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ABSTRACT

Solgel is an excellénantibacterial agent carrier. Differentesearchers incorporated various antibacterial
substances, includingjlver nirate (AgNQ), quarternary ammonium chlorid¢QAG, andtitanium dioxide(TiQ)

in sotgel. However, there is limited study on the influence of pH and acid hydrolysis temgjdg form solgel.
Besides, few investigations have been made on the influence of fabric structusgvanchanoparticleAgNPs)
incorporation irto fabrics bythe solgelmethod This study also compared the light and heavy fabrics in terms of
sokgel application and the advantages of gml over other AgQNPs incorporation methods. ThegebAgNPs
incorporated fabric samples were characterizedUitra Violet SpectroscopW¥-VIg, X-ray diffraction KRD,
Scanning Electron Microsco®HMN, andEnergy DispersiospectroscopyED$ For AgNPs synthesis in a green
way, we used Calendula @&nsis, a Mederranean weed. Thistudy found that for solgel formation the
minimum acid hydrolysis time was 5.30 hours, 6.30 hours, and 8.00 hours@at BBE, and 3£, respectively.
After ageing, a minuscule amount of alkaline was needed for gelaeven diferent methods for incorporating
AgNPs through salel have been illustrated. Thewer molarity of AQN@, having a more significant portion in
the sotgel solution, had excellent antibacterial activity and wash fastness. Besides;dle method was étter

than the insitu method. Among different types of cotton fabric, lightweight knit fabric showed much better
antibacterial activity than heavier twill fabric.

KEYWORDS
sokgel, green synthesis, silver nanoparticles, antibacterial textiles, cottwit$a

INTRODUCTION

Solgel is used for making aerogéte lightest material in the world, most rigid ceramics, protective
coatings, biomedical, nampowder, optomechanical products, medicines, antimicrobial, water
repellent substancestc. It also has very promising scope in textiles. gel is a simple, effective,

and one of the cutting edge technologies in functionalizing textile materials. It is believed to be an
excellent host for different antibacterial agents. The most important benefit isitmeds only room

temperature[1]. Mabhltig et alclaimed that sl-gel is good at fixing silver and its compounds within a
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modified silica matrix{2]. Other researchers usedarious methods to incorporate

antimicrobial agents in sa@el. Jeon et al. mixed Aghlid Tetraethyl orthosilicate (TEOS)ethoxy
ethanol, and distilled water, waited 4 hours foremgg, and therstirred forextra 2 fours with AQN®@

at room temperaturel3]. Then they exposeitito a high temperature (20@&- 600 £) to get a yellow

film. Singh et al. used TEOS, water, and ethamndl:4:3 proportions with HN@as a catalyst (to
maintain pH =2}4]. Theyuseda non-ionic surfactant (spa®0) and paraffin for applying this silica sol.
Desired materials (such as hydrophobic, antimicrobial, or other properties) can be added to the sol
liquid [5]. Dai et alprepared AgNPs having5lnm size involving dodecanethiol by EJl Tarimala et

al. also used dodecanethiol for capping AgNR®iporation[7]. In another investigation, Lin et al.
immersed oxygen plasmeactivated cotton into anhydrous ethanol, APP, TEOS, HPDMS mixture, and
ammonia to control pH8]. QAGIncorporated soigel showed 99% bacterial reduction for both gram
positive and granmegative[9]. Similarly, Abramova et al. used Ti@hd got similar antibacterial
activity [10]. Zhang et alused titanium (IV) butoxide polytetrafluorethylene to prepare sol and later
incomorated AgNPshrough a layerby-layer techniqueto release silver ions to havantibacterial
activity of the steel substratell]. They usedE U E U gdtthntefhylethylenediamine to synthesize
silver nanopdicles from silver nitrateRivero et al. incorporated AgNPs into textiles through the sol
gel method using borane dimethylamine complex (DMAB) to synthesize AgNPs from silvefiftjrate
Silver nanopartles (AgNPs)an be synthesized by physical and chemical methods. The physical
methods are slowgostly, and imperfect whereas the chemical mett®are fast, accuraiand cheap.

To synthesize AgNPs in chemical methods, the silver iofisn@ag to be reduced to silver at@(Ag),

The silver atomgends toaggregate due to changén free energy, hence the aggregation must be
stopped after a certim levelwhich is termed as cappiragy limiting growth So it needs reducing and
capping agents. Traditional reducing and capping agents are costly and sometimes toxic whereas the
biological extracts (plants or microbes) can simultaneoushaabbth redwing and cappinggents

[13]. In this study, we use@alendula arvensia weltknown medicinal plant in Mediterraneang®mns

to synthesize AgNPs.

