit of higher whiteness due to the
photoactivity of white NZnO, which is called "nano-
photo bleaching".

2. Experimental

As a domestic producer, woven silk fabric with a
surface weight of 75 g/m?® was supplied from Abrisham
Guilan, Iran. Na,CO; and NaOH were purchased from
Merck Chemical Co., Germany. NZnO from the US
Research Nanomaterials, Inc. (Houston, TX, 77084,
USA) was used in this research. The product was a
white powder (purity>99 %) with particle diameters
ranging from 20 to 30 nm, as reported by the company.
B-CD and methylene blue (CI Basic Blue 9) were
supplied from Sigma Aldrich, Germany. A commercial
anionic detergent was purchased from a domestic
producer and applied through a degumming and
laundering process.

2.1. Process of degumming the silk fabrics

For two hours, the silk fabrics were first degummed
using 2 % Na,CO; and a 10 % anionic detergent at 98
°C. Then, they were washed with an excessive amount
of water and dried at 60 °C for 24 h.

2.2. Preparation of the silk fabric samples and
assessment of the grafting percentages

The samples were immersed in finishing solutions with
different concentrations of B-CD (0, 5, and 10 % w/w),
CA (0, 5, 10 %), and NZnO (0, 0.5, 1 %) for 12 hours
at 50 °C in an ultrasonic bath (220 V, 50W, 40 kHz).
Then, the finished fabrics were squeezed on a two-roll
padder to obtain 90 % wet pickup, dried on a pin frame
at 65 °C for 10 minutes, and cured under UVC
irradiation (120-300 nm) with an HPA 400S lamp
(400w, Philips, Belgium) for 15 minutes. The finished
samples were placed in water at 50 °C with 2 g/L
detergent for 45 min to eliminate the unreacted B-CD
and NZnO. This step was repeated for each finished
fabric sample three times. They were dried at ambient
temperature for 24 h. The weight of the samples before
and after treatment was determined to estimate the
percentage of the weight gain chemicals in the samples.
The following equation measured it (Eq. 1):

weight gain = W;;WI %100 1)
1

W, and W, are the weights of the samples before and

after the treatment, respectively.

2.3. Evaluation of the properties of the cross-
linked silk

2.3.1. Crease recovery angle (CRA) in dry and
wet conditions

The dry crease recovery angle (DCRA) and wet crease
recovery angle (WCRA) of the warp (w) and filling (f)
directions of the cross-linked samples were assessed
based on the AATCC testing method 66-2003 [13].

2.3.2. Measurement of bending length (BL) and
bending rigidity (BR)

As expressed in bending length, Fabric stiffness was
measured according to the ASTM D testing method
1388-96 (2002) [53]. The fabric bending length was
tested on a Shirley Bending Length apparatus (Shirley
fabric stiffness tester, England). The bending rigidity of
the fabrics was calculated using Equation 2 as follows:

G=Mx(C)’ @

Where G is the bending rigidity (mg/cm), M is the
fabric weight (mg/cm?), and C is the average bending
length (cm).

2.3.3. Self-cleaning properties

The photocatalytic activities of various samples were
tested by discoloring an aqueous methylene blue
solution before and after exposure to UV-A radiation
for 18 hours. The photocatalytic activities were
measured as previously suggested [36]. As previously
reported [38], the color difference (AE) to determine
photocatalytic activities were calculated by Equation 3:

AE=\/ (Aa") +(Ab') +HAL"Y 3)

Where AL*, Aa*, and Ab* are the color lightness
difference, redness/greenness difference, and yellowness
/blueness difference, respectively.

2.3.4. Whiteness index properties

The Whiteness index (WI) was measured with the
Hunter Lab spectrophotometer by using an illuminant
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D65 and a 10° standard observer. The WIs of the
treated and parent samples were evaluated based on the
Berger formula as follows (Eg. 4):

Wigerger =Y + (a X Z) — (b x X) 4)

a and b are the numerical parameters with the
values of 3.448 and 3.904 for a 10° observer,
respectively. Also, X, Y, and Z are the tristimulus
values for redness, greenness, and blueness,
respectively. The following formula (Eg. 5) measured
the changes in WI:

AWI=WI,-WI, (5)

WI,; and WI, are the whiteness indices before and
after exposure to UV radiation, respectively.