Solgel has multiple applications to functionalize textiles. Abidi etraldified cotton fabrics with
titania nanosols for sekfleaning and UV protectiol4]. Mahltig et alproduced water, oil, and seil
repellent antibacterial textiles with silica sd& X  E1 IJwel] § o0X «ZPMI,OLGsE] ~]K
increase the abrasion resistance of cotton fabric by five tifd&§ Additionally, Periyasamy et al.
mentioned that solgel could be used iroil/lwater separation, heat storage, flame retardant,
photochromic colar change, et¢16].

Solgel consists of subsequent hydrolysis and condensation pses¢t7]. The hydrolysis process
takes time. Some researctseclaimed this time should be2dayq18]. Again, others mentioned it is

24 hourg[19]. However, there is no study on the exact time of hydrolgsdifferent temperatures.
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Moreover, in the textile application, we did not find amprk on the effect of textile parameters

on antibacterial properties. Besides, there is no study on the influence of different parameters such as
loading methods, silver nitrate concentration, reducer amount, antibacterial activity, and wash
fastness. Ther is also a lack of knowledge on comparinggsslto traditional AQNPs applications in
textiles.

This study aims to investigate the required time for acid hydrolysis at three different temperatures. It
compares severdifferent methods to incorporate AgNPiIn textiles using salel regarding the
antibacterial properies of textiles. Then, the influence of different factors of silver, reducing agents
(plant extract), and fabric parameters on antibacterial textiles are discussed. We also investigated how

the solgel method is better than other methods for antibacterial activity regarding wash fastness.

EXPERIMENTAL

Materials and Methods

This study usednalytical grade Tetra Ethyl Orthosilicate (TEOS), Silver Nitrate YAg@nol, Muller
Hinton agar, Nuient broth, and Citric acid. All the chemicals were analytical grade and purchased
from Merck, Germany. Two types of cotton fabrics weredagwill and knit The fabrics were collected
from local textile mills. Here the twill fabric wasavy (253 gm?), and theknit fabric was light (154

g/ m?). Grampositive Staphylococcus aureuand Grammegative Klebsiella pneumonidevere used

for the antibacterial test. The bacteria were obtained from the microbiology research unit of the

university.

Fabric Pretratment

Solgel needs slight alkalinity after acid hydrolysis. Hence, we pretreated the fabrics with NaOH so that
the residual NaOH would suffice for the alkaline conditieor pretreatment, we used 4NMpOH per 1
litre of water. First, the fabrics were immersed in NaOH solution and boiled at €Xor 1 hour. Then
again, boiled for 1 hour with distilled water to reduce alkalinity. Finally, the samples wettdeadrat

70 £for 15 minutes. The induced alkalinity of fabrics acts as a catalyst fgekbimation.

Sol preparation

TEQS, ethanol, and dilute acid with a ratio of 5:21:1 were used for sol preparation. Hence, 20 ml TEOS
was dissolved in 84 ml Ethanol andrstit. Then 4 ml of 0.01N HCI were added in stirring condition.

The solution was aged f@4 hours for acid hydrolysis. Then the aged TEOS solution was used in all the
solgelAgNPs applications. As citric acid is a good dialssr for cellulosic fabric, we tested citric acid

instead of HCI and found the same results. So, the rest experaweagre conducted with citric acid.
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Plant extract preparation

TheC.arvensiplant was collected from the university garden. First, the cut plants were dried in the
shade for a few weeks. Then the plant's stalk and leaves were separated and cut intpisoes!
Next,2.5 gof dried C.arvensiplant stalk waplaced in150 mldistilled water and heateduntil the
colour of the water changedTheplant extractsolution was then filtered and stored at B for future

use

AgNPs preparation

First,the AgNQ solution was prepared with different molarityn another beakerthe plant extract

was heated at 60 100 ml of AgNgsolution was taken in a 500 ml Erlenmeyer flask and placed on a
magneticheater withastirrer, andthe temperaturewas constantly momdred. When the temperature
roseto 60 £four drops of heated plant extractave added in the flakwith continuous stirring. The

colour of the solution changed withiafew minutes.
Solgel methods

Method-1 (Insitu- sokgel)

In this method, 100 ml d36% Ethanol was mixed with 23.5 ml TEOS in stirring condition. Then 4 ml of
2% citric acid (2gm citric acid in 100 ml water) was added to the solution. For acid hydrolysis, the
solution was kept at room temperature (2&) overnight. Then this solution wasured on the scored
fabrics. The scoured fabrgamples were already alkaline; hence additional alkaline solution was not
used in the TEOS solution. In this way, thegsblfilm formed on the fabrics. Aftedrying at room
temperature (25 £), the fabric were washed several times with tap water. No antibacterial agents

were added here in the sgjel.

Method-2 (Dip coating)

It was done in 2 steps:

Stepl (AgNPs formation): 20 ml AghN0.08 M) was heated to 6@, and 3 ml plant extract (also at

60 £) was mixed. Within 3 minutes, the AgNPs were formed.

Step2 (Solgel solution preparation): The fabrics were treated with 24 hours aged TEOS solution (TEOS
+ Citric Acid+ Ethanol). Then without any delay, the prepared AgNPs were applid¢tbioré ). Then

the samples were kept in the open air to dry. Finally, they were washed with tap water athdealr

The fabric turned to violet colw.
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Figurel. Process flow of method (dip-coating)

Method-3 (Insitu AGNPs0.08M)

TEOSRAGNG mixture: The TEOS mixture was prepared by mixing Tetraethyl orthosilicate (TEOS),
Ethanol, and Citric Acid with the same ratio (5:21:1). 18 ml AGINGB M) was mixed with 18 ml TEOS
solution (1:1 ratio) and kept at oon temperature (25€) overnight fo acid hydrolysis. The plant
extract solution was prepared by adding 13 drops of plant extract to 38 ml of viNget, the scoured
fabrics were immersed in the plant extract solutifmm 10 minutes Then,the aged TEG&gNO3 (1:1)
mixture was poured ontehe fabric sampleThe samples wex kept at room temperature (2%) for
simultaneous AgNPs synthesis and-gall formation. When the samples were dried up, they were
washed with tap water. Then again, the samples weralaed. In this method, the fabrialso turned

to a violet colour (such as in Method 2).

Method-4 (Spray)

The fabric was immersed in a mixture of 15 ml dodrolyzed TEOS and 15 ml AgKDO8 M).Then
the sample werekept at 60 £ for 10 minutes. Next, ahe treated fabric, the plart extract (13 drops
+ 38 ml water) was sprayed on both sides of the fabliatr, the fabricswere kept at 60 £. Finally,

it was washed with tap water. This time the cloth turnedatiorown colour.

Method-5 (in-sit-AgNP2mM)

Four drops of plant extraavere added to 22 ml of water to prepare the plant extract solution. Next,
the scoured fabrics were soaked in a plant extract solution. Next, the fabrics were immersed in a
mixture of 50 ml of 0.002 M AgN@nd 50 ml acichydrolyzed TEOS solution (1:1exN the samples

were dried in an aidrier. Finally, the samples were again washed and@éd. The colour of the cloth

remains white.
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Method-6 (ImmersionlmM-2:1)

100 ml of 0.001 M AgN@vas synthesized by 3 drops of plant extract. Then 40 ml okthgsthesized
AgNPs was added to the 20 ml abigtirolyzed TEOS solution (AgNPs: TEOS = 2:1). Subsequently, the
scoured fabric was immersed in this solution. After 3 minutes, the sol film with AgNPs formed. The

colour of the fabric also remains white.

Method-7 (ImmersioAlmM-1:1)

Same as Metho® but the ratio of AgNPs: sgkl was 1:1. The calo of the fabrics remained white.

Characterizations

Fouriertransform infrared spectroscopy (FTR00, Jasco) was used to obtain the infrared spectrum

of transmitance of the liquid plant extract. The spectral range was 449 to 4000XRD (PANalytical,
EMPYREAN XRD) was used to determine the physical properties of the synthesized AgNPs incorporated
sokgel samples by analyzing the crystal structure. The stepo$i2ztheta was 0.0001 and ranged from

10 fio 90 Awith Cu anode. The surface of the g@l coated fabrics was analyzed by SEM (FEI, model

Quanta 650). At the same time, Ag and Si contents in the samples were confirmed by EDS.

Antibacterial Test

For the antibacterial testS. aureuga Grampositive bacteria) an&. pneumoniag¢a Gramnegative
bacteria) were used, with a minor modification to the AATIOQ test standards. In this procedure,
cloth swatches measuring 4.8 cm x 4.8 cm square were empldyiest, a 100 ml inoculum was
cultured for 24 hours at 3&Ein nutritional broth. Muller Hinton nutritional broth was added to the
mixture, bringing the bacterial concentration to 2 x*X&lls/ml. Next, 1 ml of this inoculum was
pipetted onto each sampleand the vessel's cover was then secured to prevent evaporation. Each
sample was then incubated o more for 24 hours at 3'E. Following the incubation period, 100 ml

of water was added to the vessel containing the fabric sample, and the samples wkea sfigorously

(JE }v u]lvpd X dZ v e« EC +» E] 0 ]Jopus]}vA«38Zv EE] }udX dz
was applied to a plate of Muller Hinton Agar. Next, the plates were incubated for another 24 hours.
On the agar plates, the number ofd bacteria was counted. Finally, the following formighas been

used to get the antibacterial activity:

Reduction rate % = {B)/B x100 (2)

where B = bacterial colony for the untreated sample= bacterial colony for AgQNPs treated sample
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Washfastness

Samples were washed following AATC610 (ISO 16&06) standardrirst,120 ml liquor was made
with 4 grams of AATCC standard reference detetrdeithout Optical Brightener)Next, the fabrics
were dipped into it along with ten steel balldhéin the machine was started and run at 4Dfor 45

minutes. This method makes one wash cycle equivalent to five home laundry.