2.3.5. Antibacterial test

An antibacterial test was conducted using the AATCC
standard method 100-1999 [52]. Two types of bacteria
were used in this test, S. aureus as positive-gram
bacteria and E. coli as negative-gram bacteria. The
colonies were counted, and the bacteria reduction was
calculated with Equation 6:

Reduction %= % (6)

A and B are the counted colonies of the treated and
parent silk fabrics, respectively [53, 54].

2.4. Fourier transform infrared spectroscopy
(FTIR) analysis

The FTIR spectra were analyzed for the untreated and
treated silk fabrics in KBr powder using Equinox 55
(Bruker, Germany). The FTIR curves were recorded in
the spectral region of 4000-400 cm*, and KBr powder
was applied to collect a background spectrum [55].

2.5. Field emission scanning electron microscopy
(FE-SEM)

The surface morphology of the silk fabrics was
investigated through field emission scanning electron
microscopy (FE-SEM), MIRAIII model, Tescan,
Czech Republic. The samples were observed after gold
coating.
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2.6. Differential scanning calorimetry (DSC)

The thermal properties of the untreated and selected
fabrics were examined utilizing differential scanning
calorimetry DSC (Q600/TA, USA) at the heating rate
of 10°C/min in the temperature range of 25-350 °C.

3. Results and Discussion

3.1. Effects of citric acid, p-CD, and NZnO
concentrations on weight gain

The data in Table 1 show that an increase in the
concentrations of CA alone or the mixture of CA and
B-CD would increase the finished fabrics' weight. The
weight of the raw silk increased (from 0 to 15.53 %).
As the table also indicates, this rise was due to an
increase in CA and -CD concentrations, which is
attributed to the ability of citric acid to form links
between B-CD and polymeric chains [5]

Moreover, the weight gain values of the treated silk
fabrics increased with an increase in the CA
concentration, which could be due to the rise in the
number of the available citric acid molecules to react
with the silk and B-CD molecules [56]. Due to the
blocking of NZnO particles by the cross-linking effect
of CA, the highest weight gain belonged to the sample
which contained the most CA [8, 39].

Table 1 further indicates that the weight gain of the
silk fabric increased with an increase in the B-CD
concentration by up to 10 %. To account for it, the
presence of B-CD in a finishing solution probably
promotes the grafting of PCA onto polymeric chains.
As seen in the table, the increase of the NzZnO
concentration from 0 to 0.5 % led to increased weight
gain in the treated samples, whereas a further increase
in the NZnO concentration beyond 0.5 % in the
finishing bath would lead to a decrease in DCRA and
WCRA. It is concluded that the irradiation of NZnO
with UV light in wet carboxylic acid leads to the
formation of protons and positive holes on the surface
of ZnO [28, 56]. An excessive quantity of ZnO
nanoparticles can react with cross-linkers and block the
active sites on them, thus decreasing the crease
recovery angle in dry and wet states [31].
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Table 1: Effects of CA, B-CD, and NZnO concentrations on the weight gain, DCRA, WCRA, BL, BR, AE, and AWI of the

samples.
CA p-cD Nzno Weight
concentration concentration concentration ) DCRA WCRA AWI
(%) (%) (%) gain (3¢)
1 0 0 0 0 280 174 1.8 4374 -7. 149
2 0 0 0.5 0 280 174 1.8 4374 -7.125
3 0 0 1 0 280 173 1.7 3685 -7. 045
4 0 5 0 1.1 278 174 1.8 4374 -7.679
5 0 5 0.5 1.24 276 173 1.8 4374 -7.637
6 0 5 1 1.39 275 173 1.8 4374 -7.611
7 0 10 0 1.25 271 172 1.9 5144 -7.688
8 0 10 0.5 1.44 272 173 1.9 5144 -7.662
9 0 10 1 1.42 272 172 1.8 5144 -7.616
10 5 0 0 3.92 290 210 2.3 10403 -7. 469
11 5 0 0.5 491 304 219 2.1 7918 -2.750
12 5 0 1 5.54 298 215 2.0 6840 -1. 321
13 5 5 0 10.75 288 204 2.5 13516 -6.951
14 5 5 0.5 11.89 298 211 2.3 10524 -2.268
15 5 5 1 11.92 295 198 2.2 14420 -1.815
16 5 10 0 12.29 284 208 2.8 9210 -6.418
17 5 10 0.5 12.45 293 208 2.5 13594 -2.215
18 5 10 1 12.80 288 202 2.1 8057 -1.318
19 10 0 0 6.11 297 218 2.8 18988 -7.852
20 10 0 0.5 7.10 310 233 25 13515 -2.917
21 10 0 1 7.83 301 226 2.2 9263 -1.405
22 10 5 0 11.66 289 214 3.0 23625 -7.228
23 10 5 0.5 13.22 290 228 2.7 16829 -2.517
24 10 5 1 14.25 288 219 2.4 12303 -0.912
25 10 10 0 14.29 286 211 3.1 26514 -6.914
26 10 10 0.5 14.85 285 222 2.8 20503 -2.217
27 10 10 1 15.53 283 215 2.6 16521 -0.834
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3.2. Effects of p-CD, CA, and NZnO
concentrations on the DCRA and WCRA of the
silk fabrics