RESULTS AND DISCOSSI

This study focused on AgNPs synthesis andeddormation. The AgNPs were synthesized using plant
extract. The FTIR spectrum of the plant extr&afvensisshows three major peaks at 3325.64tm
1633.41 crt and 1470 cm (Fgure 2). The peak at 3325.64 ¢morresponds totOH stretching. On
the other hand, the peak at 1633.41 dmorresponds to theAlkene (>C=C<) group. Besides, the peak
at 1470 cmt shows the presence aiCHasymmetrical or symmetrical stretching. The presence of the

groups showed that th€.arvensiplant extract has both reducing and capping abilities.

Figure2. FTIR of C.arvensis

For confirmation of AgQNPs synthesis, the-\d®¥spectrum was taken. The WXISspectrum of AgN®

solution and AgNPs suspension are showFdnre 3. It shows the highest wavelength of the-UI\

peak is 421 nm. UVISSurfice Plasmon Resonance (SPR) of AgNPs ranges from 350 nm to 500 nm

[20]. Hence, the obtained 421 nm SPR of the WU&spectrum confirms the AgNPs synthesis.
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Figure3. UV-vis of AgN@and AgNPs
Aging

In solgel, aging is crucial. It is necesstarhydrolyze the TEOS and Ethanol solution using dilute acid.
This reaction takes a very long time and is relatively slow. We investigated the duration of this acid
hydrolysis time at various temperatures. The TEOS, Ethartbh@d solution were kept & £, room
temperature (25 £), and 60 £for this purpose. A few drops of NMBIH were added to 5 ml of TEOS
solution at every twehour intervals to set the pH around 8.5 and mikwith a propeller stirrer to

witness the development of colloidal g&he resultsare shown in d@ble 1

Tablel. Acid hydrolysis time and sgkl formation

] Acid reaction Acid hydrolysis Gelation
Sample intervals TEOS i Result ]
temperature time Time
1 5ml 3£ 2 hours Nothing
2 Intervatl 5mi Room temp(25 £) 2 hours Nothing
3 5mi 60 £ 2 hours Nothing
4 5ml 3£ 4.30 hours Nothing
5 Interval2 5mi Room temp (25£) 4.30 hours Nothing
6 5mi 60 £ 4.30 hours Colloidal gel 20 min
7 5ml 3£ 5.30 hours Nothing
8 Intervat3 5mil Raom temp (25£) 5.30 hours Nothing
9 5ml 60 £ 5.30 hours Gel 13 min
10 5 mi 3£ 6.30 hours No gel
Interval4 )
11 5mil Room temp (25£) 6.30 hours Gel 15 min
12 5mil 3£ 7.30 hours Colloidal gel 20 min
Interval5 )
13 5ml 3£ 8 hours Gel 15 min
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We may infer fromTable 1 that increasing the temperature can accelerategsbl formation.

Solgel formation takes longer in low temperatures. For instance, the acid reaction time&s60uld

be around 5.30 hours. For £and room temperature (2 £), this period should be more than 6.30
hours and 8.0 hours, respectively. However, factors like TEOS concentration, alkalinity, etc., may
impact thisacid reaction periodThese findings are comparable to those of Jeon ¢8hlwho mixed

AgNQ at room temperature for 6 hours, whereas our finding shows it $thdne at least 6.30 hours.

The environmental conditions of various regions might be the cause of the variance.

pH

The most crucial factor in sgkl is probably pH. Wexperiencedhat unless a minuscule amount of
alkaline (such as NaOH or XHH) was addedsolgel did not form even afteseveralmonths. The
alkaline addition dramatically sd up the procedure and finished quickly. It's interesting to note that
since the acid and alkali react, there won't be anygsilif the alkali is added before compheg the
ageing (acid hydrolysis). Our results, however, differ from those of Venkateswara Rao and[B8hgat

who reported that it would require about tiee days wihout alkaline.

Figured. Acid hydrolysis of TEOS

Figure 4 depicts the acid hydrolysis mechanism of TEOS by acid. First, the added acid causes the
ZC E}v]pu J}v ~, K+« §Z § % E}S}v S-OR)ZNexy théEprotorRdi jgiesss the

alcohol (ROH) group athe -OHleaving group, which concurrently casdbe silicon group to become
partially positive and attract the water molecule. Following that, it deprotosdig leaving a silanol

group (SIOH). Finallythe hydroyl group {OH)completely replacsthe alkoxide groups©R). Without

an alkaline catalyst, these alkoxide groups won't attach since they are pretty stable. The moment an

alkali is applied, the condensation process begins (as shofgure 5).

https://doi.org/10.31881/TLR.2023.088 460


https://doi.org/10.31881/TLR.2023.088

AHMEDT et al. TEXTILE & LEATHERVIEW | 2023 | 6 | 45274

The tOH goups of alkaline solution (NBH or NaOH) take the proton{HIeaving the nucleophilic

O-. On the other hand, silicon {Bian ideal electrophile, forms a partial positive ion as a result of
oxygen's (O) gelectron resonanceHgure 5). Therefore, sion will connect with the nucleophil{©

). It resulsin the formation of a complicated and highly crdisgked polymer or gel. Typically pH ranges
from 1 to 5is required to promote controllable gelatiofil 7]. We found the pH of the aged TEOS was
about 3, and if the pH of the solution was raised to 8.9 by adding alkali, then the gel formed within 8
minutes. However, the time ay vary based on the TEOS concentration and other factors such as

ageing time, temperature, etc.

Figureb. Condensation after acid hydrolysis

The vsual appearance of different samples

The seven different methods were used tmgduce AgNPs and sgél.However colour variation was
noticed for the high molarity AgN@Fgure 6). The high molaritxgNQ wassynthesized by sufficient
reducing agents (here, plant extraethdchangel its colour completely. However, the lower molayi
of AgNQ did not show any mentionable change in amoWellsynthesized samples turned violet,
while the insufficient plant extract for high molarity turned the sammewn colaur. dZ v v% &S] o [
colour depends on size and densifg1]. Whenanadequate reduing agent (here plant extractyas
givento the 0.08 Msilvernitrate solution,numerous AgNPsere synthesize@Hgure 6-a). The higher
number of smallessized silver nanopadies haa higher density of free electrons aadhighersurface
to-volume ratio leads to stronger surface plasmon mgwesand increased absorption at shorter
wavelengtls. Thusresultingin shorter wavelengths (i.digher energy) andblue shift in nanopatrticle
colour. On the other hand, ithe spray method, high molarity AQN@.08 M) did not get sufficient

amountof plant extract so a few AgNPs were synthesized (for this reason the antibacterial activity of
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this sample is only 89% as shownTable 2). Low-density free electrons and lower surfaceto-
volume ratiolead to weaker plason resonance and increased sdrption at longer wavelengths

whichresultsin ared shiftin nanoparticle color.

Figureb. The vsual appearance of different sampje§ SEM image of purple coied sample (Methoe? dip coating 0.08
MAgNB) high dersity with 36 nm average size; (b) SEM imagi@brown colarred sample ( Method! Spray 0.08 M
AgNQ) very few AgNPs with 44 nm average size synthesized

XRD

The XRD graphs compare the peaks of onkgeband AgNRsol combinations. Figurg@) compares

3 distinct ratios of Sedel to AgNPs. It demonstrates that the three graphs exhibit a variety of lattice
structures and crystal systemBigure7(b) (only Sol) shows four intense peaks @h@ta positions

ranging from 20 to 80. The peaks match with ICEID544 (Zeolite), which are 34.6, 39.04, 42.66,

45.18 having hkl valsof (1,2;1), (3;1,-2), (0, 3;2), (4;2,0)andd-spacingi Xfié NU iXi NU iXit N

Nrespectively Here the crystal system is Anorthic.
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a) b)

c) d)

Figure7. XRD of diffeent solgel and AgNPs combinatiar{a) XRD comparison of only g@l,sol: AgNPs= 1:2, and
sol: AgNPs = 1:1; (b) XRD of onlyglt (c) XRD of sdkgNPs = 1:2; (d) XRD of #@NPs = 1:1

Figure7(c) shows five peaks; three matched withsBg(ICSD: 59225) and 2 with Zeolite (ICSD:
170544). The A@. peaks are 28.251 (1,-1), 34.271 (0, 12), 42.595 (0, 41), 45.689 (1, 3, 1), and
71.354 (15,2) where the digits inside the parenthesidicate hkl valuesThe dspacing of the peaks
are 3.16 N2.61 N2.12 N1.98 N1.32 NrespectivelyOn the otherhand, The AgOs peaks have

a Monoclinic crystal systerwhereasZeolite peaks are 34.931,-3,1), and 38.3460,3,0) havean
Anorthic crystal systenigure7(d) shows six peaks; four peaks match with, iCSD: 171736), and
the rest twomatchwith Silver Oxide (ICSD: 605625). The 33(88(b), 41.78742,-1,-3),44.982(0,3,6),

and 45.983 (16,-1) peaks match with Sithaving dsp JvP i1X08 NU 1XiA RNU 1Xii
respectivelyThe first three peaks hawae Anorthic crystal system. Thest two peaks, 34.9(0,0,2),
and37.23(1,1,1) match with Ag@ndhave TXfi6 N v 1 pdcinjrespectivelyHere the crystal
system isMonoclinic. Figures {&) and7(d) show that the sol: AgNPs = 1:2 has more portion of Ag than
that of sol: AgNPs = 1:1.
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SEM images

Among the prepared samples with the mentioned 7 methods, Method \vetthod 7hadthe lowest

silver concentration buMethod 6 showedhe highest antibacterial efficiencyg shown ifHgure11).