Table 1 shows the differences in the properties of the
silk materials both before and after treatment with
various concentrations of B-CD, CA, and NZnO. The
untreated fabric showed the DCRA and WCRA angles
of 280° and 174°, respectively. The CRA increased in
dry and wet conditions with a 10 % increase in citric
acid concentration. Growing CRA was caused by a rise
in the cross-links between the chains of silk polymers.
The highest increase obtained in DCRA was 10.7 %,
but it was 33.9 % for WCRA. However, after cross-
linking, the DCRA of the silk fabrics increased less
than their WCRA because silk has strong crease
recovery in a dry condition, and it is challenging to
raise its DCRA further. On this basis, a CA
concentration of 10 % was chosen to optimize the other
cross-linking conditions. As Table 1 illustrates, when
the silk fabrics were treated with 10 % CA and NZnO
but without B-CD, DCRA and WCRA increased to
310° and 233°, respectively. In general, all the fabrics
treated with a mixture of CA and B-CD had DCRA and
WCRA values higher than those of the control sample
but lower than the DCRA and WCRA of the sample
treated with CA only. NZnO did not significantly affect
the DCRA and WCRA performance of the fabrics
when applied alone in any concentration.

Citric acid could improve the crease recovery of the
silk samples due to the ester (amide) cross-linking of
the carboxylic group with the hydroxyl group (or the
amine group) of the fabrics. Increasing the cross-linker
concentration enhanced the cross-linking and, thus, the
crease recovery [31]. Indeed, CA improved DCRA and
WCRA gradually but considerably as its concentration
rose from 0 to 10 %. Metal oxides are expected to
facilitate the formation of hydrates due to
photocatalytic activities and, as a result, to promote the
cross-linking of carboxylic acid-based cross-linkers
and cellulose [31]. This study achieved the best crease
recovery angles of 310° and 233° by incorporating 0.5
% NZnO to 10 % CA.

3.3. Measuring the bending length (BL) and the
bending rigidity (BR) of the parent and treated
fabrics

A fabric handle is one of the key parameters in fabric
selection. Bending length (BL) and bending rigidity
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(BR) are the major fabric handle indicators. Cross-
linking agents can adversely affect the fabric handle.
As it was found in this study, the incorporation
of nanoparticles with CA not only improves the crease
recovery angle of fabrics but also bears a positive
effect on the fabric handle due to the reduction of inter-
yarn friction. The sample treated with 10 % CA and
10 % B-CD proved to have the highest bending length
and bending rigidity values. Adding 0.5 % ZnO NPs
also improved the fabric handle by reducing the
bending length and the bending rigidity (Table 1).

3.4. Changes in the whiteness index of the
parent and treated samples before and after
UV irradiation

This Measurement of the change in the whiteness index
(AWI) of the samples before and after UV irradiation
showed that the AWI was high without NZnO (Table
1), which can be explained by the ability of NZnO to
protect the surface of fibers. When the concentration of
CA and B-CD is very high, a layer is created on the
fabric's surface due to the severe reaction of the
finishing material with the fiber, reducing the fabric's
whiteness. The layer covering the silk fibers' surface
reduces UV irradiation's destructive effect. Hence, the
AWI decreases.