We took SEM images of these two samples in various magnificabansesigate the difference in
silver nanopartle morphology produced bymethod 6 and method 7The SEM imagedepict
nanoparticle disposition in the sol film on theri#s. Figures of different magnifications show that the
sol forms a film on the files, and the AgNPs are incorpted into the sol filmKigure8 andFgure 9.
Figure8 showsthat the prevalenceof AgNPs is conspicuous here because of the high ratio of AQNPs
(sol: AgNPs = 1:2). It is seen that the nanopatrticles are distributetblogally. The majority of AQNPs

are between 60 and 80 nm in size. Nevertheless, the mean nanoparticle Bienm.

a) b)

c) d)
Figure8. Method-6 (SolAgNPs = 1:2) at various magnificatio@ Untreated fabricgb) Wrinkle solgeHilm is visible (¢
AgNPs entrapped by the sgél filn (d) nanoparticle size distribution

Figure 9 depicts the AgNPs, synthesized by metfo(sol: AgNPs 1:1). Here, thember of AgQNPss

comparatively less than in the previous method (mett&)dThe solidified TEOS is present here in the
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inter-fibre region because of the high ratio of TEOS. Ag§Ps distribution is from 40nto 80 nm.

)

The mean nanopatrticle size here is about 60 nm.

a) b)

C) d)
Figure9. Method-7 (SolAgNPs = 1:1AgNPs at various magnificatiorfa) Untreated fabrics; (b) Formed sg# are visible
here: the broken arrow indicates the dried sol and the normal arrow indicates the sol(&#gNPs entrapped by the sol
gel film, due to the equal proportion of AgNPs and-gel chemials the AgNPs are less abundant; (d) nanopiarsize

distribution

Figures 8d) and 9(d) make it abundantly evident that the average nanoparticle size is bigger in
method 6 (100 nm), and the AgNPs size is smaller in method 7 (60 nm). It happened due to the
aggregation of the abundance of AgNPs in alkationditions( pH 8.9).

EDS

The EDS (Energy Dispersipecdoscopy) spectrumHgure 10 has different peaks for Ag, C, O, and

Si. The EDS profile shows Ag and Si peaks, confirming the AgNPs-geldiBol Here, the only sol
sample exhibits no Ag b@&i. In contrast, there are several peaks of Ag in AgNPs: sol =1:1 sample. The
C and O elements indicate the presence of Carbon and Oxygen available in cotton fabrics and plant

extracts. Another strong peak is Au which occurred duia¢ogold plating of te sample.
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Figurel0. EDS of only sol and AgNPs incorporated sol

Antibacterial Test Results

The silver nanoparticle is an excellent antibacterial agenis kffective againsalmost all types of
bacterig fungi, and virusesHowever, the exact mechanism thfe antibacterial activity of ANRAs

not known[22]. It is assumed, thathe AgNPé#nhibit the bacteria in 3 maistages adhesion to the
bacteria, penetrating themand inducing cellular toxicity inside the microbial organ€lg3. When

the incorporated silver nanopadies (AgNPs) come in contact with the bacteria the AgNPs start to
releasesiver ions (AgHR4]. The Ag+ ions start to damage the e&dlll finally enter the cytoplasrand

cause substantial damage to the organelleghis way, the bacteria gt annihilated

According to this investigation, samples are approximately equally effective against both S.aureus and

K. pneumonia. Hence, weanot mentioning them individually for convenience.

Different AQNPs loading methods on Antibacterial:

Among various methods, Method 6 performed best for both knit and twill fabFigaie 11). Here the
initial antibacterial activity was 100% for bothikand woven fabrics, whereas the knit shows better
wash fastness than the twill. Knit fabrics performed better for all methods except Method 3, where

twill fabrics perform much better than knit fabricBdure 11).
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Figurell Various methods of antibacterial activity

Because the AgNPs were loaded by ithsitu method in Method 3. Here the molarity and volume of
AgNQ were 0.08 M and 18 ml, respectiveliable 2). The heavier twill fabrics absorbed more AgNO
than knit fabricsHenceforth, more AgNPs were synthesized inside the bulk twill fabrics. Similarly, the
molarity and volume of AgN@sed in Metho® are almost similar to Metho8, but the incorporation
method was immersion here. Hence, the performance of both knit arltvixas also much better than
Method 3. The anbacterial efficiency of Method and Method3 was 99.87% and 98.14%, respectively
(Table 2). On the contrary, lower Aghi@olarity samples (Method, 6, 7) were good for antibacterial
activity. However, themay method (Methoed) performed worst due to the insufficient plant extract

sprayed on the fabrics.