3.5. FTIR analysis

A series of FTIR analyses were conducted on the
parent silk fabric and the UV-cured fabrics treated with
10 % CA, 10 % CA + 10 % B-CD, and 10 % CA + 10
% B-CD+1 % NZnO. The results are shown in Figures
1a to 1d, respectively. The strong band at 1625 cm™' in
the spectrum of the parent fabric in Figure 1a is related
to the silk fabric's carbonyl stretching (amide I band).
Figures 1b and 1c show the removal of a "shoulder" in
the higher-frequency regions of the spectra of the silk
treated with CA and that treated with a combination of
CA and B-CD. The peak at 1128 cm™' (C-C and C-O
vibration) is related to cyclodextrin in the grafted
fabric. This peak suggests the esterification reaction of
the carboxylic groups in CA with the hydroxyl groups
in B-CD and silk fibroin. In addition, the peaks at 1002
cm ' (C-O-C stretching vibration), 1039 cm™ (C-O
stretching vibration), and 2924 cm™ (C—H stretching
vibration) indicate the existence of B-CD on the silk
fabric (Figure 1c). The stretch in the region around
690-880 cm™ is considered due to the metal-oxygen
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bonding vibration of NzZnO (Figure 1d). Figure 2 improvement in its photocatalytic property and
proposes a suggested mechanism of the grafting whiteness. The SEM images of this sample helped to
reaction of 3--CD on the silk fabric using NZnO as the study its surface morphology compared to the parent
catalyst. sample and the sample treated with CA only.

Figure 3 shows the SEM images of the treated and
3.6. Scanning electron microscope (SEM) the parent fabrics. As can be seen, the parent fabric is
analysis clean and without any coating (Figure 3a). However, the

cross-linker coating is quite obvious on the surface of the

The fabric treated with 10 % CA, 10 % B-CA, and 1 % i . . . )
fibers in the fabric treated with 10 % CA (Figure 3b).

NZnO had the best weight gain with optimum
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Figure 1: FTIR spectra of the selected samples in the presence of CA, B-CA, and NZnO: (a) untreated sample, (b)
sample treated with (10 %) citric acid, (c) sample treated with (10 %) citric acid and (10 %) B-CD and (d) sample treated
with citric (10 %) acid, (10 %) B-CD and (1 %) NZnO
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Figure 2: The suggested mechanism of the grafting reaction of B-CD on the silk fabric.
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Figure 3: SEM images of the samples: (a) Untreated, (b) treated with CA and (c) treated with CA and NZnO.

Figure 3 ¢ shows the sample treated with CA and
NZnO. NzZnO is found deposited on the fabric's surface
treated with nano-ZnO sol, nano-ZnO/B-CD sol, and a
CA cross-linker. It is concluded from the SEM images
that the deposition of nanoparticles on a fabric surface
can occur in the presence of CA.

3.7. DSC analysis

The DSC curves of the untreated silk fabric and the p-
CD/CA-treated fabric are presented in Figure 3. The
curve of the untreated fabric shows two endothermic

peaks at 49 °C and 321 °C due to water loss and silk
chains' thermal degradation, respectively (Figure 4 a).
Following the cross-linking, the peak at 321 °C shifted
to a higher temperature of about 7 °C, as shown in
Figure 4 b. The exothermic peak at 210-280 °C is due
to the conformational transition from a random coil to
the B-sheet structure of the silk fiber. The non-grafted
samples showed no trace of thermal transitions at low
temperatures. In contrast, the grafted one had a broad
endothermic temperature of about 177 °C, which is
related to the degradation of citric acid.

31°C
@

ke

Heat Flow (m J/s)

49°C

50 100 150 200 250 300 350

Temperature (°C)
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Figure 4: DSC curves of (a) the untreated silk fabric and (b) the B-CD grafted silk fabric (10 % B-CD, 10 % CA).
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3.8. Antibacterial activity of the fabrics

Table 2 shows the reduction percentages of Escherichia
coli (E.coli) and Staphylococcus aureus (S.aureus)
bacteria of the samples treated with CA, B-CD, and
NZnO under UV irradiation. It was found that an
increase in the CA concentration would decrease both
types of bacteria considerably. This reduction could be
due to the carboxylic groups of CA that induced the
higher absorption of NZnO particles on the fabric
surface through electrostatic interaction. In addition, the
presence of small quantities of NzZnO with CA
considerably improved the effectiveness of CA against
S. aureus and E. coli. Therefore, it can be concluded that
incorporating NZnO into CA makes the care of treated
fabrics easy and improves their antibacterial function.

The untreated fabric was attacked by S. aureus and
E. coli microbes and showed no inhibitory reaction.
However, due to their acidic properties, the fabrics
treated with CA had strong antimicrobial activity
against both S. aureus and E. coli. A combination of
NPs with cross-linkers had a better antibacterial effect
than each of the components alone, which was
evidence of the improved antibacterial activity of the
cross-linker in the presence of NPs. The highest
bacteria reduction was 98.81 % for E.coli and 98.25 %
for S. aureus. These values belonged to the sample
treated with 1 % NZnO and 10 % CA but no p-CD.

As can be seen in Table 2, S. aureus exhibited more
resistance than E.coli. Gram-positive bacteria have
thicker cellular walls than gram-negative microbes.
Thus, they have a relatively higher resistance to
antibacterial agents. In this study, CA and NZnO
particles had a synergistic effect that significantly
reduced E.coli and S.aueus bacteria. The B-CD
treatment modified the silk fiber surfaces before
applying the fabric with nano-ZnO and helped increase

the nanoparticle absorption on the fabric surface. The
nano-ZnO actually acted as an excellent antibacterial
agent on the textile. The application of CA along with
nano-ZnO powder in the finishing bath helped to load
ZnO on the treated silk fabric, which enhanced the
functional properties of the resulting fabrics.

3.9. Photocatalytic decomposition of methylene
blue under UV irradiation

The color differences (AE*) of the fabrics treated with
CA, B-CD, and NZnO are reported in Table 3. The
AE* symbol denotes the difference between the color
indices before and after 18 h of UV irradiation. As
indicated, AE* increased when the CA and NZnO
concentrations were grown. The treated samples had
considerable color differences from the untreated ones
because their surface was prepared by polycarboxylic
acid to attract more NZnO particles. Furthermore, the
reactions of CA and hydroxyl with the amine groups of
silk fibroin chains created more carboxylic acid on the
silk surface, which led to the salt attraction of NZnO.
Having three functional groups, CA could introduce
strong cross-links that assisted the absorption of more
NZnO on the fabric surface. As it was found, more
NZnO particles on the fabric's surface can increase the
photodegradation of methylene blue dye by UV
irradiation [34].

The self-cleaning properties of ZnO-loaded textiles
are due to the highly oxidative intermediates created on
the surface of the fabrics [57]. Citric acid is a good
cross-linking agent with three carboxylic groups, which
help form strong ZnO attachments to the fabric surface.
Also, the photocatalytic decomposition of CA-treated
fabrics yields better results than that of untreated ones
[57-59].

Table 2: Bacterial reduction by the selected samples.

Reduction of E.coli (%) Reduction of S.areus (%)

1 0.00
7 0.00
19 75.54
20 87.33
21 98.81
27 99.90

0.00
0.00
72.93
82.48
98.25
99.76
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Irradiation of ZnO with UV generates electron-hole Zn0 + hv - ZnO(egp + hig)
pairs which induce redox reactions at the surface of the
photocatalyst (Figure 5). Thus, nano-ZnO can decompose
common organic matter, dye molecules, and bacterial cell
membranes [60].

hyg + H,0(0H") —» OH + H*
ecg + 0, - 07

OH + Methylene Blue — Degradation of dye

Figure 5: Photocatalytic mechanism of ZnO

Table 3: Effects of CA, B-CD, and NZnO concentrations on the color difference (AE*) of the silk fabrics dyed with
methylene blue in different UV exposure times.

AE* for 18 h before washing AE* for 18 h after washing

1 0.0 0.0
2 0.0 0.0
3 0.0 0.0
4 0.0 0.0
5 0.4 0.0
6 0.5 0.0
7 0.0 0.0
8 0.8 0.0
9 0.9 0.0
10 0.0 0.0
11 4.5 4.2
12 9.0 8.8
13 0.0 0.0
14 4.5 4.3
15 9.2 9.0
16 0.3 0.0
17 4.5 4.4
18 9.3 9.3
19 0.4 0.1
20 4.7 4.4
21 10.1 9.8
22 0.4 0.2
23 5.8 5.6
24 11.3 10.9
25 0.6 0.2
26 7.5 7.5
27 12.3 12.3
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The silk fabric treated with B-CD had better anti-
ultraviolet ~ radiation and  antibacterial  and
photocatalytic degradation. This treatment proved to be
an effective method of providing multi-functional
properties for textiles. After 18 h, the self-cleaning
properties of the samples were evaluated before and
after washing (Table 3) to assess the stability of
nanoparticles on the fabric surface. The results
suggested that the samples treated with CA along
NZnO have appropriate photocatalytic activity even
after washing. Generally, samples treated with CA with
or without B-CD haven't significant difference AE*
before and after washing. Conversely, the B-CD-treated
silk fabric, along with CA, could preserve the
photocatalytic property of the samples because p-CD
has a hydrophobic internal cavity that can adsorb nano-
ZnO particles by the host-guest complex and release
them slowly.
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