Table2. Antibacterial activity of segel applied on different methods

AgNO3 Eff (%9
] ) AgNO3 living )
index samples Fabrics Method volume Eff (%) reduction due
conc.(M) bacteria
(ml) to wash

Method-2 Knit0-wash knit immersion 0.08 1 99.84
Method-2 Knit-5-washes knit immersion 0.08 0 7 98.84 1.00
Method-2 TwilkO-wash twill immersion 0.08 1 99.84
Method-2 Twilk5-washes twill immersion 0.08 9 98.90 1.34
Method-3 Knit-0-wash knit In-situ 0.08 14 97.67
Method-3 Knit1-wash knit In-situ 0.08 18 33 94.50 3.25
Method-3 TwilkO-wash twill In-situ 0.08 2 99.67
Method-3 TwilkF1-wash twill In-situ 0.08 11 98.17 1.50
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AgNO3 - Eff (%)
index samples Fabrics Method AGNO3 volume Iwing Eff (% reduction due
conc.(M) bacteria
(ml) to wash

Method-4 Knit0-wash knit Spary 0.08 20 78 89.60 -
Method-5 TwilFO-wash twill In-situ 0.002 1 99.84
Method-5 Twilk5-wash twill In-situ 0.002 8 98.67 1.17
Method-5 Knit:0-wash knit In-situ 0.002 100 0 100.00
Method-5 Knit5-wash knit In-situ 0.002 6 99.00 1.00
Method-6 Knit-0-wash knit immersion 0.001 0 99.84
Method-6 Knit5-washes knit immersion 0.001 5 99.17 0.67
Method-6 TwilFO-wash twill immersion 0.001 100 0 100.00
Method-6 Twilk5-washes twill immersion 0.001 7 98.84 1.16
Method-7 Knit0-wash knit immersion 0.001 1 99.84
Method-7 Knit5-washes knit immersion 0.001 7 98.84 1.00
Method-7 TwilkO-wash twill immersion 0.001 100 1 99.84
Method-7 Twilk5-washes twill immersion 0.001 12 98.00 1.84

Advantages of segel over conventional methods

We introduced AgNPs using the -g@l approach and without the sgkel method to examine the
impact of the two methods o fabrics Table 3). To keep the experiment free from biases, we kept
similar parametesi.e.the fabric samples were twill the method wassitu, keeping the plant extract,
AgNO3 volume, etc., identical for both groups. It demonstrates that while thesnbgel methods had
8110 live bacteria, the sajel samples had just one. Similarly-gel samples perfored twice as well

as nonsolgel samples regarding wash fastne&sb(e 3). Hence the sgiel samples are much better

than nonsolgel samples regandg antibacterial activity and wash fastness.

Table3. Efficacy of AgQNPs incorporation through-gel over normal

Bacteria Bacterial
AgNO3 ) AgNO3
sample Fabric Method AgNPs: sol before- after 5
conc.(M) volume(ml)
wash washes
Sl-1 0.001 Twill In-situ 100 1.1 1 10
Sot2 0.001 Twill In-situ 100 1:2 0 8
Sol3 0.002 Twill In-situ 100 1:1 1 9
No-sol 0.001 Twill In-situ 100 1.0 10 21
No-sol 0.002 Twill In-situ 100 1.0 8 15

Influence of different parameters on antibacterial acity

The correlated parameters on the antibacterial property have been identified using Pearson

correlation and mutual information (shown in Supplementajy It demonstrates that increased Ag
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content will result in high antibacterial activity. The rema@ivariables including AQNO  volume,

plant extracts (PE), and Agh&ncentration, are also tangentially connected.

AgNQ volume on antibacterial activity

AgNQ volume is the most significant factor affecting antibacterial activity. We found that increased
volume was beneficial for antibacterial characteristics, as shovAgure 12(a). However, it relies on
multiple variables, including plant extract and incorporation methods. AgNPs dispersed in a large

volume have more antibacterial action. In additidnwyill stop nanoparticle aggregation. Bamsaoud et

a. v. Zu U KPpuo 8 U v '"ovi E %}ES <Julo E E +pod+sX dZ C +Z}/

increased with the silver nitrate volurf4-25].

Concentration of AgQN®

The quantity and size of ¢hsynthesized AgNPs rather than the concentration determine the
antibacterial activity. For instanc&able 2 demonstrates that Method2 and Method5 are identical,
except for the AgN@molarity (0.08 M and 0.002 M). The antibacterial activity (withouskimag) is the
same in both situations. The bactericidal activity of Methods 2, 6, and 7 with concentrations of 0.08
M, 0.001 M, and 0.001 M was identical (only 1 survival bactefianever some researchers found
antibacterial activity increased with theoncentration[26] [27].

On the other hand, Leung, Wong, and Xie aggH28] that the concentration of either the precsor

or the reducing agent will increase the nanoparticle siZellowingthat our study shows, that
synthesizing higimolarity AgN®@is challenging and requires a precise amount of plant extract as a
reducing and stabilizing agent. If an excess amouptasft extract is administered, numerous AgNPs
will form, but they will aggregate. On the contrary, insufficient plant extract will result in a few AgNPs,
which cannot show antibacterial activity. Hence, the spray method (Me#f)odhaving a minuscule
amourt of plant extract, showed poor antibacterial activity. Figure 12(b) summarizes the cumulative
impact of AgN®concentration (wash and without wash samples) on bacteria's survival ability. It
demonstrates that there won't be any antibacterial propertiegshout AgNPs. The effectiveness of
AgNQ as an antibacterial agent decreases with increasing molarity. However, the quantity of plant

extract has a significant impact.

Plant extract on antibacterial activity

The plant extract is also essential for antilE@il action. It is more than 60% linearly correlated with
the AgNO3 molarity and AgN®olume (shown in supplementail). Therefore, the plant extract

should be according to the Aghl@olarity and volume. If plant extract is insufficient, there will be a
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very low antibacterial activity (such as the spray method in MethhdHowever, ourexperiments

were not enough to establish any direct relation to antibacterial activity (Figace)).

a) b)

c) d)
Figurel2. Various factors on antibacterial actioifa) AQNO3 volume on survival bacterial; (b) AQNO3 concentration on

survival bacteria; (c) Plantteact on survival bacteria; (§otgelAgNPs incorporation methods on survival bacteria

Incorporationmethods on antibacerial property

Figurel?2 (d) depicts the antibacterial propees of differentincorporationmethods. In this case, we
applied three techniques: immersion, spray, angitu. It demonstrates that the spray was the worst
since the plant extract was inadegie. Thein-situsynthesis approach was also poor due to the
influence of the fabric types, the alkaline nature of the sol, etc. On the other hand,-situexethod
(immersion methodlperformed best among all methods. Because the immersion method syr#sesi

AgNPs outside the fabrics, the synthesis process is free from any external influence.

Fabric type on antibacterial activity

To determine the effect of fabric type on the antibacterial activity, we compared the antibacterial
efficiency for knit and twi fabrics Table 4), keeping all the parameters identical. The knit falosts

a little (only 0.67pntibacterial activityby washing, whereas the twill fabric's antibactegativity loss

was consistently around 1 to 1.84. Hence regarding wash fastkes fabrics functioned much better.

The heavyweight twill fabrics had a 3/1 interlacement which renders more iyti@m friction during
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washing. On the other hand, lightweight knit fabrics have lower #gtgn friction dueto high
interlacement. Morever, the yarn used in knit (yarn count 30 Ne) was much finer than twill (20 Ne),
which also caused comparatively low interfiber friction. Hence, knit fabrics performed better than twill

fabrics regarding antibacterial activity and wash fastness.

Table4. Knit and twill fabrics on antibacterial activity and wash fastness

Samples Methods Antibacterial Efficiency Eff% loss by 5 washes
Knit Twill Knit Twill
Method-2 immersion 99.340 99.17 1.001603 1.342147
Method-6 immersion 99.505 99.34 0.671074 1.001603
Method-7 immersion 99.340 98.92 1.001603 1.842949
CONCLUSION

Solgel is a popular technique to functionalize textile materials for water repellency, antimigroial
protection, etc. It can host various functionalizing agefitsis article used saglel to host AgNPs for
antibacterial activity and wash fastness of cotton fabrics. We investigated the importance of the acid
hydrolysis time of TEOS solution (TEOS+ Ethanol+ acid) and concluded that at least 6.30 hours at room
temperature (25 £)and 5.30 hours at 6 are required. The alkaline condition (around pH 8.9) is
crucial for gel formation from aged TEOS solution. The obtainedetdd very amicable to host the
AgNPs. We analyzed sewdifferent methods and found that thén-situ method with 0.001M AgNO
performed the bestegarding antibacterialvash fastness. The sgéthosted AgNPs are 8 to 10 times
more efficient than nesols. Regarding other parameters, high volume and low concentration of
AgNQ, lightweight fabric Ibw GSM), and immersion method are more congenial for antibacterial
efficiency. However, there are several scopes to improve the study, sugsirag high amount of

plant extract, low molarity (lower than 1 miMhigh volume of silver nitrateand incorparation by

padding method with various pressige
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